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1 Introduction

Experimental characterisation of metamaterials is predominantly based upon the mea-
surements of the scattering characteristics of the specimens illuminated by plane electro-
magnetic waves in optical, THz and microwave spectral ranges. Artificial nanostructured
materials exhibit strong resonant response to electromagnetic frequencies in the optical
part of the electromagnetic spectrum, thus, optical measurements are of prime interest for
this overview. Here we discuss measurement techniques for experimental characterization
of electromagnetic parameters of nanostructured materials, mainly in the optical part of
the spectrum.

Before directly addressing the metamaterial characterization issues, it is necessary
to remark that on the notion of the “optical wavelengths”. In the literature it is not
strictly defined, but in the bulk of the literature it is understood as the frequency region
including infra-red, visible, and ultra-violet frequencies. This corresponds, roughly, to
the range of frequencies from 3 THz to 30 PHz (PetaHertz=10' Hz). In terms of the
wavelength, this is equivalent to the range from 0.1 mm to 10 nm. In general, “optical”
refers to electromagnetic radiation that can be influenced by lenses and gratings. At lower
frequencies, approaching the far-infrared (or the “T'Hz regime”), the issues of sample
characterization tend be somewhat different from the optical regime. At frequencies
higher than the visible light, the required inhomogeneity scale becomes too small to be
technologically feasible at present, and there are no artificial electromagnetic materials
that would function at ultra-violet frequencies. The visible part of the optical spectrum
is between approximately 400 THz (red) to 790 THz (blue) or from 390 nm (blue) to 760
nm (red).

Also it is instructive to briefly recall how today’s state-of-the-art metamaterials at
optical frequencies look like — as this aspect poses the relevant constraints to the char-
acterization process. The vast majority of metamaterial structures have been made via
serial, hence time-consuming, lithographic approaches (e.g., electron-beam lithography,
focused-ion-beam lithography, or direct laser writing). As a result, typical sample foot-
prints are only of the order of 100 x 100 gm?. This limited sample size, with respect to the
source and detector area at shorter wavelength of measurement leads to use of focusing
lenses and the unavoidable averaging of the measurements. This is further discussed in
Section 1.3. Rather recent brief [1,2] and comprehensive [3] reviews of the corresponding
magnetic and/or negative-index metamaterials can be found in the literature. Exam-
ples of notable exceptions are metamaterials made via holographic lithography [4,5] or
nano-imprint techniques [6]. The footprint of the latter specimens is of the order of square-
centimetres. Yet much larger footprints can be realized along these lines in the future,
and there are attempts to use some self-assembly techniques to fabricate metamaterial
structures [7-9].

Furthermore, the vast majority of metamaterials at optical wavelengths demonstrated
experimentally thus far contain only a single functional layer [1-3], which can contain more
than one physical layer. Notable recent experimental exceptions are a three-functional-
layer negative-index metamaterial at 1.4-pm wavelength [10], a four-functional-layer mag-
netic metamaterial at 3.7-um wavelength [11], and a ten-functional-layer negative-index
metamaterial at 1.8-um wavelength [12]. All of these have a total thickness significantly
less than one wavelength of light in free space. Interesting metal-insulator-metal slot



waveguide structures supporting backward waves over many wavelengths of light along
the propagation direction in the waveguide plane have also been reported [13]. However,
their optical characterization is not discussed here as such waveguides are not classified
as “metamaterials”. It is important to note that all the actually fabricated optical meta-
material structures published to date are anisotropic, often they are even biaxial and
bi-anisotropic. These geometric variations in the metamaterial parameters further com-
plicate the measurements and analysis effectively multiplying the problem by the number
of unique directions in the metamaterial. Furthermore, essentially all metamaterial struc-
tures are mechanically supported by some kind of a dielectric substrate — an aspect, which
has to be accounted for in the characterization process as well.

An EU sponsored publication [14] covers the basic electromagnetic theory and fabri-
cation methods involved.

