
Journal Name

Orientation dependence of optical activity in light scat-
tering by nanoparticle clusters†

Atefeh Fazel-Najafabadi,a,b and Baptiste Auguié∗a,b

The optical properties of nanoparticle clusters vary with the spatial arrangement of the constituent
particles, but also the overall orientation of the cluster with respect to the incident light. This is
particularly important in the context of nanoscale chirality and associated chiroptical responses, such
as circular dichroism or differential scattering of circularly polarised light in the far-field, or local
degree of optical chirality in the near-field. We explore the angular dependence of such quantities
for a few archetypal geometries: a dimer of gold nanorods, a helix of gold nanospheres, and a
linear chain of silicon particles. The examples serve to illustrate the possible variation of chiroptical
responses with the direction of light’s incidence, but also, consequently, the importance of a robust
orientation-averaging procedure when modelling general clusters of particles in random orientation.
Our results are obtained with the rigorous superposition T -matrix method, which provides exact
analytical formulas for fixed and orientation-averaged properties.

1 Introduction
Light scattering by assemblies of nanoparticles underpins many
important applications of advanced nanomaterials, notably in the
realm of optical sensing1–4, spectroscopy5–8, nano-optics9–11,
and light-harvesting technologies12. It is also key to their charac-
terisation13. Bottom-up synthesis and assembly of nanoparticles
enables fine-tuned optical properties, where the particles or clus-
ters of particles are often fabricated, characterised, and used in
colloidal form. In later characterisation or application, the parti-
cles may be attached on a substrate and assume preferential ori-
entations. Nanoparticles are often used in combinations; in fact,
the assembly of nanoparticles into clusters of well-defined geom-
etry is a powerful means to realise optical properties that cannot
be achieved with single particles. For instance, one of the best-
performing configurations for surface-enhanced spectroscopies is
to form a very small gap between two or more particles, strongly
enhancing local electric fields in the gap region5. In the context
of nanoscale chirality, the assembly of nanoparticles into three-
dimensional clusters has proven in recent years a very fruitful
strategy14–17, notably to overcome the intrinsic difficulty in syn-
thesising individual chiral nanoparticles14,15. Some of the first
structures to be proposed were dissymetric tetrahedra16,18 and
helices of nanospheres14,19–21. With nonspherical particles such
as nanorods, only 2 particles are needed to produce a chiral "fin-
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gers crossed" assembly22–26, which has been realised in a variety
of ways25–30, such as with DNA origami25,28,29. The optical prop-
erties of nanoparticle clusters can differ dramatically from those
of the constituent particles; this occurs when the presence of the
neighbouring particles substantially modifies the net field exciting
each particle. A typical example is a dimer, where the field scat-
tered by one particle contributes to the net excitation of its neigh-
bour, and vice versa23,24. Such inter-particle coupling can occur
cumulatively over several particles, provided the scattered fields
add up with a well-defined phase relationship31. This means that
the precise geometrical arrangement of particles in a cluster and
the direction and polarisation of the light wave exciting them lead
to a delicate interaction16,32,33, that is revealed in the overall op-
tical properties. With chiral geometries, one is often concerned
with the difference in optical response when the assembly is ex-
cited by circularly polarised light of either left or right handed-
ness. In the far-field, this is measured as circular dichroism34,
for light extinction, or differential scattering or absorption35,36.
The recent surge of interest in polarised light’s interaction with
chiral nanostructures has also turned to near-field properties, fol-
lowing the proposal by Cohen et al37 of locally-enhanced de-
gree of optical chirality, C , in the vicinity of suitably-engineered
nanostructures. This quantity potentially leads to an enhance-
ment of chiroptical spectroscopies of molecular species, of enor-
mous practical importance for pharmaceutical and bio/chemical
compounds36,38,39.

