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  Abstract:   Nowadays for the sake of convenience most plas-

monic nanostructures are fabricated by top-down nanofab-

rication technologies. This offers great degrees of freedom to 

tailor the geometry with unprecedented precision. However, 

it often causes disadvantages as well. The structures availa-

ble are usually planar and periodically arranged. Therefore, 

bulk plasmonic structures are difficult to fabricate and the 

periodic arrangement causes undesired effects, e.g., strong 

spatial dispersion is observed in metamaterials. These limi-

tations can be mitigated by relying on bottom-up nanofab-

rication technologies. There, self-assembly methods and 

techniques from the field of colloidal nanochemistry are 

used to build complex functional unit cells in solution from 

an ensemble of simple building blocks, i.e., in most cases 

plasmonic nanoparticles. Achievable structures are charac-

terized by a high degree of nominal order only on a short-

range scale. The precise spatial arrangement across larger 

dimensions is not possible in most cases; leading essen-

tially to amorphous structures. Such self-assembled nano-

structures require novel analytical means to describe their 

properties, innovative designs of functional elements that 

possess a desired near- and far-field response, and entail 

genuine nanofabrication and characterization techniques. 

Eventually, novel applications have to be perceived that are 

adapted to the specifics of the self-assembled nanostruc-

tures. This review shall document recent progress in this 

field of research. Emphasis is put on bottom-up amorphous 

metamaterials. We document the state-of-the-art but also 

critically assess the problems that have to be overcome.  
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1     Introduction 
 The fusion of the fields of colloidal nanochemistry and 

nanooptics has fostered the emergence of an entirely new 

scientific area that deals with self-assembled plasmonic 

nanostructures. In this field, chemical self-assembly tech-

niques are applied to fabricate nanostructures required 

for applications in optics and photonics. The primary goal 

of these bottom-up techniques is the fabrication of unit 

cells tailored at the nanoscale to exhibit a desired optical 

response in the visible and near infrared (IR) regime. 

Plasmonic nanoparticles (NPs), such as nanospheres or 

nanorods, serve as the tiny building blocks that the unit 

cells are made from. The localized surface plasmon polari-

ton resonances (LSPRs) of the NPs in the visible and near 

IR can be exploited to achieve an optical response that 

differs dramatically from that of a diluted metal. More-

over, to observe a response from the unit cell that does 

not just correspond to that of an electric dipole of an iso-

lated NP, the coupling of two or more NPs in a unit cell 

has to be achieved. If strongly coupled, the emergence of 

new resonances will be observed and changing the geo-

metrical parameters of the entire arrangement allows for 

the tuning of all properties such as resonance position, 

resonance strength and lifetime. Therefore, the ultimate 

problem that has to be solved is the sufficiently dense 

arrangement of the NPs in a desired geometry. 

 The pioneering work by Alivisatos et  al. [ 1 ] and 

Brousseau et al. [ 2 ] demonstrated the possibility of arrang-

ing two strongly coupled nanospheres (sometimes termed 

a dimer) with nanometer precision using DNA and mole-

cular linkers, respectively. These first demonstrations of 

the fabrication of a unit cell by self-assembly initiated 

an enormous effort to design more complex nanostruc-

tures by bottom-up techniques [ 3  –  6 ]. The entire stream 
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of research gained momentum upon appreciating that 

these unit cells made from a small number of plasmonic 

NPs are still much smaller than the wavelengths of inter-

est. Consequently, if the spatial density of unit cells is suf-

ficiently high, the propagating light will not sense every 

individual unit cell but rather an effective medium. The 

properties thereof are dominated by the scattering pro-

perties of the individual unit cells. The emerging materials 

are called metamaterials (MMs). Metamaterials in general, 

and particularly bottom-up metamaterials, promise to sig-

nificantly widen our opportunities to control the propaga-

tion of electromagnetic fields in these materials. One key 

prerequisite in obtaining MMs that qualitatively deviate 

from natural materials is to achieve a scattering response 

from the unit cells that corresponds to that of a magnetic 

dipole; thus leading to artificial magnetism. It therefore 

constitutes a primary research goal to identify unit cells 

that possess such a scattering response. 

 In general, all bottom-up MMs can be divided into two 

distinct groups with respect to the spatial arrangement of 

the unit cells. Metamaterials of the first group exhibit a 

deterministic arrangement of a huge number of unit cells 

in space, i.e., their position is not amorphous. This group 

is termed the long-range order group. It has to be stressed 

that the unit cell arrangement is not restricted to a peri-

odic or quasi-periodic one. As long as there exists any type 

of ordering, e.g., the unit cells are arranged along chains 

but these chains do not exhibit any specific symmetry to 

each other, the MM belongs to this group. Metamaterials of 

the second, the short-range order group, comprise all MMs 

which can be fabricated by bottom-up techniques where 

self-assembly is only controllable at the short-range scale 

being necessary to built-up the single unit cell. However, 

their spatial arrangement cannot be controlled anymore 

and the material is, hence, usually amorphous. 

 One important example for fabricating long-range 

order bottom-up MMs is the technique of block-copolymer 

self-assembly [ 7  –  12 ]. Different polymer blocks are cova-

lently bound to each other which allow them to assemble 

into well-defined geometries. The MMs are achieved by 

doping the block-copolymer with plasmonic NPs. Another 

approach for long-range ordering is based on liquid crys-

tals as a host medium for the NPs [ 13  –  18 ]. An advantage of 

the latter technique is the tunable anisotropy of the liquid 

crystal host that can be exploited to control the LSPR of 

the incorporated NPs. Fabrication techniques that allow 

solely short-range ordering can also be adapted to achieve 

long-range order bottom-up MMs. This can be done in 

combination with additional fabrication techniques. A 

prominent example is the use of DNA [ 19 ] to self-assemble 

plasmonic NPs which normally works at a short-range 

scale. A combination of DNA self-assembly with evapo-

ration [ 20 ] or substrate pattering [ 21 ] yields long-range 

order bottom-up MMs. The same effect can be achieved 

by polymer ligands (to assemble the single unit cell) in 

combination with an entropy-driven drying mediated 

process [ 22 ,  23 ]. Apart from these combined techniques, 

the evaporation of solutions containing the plasmonic 

NPs allows the assembling of ultra-large scale arrays of 

NPs [ 24 ]. Additional substrate pattering opens the route 

to more sophisticated geometries [ 25 ] such as stripes [ 26 ], 

cylinders [ 27 ] or rings [ 28 ] made of densely packed NPs. 

This technique of pre-structuring the substrate is com-

monly referred as template self-assembly [ 29 ]. In princi-

ple, most chemical self-assembly techniques that lead to 

short range order can be adapted to offer long-range order 

as well by using well-defined template substrates. This is 

not restricted to the technique of evaporating a solution 

including the NPs (where the capillary force drive the 

self-assembly of the NPs) although this technique is very 

common [ 30 ,  31 ]. Furthermore, long-range ordering can 

be induced by a properly chosen geometry of the single 

NPs. It has been demonstrated that polyhedral silver NPs 

assemble into the densest packing and exotic lattices by 

a sedimentation process [ 32 ,  33 ]. Even complicated sym-

metries, such as quasiperiodic crystals, have been demon-

strated by chemical self-assembly techniques [ 34 ]. 

 Regarding the group of short-range ordering, one 

promising example is the evaporation of a solution con-

taining the NPs onto a substrate to assemble them into a 

desired geometry of the unit cell. Commonly the NPs are 

coated in preceding process steps by a polymer to define 

the interparticle distance with nanometer precision and to 

control the optical coupling [ 35 ]. Various geometries such 

as trimer [ 36 ], heptamer [ 31 ,  35 ] and quadrumer clusters 

[ 37 ] have been demonstrated. Another way to form a unit 

cell with NPs is to use DNA [ 38 ]. First principle demonstra-

tions [ 1 ,  39 ] were extended towards more sophisticated 

geometries [ 40 ], such as again, trimer [ 41 ] and tetramer 

clusters [ 42 ], binary mixtures of NPs [ 43 ], dimers made of 

asymmetric NPs [ 44 ], heteropentamer NP clusters [ 45 ], and 

chains of NPs [ 46 ], to name just the most prominent exam-

ples. These unit cells usually appear as planar structures 

on a substrate. However, using DNA it becomes possible 

to fabricate three-dimensional unit cells, as demonstrated 

for Janus particles [ 47 ]. Three-dimensional unit cells can 

also be achieved by more sophisticated techniques such 

as, e.g., DNA-guided crystallization [ 48 ], using DNA scaf-

folds [ 49 ] or DNA origami [ 50  –  53 ]. Another short-range 

ordering technique is based on organic molecular linkers 

to assemble the NPs. Various structures such as dimers 

and trimers [ 2 ], pyramidal structures [ 54 ], or larger 
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aggregates were demonstrated [ 55  –  57 ]. Apart from that, 

electrostatic forces can be exploited to assemble the NPs 

[ 58 ]. Various unit cells either [ 59  –  62 ] two- or three-dimen-

sional [ 63  –  66 ] have been realized. An in-depth overview 

of this technique is given in chapter 4. The directional 

solidification of eutectics has been exploited to fabricate 

split-ring resonator-like structures [ 67 ] and polaritonic 

MMs for THz applications [ 68 ]. Recently, self-assembly on 

the short-range scale was also demonstrated by introduc-

ing defect states into liquid crystals [ 69 ]. 

 Regarding both groups of bottom-up MMs (the long- 

and the short-range order group) the following remarks 

hold. Almost all bottom-up MMs are made of nanoscale 

plasmonic NPs as the building block for the unit cells. This 

constitutes a major difference to conventional MMs which 

are commonly fabricated by top-down nanofabrication 

technologies such as e.g., focused electron- or ion-beam 

lithography. There, the unit cells normally consist of elon-

gated metal wires or plates or more complex shaped blocks 

of bulk metal. Therefore, the design concepts, the theoreti-

cal description and the simulation techniques regarding 

bottom-up MMs cannot be adopted from top-down MMs. 

Naturally, fabrication is completely different and the only 

aspect that might be shared by top-down and bottom-up 

MM concerns the optical characterization. A short com-

parison between top-down and bottom-up MMs is given in 

chapter 6. Last but not least it has to be mentioned that 

much work has been published dealing with self-assembly 

of plasmonic NPs where the optical response of the final 

structure was not considered at all. Of course the fabrica-

tion of samples with a desired or tailored optical response 

increases the level of complexity compared to a mere dem-

onstration of the fabrication of the samples. Therefore, 

in chapters 1 and 4 the focus of this review is the possi-

ble geometries of unit cells that can be achieved by self-

assembly techniques. As such, studies where the optical 

response was not considered and it is not clear if the self-

assembled structures are really bottom-up MMs are also 

discussed. In all other chapters where self-assembled MMs 

are in the focus of interest only references are given where 

the optical response was also investigated. 

 The aim of this review is to provide a general over-

view on the issues introduced above and is structured 

as follows. The next chapter includes novel theoretical 

models and simulation techniques to describe the scatter-

ing response of bottom-up MMs. In chapter 3 representa-

tive examples of unit cell geometries are presented along 

with a discussion of their optical properties. The focus is 

on bottom-up MMs that offer a magnetic dipole resonance. 

Chapter 4 describes in detail chemical fabrication tech-

niques to achieve bottom-up MMs while chapter 5 outlines 

most established optical characterization techniques. 

 Figure 1      Self-assembled MMs exhibiting long-range (A) – (C) and short-range order (D) – (G). (A) Scanning force micrograph of spherical TiO 
2
  

NPs self-assembled by block-copolymers. Reprinted with permission from Ref. [ 11 ],  © 2011 by American Chemical Society (ACS). (B) Scan-

ning electron micrograph (SEM) of self-assembled Ag truncated octahedral NPs by sedimentation. Reprinted with permission from Ref. [ 32 ], 

 © 2011 by Macmillan Publishers Limited. (C) Transmission electron micrograph (TEM) of a self-assembled dodecagonal quasicrystal made of 

a binary mixture of Au und Fe 
2
 O 

3
  NPs. Reprinted with permission from Ref. [ 34 ],  © 2009 by Macmillan Publishers Limited. (D) SEM image of 

plasmonic core-shell clusters made of Au NPs self-assembled to dielectric core spheres by electrostatic forces. Reprinted with permission 

from Ref. [ 63 ],  © 2011 by ACS. (E) SEM image of a self-assembled Au NP chain using DNA. Reprinted with permission from Ref. [ 46 ],  © 2011 

by ACS. (F) TEM image of Au NPs self-assembled into a chiral pyramidal structure by DNA. Reprinted with permission from Ref. [ 49 ],  © 2011 

by ACS. (G) TEM image of an Au heptamer cluster self-assembled by evaporation. Reprinted with permission from Ref. [ 35 ],  © 2010 by Ameri-

can Association for the Advancement of Science (AAAS).    

