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Abstract

Realization of Fano resonance in plasmonic oligomers is often exploited to design efficient plasmonic substrates for
surface-enhanced coherent anti-Stokes Raman scattering. Disk-type Fano-resonant plasmonic oligomers are widely
used to enhance the Raman signal of the probe material. Generally, hot spots are generated in those oligomers at
different spatial locations at different wavelengths and only a few spatially overlapping hot spots at multiple
wavelengths can be achieved with oblique incidence of excitation light. In this work, we proposed hexagonal gold
nanoparticle based Fano-resonant plasmonic oligomers that can yield higher number of spatially overlapped hot
spots compared to the disk type oligomers even with the normal incidence of excitation light. The oligomers were
numerically modelled and optimized for surface-enhanced coherent anti-Stokes Raman scattering with 780 nm
pumping and 500–1800 cm− 1 Raman signature region. The Fano lineshape was engineered to ensure near-field
energy coupling at pump while enhancing the coherent anti-Stokes Raman signal at the far field. Our computational
studies explored the purely electric origin of Fano resonance in those oligomers and provided maximum Raman
enhancements of 1012–1013 from them to enable single-molecular level applications. Our findings provide a way to
realize fabrication-friendly nanostructures with higher number of spatially localized hotspots for improving the Raman
detection sensitivity.
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Introduction
The ability of Raman spectroscopy (RS) to provide ac-
curate chemical ‘fingerprint’ of probed material [1–3]
enables its utilization as a powerful analytical tool in dif-
ferent scientific and industrial fields [4, 5]. Development
of integrated optical technologies and ultrafast lasers
made RS a unique diagnostic tool for non-destructive [6]
and non-invasive analysis [7]. In spite of all acclaimed
potentials of RS, its real-life implementations are often
become challenging due to the inherited weakness of the

Raman response of the probe [8]. A linear approach to
overcome the aforementioned limitation of RS is
surface-enhanced Raman spectroscopy (SERS) where a
plasmonic substrate is used to amplify the Raman signal
of the probe material [8–12]. Biosensing at nanoscale
[13–15] and single molecule detection [16–19] become
realizable nowadays with the suitable application of
SERS. Another approach of strengthening the Raman
signal is coherent anti-Stokes Raman scattering (CARS)
where the Raman response is amplified with the help of
a nonlinear optical four-wave mixing (FWM) process,
instead of a plasmonic substrate [20–27]. In CARS, two
laser beams, the so-called pump (ωp) and Stokes (ωs),
are focused into a sample and its molecular vibration
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modes are driven by the beat frequencies (ωp −ωs) of
the laser beams and simultaneously probed by a third
(probe, ωprb) laser beam to produce an output signal at
the blue-shifted anti-Stokes frequency (ωp −ωs +ωprb).
In CARS micro-spectroscopy, the pump and probe
beams are obtained from the same narrow-band pulsed
laser and the Stokes from a broadband (femtosecond or
supercontinuum) laser source [21–27]. CARS signal can
further be enhanced by employing a plasmonic substrate
along with the existing nonlinear process [12, 28–30].
Surface-enhanced CARS (SECARS) is such a method in
which the Raman signal enhancement can attain a much
higher level compared to the normal RS, SERS, or CARS
alone [29, 30]. Achievement of single-molecular level
sensitivity in molecular sensing become possible with
SECARS [28].
Designing plasmonic substrates for multi-frequency

based spectroscopic techniques such as SECARS is de-
manding since the optical properties of the substrate has
to be engineered such a way that its plasmon resonances
would overlap with all intended spectral regimes of the
spectroscopic technique. Realization of Fano-resonant
plasmonic (or Fano-plasmonic) oligomers is one option
[28, 30]. In a plasmonic oligomer, metal nanoparticles
(NPs) are clustered with optimal sizes, shapes and inter-
particle distances to obtain desired optical responses
from the oligomer. Hybridization between the localized
surface plasmon resonances (LSPR) of the NPs engen-
dered Fano resonance (FR) in the scattering (or extinc-
tion) profile of the oligomer, manifested as two peaks
having one dip between them in the corresponding scat-
tering (or extinction) lineshape [31, 32]. The scattering
peaks, called as the super-radiant (or bright) mode of
FR, are generated due to the constructive interference
between the LSPR modes of the NPs when the plasmon
oscillations in all NPs are ‘in phase’. The scattering dip,
which is also known as the sub-radiant (or dark) mode
of FR, is a result of the destructive interference between
the LSPR modes of the NPs when the plasmon oscilla-
tions in all NPs are not ‘in phase’ [33–36]. Tuning of FR
at the desired spectral regions can be obtained by opti-
mizing the size, shape, thickness or height, and material
of the NPs present in the oligomer while optimization of
the interparticle gap provides a way to control the de-
gree of the hybridization between the LSPR modes of
the NPs [32, 37]. Theoretical explanation behind the ori-
gin of FR in plasmonic oligomers can be found else-
where [36, 38–43].
Implementation of Fano-plasmonic oligomers in SECARS

