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Anapole-assisted giant electric field
enhancement for surface-enhanced
coherent anti-Stokes Raman
spectroscopy

Maryam Ghahremani'*‘, Mojtaba Karimi Habil? & Carlos J. Zapata-Rodriguez3

The coherent anti-Stokes Raman spectroscopy (CARS) techniques are recognized for their ability to
detect and identify vibrational coherent processes down to the single-molecular levels. Plasmonic
oligomers supporting full-range Fano-like line profiles in their scattering spectrum are one of the
most promising class of substrates in the context of surface-enhanced (SE) CARS application. In

this work, an engineered assembly of metallic disk-shaped nanoparticles providing two Fano-like
resonance modes is presented as a highly-efficient design of SECARS substrate. We show that the
scattering dips corresponding to the double-Fano spectral line shapes are originated from the mutual
interaction of electric and toroidal dipole moments, leading to the so-called non-trivial first- and
second-order anapole states. The anapole modes, especially the higher-order ones, can result in
huge near-field enhancement due to their light-trapping capability into the so-called “hot spots”. In
addition, independent spectral tunability of the second Fano line shape is exhibited by modulating
the gap distance of the corner particles. This feature is closely related to the electric current loop
associated with the corner particles in the second-order anapole state and provides a simple design
procedure of an optimum SECARS substrate, where the electric field hot spots corresponding to three
involved wavelengths, i.e., anti-Stokes, pump, and Stokes, are localized at the same spatial position.
These findings yield valuable insight into the plasmonic substrate design for SECARS applications

as well as for other nonlinear optical processes, such as four-wave mixing and multi-photon surface
spectroscopy.

Interaction between the surface charge-density oscillations of noble-metal nanoparticles and the incident photons
at the resonant frequency leads to the coherent and collective oscillation of free electrons confined at the metal-
dielectric interfaces, which refers to localized surface plasmon resonances (LSPRs)!~. The plasmon-enhanced
light-matter interaction can confine light beyond the diffraction limit"*-°. This remarkable feature makes the
structure well-suited for a plethora of optical elements and applications’=°.

Under some particular configurations of metallic nanostructures, the coupling of elementary plasmon modes
may lead to the generation of so-called Fano-like resonance'*2, which can be identified by its asymmetric
line shape and steep profile. The phenomenon was originally observed in atomic systems where a continuum
experiences quantum-mechanical interference with a discrete localized state'®. In plasmonic structures, the
Fano resonance is generally attributed to the spectral overlap of a broad symmetric super-radiant (bright) mode
and a narrow asymmetric sub-radiant (dark) mode through the near-field hybridization'*, where constructive
and destructive interferences occur in a very narrow spectral window. The bright mode is typically referred to
any highly-radiative resonant mode that can couple directly to an incident plane-wave. On the contrary, dark
plasmon modes cannot be directly excited by the incident light due to their vanishing radiative mode'>~"’. This
results in strongly suppressed far-field scattering and purely trapped modes. It is noted that a dark mode does
not exist in the single noble-metal nanoparticles with regular shapes such as spheres'®. Breaking the geometrical
symmetry'®~2!, heterogeneous configuration”*-*%, structural nano-assembly?, phase retardation®, and the polari-
zation direction of the incident light”” are the most important parameters which can enable efficient excitation of
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the dark modes and hybridization of plasmons of different multipolar symmetry. The narrower spectral linewidth
compared to the standard plasmon resonances as well as the large local field enhancement provided by the dark
modes, make the plasmonic Fano-based structures an ideal platform for diverse applications such as refractive
index chemical and biological sensing?#**-*, surface-enhanced spectroscopy®"*?, low-threshold nano-lasers®,
and novel on-chip photonic device designs®*.