The theoretical description of many experiments requires aver-
aging the optical response over all possible particle cluster orien-
tations, as they randomly move in solution40–42. This averaging
is often done numerically by simulating the optical response for
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Fig. 1 Schematic illustration of the system under study. A cluster of N
particles which are placed at arbitrary positions and orientations, is illu-
minated by incident light in the form of a plane wave with wave vector
kinc indexed by Euler angles (θ ,ϕ) with respect to a frame attached to
the particle cluster. In practice, the particles would be held rigidly in
place by a physical support (template); the support’s potential influence
on optical properties is assumed to be negligible in this work. We are
interested in the variation of the cluster’s optical properties when the in-
cident light changes orientation. We compute far-field cross-sections (to-
tal extinction, scattering and absorption) and in particular the differential
cross-sections associated with left and right-handed circularly-polarised
light (circular dichroism). Another quantity of interest is the near-field
local degree of optical chirality C (x,y,z) for either left- or right-handed
incident light.

several directions of incidence. For very small clusters, compared
to the wavelength, it has been proposed that 3 directions of inci-
dence (along 3 orthogonal axes, x, y, z) provide a good estimate of
the orientation-averaged circular dichroism response16,43. This
approximation is expected to fail for larger clusters, but its range
of validity has not been explored, leaving researchers to use their
own numerical integration prescription in each particular study.
Accurate orientation-averaging is particularly important for quan-
tities relating to optical activity, i.e the differential response to
left and right circularly polarised light, such as far-field circular
dichroism, and near-field local degree of optical chirality. Con-
versely, the chiroptical response along specific indicence direc-
tions can differ markedly from the orientation-averaged one. This
can have important implications when the clusters assume a pref-
erential orientation, such as in many dark-field spectroscopy ex-
periments with particles immobilised on a substrate and illumi-
nated over a restricted solid angle.

We illustrate here the dependency of chiroptical properties
on cluster orientation, and the associated difficulty in obtain-
ing an accurate orientation-averaged response. Figure 1 depicts
schematically the light scattering problem under consideration,
with a rigid cluster of N particles (held together by a template,
which is however neglected in the simulations) immersed in an
infinite homogeneous medium (water or air), illuminated by a
plane wave with left or right handed circular polarisation. The
incidence direction is indexed by Euler angles (θ ,ϕ) in a cartesian

frame attached to the cluster (Fig. 1). Our simulations are per-
formed using a rigorous solution of Maxwell’s equations for multi-
particle clusters, the superposition T-matrix method40,44–46. In
this framework, incident and scattered fields are expressed in
bases of vector spherical waves; the scattering properties of the
cluster are thereby captured in a way that is independent of the
incident field, leading to efficient calculations for multiple inde-
pendent incident fields, and to analytical formulas for orientation-
averaged properties. These provide accurate benchmark results
against which the performance of numerical methods can be
tested40,47.

2 “Fingers crossed” dimer
The first structure under consideration is a “fingers crossed” dimer
of gold nanorods22,26 (Fig. 2). This is arguably the simplest
chiral nanostructure composed of achiral particles: with spher-
ical particles, a minimum of 4 spheres is required16,48. For
computational convenience, we model the nanorods as prolate
spheroids49, using a fast and accurate T-matrix algorithm de-
veloped by our group50; other elongated shapes would produce
qualitatively similar results51. Many studies have explored the
strong chiroptical response displayed by such dimers52–55, with a
characteristic bisignate lineshape around the dominant plasmon
resonance of the nanorods22–25. This signature circular dichro-
ism is reminiscent of exciton-coupling between chromophores56,
and is well-described in the coupled-dipole approximation.

We can artificially scale the structure – both the size of the par-
ticles, and their separation – from a deep-subwavelength regime,
dominated by absorption, to a scattering dominated lineshape
with sizes approaching the wavelength, and observe the evolu-
tion of the circular dichroism response (additional simulations in
ESI Fig. S1†). The plasmon resonances red-shift with increased
size due to radiative damping, the relative contribution of scatter-
ing over scattering starts to dominate, but the lineshape remains
very similar. As proposed by Govorov et al16, averaging the cir-
cular dichroism spectra over 3 orthogonal directions of incidence
x,y,z suffices to obtain a good accuracy compared to the exact
orientation-averaged spectrum, for clusters that are small com-
pared to the wavelength. However, with larger particles and/or
separation, light is able to excite non-negligible multipolar con-
tributions to the far-field response of the cluster, which gradually
increase the complexity of the angular excitation pattern particu-
larly in the high-energy region, with a detrimental effect on the
accuracy of a simple "x,y,z" angular averaging (Fig. S1†, f > 0.8;
Fig. 2 corresponds to the largest scale, f = 2).

