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ABSTRACT: A novel type of nonlinear symmetry breaking in
symmetric plasmonic oligomers is reported. By monitoring the
strength of the second-harmonic signal while changing the
polarization angle of the pump, we observe nonlinear
symmetry breaking as a large variation in the generated
nonlinear signal. Importantly, the strongly anisotropic non-
linear response is produced by a symmetric structure with
isotropic linear response when rotating polarization. We
provide theoretical analysis to describe and characterize this
effect. Our finding opens new avenues to reveal and
characterize the symmetry of nanoscale structures and
molecules and also to remotely monitor variations of near-
field patterns produced by symmetric nanostructures.
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The effect of linear symmetry breaking in nanostructures1−4

has recently attracted much attention, especially for the
studies of asymmetric metallic and dielectric nanostructures as
building blocks for metamaterials and metasurfaces to realize
passive5 and active6 photonic devices. Structural symmetry
breaking can refer to an alteration of nanostructure geometry to
make the system asymmetric either in-plane7,8 or out-of-plane.9

Altering the excitation conditions, such as changing the incident
light polarization or excitation angle,10,11 one can also produce
a similar symmetry breaking effect on the fields, rather than
geometry. Benefits of such asymmetry, particularly in metallic
structures, such as dolmen-type arrangements of bars12 and
nonconcentric ring-disk cavities,7 have been justified for a large
number of applications ranging from ultrasensitive chemical
and biological sensors2,13 to signal processing and slow-light
devices.1

Symmetry breaking can also occur in nonlinear regimes. One
such scenario is known to occur via coupling between two
modes, where optical nonlinearity shifts the resonance
frequencies of the modes differently, giving birth to a new
asymmetric mode. An example is the nonlinear modes of planar
waveguides, which have been studied and classified in different
settings, where a novel asymmetric nonlinear mode emerges via
Kerr-type nonlinear symmetry breaking through bifurcation.14

Similar symmetry breaking effects have been observed in
nonlinear couplers,15 where light can be localized in one of the
arms provided the input power exceeds a critical value. Along
with the study of planar structures, the nonlinearity-induced

localization of plasmon beams was discussed in more
complicated settings.16−19 A common feature of these non-
linear systems is that the symmetry breaking can af fect both
linear and nonlinear responses simultaneously. Conversely,
nonlinear alterations in symmetrically coupled nanoclusters
with invariant linear responses have not been reported so far, to
the best of our knowledge.
Aggregated nanoparticle clusters, the so-called nanoparticle

oligomers, are well-known symmetric nanostructures,20−28 with
3-fold or higher discrete rotational symmetry (Cn for n ≥ 3),
that exhibit entirely polarization-independent far-field optical
properties.28 Nanoparticle oligomers with such symmetries are
of intense current interest and provide analogies for molecular
physics of many organic and inorganic symmetric molecules,
such as carbon in graphene networks, methane (CH4), benzene
(C6H6), BCl3, and XeF4.

21,29,30 Linear optical properties of
plasmonic oligomers can provide a qualitative basis to explore
the energy levels of molecular orbitals or molecule formation
due to an overlap and interaction of electronic orbitals of
individual atoms.21 Nonlinear light generation from metallic
and dielectric nanoparticle oligomers, at certain incident
polarizations, has also recently been studied in a number of
publications.31−38 However, asymmetric nonlinear generation
associated with symmetric linear responses in oligomers
remains unexplored to date. In this Letter, we demonstrate
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that C4 symmetry oligomers can exhibit symmetric linear and
asymmetric nonlinear optical properties in the far field,
simultaneously. We show that, by rotating the linear incident
polarization, strongly asymmetric second-harmonic generation
(SHG) takes place. Such variation is in direct correlation with
the symmetry class of the oligomers, which cannot be observed
in the linear far-field spectra.
One of the promising applications of our finding is

employing this technique to examine more subtle structures
and symmetries of nanostructures or even molecules, compared
to what has previously been possible with optical far-field
measurements. Indeed, it has also recently been discussed in a
different approach that a nonlinear signal can be imprinted with
dynamical symmetries when illuminating molecular structures
through circular polarizations.39−41 A separate application of
our finding is to monitor experimentally near-field patterns of
ultrasmall nanostructures, given the signature of varied near-
field distributions is otherwise not reflected in linear far-field
spectra due to rotational symmetry of oligomers.28