© 2013 Science Wise Publishing & 



214      S. Mühlig et al.: Self-assembled plasmonic metamaterials

Chapter 6 gives a short overview of applications of bottom-

up MMs along with a description of problems that have to 

be solved in the near future. This chapter also describes 

future perspectives and routes how to further advance this 

important field of nanoscience.  

2     Theoretical concepts and 
numerical means to quantify the 
optical properties 

 Most long-range ordered self-assembled MMs are made 

of unit cells that consist of a single plasmonic NP [see 

 Figure 1 (A) – (C) and  Figure 2 ]. This causes an optical 

response of the MM that is mainly dominated by the exci-

tation of the LSPR in the NPs. Therefore, the expected 

resonance features of such a material are limited. In con-

trast, the group of short-range order self-assembled MMs 

consist of complex unit cells that contain a huge number 

of plasmonic NPs [see  Figure 1 (D) – (G) and  Figure 2 ]. This 

entails (due to strong coupling between NPs within the 

unit cell) a more complex response of the unit cells such 

as e.g., those of magnetic dipole [ 63 ]  –  or Fano type [ 35 ] 

resonances. That is why the optical response of the entire 

material can be tailored for a specific desired application.   

 The idea of MMs is based on having a structure at 

hand that is made from complex unit cells which sustain a 

tailored optical response. A primary issue in MM research 

is the desire to describe light propagation in such complex 

structures by simple constitutive relations, as known for 

conventional materials such as, e.g., dielectric media or 

metals. Potentially a quite general approach that is used 

for MMs are the so-called biisotropic, local constitutive 

relations. They relate the electric and the magnetic field to 

the dielectric displacement and the magnetic induction. 

In temporal and spatial frequency domain these constitu-

tive relations can be written as 
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 where the following material parameters are introduced: 

  ε  (  ω  ) and   μ  (  ω  ) as the permittivity and permeability, respec-

tively, and   κ  (  ω  ) as the magneto-electric coupling. These 

constitutive relations can easily be extended towards the 

anisotropic case. Then all material parameters become 

tensors. The important approximation to mention here 

is the assumption that the material parameters do not 

depend on the spatial frequency k, which is usually 

assumed for MMs [ 70 ]. In this case Eq. (1) can be easily 

rewritten as local equations in real space, i.e., for all fields 

as a function of ( r ,   ω  ). The dependency on  k  is called 

spatial dispersion. Physically, this describes a depend-

ency of the material parameters on the wavevector which 

can be the propagation direction of light through the MM 

or the angle of incidence. Such a dependency is undesired 

in any case. The material parameters should not depend 

on the propagation direction of the incident field. Alter-

natively, a product in Fourier space would correspond to 

a convolution in real space. Then, it is obvious that the 

material acts non-locally. This suggests that the electric 

displacement or the magnetic induction at a certain site 

depends also on the electric or magnetic field at adjacent 

sites. This is something which is not observed in ordi-

nary optical materials such as conventional dielectrics 

or metals; and would actually create problems while for-

mulating appropriate boundary conditions. There are two 

physical mechanisms in MMs that can cause this spatial 

dispersion. 

 The first one is related to a strict periodic arrangement 

of the unit cells of a MM. This is frequently encountered 

for top-down MMs that are normally planar, periodic struc-

tures. Thus, the periodic arrangement constitutes a grating, 

and the optical response should depend on the angle of 

incidence of the incoming light, which is indeed spatial 

dispersion. More generally, the origin of spatial disper-

sion is the resonant coupling of the near fields of adjacent 

unit cells due to their strict periodic arrangement. In this 

respect, short-range ordered self-assembled MMs possess 

an enormous advantage. Since the spatial arrangement 

of unit cells is amorphous, the optical response of these 

materials is not affected by spatial dispersion. Furthermore 

the amorphous arrangement causes an isotropic response. 

An incoming electromagnetic field always probes the same 

material independent of the propagation direction and its 

polarization. On the other hand this amorphous arrange-

ment of unit cells implies a further complexity. The theo-

retical description of these materials is extremely challeng-

ing. In principle, the interactions of all unit cells that are 

illuminated by the incident electromagnetic field have to 

be considered. This is in most cases an unsolvable task. 

Furthermore, the amorphous arrangement increases para-

sitic scattering of the MMs [ 71 ]. In periodic top-down MMs 

the light can usually only scatter in well-defined diffraction 

orders (as dictated by the grating) which is not the case for 

an amorphous arrangement. Therefore, amorphous MMs 

suffer from an increase of radiative losses when compared 

to their periodic counterpart. 

 The second physical effect that can cause spatial dis-

persion is linked to higher order multipole moments of 
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 Figure 2      Schematic diagram of a selected set of self-assembly techniques. The images of the fabricated structures are arranged with 

respect to the spatial order of the unit cells on the  x -axis and their dimension on the  y -axis. On the bottom left self-assembly techniques are 

shown that result in short-range ordering and two-dimensional unit-cells, such as, e.g., directional solidification of eutectics (reprinted with 

permission from Ref. [ 67 ],  © 2010 by Wiley-VCH), electrostatic forces (reprinted with permission from Ref. [ 59 ],  © 2011 by ACS), molecular 

linkers (reprinted with permission from Ref. [ 54 ],  © 2000 by ACS), evaporation of solutions including NPs (reprinted with permission from 

Ref. [ 35 ],  © 2010 by AAAS), and DNA self-assembly (reprinted with permission from Ref. [ 46 ],  © 2011 by ACS). On the top left techniques are 

shown that provide short-range ordering, but three-dimensional unit-cells. Electrostatic forces (reprinted with permission from Ref. [ 63 ], 

 © 2011 by ACS) as well as molecular linkers (reprinted with permission from Ref. [ 55 ],  © 2011 by OSA) can be adapted to offer both two- as 

well as three-dimensional unit cells. Therefore they appear in both quadrants. Furthermore, DNA based techniques such as DNA origami 

(reprinted with permission from Ref. [ 53 ],  © 2012 by Macmillan Publishers Limited), DNA scaffolds (reprinted with permission from Ref. [ 49 ], 

 © 2009 by ACS) or DNA guided crystallization (reprinted with permission from Ref. [ 48 ],  © 2008 by Macmillan Publishers Limited) allow 

three-dimensional unit cells offering short range order. On bottom right techniques that allow for two-dimensional unit-cells that offer long-

range order are shown. Evaporation (reprinted with permission from Ref. [ 31 ],  © 2012 by ACS) and DNA (reprinted with permission from 

Ref. [ 21 ],  © 2010 by Macmillan Publishers Limited), as they appear in the short-range two-dimensional quadrant, can be adapted to offer 

long-range order by additional substrate patterning. This special technique is known as template self-assembly. In addition self-assembly 

techniques such as block copolymers (reprinted with permission from Ref. [ 11 ],  © 2011 by ACS) and liquid crystals (reprinted with permission 

from Ref. [ 15 ],  © 2010 by AIP) yield two-dimensional unit cells with long-range order. The latter one also allows for fully three-dimensional 

unit cells and therefore it appears on the top left as well (reprinted with permission from Ref. [ 18 ],  © 2009 by Wiley-VCH) in one line with 

DNA strand hybridization (reprinted with permission from Ref. [ 19 ],  © 2011 by AAAS) and sedimentation of NPs (reprinted with permission 

from Ref. [ 32 ],  © 2012 by Macmillan Publishers Limited) that also allow three-dimensional unit cells with long range order.    

the unit cells that contribute to the scattered field in addi-

tion to the electric and magnetic dipole moments. It is out 

with the scope of this review article, but it should be men-

tioned here for clarification, that spatial dispersion can be 

linked to the first and higher order derivatives of the elec-

tromagnetic field components [ 72 ]. Without proving this 

statement we want to relate it to the multipole moments of 

the unit cell. If the electric interaction energy  W el   between 
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an external electric field and a given charge distribution is 

expanded into a Taylor series one gets the following terms 

(ignoring electric monopoles) 
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 The electric dipole moment  p  interacts with the elec-

tric field and the electric quadrupole moment  Q ij   with 

the first derivative of the electric field. In terms of MMs 

the electric field is the incident field and the multipole 

moments belong to the carrier density of the unit cells. 

Therefore, the second term is responsible for spatial dis-

persion. It will show up if the carrier distribution of the 

unit cell exhibits a quadrupole moment and if the unit 

cell is so large (mesoscopic) that the derivative of the field 

cannot be neglected across the unit cell. In practice, this 

entails the requirement that unit cells have to be designed 

such that they can be sufficiently well described by elec-

tric and magnetic dipole moments only. This is necessary 

because usually the frequently desired magnetic proper-

ties require mesoscopic sizes of the unit cell. 

 To sum up, in the field of self-assembled MMs that 

exhibit short-range order, spatial dispersion can only stem 

from higher order multipole moments of the unit cells. 

Therefore, the basic design strategy is to develop unit cells 

which optical response can be described by electric and 

magnetic dipole radiation but that is still complex enough 

to deviate from that of a dilution of pure NPs. 

 In this chapter we will concentrate on the theoretical 

description of the scattering response of self-assembled 

unit cells of MMs. This is the first step towards a deep 

understanding of how light interacts with the entire self-

assembled MM. As has been shown in recent papers, 

the optical response of amorphous MMs is mainly domi-

nated by the scattering response of their unit cells [ 71 ,  73 , 

 74 ]. Therefore, it is essential to provide an appropriate 

description of their optical response. Since most of the 

design strategies from the field of top-down MMs cannot 

be adopted, new design rules based on theoretical models 

have to be put in place. In the following, several dis-

tinct theoretical models are presented highlighting their 

advantages and disadvantages in the description of the 

scattering response of unit cells. The focus lies hereby on 

models that allow the quantification of the excited multi-

pole moments. This is, as will be shown later on, the most 

important aspect of designing the unit cells for desired 

applications of MMs. 

 A widely used model to describe the interaction of an 

incident field with a MM unit cell is based on a quasistatic 

model. Capacitance and inductance are used to mimic the 

unit cell as an electric circuit [ 75 ,  76 ]. This so-called LC 

model can provide a very intuitive understanding of the 

excited resonances in the unit cell. Since it is based on a 

quasistatic approximation of Maxwell ’ s equations, several 

problems can arise [ 77 ], which can be alleviated, e.g., by 

more sophisticated models considering radiation damping 

[ 78 ]. Nevertheless, the applied capacitance and induct-

ance of the analytical model are unknown quantities and 

have to be fitted to describe the experimental spectra suf-

ficiently well. Furthermore, since the LC model is a quasi-

static model usually only electric and magnetic dipoles are 

considered and no information is provided about higher-

order multipole moments that are excited in the unit cell. 

 Another model to describe the optical response of the 

unit cell is based on coupled oscillators [ 79 ]. The plas-

monic entities of the unit cell are replaced by one or more 

oscillating currents. A multipole expansion technique 

relates these currents to excited multipoles. Therefore, 

also higher-order multipole resonances can be identi-

fied. In analogy to the LC model experimental results are 

required to obtain the unknown parameters of the model 

such as, e.g., the coupling strength of the oscillators. 

 Apart from these two widely used analytical models 

one can use a fully numerical solution of Maxwell ’ s equa-

tions to describe the optical response of the unit cell. 

This can be done in time domain by the finite-difference 

time-domain (FDTD) method or in frequency domain by 

the finite-element method (FEM). By solving the problem 

numerically, the entire scattered field of the unit cell is 

at hand and no further assumptions have to be made. 

However, it is by no way straightforward to achieve a 

deep physical understanding of the excited resonances in 

the unit cell by investigating just the field distributions. 

In some cases it is possible by interpreting the near-field 

components [ 80 ,  81 ] but in general no complete access of 

the excited eigenmodes is feasible. 