We compare in Fig. 2c the angular maps at two wavelengths,
520 nm and 800 nm, corresponding to the vertical lines in the
spectra of Fig. 2a. These maps correspond to extinction circular
dichroism at fixed incidence, with the wave-vector spanning the
full solid angle. For visualisation purposes the values are scaled
to unity, helping the comparison between the two wavelengths.
The circular dichroism is strongest in the spectral region of the
main longitudinal plasmon resonance (800 nm), and when light
is incident along the dimer axis. Interestingly, circular dichroism
vanishes when the wave vector is orthogonal to the dimer axis.
The map at 520 nm displays a richer pattern, due to the contribu-

2 | 1–9Journal Name, [year], [vol.],



π/4

(a) (b) (c)

x
y

z

=
800nm

=
520nm

0 2 3 2 2

0

2

0

2
-1.0
-0.5
0.0
0.5
1.0

norm.
CD

400 500 600 700 800 900 1000

25000

50000

75000

-20000

-10000

0

10000

Wavelength /nm

Cr
os

s-
se

ct
io

n,
  

nm
2

Absorption
Extinction
Scattering

xyz average

Fig. 2 Angular response of a “fingers crossed" dimer of gold nanorods immersed in water (refractive index 1.33). (a) Orientation-averaged far-field
extinction (blue), absorption (red), and scattering (green) cross-sections. Lower panel: Orientation averaged circular dichroism spectra. The solid
lines correspond to analytical orientation-averaging (exact), while the dashed lines are for the numerical approximation using x,y,z incidence directions
only. (b) Schematic representation of the dimer of gold nanorods. Each particle is modelled as a prolate spheroid with semi-axes a = b = 30 nm and
c = 80 nm. The first particle is at (0,−100,0) with major axis along z, while the second particle is at (0,+100,0), and titled from the z axis by a polar
angle θ = π/4. (c) Angular map of the extinction CD at λ = 800 nm (upper panel) and λ = 520 nm (lower panel). The values are normalised to unity
in both panels to facilitate comparison of the patterns. See ESI Fig. S2† for maps at other wavelengths.

tion of higher-order multipoles, beyond the dipolar term, needed
to describe the light scattered by the dimer. This leads, in turn,
to a less accurate orientation average when using three directions
only.
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Fig. 3 Spherical harmonic analysis of the circular dichroism angular pat-
terns shown in Fig. 2(c). We use the function sphharm from the Matlab
library Chebfun57,58 to compute the decomposition of the angular map
into spherical harmonics. For each harmonic degree l we collapse the
corresponding 2l + 1 orders as |al | = ∑

l
m=−l |alm|2; the result summarises

the total weight of degree l in the pattern (higher degrees correspond
to higher angular frequencies). For ease of comparison the scale is log-
arithmic, and we normalise the results such as |a0| = 1. The two cases
considered correspond to λ = 520 nm (red dots) and λ = 800 nm (blue
triangles).

To better quantify and contrast the relative complexity in the
angular patterns of Fig. 2c, we perform a spherical harmonic (SH)
decomposition of the two-dimensional angular profile, using the
Chebfun library57. Specifically, we project the far-field differen-
tial cross-section σCD(θ ,ϕ) onto spherical harmonics (SH) up to
degree 20 as

σCD(θ ,ϕ)≈
20

∑
l=0

l

∑
m=−l

almYlm(θ ,ϕ), (1)

with Ylm the standard spherical harmonics of degree l and an-
gular momentum m40, and alm the coefficients obtained by in-
ner product of the angular pattern with the basis functions Ylm