In this work, we focus on symmetric plasmonic pentamers
with C4 symmetry. Figure 1a demonstrates the AFM image of
Au monomer and two types of pentamer arrays. Pentamer I
consists of five circular disks, and pentamer II contains a central
circular disk surrounded by four triangle-shaped nanoparticles.
Pentamer II has been designed and fabricated to better study
the effects of higher near-field enhancement in the same

geometrical pentamer. For details of the fabrication procedure
see the Methods section. The external diameters of all elements
and interparticle gaps are ∼140 nm and ∼20 nm, respectively.
The numerically simulated and experimentally measured optical
responses of all configurations for polarizations of θ = 0° and θ
= 45o with respect to the x-axis are displayed in Figure 1b,
where θ is the polarization angle in the xy plane, as illustrated in
Figure 1b. For simulation details see the Methods section. Both
numerical and experimental results show clearly that the far-
field optical properties are independent of polarization. This
invariance of the extinction cross sections with polarization can
be explained by the geometrical symmetry of the pentamer
nanoclusters, where the effect of polarization is inherently
connected to the symmetry of a scattering system.28

The nature of different extinction peaks and dip of the optical
resonance of oligomers has been studied earlier;20−26 for
example, the dip at 780 nm in our case corresponds to the Fano
resonance in the linear regime.20−26 Fano resonances in
plasmonic nanostructures are produced by the interaction
between linear nonorthogonal modes of the system to result in
super-radiant and subradiant collective modes. A super-radiant
mode can be excited directly under illumination. But a sub-
radiant mode cannot interact directly with illumination;
however it can be excited by the near field associated with
the super-radiant mode. On the basis of a phase difference
between modes, the final mode can be either attenuated or
reinforced, featuring the Fano resonance.20−26 Although a
number of research papers studied the effect of the Fano
resonance on the enhancement of both SHG31 and THG37 at
certain pump polarizations, a comprehensive study on non-
linear generation from various resonances and polarization
excitations is still missing. To fill this gap, here we study SHG
by pumping not only at the Fano resonance wavelength (780
nm) but also at the wavelength corresponding to the second
peak (820 nm), where pentamers experience the highest
amount of near-field enhancements in the gap.42 In plasmonic
oligomers, the second peak of the extinction curve (at the larger
wavelength) is where the destructive interference between sub-
and super-radiant modes vanishes. This is why near fields tend
to be localized in the gaps along the polarization axis, similar to
the case of a simple dimer.21,24 For comparison, here we also
consider the case of single monomers.
This trend is corroborated by the experimental nonlinear

measurements. Figure 2a shows that the SHG intensity from
our nonlinear system is sensitive to the second power of the
fundamental incident light. As can be seen, increasing the
fundamental incident power leads to an improvement in the
conversion efficiency, which is a direct consequence of the
scattering nature of the harmonic generation mechanisms.43,44

However, it should be noted that this happens only for
relatively low powers, and the nonlinear upconversion
efficiency is closely related to the laser damage threshold of
the nanosystems.45

Figure 2b shows the SHG signal generated from a single Au
monomer pumped at its plasmonic resonance (780 nm) with
rotating polarization. It is known that SHG from centrosym-
metric materials is due to the breaking of inversion symmetry at
their surfaces.46 Centrosymmetry from the cubic lattice of
typical plasmonic metals forbids quadratic nonlinearity in their
bulk, and instead it appears only at interfaces where
centrosymmetry is broken locally. Pumping at the plasmonic
resonance has been justified as a versatile strategy to enhance
SHG among plasmonic structures.47,48 As expected, rotating