 The so-called T-matrix method [ 82  –  84 ] can reduce the 

complexity of the numerical solution to a level where one can 

physically interpret the involved resonances. Therefore, the 

scattered field of the unit cell, as well as the incident field, is 

projected onto a full set of eigenfunctions in spherical coor-

dinates, the so-called vector spherical harmonics (VSHs). 

This projection yields the complex coefficients of this expan-

sion. The T-matrix relates the known expansion coefficients 

of the incident field to that of the scattered field. On the one 

hand, the advantage of this method is that one can describe 

the interaction of the incident field with the unit cell on the 

basis of eigenfunctions (the VSHs) which allows for physi-

cal interpretations. On the other hand, the T-matrix method 

is still too complex in the case of MM unit cells. Usually, for 

MMs only one excitation direction and polarization state is 

of interest, whereas the T-matrix contains the information 
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for an arbitrary incident field. Furthermore, it is relatively 

challenging to calculate the entire T-matrix. Analytical solu-

tions can only be obtained for simple shaped objects such as 

spheres [ 85 ] or ellipsoids [ 86 ]. For a more complex unit cell 

the T-matrix has to be computed numerically [ 87 ]. Last but 

not least it might be hard to interpret the optical response 

of the unit cell based on the VSHs since they require spheri-

cal coordinates which appears to be an unnatural choice for 

most of the MM unit cells. 

 The last theoretical model that is described here in 

detail is termed multipole analysis of meta-atoms [ 88 ]. It is 

based on the T-matrix method. It will be shown that arbi-

trary excited multipole moments in Cartesian coordinates of 

the unit cell can be extracted if the scattered field is known 

from numerical simulations. These multipole moments in 

Cartesian coordinates are usually the language of prefer-

ence to discuss the optical properties and to eventually draw 

conclusions on the effective properties of the MM. 

 In a first step, equivalent to the T-matrix method, the 

scattered field  E   sca   at a certain frequency   ω   is expanded 

into the VSHs which consist of two orthogonal sets of 

eigenfunctions labeled  N  and  M  that span the entire space 
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 where  k  is the wavenumber in the homogeneous, iso-

tropic surrounding,  a nm   and  b nm   are the unknown complex 

expansion coefficients (they are called scattering coef-

ficients from now on) and  E nm   is a scaling factor. The 

expressions for the VSHs  N  and  M  as well as for  E nm   can be 

found in Ref. [ 88 ]. Analytical formulas for the expansion 

coefficients are only available for highly symmetric scat-

terers such as spheres or ellipsoids [ 89 ,  90 ]. For a sphere 

the well-known Mie coefficients relate the expansion coef-

ficients for the known incident field [for an decomposi-

tion into VSHs analogous to Eq. (3)] to the scattering coef-

ficients [ 91 ]. If the unit cell of the MM is more complex, the 

scattered field has to be simulated by a devoted numerical 

technique and projected onto the VSHs as 
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 The asterisk indicates the complex conjugation. The inte-

grals in Eq. (4) are performed on a virtual sphere with radius 

 a  that encloses the MM unit cell. The origin of the sphere 

coincides usually with the points of highest symmetry. 

 It is worth mentioning that the expansion of the scat-

tered field in Eq. (3) is equal, except some prefactors, to 

a multipole expansion in spherical coordinates where the 

scattering coefficients are the multipole moments. These 

spherical multipole moments are transformed into Carte-

sian ones since this appears to be the natural choice for 

most of the MM unit cells. Furthermore, having Cartesian 

multipole moments at hand facilitates in most cases the 

identification of the physical origin of the excited eigen-

modes in the unit cell. After some straightforward but 

cumbersome calculations one obtains the transformation 

rules from the scattering coefficients from Eq. (4) to the 

Cartesian electric and magnetic dipole moments,  p  and 

 m , respectively [ 88 ] 
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 with   0

0

6 iC
cZ k

π=  where  c  is the velocity of light and 

 Z 
0
   the free space impedance. As can be seen in Eq. (5) only 

the lowest order scattering coefficients [ n  = 1 in Eq. (3)] 

contribute to the Cartesian electric and magnetic dipole 

moments. The transformation rules for higher-order 

multipole moments such as the electric quadrupole 

moment can be found in Ref. [ 88 ]. The presented method, 

which we term multipole analysis of meta-atoms requires 

the knowledge of the scattered field (from analytical for-

mulas or a numerical simulation) of the MM unit cell. 

Then it is possible to derive all excited Cartesian multipole 

moments. These multipole moments can be related to the 

entire scattering cross section of the unit cell as shown 

in Ref. [ 88 ]. Thus, it is possible to develop new design 

rules for self-assembled unit cells of MMs as shown in the 

next chapter and to assign effective parameters to amor-

phous MMs. This latter issue has been discussed recently 

[ 71 ,  74 ] and is not included in this review. However, a 

robust model is to use the dipole moments of the unit cells 

in Eq. (5) to calculate effective parameters of the entire 

MM. This can be done by using the Clausius-Mossotti 

model [ 92 ] or some effective medium theories [ 93 ] to relate 
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the multipole moments of the unit cells to effective param-

eters of the entire MM. 

 It is worth underlining that the multipole analysis of 

meta-atoms does not require experimental data to fit some 

unknown parameters since it is based on a numerical solu-

tion of the scattered field. Furthermore, the complexity of 

the complete electromagnetic field is reduced to Cartesian 

multipole moments. They provide a deep physical under-

standing of the excited resonances in the unit cells. The 

eigenfunctions of the expansion can be arbitrarily chosen 

and the multipole decomposition can be also performed 

for the sources of the fields, as shown in Ref. [ 94 ]. 

 To conclude this chapter, we note that several theo-

retical methods to describe the scattering response of a 

self-assembled unit cell exist nowadays (a brief summary 

is given in  Table 1 ). The most suitable one seems to be a 

combination of a numerical solution of the scattered field 

and a multipole analysis as shown in Eqs. (3) – (5). The next 

chapter will outline the advantages of this technique and 

present some representative examples of self-assembled 

unit cells of MMs. The focus is placed on unit cells that 

exhibit a magnetic dipole moment in the visible.   

3     Prototypical structures and their 
unique properties 

 This chapter demonstrates the advantages of the previ-

ously introduced multipole analysis of meta-atoms. A 

selected set of self-assembled unit cells of MMs is dis-

cussed. The focus lies on the design of self-assembled unit 

cells that allow the excitation of a strong magnetic dipole 

moment in the visible. It is shown that by using the multi-

pole analysis of meta-atoms design rules can be devel-

oped and a deep physical understanding of the observed 

resonances is achieved. 

 As outlined in chapter 1, almost all self-assembled 

unit cells of MMs are made of strongly coupled plasmonic 

NPs that are nearly spherical and can be treated as perfect 

 Table 1      Summary of various theoretical methods that describe the 

scattering response of a MM unit cell.  

 Method  Experimental data  Type of 
description 

 LC model  Required (L,C)  Analytical 

 Coupled oscillators  Required (coupling strength)  Analytical 

 FDTD/FEM …   Not required  Numerical 

 T-matrix  Not required  Combined 

 Multi pole-analysis  Not required  Combined 

spheres in simulations. This assumption is valid, since 

silver or gold NPs with diameters smaller than the wave-

length can be easily fabricated with a nearly spherical 

shape (c.f. chapter 4). Furthermore, the focus here is on 

unit cells of MMs and therefore only far-field properties 

are of principal interest. A deviation of the spherical shape 

of the NPs in experiments would only slightly change the 

far-field optical response though it can have detrimental 

effects on the near-field. Concerning the simulations of the 

scattered field of a unit cell the assumption of a spherical 

shape suggests a great advantage since quasi-analytical 

solutions of Maxwell ’ s equations are possible for systems 

of nonintersecting spheres. The applied formalism is 

based on an extension of Mie theory [ 89 ,  90 ] where one 

obtains the scattered field of a cluster of spheres in terms 

of the VSHs as shown in Eq. (3). Therefore, the overlap 

integral of Eq. (4) is not required to be performed and one 

can directly transform the scattering coefficients to the 

Cartesian multipole moments [c.f. Eq. (5)]. Nevertheless, it 

has to be stressed here that the multipole analysis of meta-

atoms is possible for arbitrary unit cells of MMs as shown 

in the literature [ 74 ,  94 ]. 

 In the following the investigated unit cells are charac-

terized by calculating their scattering cross section (Csca). 

Afterwards, the multipole analysis is performed in such 

a way that the excited Cartesian multipole moments are 

calculated according to their contribution to Csca. In other 

words, the sum of all investigated multipole moments 

yields the scattering cross section. This procedure assures 

that all excited Cartesian multipole moments are taken 

into account. Thus, one can easily identify the contribu-

tion of individual multipole moments to resonances of the 

unit cell. The dependency of Csca on the Cartesian multi-

pole moments can be found in Ref. [ 88 ]. 

 As mentioned previously we want to focus here on 

unit cells that allow the excitation of a strong magnetic 

dipole moment in the visible. The first example, shown 

in  Figure 3 (A), comprises a single silicon sphere with 

200 nm radius. In the wavelength range of interest, i.e., 

in the near IR, the permittivity of silicon is almost con-

stant, real-valued and large ( ε  ≈ 12) [ 95 ]. The Cartesian 

multipole moments, shown in  Figure 3 (A), are exactly as 

expected for a high permittivity dielectric sphere. The first 

order resonance at 1500 nm can be related to an excited 

magnetic dipole moment [ 96 ,  97 ]. The second order res-

onance at about 1100  nm is identified as electric dipole 

resonance and the third-order resonance at 1000  nm as 

magnetic quadrupole resonance. In principle, the mag-

netic dipole resonance at 1500 nm suffices to construct a 

MM exhibiting a dispersive permeability just by arranging 

silicon spheres with a relatively high filling fraction. The 
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magnetic dipole moment in dielectric spheres is excited 

at frequencies where the wavelength inside the sphere is 

approximately equal to its diameter [ 98 ]. In other words, a 

single sphere that possesses a magnetic dipole resonance 

has to be made of a high permittivity material [ 98  –  104 ]. 

Using silicon carbide [ 105 ,  106 ] as the sphere material, 

the approach can only be implemented in the near IR or 

at even longer wavelengths. If the index is too low, such 

as for glass in the visible (  ε   = 2.25), the excited magnetic 

dipole moment is too weak to induce a noticeable disper-

sion for the entire MM. Recent experiments have demon-

strated the possibility of fabricating silicon spheres with 

diameters in the 50 – 100  nm range and therefore, shift-

ing the magnetic dipole resonance [c.f.  Figure 3 (A)] to 

the visible [ 107 ,  108 ]. However, it is quite challenging to 

control the diameter of the silicon spheres in the experi-

ments and therewith the accurate resonance position of 

the magnetic dipole resonance. Hence, in order to achieve 

a controllable and tunable strong magnetic dipole reso-

nance in the visible more complex unit cells are required, 

e.g., based on plasmonic NPs, as they are in the focus of 

this chapter.  