58.
Roughly speaking, the SH decomposition performs a similar task
as Fourier series for one-dimensional signals, but on the surface of
a sphere. There is a close relationship, known as Jeans’ formula,
between the degree of spherical harmonics and the angular peri-
odicity ("wavelength") of features appearing in the (θ ,ϕ) pattern,
allowing us to interpret the weight of higher-order spherical har-
monics as the contribution of sharper angular features. We can
also relate such weights to the difficulty in obtaining accurate an-
gular averaging, as more directions of incidence will be required
in the numerical cubature as the angular pattern presents higher-
frequency features59. The more complex pattern at λ = 520 nm
compared to the main resonance at 800 nm is apparent in the rel-
ative weights of the first few coefficients, notably l = 2,4,6. Based
on the rapid fall-off of the coefficients, contributions up to l ∼ 6
carry most of the information in the angular dependence, and we
can predict a cubature rule with a dozen points to be very accu-
rate60. Indeed, just the 3 orthogonal x, y, z directions provide an
accurate orientation average for the smaller dimers tested (see
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ESI Fig. S1†, panels f < 1), and a correct spectral shape even for
the larger dimer (ESI Fig. S1†, panel f = 2, also in the main text
Fig. 3(a)).

3 Helix of nanoparticles
The dimer example above is a very compact cluster, with only two
particles. With more particles, the optical response becomes even
richer, as the resonances hybridise in complex ways17,32,62. This
is particularly striking in the circular dichroism response of small
helices of 5–10 nanospheres, where the addition of one particle
can flip entirely the CD spectrum15,63. This sensitivity to pre-
cise positioning can potentially be an asset, enabling very precise
retrieval of geometrical information from far-field optical interro-
gation, or a drawback if the fabrication technique does not offer
sufficient control to ensure precisely identical clusters. We note
that helices with different parameters, or with more particles, can
be more robust63. Alternatively, replacing the spherical particles
with elongated nanorods aligned with the helix, results in a ro-
bust CD lineshape15. This is because the induced electric dipole
for each particle is given a preferential orientation, unlike with
nanospheres where its orientation is purely dictated by the self-
consistent field originating from the incident light and the field
scattered by its neighbours. This serves to illustrate the complex
interplay of relative phase and direction of the vector fields, at
the heart of chiroptical responses in nanoparticle assemblies. He-
lices appear commonly in natural systems presenting optical ac-
tivity, and are indeed a prototypical structure to study the inter-
action of light with chiral matter. Early theoretical models based
on coupled-dipole approximations have considered the response
of helices, and notably the possibility to induce long-range in-
teractions through the well-defined phase relationship between
induced dipoles positioned in such geometries64.

In the more recent context of chiral clusters of plasmonic parti-
cles, long helices have also been proposed21,65,66, notably “Gold-
Helix”61 which comprise hundreds of gold nanospheres attached
on a helical silica template. This structure provides an interesting
example of a relatively large rigid cluster of nanoparticles, which
is still free to move and rotate randomly when characterised, or
used, in solution. We simulated a representative “GoldHelix” clus-
ter of Au nanospheres 5 nm in radius, following the description in
Ref. [ 61], with 4×80 nanospheres arranged in a ∼ 470 nm-long
helix (Fig. 4; see ESI† for the list of particle positions we used).
Coupled-dipole modelling described in [ 61] indicated the need
for 30 directions of incidence over an octant to accurately model
the averaged circular dichroism spectra. We explore the reasons
for this relatively challenging numerical averaging by simulating
the differential CD response of the helix as a function of θ and ϕ

angles. Note that we chose to orient the axis of the helix along z,
for easier interpretation (Fig. 4g,h).