requires spectral overlap of the sub-radiant mode of FR (i.e.
the scattering dip or Fano dip) with the pump frequency.
The two super-radiant modes of FR (i.e. the scattering
peaks or Fano peaks), situated in the red and blue side of
the Fano dip, has to be tuned with the Stokes and the

CARS frequencies, respectively [28, 30]. Such strategy
ensures an enhancement of the output light i.e. the CARS
signal at the far field along with an optimized coupling
between the excitation energy and the plasmonic substrate
at the pump wavelength [28]. The achievable Raman signal
enhancement in SECARS depends on the electric field
enhancements at the pump, Stokes, and CARS frequencies
as well as the spatial localization of the hot spots (i.e. con-
fined regions with highly localized electromagnetic energy)
at the same position at those three frequencies [30]. In
general, hot spots are distributed at different positions over
the substrate geometry at different wavelengths and spatial
overlap of them can be achieved with the oblique incidence
of excitation (i.e. pump) light as reported earlier [30]. In
addition, higher number of hot spots is favorable for the
optimal intensification of SECARS signal and in disk-type
Fano-plasmonic oligomers, only a few hot spots are possible
to achieve as shown in previous works [28, 30]. Eventually,
realizing plasmonic substrates that can provide higher
number of spatially localized hotspots is most desirable for
improving the sensitivity of SECARS.
In this article, two Fano-plasmonic oligomers, a quad-

rumer and a heptamer, consisting of hexagonal-shaped
gold NPs, are proposed as SECARS substrates. The olig-
omers are numerically modelled and optimized using
the finite element method (FEM) for CARS applications
where the pump wavelength is 780 nm. The targeted Ra-
man signature zone is considered as the favorable ‘fin-
gerprint region’ of analytes, i.e. 500–1800 cm− 1 [44]. For
the aforementioned Raman signature regime, the Stokes
wavelengths cover approximately 810–908 nm and the
corresponding CARS window becomes 683–753 nm.
Unlike the existing literature [28, 30, 33, 34, 40, 45–47],
the hexagonal shape is chosen for the nanoparticles
present in the oligomers since the hexagonal geometry
offers a higher number of nanogaps than that in the
disk-type geometry. Our computational studies reveal
that the hexagonal NP based Fano-resonant oligomers
can yield higher number of spatially localized hot spots
compared to the disk-type oligomers even with the nor-
mal incidence of the excitation light. Our numerical ana-
lysis also explores the origin of FR in the proposed
oligomers in terms of the complex phase relations be-
tween the induced dipole moments of the hexagonal
NPs. Such findings are important in the context of de-
signing plasmonic substrates for SECARS and for multi-
photon based spectroscopic techniques in general since
they could provide a way to reach high sensitivity in Ra-
man detection with fabrication-friendly nanostructures.

Methods
The oligomers were numerically modelled and opti-
mized for CARS applications using a commercial FEM
package (COMSOL Multiphysics version 5.4). In the
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simulation environment, a single oligomer was kept on
top of a glass (SiO2) substrate and air was considered as
the surrounding medium. The whole simulation space
was 2 μm× 2 μm× 2 μm and perfectly matched layers
(PMLs) were used at all the boundaries of it to prevent
spurious reflections. The near- and far-field (optical)
properties of the oligomers were calculated for the
normal incidence of light with electric field along the
oligomer’s main axis (as illustrated in Fig. 1) using the
scattered-field formulation (wave optics module) of
COMSOL [48]. The complex dielectric function of gold
was collected from the experimental data reported by
Johnson and Christy [49]. The nondispersive refractive
indices of air and SiO2 were taken as 1.00 and 1.45,
respectively.