 The unit cell in  Figure 3 (B) consists of two strongly 

coupled gold NPs, sometimes termed a dimer, and also 

shows a magnetic dipole resonance in the visible. Each 

NP has a radius of 40  nm and, therefore, the scattering 

response of the single NP can be considered as purely elec-

tric dipolar. The resonance of this electric dipole is dictated 

by the excitation of the LSPR of the NPs and appears for 

gold in the visible. The coupling of the two NPs allows four 

possible eigenmodes [ 109 ,  110 ]. Two of these eigenmodes 

are symmetric, i.e., the electric dipoles in both NPs are 

oscillating in-phase to each other, and two of them are 

asymmetric, i.e., the electric dipoles are oscillating 180 °  

out-of-phase. The illumination scenario in  Figure 3 (B) 

allows the excitation of one asymmetric eigenmode, illus-

trated by the dashed arrows. It is obvious that such an 

oscillation causes a magnetic dipole moment of the dimer 

[ 109 ,  110 ] that can be identified at around 600 nm in the 

shown spectra. The advantage is the appearance of this 
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 Figure 3      Multipole analysis of various self-assembled MM unit cells. The following Cartesian multipole moments are shown as a function 

of the wavelength:  p   –  electric dipole,  m   –  magnetic dipole,  EQ   –  electric quadrupole,  MQ   –  magnetic quadrupole as they contribute to the 

scattering cross section (Csca). (A) A single silicon sphere with 200 nm radius is illuminated by a plane wave as sketched. The illumination 

scenario is identical for all following unit cells. (B) Two strongly coupled gold NPs (40 nm radii and 5 nm separation) embedded in a dielec-

tric with a permittivity of   ε   = 2.25. (C) Self-assembled, amorphously arranged silver NPs (6 nm radii) form a cluster with spherical shape 

(75 nm radius) and are embedded in a dielectric ( ε  = 2.6). (D) Self-assembled core-shell cluster made of a silica core sphere (130 nm radius) 

covered by a huge number of gold NPs (10 nm radii) forming a shell. The entire cluster is dissolved in water.    
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resonance in the visible since it is dictated by the LSPR res-

onance of the gold NPs. Furthermore, the spectral position 

of this resonance can be tailored by changing the distance 

between the NPs. However, one also observes a spectrally 

broad contribution of an electric dipole moment as well 

and the excitation of an electric quadrupole moment at the 

magnetic dipole resonance wavelength. The contribution 

of the electric dipole moment of the dimer to the scattering 

cross sections can be suppressed by tuning the dimensions 

of the NPs [ 111 ]. However, the non-negligible contribution 

of the electric quadrupole moment prevents the assign-

ment of effective parameters to a MM made of these unit 

cells [ 72 ]. Furthermore, the entire structure is highly ani-

sotropic, i.e., the magnetic dipole resonance only occurs 

for the presented illumination direction [ 88 ]. Of course an 

amorphous arrangement of the dimer unit cells in space 

will cause an isotropic response but the contribution of the 

magnetic dipole resonance to the optical response of the 

entire MM is decreased by a factor of 1/3. This is caused 

by the three independent orientations of the unit cell with 

respect to the propagation direction of the incident plane 

wave. Therefore, unit cells that provide an isotropic mag-

netic dipole resonance in the visible are desirable. 

 One potential solution to achieve this isotropic 

response is to arrange the NPs into clusters with a spheri-

cal outer shape, as shown in  Figure 3 (C) and (D). In the first 

example in  Figure 3 (C) the unit cell consists of amorphously 

arranged silver NPs (6 nm radii) that form a cluster with a 

spherical outer shape (75 nm radius) [ 55  –  57 ]. The magnetic 

dipole resonance can be identified at around 550 nm in the 

spectrum. The existence of this magnetic dipole moment 

can be understood as follows. A bulk material made of 

these tiny silver NPs sustains a Lorentzian resonance in 

the effective permittivity close to the LSPR wavelength of 

the isolated silver NP. At longer wavelengths the real part 

of the effective permittivity can reach high positive values 

depending on the filling fraction. Forming a spherical 

cluster from such material [as done in  Figure 3 (C)] resem-

bles at longer wavelengths (compared to the LSPR wave-

length of the silver NPs) the situation shown in  Figure 3 (A) 

where a homogeneous high-permittivity sphere was con-

sidered. Therefore, the first-order resonance of the spheri-

cal cluster is expected to be a magnetic dipole resonance 

[ 112 ]. This concept of magnetic resonances also exists for 

clusters with a cylindrical shape made of densely arranged 

NPs. These clusters have been successfully fabricated by 

template self-assembly [ 26 ]. The advantage of the unit cell 

in  Figure 3 (C) is the isotropic response due to the spherical 

cluster shape. Moreover, no significant contribution of the 

electric quadrupole moment occurs at the wavelengths of 

the magnetic dipole resonance. Furthermore, the spectral 

position of the magnetic resonance can be tuned by the 

filling fraction of the silver NPs [ 55 ,  57 ]. Unfortunately, the 

magnetic dipole moment does not dominate the scatter-

ing cross section. A dominant contribution of the electric 

dipole moment is still present. 

 This problem is solved by the unit cell geometry in 

 Figure 3 (D), which is called a core-shell cluster. It consists 

of a silica core sphere (130 nm radius) that is decorated by a 

huge number of gold NPs (10 nm radii) forming a shell [ 63 ]. 

One way to explain the observed magnetic dipole resonance 

at about 700 nm in  Figure 3 (D) is the following. Each gold NP 

at the shell can be considered as a pure electric dipole. By 

illuminating this core-shell cluster by a plane wave all these 

electric dipoles at the shell can oscillate in-phase around 

the core sphere at a particular frequency. This causes an 

effective current in the shell as sketched by the blue arrow 

in  Figure 3 (D) that can be identified as a magnetic dipole 

moment [ 113 ,  114 ]. The advantage of the presented core-shell 

cluster unit cell is its isotropic response due to the spheri-

cal outer shape. Furthermore, in contrast to the unit cell 

in  Figure 3 (C), the magnetic dipole moment dominates the 

scattering cross section in the relevant wavelength range. 

Close to the magnetic dipole resonance wavelength the 

contribution of the electric dipole and quadrupole moment 

can be neglected. This dominating magnetic dipole moment 

stems from the reduced amount of metal in the unit cell 

compared to  Figure 3 (C) which reduces the absorption and 

sharpens the resonances. 

 To sum up, various unit cell geometries have been pre-

sented in this chapter that are made of spherical NPs and 

which allow the excitation of a magnetic dipole moment 

in the visible. By starting from a single NP, more complex 

geometries have been discussed. 

 Applying the multipole analysis of meta-atoms as 

presented in chapter 2, design rules have been developed 

to achieve a unit cell with a dominating magnetic dipole 

moment in the visible. The most promising unit cell geom-

etries, as presented in  Figure 3 (C) and (D), have been fab-

ricated by self-assembly techniques, and are presented 

in the next chapter. Here, we admit that there are other 

theoretical suggestions for magnetic dipole resonances in 

clusters of plasmonic NPs, based on trimer, quadrumer or 

tetramer clusters [ 115 ] or on two-dimensional rings of NPs 

[ 116 ,  117 ]. Magnetic resonances were demonstrated for self-

assembled quadrumer and heptamer structures by DNA 

self-assembly [ 45 ]. However, these clusters (consisting only 

of a few plasmonic NPs) play a more important role for the 

generation of Fano resonances [ 35 ,  45 ] or large local field 

enhancements [ 118 ] for surface-enhanced Raman spec-

troscopy. However, this field of self-assembled plasmonic 

nanostructures is also rapidly growing and would require a 
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separate review article. Therefore, this topic is disregarded 

here and the focus lies solely on self-assembled MMs.  

4     Referential fabrication techniques 
 As described in chapters 1 and 2 the MMs fabricated using 

bottom-up methods possess several advantages over their 

top-down counterparts. As well as offering design bene-

fits such as smaller feature sizes and more ready access to 

three-dimensional MMs, these techniques are, in general, 

cheaper and quicker. This is of prime importance for the 

eventual application of this technology. As such, over the 

last decades a significant amount of research effort has 

gone into the fabrication of plasmonic NPs using colloi-

dal nanochemistry as the building blocks of the MM unit 

cells. This field, despite being relatively mature, is con-

stantly being updated and NPs of a wide variety of shapes, 

sizes and composition can now be readily produced [ 38 , 

 119 ]. This large catalogue of plasmonic materials, exhi-

biting LSPRs at optical frequencies [ 120 ], is becoming of 

increasing importance to the burgeoning field of optical 

MMs. When using such NPs to prepare structures with 

advantageous optical properties it is typically necessary 

to induce their organization, normally through the exploi-

tation of particle-substrate and interparticle interactions, 

into specific architectures that have been proposed by 

theoretical models, as outlined in chapter 3. The develop-

ment of novel and innovative methods combined with the 

manipulation of pre-existing ones allows this to be done. 

The field is too large to give a comprehensive review of 

all of the bottom-up methods used to both prepare plas-

monic NPs and assemble them into structures that could 

be useful to the field of MMs. However, in chapter 1 a brief 

overview of some commonly used self-assembly tech-

niques was given and they were categorized depending 

on the resulting arrangement of the unit cells in space. In 

this chapter an attempt will be made to introduce some of 

the primary techniques that have been used in this newly 

developing domain in more detail. Furthermore, the fabri-

cation of two unit cell geometries that exhibit an isotropic 

magnetic dipole moment in the visible, as presented in 

chapter 3, is discussed here. 

 Due to their superior optical properties and their ease 

of handling, the majority of MMs use either silver or gold 

as plasmonic building blocks of the unit cells. Where 

bottom-up techniques are concerned, these NPs are gene-

rally fabricated by reducing a salt of the metal in ques-

tion in solution. One of the most common methods used 

to produce metallic NPs with a nearly spherical shape is 

known as the Turkevich method which was first devel-

oped in 1951 [ 121 ] and essentially involves the reduction 

of chloroauric acid by sodium citrate [ 122 ]. The citrate 

molecules play two roles in the synthesis; first reducing 

the metal ions to form the NPs and secondly forming a 

negatively charged capping layer at their surface which 

stabilizes them in solution and prevents them from aggre-

gation. Here, the ratio of gold to citrate in solution defines 

the size of the particles and allows their diameters to be 

accurately controlled [ 122 ]. The Lee-Meisel method, in 

essence analogous to that described above, can be used to 

produce charged silver NPs [ 123 ]. Another referential tech-

nique used to prepare plasmonic NPs is the Brust-Schiffrin 

technique, a two-phase method which yields metallic NPs 

in an organic solvent [ 124 ]. In addition to NPs with spheri-

cal shape, plasmonic nanorods [ 125 ] can readily be syn-

thesized using a seed-mediated method that involves the 

addition of small  ‘ seed ’  particles to a growth solution con-

taining a surfactant which stimulates preferential growth 

along certain crystal facets, resulting in elongated parti-

cles. Here, through the careful control of the growth con-

ditions it is possible to tune the aspect ratio, and there-

fore the optical response, of the particles. Whilst being 

used less often in the assembly of bottom-up MMs, more 

exotic plasmonic NP geometries such as nanoshells and 

nanostars can readily be prepared using colloidal nano-

chemistry techniques [ 119 ]. 

 Exploiting the coupling properties that these NPs 

possess and fabricating materials with tailored optical 

properties is one of the major motivations driving material 

scientists to find novel means to induce their self-assem-

bly. The versatility of the NPs, largely resulting from the 

wide-ranging surface chemistry that can be used to cap 

them, means that a huge amount of techniques originating 

from disparate areas of chemistry can be used to this end. 

While a larger degree of flexibility can be gained by com-

bining both bottom-up and top-down methods only strictly 

bottom-up techniques will be considered here. One of these 

techniques involves harnessing the inherent order that is 

present in liquid crystal systems to impart order on the NPs 

themselves, resulting in organized resonant inclusions in 

the host material [ 18 ]. This can be achieved by using one 

of two general approaches; either by simple mixing of the 

two species [ 126 ], or modifying the surface chemistry of the 

particles and functionalizing them with liquid crystalline 

ligands [ 15 ]. Whilst these self-assembly techniques work 

to a large extent they suffer from the relatively low solu-

bilities of the NPs in the host and the maximum size of the 

particles that it is possible to incorporate, although it has 

been reported that particles of up to 7 nm in diameter have 

been included in such systems [ 15 ]. 
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 One of the most important examples of self-assembly 

exhibited in nature, that of the double helix structure of 

DNA, can also be used to organize plasmonic NPs. By 

engineering an interaction between the two, Alivisatos 

et  al. pioneered the decoration of DNA templates with 

surface-modified gold NPs, producing dimers and trimers 

of well-defined separations [ 1 ]. Similarly, Chen et  al. 

used a chemically modified peptide to reduce a gold salt, 

resulting in a left-handed arrangement of gold NPs along 

the peptide backbone [ 127 ] as is shown in  Figure 4 (A). 

The introduction of chirality to the organization of plas-

monic NPs produces optically active materials and gives 

an additional means to tune the optical properties of 

such systems. More recently, DNA has also been used to 

engineer reproducible nanogaps between gold and silver 

NPs for the purpose of creating SERS active substrates 

[ 130 ]. Here, single molecule sensitivity of dye molecules 

inserted into the nanogaps was achieved showing that 

the applications of self-assembled plasmonic NP struc-

tures are not limited to the field of MMs and can be used 

to fabricate nanooptical devices, such as nano-anten-

nas, that mediate the interaction of light with molecular 

systems [ 131  –  139 ].  