1.1 The ideal measurement

The conceptually perfect experiment on a periodic metamaterial with sub-wavelength lat-
tice constant can provide measurements of nothing more than the frequency-dependent
complex reflectance and transmittance of the sample for all incidence angles and po-
larizations of the impinging ideal monochromatic plane wave. Furthermore, this ideal
measurement should comprise analysis of the (generally elliptical) polarization state of
light scattered by the sample. Clearly, in linear optics, frequency-domain information can
equivalently be expressed in the time-domain, where “complex” translates into amplitude
and phase of the wave. For imperfect or for (intentionally) non-periodic metamaterial
samples, also scattering of light into the entire solid angle (so called “diffuse scattering”)
can occur because any inhomogeneities scatter light in all directions. In the ideal experi-
ment this scattering would also have to be characterized completely in an experiment for
all solid angles.

Anything beyond this, e.g., retrieval of whatever effective optical parameters (refrac-
tive index, wave impedance, dielectric permittivity, magnetic permeability, bi-anisotropy
parameters, etc.), is not subject of the experimental optical characterization process itself
but it is subject of interpretation (!) of the acquired experimental data. This distinct step
— which is closely related to and interlinked to the retrieval of these parameters through
the theoretical models or numerical simulations — will be discussed in other parts of this
overview. Non-linear metamaterials, for example those with gain, are not considered here.

1.2 Standard measurement techniques

Standard optical measurement techniques (which typically do not provide phase informa-
tion) can be found in many analytical laboratories but may need modification to accommo-
date small sample sizes — typically with addition of a microscope optically coupled to the
measurement system. This includes grating spectrometers, in which a broad-band source
is passed through slits and onto a grating to select only a narrow band of light, Fourier
Transform Spectrometers (schematically shown in Figure 1) and broad-band elipsometers
in which polarised light is incident at an angle to the substrate surface and the subsequent
reflected beam’s polarisation state is measured (see Figure 2). Some systems allow both
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Figure 1: Schematic diagram of a Fourier-transform spectrometer. The interference pat-
tern at the detector is obtained by moving the mirror and changing the optical path
length. When a sample is present the interfence pattern, as a function of path difference,
is modulated by the presence of absorption bands in the sample. The interference pat-
tern is then "Fourier transformed’ to give the absorption (or reflection/transmission) as a

function of wave number to give a spectrum [15].
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Figure 2: Schematic representation of an elipsometer [16].

transmission and reflection measurements by simple reconfiguration, elipsometers typi-
cally allow the angle of incidence to be varied. However, most commercial spectrometers
do not allow the angle of incidence to be varied. Similarly, Time Domain Spectroscopy
(TSD) in which the phase angle of the measured quantity is obtained from interference
methods are usually custom built systems. A simplified schematic of a TDS is shown
below in Figure 3. The illuminating EM radiation is generated by the femtosecond pulses
from a Ti Sapphire laser incident on either a crystal converter or optoelectronic converter
to produce for example THz radiation. The optical delay line alters the phase of the beam
arriving at the sample. A detailed introduction is given in reference [17].

1.3 Instrumental limitations

At optical frequencies, it is very difficult or even impossible with current technology to
measure the electric and magnetic field components of the electromagnetic wave directly
versus real time as one cannot measure amplitudes and phases within one wavelength.
This can be compared to microwaves were there is still room to manoeuvre (within say a
few cm). Therefore the frequency-domain techniques are commonly employed. Usually,
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Figure 3: Schematic of Time Domain Spectroscopy [17].

grating spectrometers or Fourier-transform spectrometers merely deliver the intensity of
light versus wavelength or frequency. However, all phase information is lost here. Using
interferometric techniques, phase information can be (partially) recovered. Commercially
available elipsometers promise to deliver optical constants of thin-film samples but in
fact measure angle resolved reflectance polarisation data and rely on idealised models to
produce optical constants. Extreme caution should be exercised at this point, because
the built-in commercial software used for analyzing (or, more precisely, interpreting) these
data is limited to dielectric material responses and layered systems only, but it is usually
unsuitable at all to deal with magnetic responses (or negative refractive indices). Also,
the low symmetry of metamaterial samples can be problematic here too.