Metallic nanoparticle clusters in the form of the trimer*®, quadrumer®’, pentamer®*, heptamer®’, and higher-
order® assemblies are one of the most promising ways to generate Fano-like resonance line shapes. The struc-
tural and chemical characteristics of the clusters such as size, shape, thickness, and material of the particles
present in the cluster play an important role to obtain the desired Fano response. In addition, inter-particle gap
distances between the adjacent particles define the coupling strength between LSPR modes of the elementary
nano-scatterers.

In terms of the analysis of such atypical line profiles in oligomer plasmonic structures, several different
techniques have been conducted over the recent years. Plasmon hybridization theory®® has been extensively
exploited to intuitively describe the interactions in plasmonic systems, where the structure under consideration
is subdivided into two or more subsystems with known properties. The modes of each subsystem are added
constructively or destructively to form a bonding (symmetric) and an anti-bonding (anti-symmetric) mode®,
leading to the formation of Fano-like resonance line shape. In addition, multiple studies have been devoted to
theoretically investigate and interpret the origin of these anomalous resonances in metallic oligomers, such as
the coupled mass oscillator model**-*,the coupled-mode formalism*, the circuit model of Fano resonance*,
and the rigorous quantum electro-dynamic formulation*>*. These simplistic methods, however, are inadequate
to provide a complete scenario of Fano-like spectral profiles in plasmonic oligomers, forcing the use of full-wave
theories*>*.

Regarding the application, plasmonic Fano-based oligomer structures have been of particular interest to act
as a substrate for single molecular detection as well as vibrational imaging. In this context, Halas et al.*’ demon-
strated that a plasmonic quadrumer substrate supporting a Fano-like resonance mode can be applied to acquire
single-molecule detection sensitivity using the coherent anti-Stokes Raman spectroscopy (CARS)***. CARS
is a specific type of four-wave mixing® (FWM) non-linear optical process where two laser beams and a Stokes
field coherently interact through the third-order susceptibility of the identified material to get access vibrational
properties. To achieve an efficient Raman signal enhancement in a plasmonic SECARS substrate depends on
simultaneous enhancement of electric field at the pump, Stokes, and anti-Stokes frequencies as well as having hot
spots with the same spatial positions®'. This indicates individual contribution of each of the three wavelengths
in SECARS enhancement factor (EF). He et al.*! presented a plasmonic asymmetric trimer assembly supporting
double-Fano line shapes which brings all of the three CARS frequencies hot spots to the same spatial location.
The achieved EF for SECARS signal in this structure is around 2 x 10!! for the gap distance of g = 12 nm.
Recently, Zhang et al.” theoretically investigated the plasmonic crisscross dimer exhibiting an electric dipole
bright mode and magnetic dipole dark modes, which can be matched with the wavelength of pump, Stokes and
anti-Stokes lights. Their proposed design achieves a significant amplification of the CARS signal reaching near
a factor of 1013 for the 8-nm gap size.

Extending the aforementioned idea, we propose and theoretically analyze a metallic octamer structure rep-
resenting double-Fano spectral line profile, which is constructed by an assembly of thin-film disk-shaped nano-
particles. Compared to the similar proposals based on multi-disks CARS substrates®?, our design enables efficient
generation of a single hot spot governing the CARS emission through a symmetrically centered nanogap. Our
theoretical study provides an in-depth analysis of scattering dips in plasmonic oligomers, and their corresponding
electric current distribution gives insight to design an optimum substrate for SECARS applications. To begin with,
the Cartesian decomposition method in the finite element based commercial software (COMSOL Multiphysics)
is exploited to calculate the contribution of the five leading multipoles in the total scattering cross-section (SCS).
Decomposition results reveals that the two characteristic dips originate from a destructive interference between
electric and toroidal®*-*¢ dipole moments, indicating the first- and second-order anapole states’ excited in the
system. The effects of the structure size as well as the illumination angle on the evolution of Fano line shapes
is then explored. These analyses provide a simple design procedure for an optimum multi-resonance SECARS
substrate. In this regard, independent spectral tunability of the first-order anapole state is exhibited by modulating
the gap distance of the corner particles. Benefiting from such an independent tunability behavior, three excited
resonance modes with large field enhancements can be achieved whose hot spots are spatially overlapping and
their wavelengths spectrally match with the wavelengths of pump, Stokes, and anti-Stokes beams. When the
inter-disk gap spacing is reduced to g = 8 nm, the near-fields are further enhanced due to the improved energy
confinement, and the maximum SECARS EF is approaching to 10'°. Therefore, it is expected that the proposed
oligomer design could be useful for the applications based on biosensing and nonlinear surface spectroscopy.