 Synthetic polymers, as well as natural ones such 

as DNA, can also be used to induce the self-assembly of 

plasmonic NPs. A pseudo-ABA block copolymer system 

can be set up by selectively tethering polymer chains at 

the extremities of gold nanorods [ 129 ], as shown in  Figure 

4 (C). By altering the solvent conditions, increasing or 

decreasing polarity, it is possible to induce either side-

by-side or end-to-end organization of the rods which has 

a substantial effect on the coupling between them and 

therefore their resulting optical properties [ 140 ]. 

 Several theoretical studies have shown (c.f. chapter 

3) that spherical arrangements of plasmonic NPs are 

of significant interest to the MMs community due to the 

possibility of introducing magnetic resonances, a neces-

sary building block of negative refractive index materials 

[ 112 ,  113 ]. By replacing the citrate capping shell that sta-

bilizes gold NPs fabricated using the Turkevich method 
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with 11-mercaptoundecylether it is possible to provoke the 

self-organization of the particles into spherical clusters of 

around 1  μ m in diameter [ 56 ]. These nanospheres, in turn, 

were also observed to assemble into larger structures, 

forming hierarchical arrangements of plasmonic NPs 

that closely resemble structures that have been proposed 

as possible negative permeability materials [ 112 ]. Other 

means, for example using oil-in-water emulsion technol-

ogy, have also been used to produce unit cells of MMs by 

spherical arrangements of plasmonic NPs using bottom-

up methods [ 57 ]. Examples are given in  Figure 5 (A) and 

(B). Here, an oil-solution including silver NPs (6 nm radii) 

is mixed with water under constant stirring. This forms 

spherical oil droplets that are stabilized by a molecular 

linker. The resulting structures are spherical unit cells of 

amorphously arranged silver NPs. This unit cell has been 

proposed in chapter 3 [c.f.  Figure 3 (C)] to offer a magnetic 

dipole resonance at around 550 nm. This is verified by 

the measured extinction curves in  Figure 5 (E) where a 

red-shifted resonance (compared to the LSPR of the silver 

NPs) can be observed. Since this red-shifted resonance is 

unambiguously associated with the excitation of a mag-

netic dipole resonance, it is possible to create another 

possible building block for use in the fabrication of bulk 

MMs at optical frequencies by confining suitably function-

alized particles to an oil phase that has been dispersed as 

small spherical globules in a non-miscible solvent such as 

water.  

 In general, most of the bottom-up self-assembly tech-

niques result in amorphous structures that display no 

long-range order of the unit cells as discussed in chapter 

1. This, however, is not always the case and interparti-

cle forces arising from entropic, steric, dipolar and van 

der Waals contributions can be used to create binary 

1

A B C D

E F

0.8

0.6

E
xt

in
ct

io
n 

(a
.u

.)

0.4

0.2

0

1

0.8

0.6

E
xt

in
ct

io
n 

(a
.u

.)

0.4

0.2

0
400 500

Wavelength (nm)

600 700

Single

Cluster

Single

Cluster

500

Wavelength (nm)

600 700 800

 Figure 5      Fabricated self-assembled MM unit cells. In (A), (B) the MM unit cells are fabricated by a self-assembly technique based on oil-in-

water emulsion. The SEM image in (A) shows the encapsulate of the spherical silver NP clusters whereas the TEM image in (B) reveals the 

formation of silver NP clusters with a spherical outer shape. In (C) and (D) SEM images of self-assembled core-shell clusters are shown. The 

core sphere consists of glass and a huge number of gold NPs are attached to the core by electrostatic forces forming the shell. In (E) and 

(F) the corresponding measured extinction spectra of the used plasmonic NPs (blue solid curves) as well as of the self-assembled MM (red-

dashed curves) are shown for the spherical silver NP cluster and the core-shell cluster, respectively.    
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NP superlattices [ 128 ]. Made by colloidal crystallization 

methods and with precise control over the size, shape 

and composition of the NP inclusions achievable, optical, 

magnetic and electronic properties of the lattices can be 

engineered. 

 Another method which has shown impressive control 

over a wide range of material parameters is the combi-

nation of plasmonic NP deposition techniques with the 

layer-by-layer assembly of polyelectrolytes [ 141 ]. While 

the studies of layered adsorption of molecular species 

have existed for several decades, perhaps most notably 

using Langmuir-Blodgett or chemisorption techniques 

[ 142 ], several advantages exist when using charged poly-

mers to build up thin films constructed from well-defined 

numbers of distinct layers. No special equipment is 

required and the method is quick, cheap, and applicable 

to a host of different situations. It essentially involves the 

deposition, on a charged substrate, of a polymer of oppo-

site charge using nothing more than electrostatic interac-

tions. After a washing step another polymer layer, again 

of opposite charge, can be deposited. The adsorption and 

washing process can be carried out in less than a minute, 

can be automated using a simple dip-coater and can be 

repeated in a cyclic manner as many times as is required 

for the purpose at hand. Materials such as silicon, glass 

and polydimethylsiloxane, selected for their electronic, 

optical and mechanical properties respectively, can be 

functionalized in a facile manner in order to induce the 

electrostatic interactions that are required for the use of 

this method [ 143 ]. Gold NPs prepared by the Turkevich 

method, as previously mentioned, display a negative 

surface charge and as such prove to be ideal candidates 

for inclusion in layered assemblies of charged polymer 

species [ 59 ,  144 ]. The flexibility offered by this technique 

is almost boundless. The size, composition and, to a 

certain extent, shape of the particles can be controlled as 

well as their lateral spacing, as sketched in  Figure 4 (D). 

Many distinct arrays of gold NPs as desired can be inte-

grated into a large scale (cm 2 ) dielectric host matrix with 

out-of-plane separations ranging from the nanometer 

scale upwards. This allows structures to be built into the 

third dimension and materials with true bulk properties 

to be prepared [ 59 ]. The wide variety of charged polymers, 

or indeed block copolymers, that are available with pro-

perties ranging from fluorescence to being redox active 

means that the origin of the functionality of such materi-

als is not limited to the plasmonic NP inclusions [ 145 ]. This 

versatility allows precise designs with specific properties 

to be targeted. Using these techniques, and considering 

one of the more simple configurations (two arrays of well 

separated gold NPs separated by polymer layers), it can be 

seen to what extent the optical properties can be tuned. 

By reducing the numbers of polymer layers separating 

them, the NP arrays approach one another. As the parti-

cles within a single array are sufficiently well separated 

the only particle-particle interaction will occur between 

the two distinct arrays. The strength of this interaction, 

strongly related to the interparticle distance [ 146 ], will 

increase exponentially as the arrays cross the coupling 

threshold and continue to approach one another. This 

results in ever increasing red-shifts of the plasmonic reso-

nance that the particles exhibit [ 59 ]. When the particles 

approach to within extremely small distances, separated 

by a single polymer layer, it is even possible to access 

a splitting of the eigenmodes with a resultant dipole 

moment predicted by plasmon hybridisation theory [ 147 ]. 

The investigation of asymmetric layers of plasmonic NPs 

has demonstrated the possible excitation of so-called 

dark eigenmodes [ 62 ] under plane-wave incidence, which 

is only possible if the distance between the NPs is in the 

nanometer range, meaning the coupling between them is 

particularly strong. 

 An additional advantage afforded through the use of 

self-assembly fabrication techniques based upon elec-

trostatic forces is that the structures are not limited to 

planar geometries. The techniques described above can 

be applied to substrates of any form. This is extremely 

valuable in terms of presenting flexible fabrication 

methods that can be employed in a variety of differing 

situations. This is particularly pertinent when the impor-

tance of spherical arrangements of plasmonic NPs to the 

field of MMs, as has been outlined previously, is taken 

into consideration. To this end, core-shell clusters can be 

fabricated using analogous methods to those described 

above, simply replacing the large scale planar sub-

strates with microscale spherical ones [ 63 ], such as glass 

spheres. Of course in order to induce the electrostatic 

attraction between the core spheres and the negatively 

charged plasmonic NPs it is first necessary to functiona-

lize the cores. This can be readily achieved, depending 

on the substrate material, using well established chemi-

cal reactions [ 143 ]. The example of a fabricated core-shell 

cluster from the SEM images in  Figure 5 (C) and (D) dem-

onstrates the possibility of using this technique to deco-

rate silica spheres (130  nm radius) with well separated 

monodisperse gold NPs [ 63 ] (10 nm radii). As before, it 

is possible to tune the size of both components as well 

as the density and composition of the NPs at the sub-

strate surface, thus giving a high degree of control over 

the optical properties. The change in optical properties, 

between a solution of isolated gold NPs and a solution 

of the core-shell clusters, can be seen in the extinction 
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curves in  Figure 5 (F). The red-shifted resonance of the 

core-shell cluster was identified in chapter 3 by the exci-

tation of a strong magnetic dipole moment [c.f.  Figure 

3 (D)]. Thus, the presented MMs in  Figure 5 , whose unit 

cells are fabricated by self-assembly techniques, both 

exhibit an optical response to the magnetic field since 

magnetic dipole moments are excited in the unit cells. 

Therefore, they are first principle demonstrations of self-

assembled MMs that exhibit a dispersive permeability, 

i.e., artificial magnetism. 

 A small snapshot, by no means comprehensive, of 

some of the principal bottom-up routes towards NP organ-

ization has been given in this chapter. This field is already 

considerably developed. However, the continual introduc-

tion of new techniques and their combination with exist-

ing ones means that this is an extremely fast moving area 

of research that is continually making notable advances. 

This indicates that only the surface has been scratched in 

terms of what can be achieved using self-assembly tech-

niques and highlights both the power and versatility of 

the methods employed.  

5     Optical characterization 
techniques 

 When measuring the optical response of composite mate-

rials several aspects need to be addressed. Although 

some of them do apply for all nanooptical materials, we 

concentrate here on materials made from an amorphous 

arrangement of complicated unit cells that are made from 

a larger number of plasmonic inclusions. In these materi-

als, two characteristic lengths are important  –  the size of 

the basic element carrying a plasmonic resonance and the 

typical size of the inclusion in the composite. Throughout 

this review the resonances are caused by plasmonic NPs 

with a size range of 10 – 50 nm. From such NPs MM unit 

cells are formed that usually have a size smaller than or in 

the order of 300 nm. Although both sizes are smaller than 

the wavelength of light at optical frequencies, caution is 

necessary to correctly measure the characteristics of the 

material in the amorphous arrangement. However, since 

the optical properties of the composite are dominated by 

the scattering properties of the unit cell itself, the optical 

properties of the individual unit cell are of primary initial 

interest. The materials can be, therefore, characterized 

by two different approaches. On the one hand, meas-

urement techniques can be used to probe the optical 

response of the entire material. On the other hand, tech-

niques with high spatial resolution can be used to explore 

the characteristics of the isolated unit cell. Whereas the 

ensemble can usually only be characterized in the far-

field, and the necessary techniques are summarized as 

whole-field techniques, in the latter strategy that probes 

the properties of individual unit cells, information can be 

acquired in the far-field but also in the near-field [ 148 ]. 

 Due to this distinction this chapter is divided into 

two sections. Section 5.1 presents whole-field techniques 

that include measurements of transmission, reflection 

and absorption as well as ellipsometry. Section 5.2 pre-

sents techniques that probe single unit cells by scatter-

ing techniques, far field investigations, and optical near 

field measurement. It should also be stressed that not all 

of these characterization techniques were developed for 

self-assembled MMs. They can also be used and were, 

to a large extent, actually developed for deterministic 

structures. 

5.1    Whole-field techniques 

 One can identify a number of standard techniques that 

are used for measuring material characteristics of large 

assemblies of unit cells in amorphous MMs: spectroscopy, 

interferometry and ellipsometry. The techniques become 

more powerful when combined and coupled with angular 

measurements. The most complete picture would be 

obtained in an instrument that gives access to amplitude 

and phase at all angles. Practically, this is not feasible 

and a number of special techniques have been intro-

duced to make proper use of the results obtainable with 

only limited parameter variations. In classical whole-field 

techniques materials are characterized by beams that are 

much larger than an eventual unit cell or structure size of 

the investigated material. Beams are only weakly focused 

and are often considered as collimated with typical beam 

diameters in the mm range. Linked to the spatial collima-

tion is an angular spectrum that has to be considered if the 

collimation is spatially too narrow. A measurement with 

such beams provides very high signal to noise ratio based 

on the fact that the systems generally have high through-

put, i.e., the dark noise of the detector is compared with a 

large maximum signal. 