Results and discussion
The oligomers were modelled and optimized using FEM
so that their FR would spectrally overlap with the
intended pump, Stokes and CARS regions. The sche-
matic designs of the quadrumer and the heptamer are
presented in Fig. 1. The quadrumer, depicted in Fig. 1a,
contains four identical hexagonal NPs having same sizes
(hexagon side length a) as well as equal thicknesses (h)
and interparticle gaps (d). The heptamer, illustrated in
Fig. 1b, contains seven identical hexagonal NPs of equal
sizes (hexagon side length a) while the NP thicknesses
(h) and the interparticle gaps (d) are similar with the
quadrumer.

Tuning of FR at the intended spectral regimes was
done by optimizing the geometrical parameters of the
NPs (i.e. a, d and h). During optimization, effect of one
parameter (a, d or h) on FR was studied while keeping
all other parameters fixed. An increment in NP size (a)
red shifts the Fano dip in both quadrumer and hepta-
mer, as depicted in Fig. 2a and d, respectively.
An increment in interparticle gap (d) slightly blue

shifts the spectral position of the Fano dip but more im-
portantly reduce the depth of the Fano dip significantly
due to the lack of coupling between LSPRs of the NPs,
as illustrated in Fig. 2b and e, in the case of the quadru-
mer and the heptamer, respectively. An increment in NP
thickness (h) also blue shifts the Fano dip in both quad-
rumer and heptamer, as shown in Fig. 2c and f, respect-
ively. The scattering cross-sections reported in Fig. 2 are
normalized by the corresponding geometrical cross-
sections.
The scattering profiles of the oligomers were also

compared with the so-called Fano-formula [50], math-
ematically expressed as σ = (ϵ + q)2/(ϵ2 + 1), where σ is
the scattering cross section, q is the asymmetry param-
eter and ϵ is a parameter related to the reduced energy
[50]. Figure 3a depicts a (non-scaled) overlap between
the Fano-formula (with q= 1) and the scattering line-
shape of the oligomers.
As the Fano-formula contains only one maximum and

minimum in its lineshape, we quantified the q-parameter
in the case of the oligomers as the ratio between the
scattering cross-section at the Fano dip (dotted magenta

Fig. 1 a Optimized design of the quadrumer with a = 80 nm; b Optimized design of the heptamer with a = 62.5 nm. In both a and b, d = 15 nm
and h = 40 nm. The black arrows on the top of the designs present the polarization of the excitation
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line) and the scattering cross-section at the Fano peak
(dotted brown line) in the blue side. Figure 3b, c and d
represent the effect of a, d and h on the q-parameter of
the oligomers, respectively.
The q-parameter in the case of oligomers not only

represents the degree of asymmetry in their correspond-
ing scattering profiles but also quantifies the strength of
FR in terms of the depth of the Fano dip (i.e. the
strength of the coupling between the LSPR modes of the
NPs). Lower the value of q-parameter, higher the depth
of the Fano dip, stronger the FR. The strength of FR in a
Fano-plasmonic oligomer can directly influence its
Raman enhancement capability [45, 51]. Therefore, we
optimized the geometrical parameters of the oligo-
mers such a way that their FR spectrally overlapped
with the pump, Stokes and CARS regions while main-
taining the lowest q-parameter value to ensure the
highest Raman enhancement. The optimized geomet-
rical parameters for the quadrumer are a = 80 nm,
d = 15 nm and h = 40 nm, providing a q-parameter
value of 0.36. For the heptamer, the q-parameter
value is 0.44 for a = 62.5 nm while d and h are simi-
lar with the quadrumer.

The optimized optical responses of the quadrumer and
the heptamer are presented in Fig. 4a and b, respectively.
In both panels of Fig. 4, the blue curves and the blue
vertical axes (on the left side) present the simulated scat-
tering cross-sections of the oligomers (normalized by the
corresponding geometrical cross-sections) where the
Fano lineshape is profoundly manifested. The Fano dips
are clearly in overlap with the pump wavelength (green
dashed vertical lines) while the Fano peaks are tune with
the Stokes (red shaded rectangular regions) and the
CARS (blue shaded rectangular regions) windows for
both oligomers.
The red curves and the red vertical axes (on the right

side) in both panels of Fig. 4 depict the total near-field
intensity enhancement (NFIE) for the oligomers. The
NFIE values are calculated as |Eloc/E0|