Figure 1. Demonstration of polarization-independent linear optical
properties. (a) AFM images of a periodic array of fabricated monomers
and pentamers (types I and II). The right insets are close-up SEM
images of one unit cell. (b) Experimental extinction (1 −
transmission) and numerically simulated extinction cross section
spectra at the polarization directions of 0° and 45°, with respect to the
x-axis. Wavelengths indicated on the experimental images show the
fundamental wavelengths employed for SHG. Scale bar of SEM images
is 100 nm.
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the polarization angle does not affect the SHG signal in this
case, as the structural symmetry in the x−y plane in always
constant. However, as can be seen in the insets of Figure 2b,
the near-field distributions defined as |E|2 vary together with the
polarization direction. In other words, both linear (see Figure
1b) and nonlinear (see Figure 2b) responses of plasmonic
monomers are symmetric.
However, we next demonstrate that symmetric plasmonic

oligomers do not follow this principle. Figure 3 displays
experimentally measured SHG from pentamers I and II, when
pumped at two different wavelengths and rotating the
polarization angle of the pump. The two wavelengths are
chosen as the representative features in the spectrum: the Fano
resonance34,49 occurring at 780 nm and the maximum near-field
gap localization24 occurring at 820 nm. The measured SHG
signals shown in Figure 3c and d both reveal significant
fluctuations of the SHG signal when rotating the polarization
angle of the pump from θ = 0° to θ = 90°. Over a full rotation

cycle of the pump polarization angle, the SHG signal oscillates
from a minimum at θ = 45° to maximum at θ = 0° and θ = 90°,
directly corresponding to the alignment of polarization with the
discrete symmetry of the pentamers. Figure 3a and b
demonstrate the simulated near-field intensity at both the
wavelengths in pentamers I and II and also a correlation
between near-field localization and fluctuations in the SHG
signal. It is therefore apparent that, by rotating the pump
polarization, the near-field distribution profile changes and
affects the SHG, enabling the nonlinear far-field spectroscopy
to detect the profile variation. This measurement is thereby able
to reveal the underlying symmetry of the pentamer, which is
otherwise not observable from the variation of the polarization
angle in linear far- spectroscopy (see Figure 1b), due to
symmetry considerations.28 We notice that this modulation of
the SHG signal is not directly proportional to cos4 θ + sin4 θ,
and it can be attributed to a local overlap of the electric near
field from x- and y-polarized plane waves, thereby contributing
to SHG and creating interference of the SH fields (see
Supporting Information).
As an extension, we can detect that the sharp triangular edges

of pentamer II have not led to a significant change in the
maximum amount of SHG in Figure 3c compared to the
circular edges of pentamer I in Figure 3d; however they have
led to a difference in the contrast between the maximum and
minimum values of the SH signal, approximately by a factor of
2. Meanwhile, these results show the importance of both near-
field enhancements in the gaps, the so-called hot-spots, and
near-field distributions. Previously, it has been suggested that
more localized and larger field enhancements in the gaps can
increase the nonlinear signal at the nanoscale.18,38,50−52 But as
revealed here, near-field distribution can also play an important
role to enhance the signal. It is found that for all cases, for fixed
wavelengths, the maximum SHG intensity occurs at θ = 0°
incident polarization, which presents more localized and
enhanced fields than those for the θ = 45° polarization case.
In contrast, for a fixed polarization angle, our SHG measure-
ments performed at different wavelengths show a larger signal
at 780 nm, where one can see less intense and more distributed
near fields. It is likely that 780 nm has a better overlap with the
SH resonances, compared to the 820 nm resonance. Therefore,
this suggests it is necessary to consider combined effects of
both near-field intensity and distribution for SHG in plasmonic
structures, rather than solely the influence of near-field
localization.
This technique allows us to detect changes in the near-field

distribution around an isotropic nanostructure that cannot be
detected from the linear transmission, while also bypassing a
number of limitations of existing near-field measurement
techniques when the given nanostructure becomes very small.
Translation of far-field linear spectra9 cannot be used in this
respect, because symmetric structures exhibit far-field-invariant
spectra. Indeed, a number of current near-field scanning
techniques also have limitations for very small nanostructures.
Near-field scanning optical microscopy (NSOM) is the most
common technique for fairly large nanostructures, but this
technique is limited to resolutions around 80−90 nm for
aperture tip NSOM53 or around 20 nm for apertureless
NSOM,28 while such probes are also quite large and lead to
significant perturbation of the near field of investigated objects.
Two-photon luminescence of a gold tip has also been suggested
to image hot-spots of gold nanoparticles upon illumination;54