Results and discussion

Double-Fano resonant structure. Let us first propose a simple plasmonic oligomer which serves as a
basis for our engineered SECARS substrate. The structure presented here is a finite triangular lattice of disk-
shaped gold nanoparticles as shown in Fig. 1. The geometry has lattice constant a = 180 nm and disk radius
R = 84 nm which is equivalent to the gap distance of ¢ = 12 nm. The height of the disk-based structure is always
kept constant at & = 20 nm, which has little influence on the scattering spectrum of the oligomer. Here, similar
to Ref.*®, we have focused on relatively thin gold films that can be realized benefiting from advances in lithog-
raphy and self-assembly techniques®. In terms of the shape of the particles, nano-disks have several advantages
such as easy fabrication, polarization-independent property, and relatively simple control of parameters. Note
that although the near field enhancement considerably increases with the reduction of the gap size, the gap dis-
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Figure 1. Schematic diagram of our proposed oligomer supporting the double-Fano spectral line profile (a)
2D and (b) 3D views. The structure is a finite triangular lattice of free-standing disk-shaped gold nanoparticles
with lattice constant a = 180 nm, where all the particles have the radius R = 84 nm, height # = 20 nm, and
gap distance of ¢ = 12 nm. This oligomer is illuminated by an x-polarized plane wave propagating along the
z-direction. The electric field is parallel to the axis of the central dimer, denoted as the parallel polarization.

tance is not considered sub-10-nm to avoid the proximity effects that deteriorates the field enhancement due to
nonlocal response®. This undesired effect is due to the significant localization of electromagnetic fields caused
by the coupling between the adjacent nanoparticles®. The dispersive relative permittivity of gold is taken from
the experimental data in Ref.®. For simplicity, the surrounding dielectric environment is assumed to be a vac-
uum (¢4 = 1) in all simulations. According to the point made in Ref.*!, introduction of the dielectric substrates
or probe molecules in practice only shifts the scattering dips to longer wavelengths accompanied with a slight
increase in linewidth because of dielectric screening. Apparently, deposing the particles on top of a metallic sub-
strate results in the improvement of the performance due to the contribution of image modes®.

The total SCS spectrum of our proposed structure is shown in Fig. 2. This scattering spectrum exhibits two
characteristic dips at the wavelengths of 4; = 705nm and 4, = 890 nm representing excitation of the Fano-
like resonance modes. To get some insight into the observed Fano line shapes, Cartesian multipolar analysis is
implemented through the following paragraphs.

Theoretical investigation of asymmetric double-Fano resonance mode. Generally, when an
incident plane wave interacts with a nanoparticle, the re-emitted beam at an observation point located in the
far-field zone can be described in terms of radiation from different multipoles. To identify the contribution of
each multipole, we exploit decomposition of the total induced fields inside the meta-molecule under-study into
approximate Cartesian multipole basis including contributions of the toroidal dipole moments. In the frame-
work of approximate Cartesian decomposition, the contribution of each multipole moment in the total radiation
of any particle with arbitrary shape can be calculated by starting from the induced electric currents and then
simplifying the special functions with the small argument asymptotic terms in the long-wavelength regime®*
(See Methods).