2 integrated over
the illuminated surfaces of the hexagonal NPs (i.e. the
top and sides walls), where Eloc and E0 are the local and
the incident electric field amplitudes, respectively. The
NFIE spectra are also normalized by the geometrical
surface area of the corresponding illuminated surfaces.
From Fig. 4 we can clearly find a spectral correlation
between the far-field scattering minima and the NFIE

Fig. 2 Tuning of Fano resonance in the quadrumer a by varying a while keeping d = 15 nm and h = 40 nm; b by varying d while keeping a = 80
nm and h = 40 nm; c by varying h while keeping a = 80 nm and d = 15 nm. Tuning of Fano resonance in the heptamer d by varying a while
keeping d = 15 nm and h = 40 nm; e by varying d while keeping a = 60 nm and h = 40 nm; f by varying h while keeping a = 60 nm and d = 15 nm
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maxima for both oligomers. In other words, the spectral
position of the highest NFIE is very close to the Fano
dip in the scattering profile. Such correlation is a general
property of Fano-resonant systems, reported earlier in
theoretical [52] and experimental studies [45, 51].
The spatial localization of hot spots in such hexagonal

NP based oligomers was studied in terms of the near-
field enhancement (NFE) maps, computed as |Eloc/E0| at
a plane 1 nm above the top surfaces of the oligomers.
To compare the hot spot localization in hexagon-based

oligomers with that of the disk-type oligomers, similar
NFE maps were computed for a disk-type quadrumer and
a disk-type heptamer having similar thicknesses, interpar-
ticle gaps and geometrical surface areas corresponds to
their hexagonal versions. The NFE maps for the quadru-
mer and the heptamer, calculated at the pump, Stokes and
CARS frequencies for the 740 cm− 1 Raman band of aden-
ine [28], are reported in Figs. 5 and 6, respectively.

To study the localization of hot spots and its effect on
SECARS enhancement, we plotted the spatial distribution
(or map) of the SECARS (electromagnetic) enhancement
factor G in Figs. 5d and 6d for the hexagon-based quadru-
mer and heptamer, respectively. Figures 5h and 6h report
the same for the disk-type quadrumer and heptamer, re-
spectively. The SECARS electromagnetic enhancement
factor is calculated as G = |Eloc(pump)/E0|

4 × |Eloc(Stokes)/
E0|

2 × |Eloc(CARS)/E0|
2 for the 740 cm− 1 Raman line of ad-

enine [28]. We also assign five hot spot positions in Fig. 5
over the quadrumer geometry and six hot spot positions
in Fig. 6 over the heptamer geometry, labelled as ‘i’ to ‘vi’.
From Fig. 5 we can clearly see that in the case of

hexagon-based quadrumer, the hot spots generated at
position ‘i’, ‘ii’, ‘iv’, and ‘v’ spatially overlap at the pump
and CARS wavelengths while the hot spot at position ‘iii’
spatially overlaps at the pump and Stokes wavelengths.
Eventually, we achieved all the five hot spots in SECARS

Fig. 3 a Comparison of Fano-formula with the scattering profiles of the oligomers. The brown and magenta dotted (vertical) lines represent,
respectively, the spectral positions of the Fano peak and the Fano dip used to calculate the q-parameter; b Effect of a on the q-parameter when
d = 15 nm and h = 40 nm; c Effect of d on the q-parameter when a = 80 nm (in quadrumer) and 60 nm (in heptamer) and h = 40 nm; d Effect of h
on the q-parameter when a = 80 nm (in quadrumer) and 60 nm (in heptamer) and d = 15 nm
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Fig. 4 a Simulated normalized scattering (blue curve) and NFIE (red curve) of the quadrumer; b Simulated normalized scattering (blue curve) and
NFIE (red curve) of the heptamer. The blue and red vertical axes in both diagrams are corresponded to the blue and red curves present in those
diagrams. The green dashed (vertical) lines and the red (blue) shaded rectangular regions in both diagrams depict the pump wavelength (780
nm) and the Stokes (CARS) window for the fingerprint region, respectively