Due to the limited lateral footprint of typical samples (because of present fabrication
limitations), the incident light wave has to be focused onto the metamaterial samples. If
light is not focused, most of the light from the source will illuminate the area surrounding
the metamaterial sample. Unless this light is eliminated from the measurement (by for
example an iris) the measurement will be swamped by the other materials in the system.
Once a lens is introduced, it concentrates the light from the aperture of the lens onto the
sample but at the expense of averaging over the half angle from the sample to the lens
aperture (defined as the numerical aperture, NA). This clearly introduces an undesired
spread of the incident wave vector components of light, i.e., the experimental results are
effectively averaged over a certain range of incidence angles, obviously leading to obscured
data. The impact of that averaging process depends on the specific metamaterial under
study. For example, it is quite common to image the samples by means of a microscope. As
large spectral bandwidths have to be investigated often, reflective microscope objectives
are mandatory in order to avoid chromatic aberrations that would otherwise occur for
glass-based lenses. It is well known that such Cassegrain objective lenses essentially cut
out the normal incidence contribution and average over a cone of angles of incidence
(e.g., between 15° and 30° with respect to the surface normal for a numerical aperture
of NA = 0.5). Again, the impact of these “artifacts” need to be evaluated for each
metamaterial structure separately. A sample that matched the source and detector areas
and an arrangement that ensured all the scattered light was collected would constitute
an ideal measurement.



Measuring broadband intensity transmittance and reflectance spectra with incident
circular polarization of light is far from a trivial task. Broadband linear polarizers are
readily available in most spectral ranges and a quarter-wave plate can turn this linear
polarization into circular polarization. However, a usual quarter-wave plate has obvi-
ous inherent wavelength dependence. At optical and near-infrared frequencies, so-called
super-achromatic quarter-wave plates are commercially available. At mid-infrared fre-
quencies, such super-achromatic quarter-wave plates have to be custom-made — this incurs
significant cost. Also, these structures can not always be easily integrated into existing
(commercial) instrumentation. At THz and microwave frequencies, such super-achromatic
quarter-wave plates are presently not available at all, to our knowledge.

1.4 Recent advances in measurement techniques

Although no new fundamental changes in the ways how metamaterials are measured have
been discovered yet, the new developments and refinements in S-parameter measurement
techniques have been reported recently, particularly in relation to the phase measurements
across the spectrum from visible to microwave region.

e An experimental method implemented in [18] is based upon a white-light Fourier-
transform spectral interferometer for broadband 1.1 to 1.7 um phase measurements
to determine the dispersion relation of metamaterials at normal incidence in terms
of the complex wavenumber leading to retrieval of an effective refractive index. The
experimental setup is a Jamin-Lebedeff interferometer modified for measurements
in transmission and reflection under normal incidence. With this technique an
inaccuracy of the refractive-index of about 4% in the real and imaginary parts can
be achieved.

The measurements were performed with a supercontinuum light source (spectral
bandwidth 0.4 pm — 1.7 um). After a collimator and a polarizer, the linear po-
larized light passes a calcite beam displacer, where the beam is divided into two
parallel, orthogonally polarized beams with a displacement of 4 mm. These two
beams represent the two arms of the interferometer. In the configuration for the
transmission phase measurements the beams traverse the sample and then pass an
achromatic half-wave plate, which rotates the polarization in each beam by 90°.
The two beams are recombined in the second beam displacer. As the beams in
the interferometer arms are orthogonally polarized, the interference between them
can be obtained using another linear polarizer. Finally, the light is collected into a
photonic crystal (PhC) single-mode fiber and measured with an optical spectrum
analyzer.

e THz-Time Domain Spectroscopy (TDS) normally requires two measurements [19]:
one reference waveform measured with the reference of known dielectric properties,
and a second measurement through the sample. Because of the relatively clean sep-
aration in time between the main transmitted pulse and the first internal reflection,
it becomes possible to keep only the first directly transmitted THz pulse. Com-
paring the ratio and phase change between the sample and reference, the real part
and imaginary part of effective refractive index of studied sample can be obtained



simultaneously. A detailed retrieval procedure enables one to extract the negative
refractive index of low-loss metamaterials based on THz-TDS measurements [19].

Detecting the phase change of THz wave passed through the metamaterial sample, as
well as the corresponding reference, one can obtain the refractive index of studied
sample using the presented extraction procedure. The method provides a direct
and simple way to probe the real part and imaginary part of refractive index of
metamaterials. Its validity has been demonstrated through theoretical simulations
on several typical cases.

2 State-of-the-art in experimental characterisation of
metamaterials

All experiments published to date have been far away from the ideal conceptual arrange-
ments described in Section 1.1. Several different techniques are usually adopted for the
experimental characterisation of metamaterials. The typical approaches are overviewed
here.