however the interference between the wave scattered from a

Figure 2. Second-harmonic properties from an isolated nanoparticle.
(a) Evolution of second-harmonic intensity as a function of the
fundamental incident power. Black dots indicate experimental data.
Orange line is a numerical fit with the second-order power function,
where y = axp and p = 2.04 ± 0.09. (b) Measured second-harmonic
generation intensity of a monomer nanoparticle for an incident
wavelength at 780 nm vs rotating azimuthal angle of the linear
polarization of the exciting laser beam. Insets show near-field intensity
|E|2 distributions at the polarization directions of θ = 0° and θ = 45°.
Scale bar of the SEM image is 100 nm.

ACS Photonics Letter

DOI: 10.1021/acsphotonics.6b00902
ACS Photonics 2017, 4, 454−461

456

http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.6b00902/suppl_file/ph6b00902_si_001.pdf
http://dx.doi.org/10.1021/acsphotonics.6b00902


probe and the waves scattered from a confocally illuminated
nanostructure obscures the signal. Therefore, the method
presented in this paper can be employed as a versatile tool to
identify subtle changes in the near-field distribution without
facing aforementioned disadvantages. Recently, a similar
approach has been recently employed to unveil the anapole
near-field intensity distributions in a single germanium
nanodisk,55 where third-harmonic generation processes through
resonant modes in dielectric nanostructures were exploited for
the development of high-efficiency photon upconversion
nanosystems.
In order to get deeper physical insight, we develop a

theoretical model to investigate this nonlinear variation. While
the surface quadratic susceptibility is given by a tensor χ ̿(2), we
restrict our consideration to the most dominant term χ⊥⊥⊥

(2) that
describes the scalar quadratic susceptibility for electric fields
oriented normal to the surface.36 Unlike the cross terms of the
surface quadratic susceptibility (χ⊥∥⊥

(2) and χ⊥⊥∥
(2) ), the capacity of

χ⊥⊥⊥
(2) to alter the symmetry of linear fields is unclear, because it
preserves the original electric field orientation. Here we explore
the nonlinear symmetry breaking of optical fields from χ⊥⊥⊥

(2)

processes, for which it is convenient to work in terms of
symmetry groups and their irreducible representations.56 The
scattering geometries under consideration are invariant under
all operations of the Cn cyclic symmetry group, being discrete
rotations of 2π/n about a principal axis, where we assume n ≥ 3
implicitly herein. An external plane wave can be described by its
spatial distribution of the electric field E(0), which we can then
separate according to different transformation properties under
the symmetry operations of Cn. Specifically, E

(0) can be written
as a linear combination of some partial contributions EΓ

(0),
which are the electric field distributions that each transform

under symmetry operations according to a different irreducible
representation Γ.

∑=
Γ

Γ ΓE x a E x( ) ( )(0) (0)

Here x is a position vector and aΓ are complex coefficients. This
decomposition can be performed on any external field, and the
Supporting Information shows that the linear (first-order)
internal fields EΓ

(1) induced by each EΓ
(0) and also the surface

normal component of EΓ
(1) relevant for χ⊥⊥⊥

(2) transform under
symmetry operations according to Γ. In essence, the symmetry
of the fields is never broken by the anisotropy and local surface
constraints of χ⊥⊥⊥

(2) . This is of significance when excitation
comes from plane waves propagating parallel to the principal
rotation axis in Cn, which requires only a single irreducible
representation Γ = E1 (e.g., see Table 1 for C4). More
specifically, any externally applied fields that transform
according to the Γ = E1 irreducible representation of the Cn
symmetry group can be arbitrarily rotated about the principal
axis without affecting the total scattered power. This has

Figure 3. Nonlinear SHG symmetry breaking. Simulated near-field intensity, |E|2, distribution of (a) pentamer I and (b) pentamer II, at 780 and 820
nm, and normalized by the electric field intensity of the applied plane wave. (c and d) Measured SHG spectrum of the corresponding pentamers at
780 and 820 nm vs rotating azimuthal angle of the linear polarization of the exciting laser beam. Scale bar of SEM images is 100 nm.