 The most common measurements taken to charac-

terize materials are the measurement of transmission 

and reflection [ 149 ]. In principle, there are two different 

observation modes: specular/diffuse with direct observa-

tion and dark field observation when only scattered light 

is observed. A light beam is directed on a sample and the 

direct transmitted or reflected intensity (specular com-

ponent or zero order) is analyzed. If the sample does not 
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show any light diffusion the measurement provides relia-

ble data on transmission, reflection and absorption. If dif-

fusion is not explicitly considered (because it is neglected) 

one often speaks about extinction measurements. The 

extinction measurement is the standard characterization 

technique for self-assembled MMs in solutions. Using a 

model that describes the scattering properties of the unit 

cells it is possible to retrieve material characteristics of the 

NPs and meta-surfaces. Examples are given by Okamoto 

[ 150 ] and many others. If carefully done, a retrieval of 

effective material parameters is possible [ 151 ,  152 ]. This 

direct retrieval also requires, however, phase information 

which can be obtained only with devoted interferometers 

[ 153 ]. An example for a spectroscopic characterization can 

be seen in  Figure 6 . There, an SEM image from NPs on a 

subsrate is shown together with a measured extinction 

spectrum in solution and on a substrate. It can be seen and 

care has to be devoted to the fact that the presence of the 

substrate constitutes a modified dielectric environment 

for the NPs when compared to the solution. This changes 

the optical properties. In addition, agglomerations are 

observed on the substrate which also changes the plas-

monic property due to coupling. A transmission measure-

ment usually only provides basic information and does 

not allow the reconstruction of the internal structure of 

more complicated unit cells. Essentially, it only allows the 

probing of the spectral position of resonances and their 

line widths, i.e., lifetimes. However, if supported by simu-

lations, more insight can be obtained, e.g., by a multi polar 

decomposition of the scattering response. If the filling 

fraction of unit cells is not too high, the resonances of self-

assembled MMs can be linked to the scattering properties 

of the single unit cells [ 71 ,  73 ,  74 ].  

 If the entire MM or the basic unit cell is anisotropic, 

polarization dependent spectroscopic investigations are 

a useful extension. To simplify the interpretations, these 

experiments are mainly performed at normal incidence to 

probe the extinction for different polarization directions. 

To this end, polarizers have to be introduced in the illumi-

nation and/or analyzing path of the spectrometer. Linear 

and circular extinction and dichroism measurements are 

the most common. A more advanced technique based on 

polarized light analysis is ellipsometry that is discussed 

next. The measurement of anisotropy is of particular 

importance for structures with inherent shape anisotropy 

of the basic plasmonic building block as it appears in 

nanorods for instance or in systems that form assemblies 

with reduced symmetry such as self-organized materials, 

i.e., liquid crystals. To observe particular effects for dif-

ferent polarization directions of light with conventional 

spectroscopy of large beams, the sample must show a 

macroscopic anisotropy. This suggests that some order 

needs to be found in areas as large as the beam size, as 

it appears in some self-assembled MMs with long-range 

order [c.f.  Figure 1 (A)]. In  Figure 7  an example measure-

ment is shown where a cigar-like shaped nanorod with 

an aspect ratio of  η  ≈ 2 is investigated. Two peaks are dis-

tinguished that can be attributed to a LSPR along, and 

perpendicular to, the geometrical extension of the rod. If 

measured without a polarizer these two peaks can overlap 

(if the aspect ratio of the nanorods is not high enough) and 

might be no longer distinguishable. This is identical to the 

situation where a polarizer is used but an ensemble of 

arbitrary oriented nanorods is measured [ 156 ]. Therefore, 

as discussed in chapter 3, it is of great advantage to fabri-

cate unit cells that offer an isotropic response. Then, all 

resonances of the unit cell can be obtained from ensemble 

measurements of the entire MM even if no fixed orienta-

tion between the unit cells exists.  

 A technique that makes explicit use of a polarization 

dependent response of the samples at oblique incidence is 

ellipsometry. It is a standard means to quantify the optical 

properties of self-assembled MMs prepared as thin films. 

The method is based on the measurement of the change of 

the polarization state at the surface of a sample at oblique 

incidence. Usually, different angles are used to enhance 

the quality of the analysis and it can be applied over the 

whole spectrum as spectroscopic ellipsometry. The evalu-

ation of effective material parameters is based on sophisti-

cated layer models. It is rather straight forward to apply for 

dielectric materials but needs to be carefully adjusted for 
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 Figure 6      Extinction spectra of silver NPs in solution and on a glass 

substrate. The inset shows an SEM image of the silver NPs on the 

substrate. One clearly observes the formation of larger aggregates 

of NPs (which do not appear in solution) that modifies the extinction 

curve. Reprinted with permission from Ref. [ 154 ],  © 2011 by Optical 

Society of America.    
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 Figure 7      (A) TEM image of gold nanorods on substrate. (B) Single nanorod extinction measurements: computed (dashed lines) and 

measured (triangles) absolute values of the extinction cross section of a single nanorod for two linear polarizations parallel (red) or 

perpendicular (blue) to the main rod axis. The inset shows a polar plot of the computed extinction polarization dependence close to the 

longitudinal and transverse LSPRs at 640 and 525 nm, respectively. Reprinted with permission from Ref. [ 155 ],  © 2008 by ACS.    

materials with resonant entities. A recent review that sum-

marizes findings when applied to plasmonic composite 

materials and especially MMs is documented in Ref. [ 157 ]. 

 A more complete picture of the optical behavior of 

composite materials is obtained when interferometric 

techniques are used. They allow the measurement of 

optical quantities such as the amplitude and phase of 

reflected and transmitted light through a sample, respec-

tively. The technique is challenging to implement since 

the phase measurement requires an absolute phase meas-

urement, i.e., the phase has to be measured with respect 

to a referential phase. Only very few implementations are 

documented [ 153 ,  158 ]. 

 Examples of two setups are shown in  Figure 8 . A clas-

sical interferometer of the Michelson type can be used to 

measure the effect of materials on the propagating phase 

[ 158 ]. Pulsed light is used and the measurement allows 

the determination of propagation properties such as 

phase and group velocities. Due to ambiguity of the meas-

urement for large phase shifts only thin samples can be 

characterized. The measurement of reflection and trans-

mission in amplitude and phase is possible with the setup 

shown in  Figure 8 (B). A fibered supercontinuum white 

light source is used to get highest quality of light and 

the spectrum is analyzed with an optical signal analyzer 

(OSA). The polarization interferometer of Jamin – Lebedeff 

type used in this experiment provides two beams with 

spatial separation where one is used as a reference [ 153 ].  

 With all these techniques it is possible to measure 

the far-field properties of an ensemble of unit cells. To 

 Figure 8      (A) Scheme of the experimental setup to measure the phase of transmission and reflection. A Michelson type of interferometer 

is used to detect propagation features of light pulses through thin films of MMs. M, mirror; L, lens; BS, beam splitter; Ge-D, germanium 

photodetector. The MM is on a substrate surface and can be moved in or out of the optical path. Reprinted with permission from Ref. [ 158 ], 

 © 2006 by American Association for the Advancement of Science. (B) Interferometric setup to probe simultaneously transmission and 

reflection of samples. A polarization interferometer is used that allows to have a reference beam close to the sample. P1, P2, P3, 

polarizers; B1, B2, B3, beam displacers; L1, L2, half-wave plates; D, delay element. The insert shows the configuration of the experimental 

chip. Reprinted with permission from Ref. [ 153 ],  © 2010 by Optical Society of America.    
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probe for the properties of the individual unit cells and 

to compare them to simulations as discussed in chapters 

2 and 3, devoted techniques have to be put in place. They 

are discussed in the following.  

5.2    Single unit cell characterization 

 A MM that aims to have a tailored optical response in the 

visible needs to be composed out of unit cells that are 

much smaller that the wavelength of light. In the special 

case of self-assembled MMs the amorphous arrangement 

of these unit cells implies the advantage that the optical 

response of the MM is mainly dominated by resonances 

of the unit cell itself and not by their arrangement. There-

fore, the optical characterization of single unit cells plays 

a pivotal role to prove by experimental means that the 

optical response of the MM is dominated by the unit cell 

and, furthermore, to reveal and visualize the excited reso-

nances in the unit cell. This leads to particular challenges 

in the characterization concerning the measurement area 

and the signal level, which both become very small. It is 

therefore useful to collect as much information as possi-

ble by accessing not only a single direction but looking 

at the scattered fields [ 159 ]. As scattering techniques we 

define here measurement principles that give access to 

angular distribution of light after interaction with the unit 

cell. The unit cell can be illuminated either directly or by 

using focusing lenses such as microscope objectives. One 

distinguishes direct illumination techniques and dark 

field illumination. Angular light distributions have typical 

signatures that depend on geometrical and material char-

acteristics of the structure. 

 The evaluation of angular light diffusion character-

istics can be done with a microscope by observing the 

back focal plane of the objective. The classical setup 

consists of the introduction of a Bertrand lens in the 

observation path known from the classical optical crys-

tallography technique conoscopy [ 160 ]. This technique 

is used in polarization microscopy to identify the crys-

tallographic axes of minerals and the orientation of 

optical axes in ordered systems like liquid crystals and 

polymers [ 161 ]. It is mainly used in transmission and at 

full numerical aperture illumination. Signal to back-

ground enhancement is given by the use of polarizers 

that are usually crossed. The interest of this method for 

material characterization is mainly structural investiga-

tions of assemblies of unit cells. A large variety of illu-

mination techniques can be applied that lead to very 

different results and need careful analysis. That is the 

reason why in most of the experiments a well-defined 

illumination (direction and wavelength) is used. Care 

has to be devoted to the matching of illumination and 

observation numerical aperture and the careful calibra-

tion of the system. An additional aspect is the signal to 

noise or background ratio of the measurement. Often, 

the scattered signal is weak and the direct illumination 

remains much stronger than the signal. It is therefore 

recommended to use contrast enhancement techniques 

like dark field illumination or cross polarization detec-

tion. If optically active substances are used, fluores-

cence can be explored by exciting and observing at dif-

ferent wavelengths to decrease the background signal. 

 A very exciting application of such techniques is the 

evaluation of a scattering cross section of a single split ring 

resonator (SRR) [ 162 ]. The SRR is brought into the focus of 

a microscope objective and illuminated with a Gaussian 

beam. The cross section of the investigated SRR would 

be too small to detect a signal. This problem is solved by 

time-periodic modulation of the SRR through the focus of 

the Gauss beam and a Lock-In amplifier setup. The two 

dimensional intensity distribution of the scattered field is 

evaluated by observing the back-focal plane of the objec-

tive. In the particular example two microscope objectives 

are applied, one for illuminating and a second one for 

observation. 

 As an example we show here the study of scattering 

properties of single metallic entities done with a total 

internal reflection excitation that deliver a high signal to 

background ratio. The total internal reflection technique 

for illumination additionally gives access to all types of 

resonances, i.e., the radiative or non-radiative ones [ 163 ]. 

In  Figure 9  measurements were conducted with a numeri-

cal aperture of NA = 0.95 which results in a certain range 

of the projected wave vector  k  
x
  and  k  

y
  depicted as the 

inner circle in  Figure 9 (B) and (C). The single nanobars are 

excited at 725 nm and with 200  μ W. One should note that 

the false color scale for the two images differs by a factor 

of 10 [0 – 5 in (B) and 0 – 50 in (C)]. Single unit cells can be 

characterized but the method also allows the investiga-

tion of assemblies of functional units. Recently, the tech-

nique led to the the revealing of the magnetic nature of 

light emission by observing the angular distribution of the 

emitted light and by the evaluation of the angular momen-

tum [ 164 ].  