To fully illustrate the influence of the cluster’s spatial extent and
anisotropy, we compare two structures: the full helix (Fig. 4f,h),
and a truncated helix with identical parameters but only 4× 10
particles (Fig. 4e,g). The optical response is qualitatively similar
with a strong bisignate CD spectrum at the position of the lo-
calised plasmon resonance (λ ≈ 550 nm) of small Au nanospheres
in water. The extinction spectrum is dominated by absorption,

but we note that some characterisation techniques such as dark-
field spectroscopy would measure a somewhat distinct lineshape
(panel d). Both structures present an angular dependence with
a strong pattern in the polar angle θ , but only a small variation
along ϕ which becomes almost invisible for the longer helix. Cir-
cular dichroism is strongest for incidence with k vector along the
helix axis, as would be expected since both the helix of the struc-
ture and of the circularly polarised light overlap. Perhaps less
intuitively, incidence normal to the helix axis also yields intense
circular dichroism, and reverses its sign. Interestingly, the circu-
lar dichroism vanishes at θ =±π/4 for this helix; at such angles,
the "ribbon" of nanospheres upon which the (idealised) structure
is built appears locally as a square array, and the near-neighbour
electromagnetic couplings are therefore achiral.

Because GoldHelix clusters are quite long (∼ 470 nm in this ex-
ample) and have only few particles breaking the rotational sym-
metry at both ends, the variation with azimuth is much less pro-
nounced, and the differential angular response is relatively in-
dependent of ϕ. We can perform the same spherical harmonic
decomposition as described above for the dimer, with the results
shown in ESI Fig. S4†. The spherical harmonic coefficients decay
less rapidly, and the larger GoldHelix would typically require a
degree l ≈ 10 to capture most of the angular pattern. In terms of
numerical orientation-averaging, optimal cubature methods such
as Lebedev cubature would require 40 to 50 points to integrate
exactly spherical harmonics of degree 1059, justifying the rela-
tive difficulty in estimating numerically the orientation average
for the coupled-dipole simulations in Ref. [ 61]. We note that
the T-matrix framework offers clear advantages for this type of
situation, where access to the analytical result for orientation-
averaged optical properties provides a rigorous benchmark to as-
sess the accuracy of numerical cubature methods. A detailed com-
parison of the performance of different cubature methods for light
scattering calculations is however beyond the scope of this work,
and will be presented elsewhere.

4 Local degree of chirality: Si nanospheres
Our last example moves away from plasmonic nanoparticles and
considers instead silicon dielectric spheres. With a relatively high
refractive index67, silicon nanoparticles have recently attracted
attention for their ability to sustain intense electric and mag-
netic resonances in the visible–near-IR region68,69. Of particu-
lar interest in the context of chiroptical properties is the recent
realisation that such scatterers can conserve light’s helicity31 in
the vicinity of the Kerker condition (electric and magnetic dipole
coefficients of equal magnitude). This property leads to locally-
enhanced near-fields at resonance without change in handedness,
that would otherwise compromise or lessen the amplification of
signals for chiroptical spectroscopies of molecular adsorbates70.
We focus here on a near-field quantity, namely the local degree of
optical chirality C ∝ ℑ(E∗ ·B), with E,B the complex electric and
magnetic fields. In the plots below we display C = 2C /(kε0E2

0 ),
normalised with respect to the value of circularly-polarised plane
waves with incident field E0. The quantity 〈C 〉 denotes the
orientation-average of C with respect to the direction of incident
light46.
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Fig. 4 Far-field chiroptical response of a “GoldHelix” cluster described in Ref. [ 61] consisting of a ribbon of 5 nm-radius Au nanospheres wrapped in a
helix and immersed in water. The list of particle positions we used is available in ESI†. (a, b) Extinction and scattering spectra for three perpendicular
incident directions, x-axis (solid red line), y-axis (solid blue line), z-axis (solid green line), the average over the three (dashed black line), and the
analytical orientation averaged result (solid black line). (c, d) The corresponding results for circular dichroism. (e, f) Angular map of circular dichroism
(for extinction) for a GoldHelix with number of particles N = 40 (e) and N = 320 (f). (g, h) Schematic illustration of the GoldHelix geometry with
N = 40 and N = 320, respectively. Note that cross-sections are normalised by the number of particles in each cluster, to facilitate comparisons. The
simulations considered a maximum multipole order lmax = 4.
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We assess the angular dependence of the local degree of op-
tical chirality at small distances from a dimer of Si nanospheres
(radius r = 150 nm and gap = 10 nm), where multipolar modes
can play an important role in the optical spectrum. Figure 5(a)
presents the normalised optical chirality C at position P1 in the
gap. The results are shown for two perpendicular incident direc-
tions, kx ≡ ky and kz, from which we compute the numerical av-
erage over three perpendicular incident directions (dash-dotted
black line), to contrast with the analytical orientation-averaged
result 〈C 〉 (solid black line). These calculations used a maximum
multipolar order lmax = 12 in the T-matrix method, sufficient to
capture the role of higher order modes. Although the average
over three perpendicular incident directions is relatively similar to
〈C 〉 at lower energies, where the dimer’s response is dominated
by dipolar electric and magnetic resonances, at higher energies
there is a noticeable difference. In fact, the sign of the averaged
C and 〈C 〉 is different at the shorter wavelengths. The interac-
tion between quadrupoles and other higher order modes in the
Si nanospheres results in a distinct sharp peak with a Fano reso-
nance lineshape at λ = 816 nm, excited when the incident wave
vector is perpendicular to the main axis of the dimer (kx ≡ ky).
Although it is often the case that dielectric nanoparticles preserve
the sign of the helicity of the incident wave, this is not observed
here in this spectral region.