Fig. 5 Simulated NFE and SECARS maps computed at a plane 1 nm above the top surface of the quadrumer for the Raman band of adenine
(740 cm-1). a-c and e-g NFE plots at CARS (738 nm), pump (780 nm) and Stokes (828 nm) wavelengths; d and h the corresponding SECARS maps;
In the plots (a)-(d), all the dimensions are along Fig. 1a. In h the white dotted circles show the nano disks
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map with an estimated enhancement factor G of 1012 at
maximum. In the case of disk-type quadrumer, as
depicted in Fig. 5e to h, only one hotspot, labelled as ‘i’,
coincides at all three wavelengths and hence, only a
single hotspot is obtained in SECARS map with an
enhancement factor G of 1012 at maximum. For the
hexagon-based heptamer, as shown in Fig. 6a to d, the
hot spots at positions ‘i’ and ‘ii’ spatially overlap at the
pump and CARS wavelengths whereas the hot spots at
positions ‘iii’, ‘iv’, ‘v’, and ‘vi’ spatially overlap at the
pump and Stokes wavelengths. Consequently, we ob-
tained all the six hot spots in SECARS map with an esti-
mated enhancement factor G of 1013 at maximum.
However, in the disk-type heptamer, as reported in Fig.
6e to h, the hot spots at positions ‘i’ and ‘ii’ spatially
overlap at all three wavelengths whereas the hot spots at
positions ‘iii’ and ‘iv’ are only obtained at the pump
wavelength. As a result, only two hotspots, at positions
‘i’ and ‘ii’, are obtained in SECARS map with an en-
hancement factor G of 1012 at maximum. The aforemen-
tioned findings clearly indicate that we achieved higher
number of spatially overlapped hot spots in the
hexagon-based oligomers compared to the disk-type
oligomers with the normal incidence of excitation light.
The predicted enhancement factors (G) for the hexagon-
based oligomers are in the order of 1012–1013, which
meet the requirement of single molecular level sensitiv-
ity [28]. However, no hot spot is overlapped at all three
frequencies (i.e. pump, Stokes and CARS) in the
hexagon-based oligomers. Of particular note is that, in
the hexagon-based oligomers, the hotspots yielded

higher spatial length compared to the corresponding
disk-type versions due to the hexagonal symmetry but
without losing the intensity of the field localization.
Achieving higher number of spatially overlapped hot

spots with the normal incidence of light is beneficial in
the context of hot spot engineering. Generally, hot spots
are generated in the oligomers at different spatial locations
at different wavelengths and only a few spatially overlap-
ping hot spots at multiple wavelengths can be achieved
with the normal incidence of excitation light. Existing lit-
erature [30] showed that by applying oblique incidence of
excitation light instead of normal incidence, one could in-
crease the number of hot spots over the oligomer geom-
etry because of the spatial redistribution of the localized
fields. However, such approach has two limitations. Firstly,
the number of hot spots might increase in such approach
but in expense of the intensity of the field localization and
thereby weakening the total Raman enhancement [30].
Secondly, experimental realization of such approach could
become more challenging due to the requirement of pre-
cise control on the excitation angle.
Our proposed hexagon-based oligomers provide a way

to overcome the aforementioned limitations, by provid-
ing higher number of hot spots even with the normal
incidence of excitation light and hence, neither losing
the intensity of the field localization due to the oblique
incidence nor bringing extra constraints in the experi-
mental realization.
The underlying reason behind the generation of FR in

those hexagon-based oligomers can be explained in
terms of the complex phase relations between the

Fig. 6 Simulated NFE and SECARS maps computed at a plane 1 nm above the top surface of the heptamer for the Raman band of adenine (740
cm-1). a-c and e-g NFE plots at CARS (738 nm), pump (780 nm) and Stokes (828 nm) wavelengths; d and h the corresponding SECARS maps; In
the plots (a)-(d), all the dimensions are along Fig. 1b. In h the white dotted circles show the nano disks
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induced dipole moments of the hexagonal NPs. To in-
vestigate that, the surface charge densities are calculated
over the top surfaces of the NPs present in the hexagon-
based oligomers at the Fano peaks and the Fano dips of
their corresponding scattering profiles. The surface
charge density plots for the hexagon-based quadrumer
and heptamer are shown in Fig. 7.
Polarized electromagnetic excitation induces dipole