 The desire to look into the local properties of the 

fields close to individual unit cells led to the application 

of optical near-field techniques based on scanning near-

field optical microscopes (SNOMs) [ 165 ]. This technique is 

established to study plasmonic materials in general and 

first experiments date back to 1989 [ 166  –  168 ]. In compari-

son to techniques presented so far, SNOM measurements 
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are different due to their ability to measure light fields 

close to the structures of interest by applying fiber optics 

and cantilevers to probe or disturb the light locally. In 

particular, the evanescent field close to the unit cells is 

accessible, in contrast to far-field techniques. It is diffi-

cult to give a general description of the resolution of the 

scanning optical microscope because of its working prin-

ciple. Additionally, the light management  –  illumination 

and collection  –  follows different paths depending on 

each particular implementation. For instance the scatter-

ing SNOM collects light that is scattered to the far-field 

by disturbing the local fields with a tip. Collection of the 

scattered light can be done with conventional optical 

setups. In contrast, a fiber tip can be used as a SNOM 

probe to collect the light locally and the intensity that is 

collected with the fiber has to be analyzed. Approaches 

to illuminate with the fiber tip were also successfully 

demonstrated [ 169 ]. Often, the very small apertures of the 

collection optics (tapered optical fibers) lead to measure-

ment systems with very low throughput and low signal 

to noise ratio. To obtain useful information contrast-

ing enhancement techniques like cross polarization or 

attenuated total reflection geometries are implemented 

to separate the illumination and measurement path and 

increase sensitivity. 

 To provide an impression of the strength of the 

approach, we show here measurements of plasmonic 

resonant modes by a SNOM scattering technique. In this 

example, small plasmonic nanodisks were studied inter-

ferometrically. Cross polarization and second harmonic 

demodulation were applied as contrast enhancement 

techniques [ 170 ,  171 ]. The measurements impress by their 

ability to visualize different plasmonic modes for differ-

ent nanodisks and deliver information of amplitude and 

phase, as demonstrated in  Figure 10 .  

 Whereas all previously discussed techniques have 

been using light as the carrier information, more elabo-

rate schemes can be equally considered. This is possible 

by exciting resonances of plasmonic unit cells by other 

means than light such as, e.g., electrons. The origin of the 

plasmonic resonance is a displacement of electrons inside 

the unit cells and such a displacement can be induced, 

e.g., also directly with an electron beam. A recently intro-

duced method to study the resonance behavior of single 

unit cells is the so-called electron energy loss spectroscopy 
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 Figure 9      (A) Sketch of the experimental setup of a Fourier micro-

scope. A high NA objective (NA = 0.95) is combined with a set of 

telescope lenses L1 and L2, a Fourier lens L3, and a tube lens L4. 

(B) Fourier microscope image of a 2  μ m long, 50 nm wide and 30 nm 

thick Au nanowire excited at 725 nm with p-polarized light with 

200  μ W. (C) Same as in (B) but for s-polarized illumination of the 

nanowire. Reprinted with permission from Ref. [ 163 ],  © 2011 by IOP 

Publishing LTD.    

 Figure 10      (A) False color SEM image of the investigated sample 

made of gold nanodisks of different radii. The recorded near-field 

optical image of an 1.1  ×  1.1  μ m 2  area contains only one large and two 

small nanodisks. (B) Topography, (C) optical amplitude, and 

(D) optical phase. Measurements were made at a wavelength of 

875 nm. The illumination is at oblique incidence with the electric 

field polarization in the plane of the sample. The shown field 

component corresponds to the normal component of the electric 

field relative to the substrate. It can be seen that the smaller and 

the larger disk sustain plasmonic resonances of different modes. 

Reprinted with permission from Ref. [ 170 ],  © 2008 by ACS.    
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(EELS). Using an electron beam for excitation allows the 

probing of different modes of plasmonic unit cells [ 172 ]. 

The method is fruitfully combined with electron micros-

copy [ 173 ] and delivers insights into the resonance behav-

ior of unit cells through the possibility of local excitation 

[ 174 ]. 

 Overall, various measurements and characterization 

techniques can be used to study self-assembled MMs at 

different spatial resolution levels. The specific aspects 

of the measurement setup and scheme such as angular 

spectra (or numerical aperture), angle of observation and 

type of measurement (specular or diffuse, etc.) need to be 

carefully considered to interpret the measurement results 

and supporting simulations usually have to be done. On 

the microscopic level, the resonances of single unit cells 

of MMs are studied to identify their resonances and to 

draw conclusions about behavior in an assembly, i.e., the 

entire MM.   

6     Achievements, challenges, and 
applications 

 To put the work from previous chapters in a broader 

context, most notably also with respect to applications, it 

is worth stressing that a tremendous evolution has been 

witnessed in the past several years. The technological 

advancements made in the fabrication of structures have 

been strongly interlinked with novel suggestions from 

theory. Nonetheless, the advancements were bidirectional. 

It is not uniquely designs proposed by theoreticians which 

were picked up by experimentalists. On the contrary, with 

novel bottom-up nanofabrication techniques, geometries 

for structures became accessible which were previously 

not thought of. Overall we are currently at a point where 

many problems have been solved. However, of course, 

some of them still have to be mitigated. 

 The first achievement was to have materials available 

where metallic NPs are densely packed. This is essential 

to observe properties that are significantly different to 

those of isolated plasmonic NPs that have been known 

and used, though not understood, for over a thousand 

years. The second achievement was the development of 

a methodology to assemble MM unit cells from a larger 

number of plasmonic NPs into deterministic shapes. The 

nominal geometry of these unit cells is fairly identical, 

though the exact structure, i.e., the exact arrangement of 

NPs, varies among unit cells. Nonetheless, this is of less 

importance since the functionality is brought into the 

system by the nominal shape of the unit cell. However, 

variations in the geometry also cause an inhomogeneous 

broadening of the resonances which is detrimental to a 

certain extent. Since the arrangement of unit cells rela-

tive to each other cannot be controlled in most cases (c.f. 

chapter 1), the unit cell itself is the remaining entity that 

carries the functionality and is thus merits discussion. 

 This also explains why the key properties discussed 

in this review, such as e.g., the magnetic dipole response, 

are usually at the focus of interest. The concentration on 

isolated unit cells and not on an ensemble thereof is also 

the focus in applications that were already implemented 

or at least suggested. A prominent example is the cloaking 

device [ 175 ] that allows the concealment of optically small 

objects. Details are shown in  Figure 11 . Although a usual 

three dimensional cloak for a macroscopic object requires 

a shell that is made from a material characterized by a 

suitable dispersive anisotropic permittivity and perme-

ability [ 176 ], the constraints are relaxed for optically small 

scatterers, i.e., scatterers whose interaction with light 

can be treated as quasi-static [ 177 ]. Then, it was shown, 

that it is sufficient to cover the core object by a plasmonic 

shell to nullify the total scattering cross section. Here 

the purpose of the shell is to generate a scattered dipole 

field of the same strength as that generated by the core 

object but oscillating 180 °  out-of-phase. This causes 

destructive interference and a strongly reduced scatter-

ing; and eventually only a minor absorption of the inci-

dent energy in the core-shell particle. In more detail, the 

shell, for a given core object and a given shell thickness, 

has to attain a certain permittivity to provide a suitable 

scattering response. The real part of the permittivity can 

be either very negative or it may attain a value between 

zero and one. The imaginary part, obviously, should take 

values as small as possible. These properties can be met 

by the structures described in this review, e.g., the core-

shell cluster as discussed in chapters 3 and 4. The shell 

made from silver NPs possesses effectively a Lorentzian 

dispersion around the effective plasmon resonance, as 

shown in  Figure 11 (E) [ 178 ]. At frequencies slightly larger 

than the resonance, the real part of the permittivity is very 

negative but absorption is high as well. This is detrimen-

tal for the cloaking effect. However, at larger frequencies 

where the real part of the permittivity is positive but yet 

smaller than unity, the second possible configuration is 

met and the shell can be used to suppress the scattering 

response [ 179 ]. This is clearly visible by looking at the 

scattering efficiencies [ Figure 11 (F)] or the field distribu-

tions of the core-shell cluster [ Figure 11 (D)]. Besides the 

advantage of having a cloak working at rather elevated 

frequencies; it turned out that the imaginary part of the 

composite is smaller than the intrinsic imaginary part of 
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the metal at the same frequency. This renders the shell 

made from plasmonic NPs to be a better shell material 

than the intrinsic metal. This is quite surprising and pos-

sible further applications may benefit from this improve-

ment [ 180 ]. Refined versions of this cloak for cylindrical 

objects and extension to cloak larger objects, i.e., objects 

whose scattering response is dominated by the magnetic 

dipole, were also discussed [ 181 ,  182 ]. Such devices may 

not only find applications in cloaked sensors [ 183 ,  184 ] or 

in optical nanoantenna arrays with strongly suppressed 

cross-talk, but also in the reduction of the optical force on 

objects [ 185 ] or the cloaking of tips of near-field scanning 

optical microscopes [ 186 ].  

 Moreover, other key optical properties can be affected 

by unit cells made from an ensemble of just a few plas-

monic NPs. A referential example is circular dichroism 

or, more general, chirality. Materials possessing such 

properties have been obtained by top-down nanofabrica-

tion technologies, but currently it remains elusive to have 

them available as bulk materials [ 187  –  194 ]. In contrast, 

comparable optical properties can be obtained if metal-

lic NPs are assembled to form helical structures [ 195 ]. 

A large variety of methods can potentially be used but 

prominent methods consist of DNA- or peptide-directed 

assembly strategies such as DNA origami [ 52 ,  53 ]. Other 

direct optical properties that are at the focus of interest 

concern the effective anisotropy, i.e., the achievement of 

a large difference of the optical response depending on 

the orientation of the electric field relative to a preferen-

tial direction imposed by the sample [ 18 ]. There are gener-

ally two options to achieve such anisotropic response. The 

first is to use an intrinsic anisotropic environment such 
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 Figure 11      Demonstration of a self-assembled core-shell cluster working as a cloaking device. The cluster consists of a high permittivity 

core (radius = 35 nm and   ε   = 8) that is covered by silver NPs (radii = 5 nm) forming a shell. (A) Schematic sketch of the core-shell cluster. 

(B) Illustration of the cloaking principle. The shell (made of amorphously arranged silver NPs) is assumed as homogeneous material [the 

dispersion of the effective permittivity is shown in (E)]. For values of the real part of the shell permittivity that are either negative or between 

zero and one the shell is able to cancel the polarization of the core. (C) Logarithmic plots of the electric field intensity at 910 THz for the bare 

core sphere. The clear excitation of an electric dipole response can be seen. (D) Same as in (C) but now for the core-shell cluster. The dipole 

radiation into the far-field is totally suppressed though some field enhancements in close vicinity to the shell appear due to the LSPRs in 

the silver NPs. (E) Effective permittivity of the silver NP shell. (F) Scattering efficiency as a function of the frequency for the dielectric core 

sphere (red-dashed curve) as well as for the core-shell cluster (blue-solid curve). An enormous reduction of the scattering of about 75% is 

visible at 910 THz.    
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as a liquid crystal into which metallic NPs can be embed-

ded. In this case tunability can be achieved by changing 

the orientation of the liquid crystals in a cell by applying 

a voltage [ 196 ]. The overall response is anisotropic and 

depends on the molecular orientation. At elevated tem-

peratures a phase change to an amorphous state may take 

place for the liquid crystal host material and the structure 

becomes isotropic. The second option is to use an aniso-

tropic arrangement of a small number of metallic NPs as 

discussed in chapter 3 for the plasmonic dimer structure. 

There, it was stated that the polarizability of the ensem-

ble depends on the orientation of the incident field rela-

tive to the orientation of the NP assembly. Eventually, it 

can be speculated that a combination of both strategies, 

embedding an anisotropic NP assembly into an aniso-

tropic optical environment, can enhance the anisotropy 

even further. 

 However, although many of these applications and 

functionalities are extremely appealing and do indicate 

potential future directions of research, further problems 

remain to be solved. Potentially the biggest problem is to 

increase the as yet small filling fraction of plasmonic NPs. 

All possible effects would appear stronger since resonance 

strength and induced dispersion would be elevated. At the 

same time, care has to be taken that conductive coupling 

in the ensemble remains suppressed which would other-

wise cause the appearance of novel plasmonic resonances 

[ 197 ]. They would emerge at frequencies far away from the 

frequency of the isolated NP in the assembly. Their con-

tribution would essentially diminish the optical response. 

The suppression of a conductive coupling can be enforced, 

as outlined in the review, by means of electrostatic repul-

sion if all the NPs are left with a surface charge or by chemi-

cal means where the NPs are covered by some molecular 

shells. Eventually, it remains a technological problem to 

be solved to let NPs assemble as densely as possible while 

maintaining them optically isolated. 