It is the case, however, for a dimer or indeed any arrangement
of such scatterers, that the helicity of incident light is preserved in
the scattering process31,71 near the Kerker condition72–74. This is
apparent in the map of 〈C 〉 at λ = 1175 nm, where only negative
values appear (Fig. 5b; the Kerker condition is at λ = 1208 nm,
see ESI Fig. S5†). Molecules adsorbed anywhere on the surface of
this particle cluster will experience an enhanced degree of local
optical activity, compared to the value (−1) corresponding to the
excitation in free-space by a right circularly-polarised plane wave.
In contrast, a similar dimer with plasmonic particles would typi-
cally show a spatial distribution of peaks of positive and negative
signs, weakening the spatial average for analytes uniformly ad-
sorbed on the particle surfaces46. Remarkably, 〈C 〉 is enhanced
by a factor ∼ 44 in the gap between nanospheres, compared to
the incident plane wave. This enhancement reaches ∼ 75 times
for the fixed incident direction along kx ≡ ky. Si dimers are there-
fore a good candidate for producing superchiral fields of use in
surface-enhanced spectroscopy of chiral molecules31,37.

The Si dimer, much like the Au dimer presented above, presents
a relatively smooth angular dependence, due to its compactness.
There is however a richer spectral signature due to the excita-
tion of higher-order resonances. For our last example, we con-
sider a recently-proposed variation on the dimer of dielectric res-
onators, in the form of a long chain of Si nanospheres (Fig. 5(c)
with N = 50, in our case, but longer chains have been studied).
This provides a realistic example of an extended, one-dimensional
structure31, bridging the regimes of compact, solution-based clus-
ters, and of more extended structures obtained by top-down
lithography. Periodic chains (or arrays) of resonant particles have
received a lot of attention in the context of plasmonics and meta-
surfaces, notably for their ability to support intense resonances
when the periodicity of the chain is commensurate with the light

wavelength. This occurs with the coherent superposition of scat-
tering events at each particle along the chain, i.e. the condition
for a grazing diffraction order. In this regime, the particles can
be strongly coupled over very large distances despite their wide
separation, and sustain a highly-delocalised mode. The inter-
particle distance is here chosen to coincide with the Kerker condi-
tion (λ = 1208 nm), to combine the benefits of field enhancement
and helicity preservation31.

The elongated GoldHelix structure already illustrated that as
a cluster structure extends in an anisotropic way, along at least
one direction, the collective optical response becomes more de-
pendent on the incidence direction. This can be understood from
the perspective of a multipolar expansion, as used in the superpo-
sition T-matrix framework44,47. Placing the origin of coordinates
somewhere near the centre of mass of the particle cluster, the
description of the scattered field from the cluster as a whole re-
quires higher multipole orders as the size parameter of the cluster
increases, that is, the wavenumber times the radius of the clus-
ter’s circumscribed sphere. In turn, higher multipole orders are
associated with higher frequencies in the angular pattern of the
scattered field, and, by optical reciprocity, of the incident field
causing the local enhancement C or the far-field response.