moments on the top surfaces of the NPs present in the
oligomers [28, 47]. In the case of hexagon-based quadrumer
(Fig. 7a to c), plasmon oscillations (and also the induced
dipole moments) in all NPs are ‘in phase’ at the Fano peaks
(710 nm and 876 nm) which eventually explains the origin
of the broad super-radiant modes of FR as far-field scatter-
ing peaks at those wavelengths due to the constructive
interference between those dipole moments. At the Fano
dip (778 nm), NPs present in the hexagon-based quadru-
mer maintain an ‘anti-phase’ relation between them. The
top and bottom NPs are in phase while the right middle
NP is anti-phase with others, as shown in Fig. 7b, and
hence, due to the destructive interference between those

dipole moments, a sub-radiant mode is generated at that
wavelength in the scattering profile as a dip. In the
hexagon-based heptamer (Fig. 7d to f), plasmon oscillations
in all NPs are ‘in phase’ at the Fano peaks (720 nm and 864
nm) and like in quadrumer, constructive interference
between them explains the generation of the broad super-
radiant modes of FR as scattering peaks at the correspond-
ing wavelengths. At the Fano dip (778 nm), NPs in the
hexagon-based heptamer manifest a complex phase relation
between them, as depicted in Fig. 7e, which is neither
‘anti-phase’ nor ‘in phase’ rather something in be-
tween. Consequently, like in quadrumer, the far-field
scattering dip or sub-radiant mode of FR is generated
due to the destructive interference between the plas-
mon oscillations in those NPs.
Certainly, we can infer from Fig. 7 that the origin of FR

in those hexagon-based oligomers are purely electric in na-
ture since FR originated due to the interaction between the
electrical dipole moments of the NPs [28, 40, 46, 47, 53].
We also investigated the role of the symmetry breaking

in the hexagon-based oligomers in terms of the asymmetry

Fig. 7 Simulated surface charge densities over the top surfaces of the NPs present in the oligomers. a-c Surface charge densities in the case of
quadrumer at the blue Fano peak (710 nm), at the Fano dip (778 nm) and at the red Fano peak (876 nm); d-f Surface charge densities in the case
of heptamer at the blue Fano peak (720 nm), at the Fano dip (778 nm) and at the red Fano peak (864 nm); In the plots (a)-(f), the black arrows
represent the polarization of the excitation and all the dimensions are along Fig. 1a and b
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in NP sizes and interparticle gaps with respect to a sym-
metry line correlated with the polarization of the excitation.
Figures 8a and 9a represent the symmetry breaking sche-
matically. In the asymmetric quadrumer, as illustrated in
Fig. 8a, the sizes of two NPs were made unequal (a1 = 60
nm, a3 = 100 nm) while keeping the sizes of the rest two
NPs equal (a2 = 80 nm). The thicknesses of all four NPs
were equal (h = 40 nm) but the interparticle gaps were dif-
ferent over the oligomer geometry with d1 = 15 nm, d2 =
10 nm, d3 = 5 nm and d4 = 30 nm. In Fig. 8a, the black

arrow shows the polarization of the excitation light and the
black dotted line at the middle of the quadrumer represents
the symmetry line. Clearly, the light, polarized along the
direction shown in Fig. 8a, will face different NP sizes and
interparticle gaps on the two sides of the symmetry line
and hence, the symmetry of the oligomer is broken in
terms of the polarization of light. Such symmetry breaking
in the quadrumer geometry yielded double FR in its scatter-
ing profile (Fig. 8b), manifested as two Fano dips at 815 nm
(dotted magenta line) and at 880 nm (dotted red line). The

Fig. 8 a Schematic design of the asymmetric quadrumer with a1 = 60 nm, a2 = 80 nm, a3 = 100 nm, d1 = 15 nm, d2 = 10 nm, d3 = 5 nm, d4 = 30 nm
and h = 40 nm. The black arrow on the top presents the polarization of the excitation and the black dotted line at the middle of the quadrumer
shows the symmetry line; b Simulated scattering profile of the asymmetric quadrumer. The magenta and red dotted (vertical) lines indicate the
spectral position of the Fano dips at 815 nm and at 880 nm, respectively; c-d NFE maps computed at a plane 1 nm above the top surface of the
asymmetric quadrumer at the Fano dips
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NFE maps at the two Fano dips (Fig. 8c and d) show that
we again achieved two hot spots spatially overlapped at
both wavelengths.
In the asymmetric heptamer, as illustrated in Fig. 9a,