2.1 Structures with inversion symmetry along the surface nor-
mal

Suppose that the metamaterial structure exhibits inversion symmetry along the surface
normal. In this case, at normal incidence, the reflectance and transmittance spectra do
not depend on which side of the sample is illuminated. A quite common procedure is
to measure intensity transmittance and/or reflectance spectra of a metamaterial slab of
thickness L for normal incidence of light and for two relevant (i.e., linearly independent)
incident polarizations, either linear or circular. Clearly, these data containing two quan-
tities at each wavelength are insufficient to retrieve uniquely the optical parameters, e.g.,
the complex refractive index and the complex impedance of the equivalent isotopic slab at
each wavelength. Thus, usually, the experimental data are compared with the theoretical
calculations for the designed specimen using additional information on the geometrical
parameters which are obtained from optical and/or electron micrographs of the metama-
terial samples. If sufficiently good agreement between experiment and theory is obtained,
one may apply the theory to compensate for missing experimental phase information.

One way of further analyzing/interpreting the experimental data is to model a ficti-
tious slab of thickness L (with or without substrate) that has exactly the same complex
reflectance and transmittance spectra as those of the metamaterial specimen. This “re-
trieval” procedure (see, e.g., review [3] for discussion of selecting the proper branches of
non-unique solutions arising in this process) delivers the two complex quantities for the
effective refractive index and impedance, or, equivalently, the effective complex dielec-
tric permittivity and magnetic permeability of the slab. While this procedure is fairly
well defined and broadly adopted in many laboratories around the world, one should be
cautious in interpreting these retrieved quantities. Namely, they do represent the optical
properties of the metamaterial slab with thickness L - yet they do not necessarily con-
stitute the “material” properties in the conventional sense. One might be tempted to



take the knowledge from normal optical materials and transfer it to metamaterials. For
example, if one followed the retrieval procedure described above for a thin film of silica
(Si07) of thickness L, it is clear that the measurements of the same film but of thickness
2L would give nearly identical material parameters. This is very often not (!) the case for
metamaterial samples. Generally, (near-field optical) interactions between different func-
tional layers of the metamaterial can alter the effective “material parameters”. Whether
or not this is a significant effect needs to be evaluated for each metamaterial structure
under investigation — there is simply no universal answer. Two published experiments at
optical frequencies that have addressed this issue [10,12], and have come to the conclu-
sion that these interaction effects are not too strong for their conditions (both are several
layers of double fishnet negative-index metamaterials). A striking counter-example is in
ref. [11], where the strong coupling between adjacent layers of split-ring resonators has
tremendously altered the properties of a single layer. Yet, the answer to this question
also depends on how strongly the layer proximity influences the structure response. For
example, it is known from (dielectric) photonic crystals that, for certain aspects (e.g., slow
group velocities), the slab thickness exceeding even 100 lattice cells may be insufficient
to reproduce the behaviour predicted by the band structure calculations for the fictitious
infinite “material”.

2.2 Structures with no centre of inversion along the surface nor-
mal

The situation becomes more complex if the metamaterial structure has no centre of in-
version along the propagation direction of light. Still restricting ourselves to normal
incidence of light onto the metamaterial slab, the complex transmittance and reflectance
spectra are no longer the same for the two opposite directions of incidence. In other
words, generally eight different quantities have to be measured at each wavelength — pro-
vided that the polarization state of the incident light is conserved in both reflectance and
transmittance. Otherwise, the number of independent optical parameters doubles. In
case of reciprocal structures (i.e., no static magnetic bias applied and there is no natural
magnetic phase), the complex transmittances are strictly identical for both directions of
propagation, whereas the respective complex reflectances may differ. This amounts to
six parameters at each wavelength. Again, in the published optical experiments, not the
full fields but only the corresponding intensities have been measured. As a result, the
problem of the effective parameters’ retrieval is underdetermined. As discussed in Sec-
tion 2.1, additional theoretical input is usually used for extracting the effective optical
parameters. One possible approach here is to retrieve the two complex impedances for
each side of the equivalent slab at opposite directions of incident waves and a single com-
plex refractive index. Alternatively, the complex permittivity and permeability as well as
the bi-anisotropy parameter can be retrieved. Experimentally, this has been done in the
literature only once so far in [18]. Needless to say that the meaning of these quantities
is subject of the same constraints as in Section 2.1, i.e., caution has to be exercised in
interpreting these effective quantities as the “material” parameters. They do, however,
have a well defined physical meaning for the measured film of thickness L. A variant
of the latter approach is proposed in [23] to replace the bi-anisotropy parameter by a
wave-vector dependence of permittivity and/or permeability.