Figure 5(f) depicts the chain with 50 Si nanospheres along the
z axis, with separation d = 1208 nm; the degree of optical chi-
rality C and 〈C 〉 is calculated for an off-axis point P2 placed at
θ = π/3 and 5 nm away of the middle particle’s surface (Fig. 5(c)).
The Si chain yields a maximum value of optical chirality C at
λ = 1156 nm and λ = 1134 nm for incident directions along kz and
kx ≡ ky. We note that for this chain, the peak of the C spectrum
is mainly a result of the interaction between electric and mag-
netic dipoles induced in the particles, with negligible influence of
higher order modes. Remarkably, there is a clear difference be-
tween the maximum value of 〈C 〉 and the average over three per-
pendicular incident directions. One might have expected that the
orientation-averaged spectrum should fall somewhere between
the three perpendicular incident directions (x,y,z), yet here 〈C 〉 is
in a different range altogether. To better understand this counter-
intuitive result, we present in Fig. 5(d) a 2D map of C versus
wavelength and polar angle θ , i.e. a dispersion plot. Note that
for this map we chose a position P3 along the z axis so that C is
independent of ϕ, for simplicity. Varying the incident direction θ

near the normal θ ∼ π/2, the diffractive mode moves very rapidly
with angle and the strong value of C associated with it is not well
captured in the three directions x,y,z.

5 Conclusions
Although the angular dispersion of electromagnetic resonances is
ubiquitous in the field of metamaterials, metasurfaces and pho-
tonics in general, it is much less often discussed or studied in
compact clusters of nanoparticles, such as those self-assembled by
chemical methods. Such clusters may be characterised in solution
– in which case the optical properties are typically averaged over
all possible orientations over the duration of a measurement –, or
probed over a finite solid angle of illumination, if immobilised on
a subtrate, as in many microscopy techniques such as dark-field
spectroscopy. For very small clusters, the common assumption
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that the orientation-averaged response can be obtained by aver-
aging the response along x, y, z axes is generally valid, though
the average may still hide some dramatic variation between the
three cases. This is particularly clear for chiroptical properties
such as circular dichroism, where the typically minute difference
in scattering or absorption between left- and right-polarisations is
very sensitive to the exact phase and polarisation relationships
between the neighbouring particles and the incident field. As
the cluster size grows, in comparison to the wavelength, a larger
number of multipolar components is required to describe the op-
tical response of the ensemble, seen as a single composite scat-
terer; in turn, these higher order components are associated with
spherical harmonics of increasing degree and therefore angular
frequencies. This leads to more complex angular patterns, as we
illustrated for the case of a wavelength-sized helical structure. Fi-
nally, as the structure extends even further, the angular response
can show sharply peaked angular features associated with elec-
tromagnetic modes of well-defined momentum. We illustrate this
effect with a long chain of Si nanoparticles supporting a diffrac-
tive mode, where the excitation of the mode at specific phase-
matching conditions leads to an enhanced optical response, here
the local degree of optical chirality.

This brief selection of examples should illustrate the impor-
tance of considering orientation dependence in the characterisa-
tion and modelling of clusters of nanoparticles, even those fabri-
cated by bottom-up synthesis routes. Often, the numerical sim-
ulation methods can discourage the comprehensive study of this
angular response, as the time-consuming calculations need to be
repeated for many angles of incidence, but we hope our bench-
mark results on select configurations provide a useful guide for
the study of similar geometries. Similarly, with experiments on
immobilised clusters using a restricted angular range of illumi-
nation, the characterisation of chiroptical properties can easily
become misleading due to extrinsic optical activity, i.e. a differ-
ential response to left and right polarisations induced by the spe-
cific direction of the incident wave vector. Unlike other optical
properties such as field enhancement, scattering or absorption,
with chiroptical properties the measured response in such situa-
tions may not only have a different magnitude, compared to the
orientation-averaged response, it can even have the opposite sign
altogether.
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