 Another problem, which is frequently encountered 

while working towards MMs, is the choice of the appro-

priate size of the plasmonic NPs. This requires a careful 

balance. On the one hand, the particles should have a rea-

sonable size for two reasons. First, smaller metallic parti-

cles suffer from a larger imaginary part in their intrinsic 

permittivity; reflecting an increased absorption due to 

increased collision of the free electrons with the bounda-

ries of the NPs. Second, independent of the intrinsic mate-

rial properties, absorption scales with the third power 

of the radius whereas scattering scales with the sixth 

power. This suggests that absorption dominates over scat-

tering for very small particles and eventually any mate-

rial appears black with no further functionality if made 

from excessively small NPs. These considerations suggest 

that the plasmonic NPs should have a sufficient size. On 

the other hand, the actual unit cell from which the MM 

is made of shall be small or ideally much smaller when 

compared to the operating wavelengths. This prohibits 

the use of large plasmonic NPs in the construction of the 

unit cells. Both requirements conflict and a compromise 

has to be found which is sometimes unsatisfactory with 

respect to the functionality. A further problem that has to 

be mitigated is, as mentioned above, the inhomogeneous 

broadening of the observable resonances due to variations 

in geometry from unit cell to unit cell. Here chromatogra-

phy can be used to isolate unit cells of certain properties 

but these technologies still need to be improved. Another 

problem is the preferential use of gold NPs in many 

devices for obvious reasons, i.e., most notably since it is 

chemically inert. Gold is known to have less preferable 

optical material properties when compared to silver, i.e., 

absorption is stronger at frequencies where the real part 

of the permittivity possesses suitable values. All of these 

problems cause an insufficient polarizability of the NP 

assemblies; independent of the number of NPs forming 

the assembly. Increasing this resonance strength can be 

understood as a primary challenge in future research. 

 One possible solution could be the use of NPs where 

only the shell is plasmonic. This suggests that the reso-

nance frequency of individual NPs is shifted to longer 

wavelengths. Then, intrinsic absorption is reduced since 

the electric field no longer penetrates the volume of the 

plasmonic NP, the size constraints get relaxed, and gold 

becomes a more attractive material. 

 An alternative solution to increase the scattering 

strength is the incorporation of gain materials into the self-

assembled structures [ 198 ]. This is possible by infiltrating 

the host material of the plasmonic NPs with fluorescent 

dyes (e.g., Rhodamine, Fluorescein), semiconductor 

quantum dots (e.g., InGaAs-GaAs quantum dots) or rare 

earth materials (e.g., erbium) [ 199 ,  200 ]. The approach 

is best illustrated by considering the resonance condi-

tion for a spherical plasmonic NP in the electric dipolar 

limit. Inspecting the denominator of the particle polariz-

ability, it can be seen that a LSPR is sustained at the fre-

quency  ω  when the condition   ε   
Metal

 (  ω  )+2  ε   
Surrounding

 (  ω  ) = 0 

is met. However, the condition cannot be exactly met 

and the resonance frequency is shifted into the complex 

plane because of the finite imaginary part of the metal 

at the reso nance frequency. If, however, the surrounding 

material is characterized by gain instead of absorption, 

suggesting that the imaginary part is negative instead of 

being positive, the resonance condition can be met exactly 

[ 201 ,  202 ]. Of course, this back-of-the-envelope calculation 
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loses its validity the better the condition is met, but it 

provides a clear indication how a balanced and care-

fully tailored gain material can be designed to render all 

resonances sharper. It remains to be said that the perfect 

resonance leads to an unstable optical response with the 

onset of lasing or spasing that are difficult to predict [ 203 , 

 204 ]. They can only be described using devoted numerical 

means that describe the gain material as a two or, even 

more realistically, as a four level system using a density 

matrix approach or at least using rate equations [ 205  –  207 ]. 

 If these problems are solved we can safely expect a 

wealth of future applications well beyond those indicated 

previously in this review. A large number of applications 

were suggested for materials that possess a permitti-

vity close to zero [ 208 ]. This property is also supported 

by materials made of densely packed plasmonic NPs. In 

resonance, where absorption is huge, operation is usually 

not suggested. But at the second crossing point, at higher 

frequencies, absorption is much lower and the material 

potentially allows propagation of electromagnetic fields 

over finite distances. Espilon-near-zero applications 

would also benefit from extremely sharp resonances. The 

further away the operation frequency is from the reso-

nance the less severe absorption will be because the imagi-

nary part of the permittivity decays with the third power 

of the frequency and the real part only with the second 

power. Since the wave in the epsilon-near-zero material 

does not have any phase advance, the geometrical surface 

of the epsilon-near-zero material imprints a spatial phase 

distribution on an incident plane wave [ 209 ]. This can 

be used to implement functional optical elements such 

as lenses, beamers, or spatial filters. Moreover, filling a 

waveguide bend with such material might permit perfect 

transmission; independent of the shape of the waveguides 

to be connected [ 210 ]. The implementation of applica-

tions that exploit the properties of a material made from 

densely packed plasmonic NPs is most likely to emerge in 

the near-future; since essentially the materials are already 

available. 

 Another application that has been suggested is that 

of a lens or even a perfect lens. This application can be 

thought of as an essential trigger of MM research [ 211 ]. 

Under the hypothetical assumption that a medium exists 

that possesses an isotropic negative permittivity as well 

as permeability at the same frequency, a slab made from 

such material can restore evanescent contributions of a 

source from an object plane before the slab in an image 

plane behind the slab. At its heart the slab sustains surface 

modes independent of the k-vector; hence all evanescent 

waves couple to the other side of the slab and the field 

does not decay in the MM. The imaging potential of the 

slab for propagating modes is best understood in terms of 

a diffraction coefficient, which is associated to the second 

derivative of the propagation constant with respect to the 

tangential wave vector [ 212 ]. In a material with the afore-

mentioned properties, the diffraction coefficient is ano-

malous, i.e., it has an opposite sign when compared to the 

diffraction coefficient of free space. Having a sequence of 

propagations through free space and the perfect lens, the 

diffraction coefficient undergoes an alteration between 

normal and anomalous. Eventually, the overall diffraction 

is completely suppressed by choosing a suitable length 

for each section of the propagation [ 213 ]. The excitation 

of surface waves as well as the requirement of a suitable 

dispersion to cause anomalous diffraction was shown to 

be possible also for two separated slabs made from plas-

monic NPs [ 214 ,  215 ]. 

 Besides these applications that require a specific 

material, further applications exist that only require care-

fully tailored ensembles of plasmonic NPs. It is beyond 

the scope of this contribution to review all of them, but 

it remains to be mentioned that applications such as 

optical rulers [ 216 ], sensors [ 217 ], plasmonic substrates 

for surface enhanced Raman scattering [ 218 ], novel tools 

for spectroscopy that are sensitive to probe electric quad-

rupolar or magnetic dipolar transitions [ 136 ], solar cells 

[ 219 ], high density optical storage devices [ 220 ], or light 

emitting diodes [ 221 ] were all shown to profit from the 

incorporation of plasmonic NPs. We anticipate an excit-

ing time in the near-future where eventually some of these 

applications are not only explored in academia but may 

find their way into real-world products. 

 After presenting this long list of applications of 

bottom-up MMs we want to compare once again their 

advantages and disadvantages to conventional top-

down MMs. This should allow putting the given aspects 

of this review into a broader context. As already indi-

cated, top-down MMs are usually fabricated by litho-

graphic processes or direct writing such as focused 

electron- or ion-beam lithography. Therefore, the MMs 

are built-up by writing each single unit cell onto a sub-

strate. One advantage is that highly periodic structures 

can be achieved, or in other words, the long-range order 

between the unit-cells can be controlled at will. Contrari-

wise, top-down techniques normally work on a substrate 

and three-dimensional structures can only be realized 

by stacking of different layers [ 222 ], which remains a 

complicated task. Furthermore, since every unit cell is 

written sequentially, top-down processes are normally 

too slow to fabricate large-scale samples of macroscopic 

dimension. These two issues of achieving bulky MMs 

with macroscopic dimension can be solved by relying 
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on bottom-up techniques. As intensively discussed in 

chapters 1 and 4 most of the bottom-up techniques work 

in solution and therefore they are three-dimensional by 

definition. The evoked self-assembly takes place every-

where in the solution, i.e., contrary to top-down tech-

niques all unit cells are fabricated in parallel making 

the fabrication of large-scale samples incredi bly fast. 

Up to now, in most cases the long-range order between 

the unit cells cannot be controlled by bottom-up fabrica-

tion techniques resulting in an amorphous arrangement. 

The consequences thereof were discussed in detail in 

chapter 2 and 3. Another crucial advantage of bottom-up 

techniques is the control of distances or more physically 

the resolution limit of the fabrication process. Whereas 

for top-down techniques the minimal structure size is 

given by the spot size of, e.g., the electron beam (around 

20 nm) for bottom-up techniques such limitations do not 

exist, since in most cases it depends on the length of the 

linker molecules attached to the NPs. Typical separa-

tions down to 1 nm [ 59 ,  62 ] are reported and even sub-nm 

separations have been achieved [ 223 ].  

7    Conclusions 
 To concisely conclude, we have been reviewing the state-

of-the-art of the theoretical description, the nanofabrica-

tion, and the optical characterization of self-assembled 

plasmonic nanostructures. The starting point of these 

materials is a plasmonic NP that sustains a strong inter-

action of light at the frequency where a localized surface 

plasmon polariton is excited. To achieve, however, a scat-

tering response that is beyond what is possible with an 

isolated plasmonic NP, mechanisms have to be exploited 

that allow the self-assembly of a larger number of plas-

monic NPs into functional unit cells. These unit cells are 

fabricated by bottom-up techniques established in nano-

chemistry. Although a nominal geometry of a unit cell can 

be fabricated at high precision, its exact geometry and 

the arrangement of a larger number of unit cells relative 

to each other is usually less controllable. This implies 

major challenges for the theoretical description and the 

understanding of the functionality and the optical action 

of MMs made from such unit cells. 

 Nevertheless, much progress has been made and a 

clear path towards future development has been identi-

fied. Theoretically, a technique has been reviewed here 

that expands the scattered field of an arbitrary com-

plicated unit cell into contributions of Cartesian multi-

poles. This allows the simplification of the theoretical 

description of the optical response of individual unit cells 

while considering only a few leading multipole coeffi-

cients in any further description. It is worth stressing that 

this is especially important in the field of MMs where effec-

tive properties can be assigned to a medium made of unit 

cells whose scattering response is dominated by an elec-

tric and a magnetic dipole only. Moreover, the expansion 

of the scattering response into multipoles provides a clear 

language in which the functionality of the unit cells can 

be discussed. It has also been presented what unit cells 

of interest look like and what exactly makes them attrac-

tive. Although, a functional element can be already made 

from two NPs, an entire new class of structures becomes 

accessible based on the collective response of a cluster 

of a large number of plasmonic NPs in close proximity. 

The respective geometries can be, e.g., spheres or shells 

which possess a scattering response that is dominated by 

a magnetic dipole. How these unit cells can be fabricated 

and how they can be characterized was equally reviewed 

in detail. Primary applications have been indicated along 

with challenges that have to be met to assure a further 

progress of the entire field. 

 Overall it has to be stressed that only a finite fraction 

of the prosperous field has been reviewed in this contri-

bution. Many aspects were, moreover, only touched upon. 

This entire field of research where chemistry, material 

science, photonics and optics are fused is quickly evolv-

ing. The interdisciplinary character firmly invites research-

ers with a complimentary expertise to contribute to this 

field with suggestions for novel theoretical means, fabri-

cation techniques, or characterization methodologies to 

identify solutions for urgent problems and unprecedented 

applications. 

 Far reaching goals for future work are the general 

control of electromagnetic fields on the nanoscale where 

self-assembled plasmonic entities are used to steer 

the light and its interaction with adjacent nanometric 

objects. A liquid negative index metamaterial might be 

an appealing structure but self-assembled optical nano-

antennas that can efficiently extract and direct light from 

single photon sources might be equally referential future 

applications. With these achievements, optics in general 

and nanophotonics specifically would be once again an 

enabler for many applications in the field of optical signal 

processing, in distant sensing devices, ultrafast nonlinear 

spectroscopy, photocatalysis, and solar cells.   
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