Table 1. Character Table for the C4 Symmetry Group: Rows
Are Irreducible Representations (A1, B1, E1); Columns Are
Symmetry Operations (identity: Ê, rotations: ̂C2, ̂C4, ( ̂C4)

3),
and Indices Denote Effect of Each Symmetry Operation

Ê ̂C2
̂C4 ( ̂C4)

3
examples for vector [x; y; z] (z =

principal axis)

A1 1 1 1 1 x2 + y2, z2, z
B1 1 1 −1 −1 x2 − y2, xy
E1 {1

1
−
−

1
1 −

i
i

−i
i +

−{x y
x y

i
i
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previously been explained for the polarization independence of
the linear scattering, absorption, and extinction cross sections
due to Cn symmetry.28 In our C4 pentamers, the induced
quadratic nonlinear polarization must therefore transform
differently to E1; otherwise symmetry would ensure the total
radiated power at the SH frequency does not depend on the
polarization angle of the normally incident plane wave. Further
details are provided in the Supporting Information.
However, given the surface normal component of EΓ

(1)

transforms as Γ, we know the quadratic nonlinear polarization
from χ⊥⊥⊥

(2) transforms as (Γ)2. This describes dif ferent
transformation behavior from Γ, provided Γ does not contain
solely identity operations. To explicitly consider SHG from a
normally incident plane wave illuminating an object with C4
symmetry, we refer to Table 1. The total fields produced under
the plane wave excitation transform as E1, but the trans-
formation properties of the SH fields, being described by (E1)

2,
are equivalent to transformation properties described by the A1
and B1 irreducible representations, which encompass polar-
ization-dependent optical responses. The equivalence of (E1)

2

to A1 and B1 can be seen by taking different products of the
rows of E1 in Table 1. This shows that the symmetry of the
nonlinear f ields is changed or becomes broken compared to the
symmetry of the source linear fields, and this is purely a result
of the quadratic nonlinear process. Because SHG does not
transform according to E1, the geometric symmetry now
permits dependence on the polarization of a normal incidence
plane wave pump at fundamental frequency, in full agreement
with our experimental studies.
In Figures 4a−c, we present numerical simulations for the

scattering of a gold pentamer I with experimental dimensions
(disk diameters 140 nm and gaps 20 nm), on a glass substrate
and illuminated by a normally incident plane wave. We
calculate the linear (the first-order) internal fields E(1) and plot
the total scattered power at both 780 and 820 nm as a function
of the polarization angle for the total linear scattering (Figure
4a) and the linear scattering produced by the surface-normal
component of E(1) in a 10 nm (volumetric) surface layer
around each nanoparticle (Figure 4b). The 780 and 820 nm
spectra are normalized to the corresponding average scattered
power at 820 nm. Both sets of linear scattering data are
completely independent of the polarization angle of the
incident plane wave, as expected because these fields maintain
E1 symmetry of the incident plane wave. However, in Figure 4c,
we plot additionally the normalized total nonlinear scattering,
using the square of the surface-normal component of E(1) in the
10 nm surface layer of Figure 4b as an externally applied field.
This represents SH radiation at 390 and 410 nm, respectively,
and it clearly oscillates with the polarization angle, in full
agreement with the above discussion on breaking E1 symmetry.
These data match qualitatively the measurements shown in
Figure 3, with 820 nm modulation being smaller than that at
780 nm. However, a contrast between 780 and 820 nm
modulations in the experiment is greater, being attributed to
the extinction minimum of the Fano resonance of the pentamer
I being blue-shifted in numerical simulations; see Figure 1.
Calculations are performed using COMSOL, and gold
permittivity data taken from Johnson and Christy.57 Further
information is provided in the Methods.
These findings pave the way toward experimental studies of