2.3 Interferometric experiments

Additional information can be obtained from normal-incidence interferometric experi-
ments that — at least partly — recover the missing phase information discussed above.
Corresponding publications include Refs. [4,24-26]. These additional inputs provide fur-
ther sensitive tests of the level of agreement between the experiment and theory. In that
sense, they are very important. However, these additional experimental data do not at
all change the conceptual issues of Section 2.1.

2.4 Oblique incidence

The situation becomes even more complex at oblique incidence of light onto the metama-
terial slab. For usual optical materials, generally all optical quantities become tensors of
rank three. Only very few experiments on metamaterials at optical frequencies have ad-
dressed oblique incidence of light [27,28]. These papers have just reported the measured
transmittance intensity and/or reflectance spectra at different inclination and azimuth
angles, but the authors have completely refrained from relating these measurement data
to the effective “material” parameters. Theoretical aspects of the respective retrieval
procedures are addressed in the literature, see, e.g., [29,30].

2.5 Chiral metamaterials

Lately, progress has been achieved in manufacturing uniaxial chiral metamaterials oper-
ating not only at microwave frequencies [31], but also at THz [32] and optical frequen-
cies [33]. Chiral structures are a subclass of bi-anisotropic structures. In bi-anisotropic
structures, magnetic-dipole moments can be excited by the electric-field component of
the light field and vice versa. In contrast to the general case of bi-anisotropy, where,
e.g., the magnetic-dipole moments and the exciting electric field can include any angle,
in isotropic chiral media they are parallel. In lossless media this leads to a pure rotation
of any incident linear polarization of light, i.e., to optical activity.

Microwave measurements of chirality parameters of natural and artificial chiral ma-
terials is a well-established technique. An overview can be found e.g. in [34, Ch. 7].
Transmission-reflection measurements both in free space and in waveguides have been
used for this purpose. Small samples (compared with the free-space wavelength) can be
measured also using microwave resonators (perturbation analysis is then used to extract
the effective parameters). In more recent literature, a detailed theoretical explanation
of how the effective parameters can be retrieved from measured data has explicitly been
given in Ref. [35].

Recently, corresponding optical experiments have been performed for chiral metama-
terial samples. In Refs. [31,32] effective material parameters have actually been retrieved
from the normal-incidence experimental data, while in Ref. [33] different approach was
employed.

The results of [31,32] have also been discussed in a publication aiming at a broad
general readership in ref. [36] (also see references cited therein). An interesting aspect of
these latest results is that, for sufficiently strong chirality, a negative phase velocity of



light can be obtained even if, in principle, the dielectric permittivity and the magnetic
permeability are positive at the same time [37-39].

Provided that phase information is acquired (see above), the measurements can be
performed equivalently either with linear or with circular polarization of the incident
light. In Ref. [31], phase-sensitive transmittance and reflectance spectra have been taken
with linear polarization of the incident light. In Ref. [32], phase sensitive time-resolved
data have been Fourier transformed. In both cases, data have to be taken for different
linear polarizations as three complex parameters (dielectric permittivity, magnetic per-
meability, and chirality parameter shall be retrieved). If no phase information is obtained
(i.e., only intensity measurements combined with theory), a minimum requirement for
meaningful parameter retrieval is that one checks that the two incident circular polariza-
tions of light stay circular (with the same handedness) upon transmission. Furthermore,
following the generalized Fresnel coefficients, left-handed circular polarization has to turn
into right-handed circular polarization and vice versa in reflection. In other words, circu-
lar polarization cross-conversion needs to be small. This is equivalent to stating that the
structures must not exhibit additional linear birefringence. This condition has not been
fulfilled in Ref. [33], hence a chirality parameter could not be (and has not been) correctly
retrieved.

More recent experimental work [40] has attempted to bring the structures of Ref. [31]
(albeit with some modifications and simplifications) towards optical frequencies. Here,
circular polarization conversion has been negligible and a maximum difference of the cir-
cular refractive indices of about 0.34 has been retrieved [40]. This difference is twice the
chirality parameter. Both indices, however, have remained positive throughout the entire
spectral range. Still, such structures are interesting and relevant as the optical activity
obtained is rather broadband (about 100-nm bandwidth at around 1360-nm center wave-
length) and many orders of magnitude larger than what is obtained from, e.g., solutions
containing chiral sugar molecules [40].