the sizes of four NPs were made unequal (a1 = 40 nm,
a3 = 80 nm) while keeping the sizes of the rest three
NPs equal (a2 = 60 nm). The thicknesses of all NPs were
equal (h = 40 nm) but the interparticle gaps were differ-
ent over the oligomer geometry with d1 = 5 nm, d2 = 20
nm, d3 = 15 nm, d4 = 10 nm, d5 = 25 nm, d6 = 6 nm
and d7 = 12 nm. According to Fig. 9a, like in the case of

quadrumer, the light, polarized along the direction
shown by the black arrow, will face different NP sizes
and interparticle gaps on the two sides of the symmetry
line (the black dotted line at the middle of the heptamer)
and hence, the symmetry of the oligomer is broken for
the polarized light. Here also, profound signature of the
double FR was obtained in the scattering profile of the
asymmetric heptamer (Fig. 9b) with three hot spots
spatially overlapped at both Fano dips (835 nm, dotted
magenta line and 1160 nm, dotted red line), as reported
in Fig. 9c and d. It is worth to mention here that in the

Fig. 9 a Schematic design of the asymmetric heptamer with a1 = 40 nm, a2 = 60 nm, a3 = 80 nm, d1 = 5 nm, d2 = 20 nm, d3 = 15 nm, d4 = 10 nm,
d5 = 25 nm d6 = 6 nm, d7 = 12 nm and h = 40 nm. The black arrow on the top presents the polarization of the excitation and the black dotted line
at the middle of the heptamer shows the symmetry line; b Simulated scattering profile of the asymmetric heptamer. The magenta and red
dotted (vertical) lines indicate the spectral position of the Fano dips at 835 nm and at 1160 nm, respectively; c and d NFE maps computed at a
plane 1 nm above the top surface of the asymmetric heptamer at the Fano dips
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scattering spectra of asymmetric oligomers (Figs. 8b and
9b), neither any sign of quadrupolar peak was found at
the lower wavelengths nor the peaks obtained at higher
wavelengths match with the LSPR modes of the individ-
ual NPs (i.e. monomer peaks) present in the oligomer.
Consequently, we can conclude that the scattering
lineshapes are clearly a manifestation of the double FR,
generated due to the complex hybridization between the
LSPRs of the NPs.
Existence of double FR can also be exploited for

SECARS enhancements by tuning the two Fano dips at
the pump and Stokes wavelengths while the Fano peak
(at the blue side of the both Fano dips) at the CARS
wavelength. Such strategy will ensure minimization of
scattering losses and efficient energy coupling between
the oligomer and the excitation light at both excitation
wavelengths (i.e. pump and Stokes) as well as an en-
hanced far-field propagation of CARS signal [30].
Generation of double FR in the optical responses of

those hexagon-based oligomers is not a general effect of
symmetry breaking and since, symmetry can be broken
in different possible ways, it can also affect the optical
response of the oligomers differently. Further studies
required to draw any concrete conclusion on the role of
symmetry breaking in such hexagon-based oligomers.

Conclusions
Succinctly, we designed hexagonal NP based Fano-
resonant oligomers, a gold quadrumer and a gold hepta-
mer, using FEM simulations for optimal performance in
CARS applications at 780 nm pumping. The targeted
Raman signature zone was the ‘fingerprint region’ (500–
1800 cm− 1) of the analytes. Our proposed designs pro-
vide fabrication possible geometries for the oligomers.
We achieved to engineer the lineshape of the FR in
those oligomers so that the sub-radiant mode of FR
would spectrally overlap with the pump to ensure energy
coupling between the excitation light and the nanostruc-
tures while the super-radiant modes of FR would tune
with the Stokes and CARS regimes to enhance far-field
propagation of the output light. Our computational
studies revealed that the hexagonal NP based oligomers
yielded higher number of spatially overlapped hot spots
compared to the disk-type oligomers even in the case of
normal incidence of excitation light. Our estimated
SECARS enhancements from the proposed oligomers
were in the order of 1012–1013, which meet the require-
ment of single molecular level applications. We also ex-
plored the origin of the FR in those oligomers, which is
purely electric in nature. Our studies on the role of sym-
metry breaking in the proposed oligomers provided a
way to implement double FR in such structures and en-
abled its exploitation for SECARS by yielding spatially
overlapped hot spots at multiple Fano dips. Such

numerical findings are important in the context of de-
signing plasmonic substrates with fabrication-friendly
nanostructures for SECARS and for multi-photon based
spectroscopic techniques in general to realize higher
number of spatially localized hotspots for improving the
detection sensitivity.
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