the symmetry classes for nanostructures and even a wide range
of molecules in nature. Indeed, light−matter interactions are
already used to study molecular systems, including numerical

predictions of the interaction between an intense laser field and
an electron moving in molecules and atoms,39,58 and
experimental measurements, such as ultrafast charge dynamics
in amino acids59 or migration of electron−hole pairs
immediately after ionization of molecules.60 We believe that
our findings can be applied to molecular physics, where the
molecular symmetry can lead to the appearance and complete
disappearance of certain peaks in the SHG spectra. This is
similar to a recent approach for revealing symmetries of
molecules by SH spectroscopy when illuminating molecular
structures through circular polarizations.41 The symmetry
breaking is associated with the transformation from linear to
SH fields, and it should therefore apply equally to molecules as
it does to nanostructures.

Figure 4. Total scattered power from a gold nanodisk pentamer, on a
glass substrate, under a normally incident plane wave with 780 and 820
nm wavelengths, as a function of its polarization angle. Diameter of
disks and gaps are 140 and 20 nm, respectively. (a) Total linear
scattering, (b) linear scattering from the surface-normal components
of the internal fields, and (c) SH scattering from the square of the
surface-normal components of the internal fields.
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In conclusion, we have reported a significant asymmetric
variation of nonlinear optical response from symmetric
plasmonic oligomers. By monitoring the SHG signal against
the polarization rotation of the incident light, we have detected
that the nonlinear response of symmetric oligomers varies with
the polarization angle, while their linear response remains
independent of the polarization angle. Our approach can be
employed for detecting the symmetry classes of oligomers, and
it can be extended to detect the symmetry classes of many
molecules in nature. Also, our finding can assist in character-
izing changes in the near-field patterns in symmetric
nanostructures beyond the limitations of the current near-
field microscopy techniques.

■ METHODS

The Au pentamers consist of a single central circular disk
surrounded by either four circular disks (pentamer I) or four
triangular-shaped nanoparticles (pentamer II) on a quartz
substrate. Arrays of these pentamers are fabricated by an
electron beam lithography system (Elonix 100 kV EBL). Each
array has dimensions of 50 × 50 μm2. A 2 nm thick Ti film was
deposited on the quartz substrate by e-beam evaporation (EB03
BOC Edwards) to improve the adhesion between Au and
quartz, followed by the evaporation of a 60 nm thick Au film
and spin-coating a 50 nm thick layer of hydrogen silsesquioxane
as a negative electroresist. After baking the sample at 200 °C for
2 min, a combined process of e-beam exposure, development,
and ion-milling was performed to create well-defined Au
nanoparticles on the substrate. The surface morphology of the
fabricated structures was characterized by high-resolution
scanning electron microscopy (SEM) and atomic force
microscopy (AFM). Extinction (1 − transmission) was
measured with a home-built white-light spectrometer that
uses a tungsten light bulb as a broadband optical source and an
optical spectrum analyzer detection. For the SHG measure-
ments, we used an optical setup based on a Coherent Micra
Ti:sapphire laser tuned in the spectral region of 780−820 nm.
The pulse width of the pump laser was about 40 fs, and the
repetition rate was 80 MHz. The light was directed to the
Hamamatsu H10682-210 photon counter module through a set
of Schott BG39 and BG3 filters in order to remove the
unwanted pump radiation. Maximum mean power of the pump
beam in the sample plane was up to 5 mW. Nonlinear signals
were normalized over the surface area of the structures (see the
setup schematic in the Supporting Information).
Three-dimensional Lumerical FDTD simulations were

employed to calculate the extinction cross sections of individual
nanostructures. Simulations of second-harmonic generation
were performed with the frequency domain solver in Comsol
for a type I pentamer on a glass (n = 1.45) substrate. The
square of the surface normal components of the total electric
field induced by a plane wave provided the external current
density distributions to model the source of second-harmonic
fields. Nonlinear signal was defined as the integral of the total
outgoing time-averaged power flow at the second-harmonic
wavelength.
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