2.6 On measurements of the effective refractive index

In order to somewhat justify the use of the effective refractive index, n, of metamaterials
made of stacked layers of periodic inclusions, convergence of the retrieved value of n when
increasing the number of layers has been studied experimentally in [12]. The observed
convergence rate of n proved to be consistent with the findings of the theoretical paper
[41] based on a similar double-fishnet type negative-index photonic metamaterial design.
Ref. [41] reports convergence for four functional layers. However, one should be aware
that these quantities are not the fundamental physical parameters at all. Increasing the
spacing between adjacent functional layers of the double-fishnet structure will decrease
their coupling (see discussion in Section 2.1). As a result, convergence can even be achieved
for a single functional layer [42]. Inferring other optical parameters (e.g., permittivity or
permeability) from such refraction experiments [12] again requires making reference to
the dedicated theoretical models of the measured specimens.

An alternative type of the refraction measurements is based upon the use of prism
made of wedge-shaped metamaterial sample (rather than the slabs discussed so far).
The direction of the light wave transmitted through such samples generally changes due
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to refraction. Measuring the corresponding light deflection angles allows the refractive
index to be inferred by applying Snell’s law. However, such obtained refractive index
is generally differ from the refractive index n usually referred to in connection with the
phase velocity of light, ¢, in material being slower by factor n than the vacuum speed of
light, cg, i.e., ¢ = c¢o/n. A brief discussion of this aspect can be found, e.g., in Ref. [43].
The experiments addressing the change in the direction of the Poynting vector (energy
flow) have been published [12]. The samples investigated in [12] were fabricated via
evaporation of a stack of 21 alternating layers of silver and dielectric (corresponding to
10 lattice cells). Next, holes were drilled using focused-ion-beam (FIB) lithography to
obtain a stacked fishnet type structure. Finally, a wedge which forms a prism has been
produced, again using FIB lithography. The measured wavelength-dependent changes in
beam direction have been compared with the time-domain simulations in CST Microwave
Studio. The calculations agree regarding the real part of the refractive index, and the
authors have concluded that ten functional layers (lattice cells) suffice for the retrieved
effective refractive index to be representative of the value for “bulk” material. However,
the same calculations disagree with the experimental data by a factor larger than five for
the imaginary part of the refractive index, i.e., the maximal measured figure of merit of
about 3 is much smaller than the calculated value of about 20.

3 Concluding remarks

Optical metamaterials, because of their typically limited area and number of functional
layers, are more easily understood as finite structures with interfaces that define their
optical behaviour. This definition is in contrast to a conventional material in which their
bulk properties define their optical properties. The retrieved 'material’ parameters are
the subject of interpretation unless the samples have sufficient extent in the measurement
direction to suppress the interface effects. Also the phase information is harder to obtain
giving the need for either more sophisticated measuring tools, such as time domain or
interference methods, or alternatively, more complex structures, i.e. phase masks made
with the metamaterial.

The current challenges and difficulties of characterization of nanostructured materials
have been summarised in [45] where the author stated that “...as we near the one hundred
year mark since the birth of crystallography, we face a resilient frontier in condensed
matter physics: our inability to routinely and robustly determine the structure of complex
nanostructured and amorphous materials. Yet what has become clear with the emergence
of nanotechnology is that diffraction data alone may not be enough to uniquely solve the
structure of nanomaterials”. Commenting on the recent paper [46] which presented the
approach to determination of the structure of complex nanostructured materials, the
author argued that the major challenges arise from the limited information content of
the measurement data along with the growing complexity of the models used for data
post-processing. Uniqueness of the associated inverse problems is a real issue, as is the
availability of good nanostructure solution algorithms. Additional constraints coming
from prior knowledge about the system, or additional data sets, from different information
sources are required to constrain a unique solution for retrieval of the material parameters.
The author of [45] suggests: “We may be relearning lessons from crystallography. .. These
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constraints are just common sense, but place enormous restrictions on the solution space
and the efficiency and uniqueness of solutions. Nanostructure solution is much younger
than crystallography, but the field is rapidly growing up.”
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