The multipolar SCS is computed to elucidate the nature of the different optical resonances sustained by the
structure, particularly those regard the Fano-like resonance line shapes. Figure 2 includes contribution of the
five leading order multipole moments in the total SCS spectrum and their summation obtained by Eq. (17)
(See “Methods”). Here, contribution of the Cartesian electric and magnetic dipoles are represented by P and
MD, electric and magnetic quadrupoles are denoted with EQ and MQ, respectively, and the toroidal dipoles are
labeled by TD. As can be seen in Fig. 2a, the sum of Cartesian multipole contributions is in a good agreement
with directly calculated total SCS (See “Computational methods”) throughout most parts, except for the region
with shorter wavelength. The small discrepancy between these spectra can be explained by the long-wavelength
approximations made in Cartesian multipole decomposition®*. To further illustrate, we have employed the
multipole expansion method in spherical coordinate, showing the results for the first four modes as well as their
summation (See Fig. S1 in Supplementary Information). We see in Fig.2a that the most contributive multipoles
to the meta-molecule response are the electric dipole as well as closely matched toroidal dipole and magnetic
quadrupole responses. Furthermore, the total interference of the Cartesian electric dipole P and the toroidal
dipole TD moments (represented as ED by the green curve) reveals the partial scattering cancellation with
Fano-like spectral windows. Therefore, it can be concluded that the observed Fano-like resonances are closely
attributed to the anapole excitation, i.e. the destructive interference between the electric and toroidal dipoles due
to their identical radiation pattern. Furthermore, anapole states naturally lead to the formation of localized fields
with strong enhancements®, which opens up new possibilities in spectroscopic and biochemical sensing and
quantum nanophotonic applications®”. Here, the observed scattering dips are referred as the first- and second-
order anapole states®®-"!, labeled with AM; and AM, in Fig.2, respectively. To explore origin of the cancellation
of P and TD moments observed in ED spectrum, considering dominant components in the direction of applied
electric field (x-axis), the phases of Cartesian electric ¢p and toroidal dipole moments ¢p and their differences
A¢ = ¢p — ¢rp are shown in Fig. 2b. It is visible that in our spectral range of interest, the phase difference is
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Figure 2. (a) The simulated SCS spectra for our proposed oligomer as well as contributions of the five
dominant multipole moments to the total radiated field. “Sum Scat” states for the SCS as the sum of

the multipole contributions;“Total Scat” states for the total SCS calculated directly in COMSOL (See
“Computational methods”). The labels P, MD, EQ, MQ, and TD denote electric dipole, magnetic dipole, electric
quadrupole, magnetic quadrupole, and toroidal dipole modes, respectively . Also, AM; and AM; represent the
so-called first- and second-order anapole states with characteristic wavelength, respectively . (b) The phases of
the electric dipole ¢p and toroidal dipole ¢7p moments as well as their difference A¢ versus wavelength. The
surface charge density distribution is shown at (c) AM; wavelength and (d) AM; wavelength. Distribution of
electric field amplitude (|E| / |Einc |) in the mid-height plane of the oligomer at (e) the second- and (f) first-order
anapole modes. The SCS derived from ED results as the coherent superposition of P and TD contributions,
symbolically represented as P+TD.

very close to  radiant, indicating that P and TD moments are almost out of phase. This fulfills the cancellation
observed in Fig. 2a.

To further illustrate excitation of the so-called anapole modes, the surface charge density distributions on the
particles at the position of characteristic dips are shown in Fig.2c,d, where the observation plane is considered
in the mid-height of the structure. According to the dipolar moment orientation of the particles (dark arrows
in figure), the AM; mode of our proposed oligomer shows dual displacement electric current loops within the
structure. These moments are aligned head-to-tail and form a pair of out-of-plane counter-oriented magnetic
dipoles, which corresponds to the superposition of a magnetic quadrupole moment and a head-to-tailed loop of
magnetic dipole moments perpendicular to the meta-molecule surface. The latter dipolar configuration implies
the excitation of a so-called dynamic toroidal dipole moment®”’>7* directed parallel to the x-axis. On the other
hand, the AM, mode possesses two pairs of such poloidal current loops and result in four field zeroes along the
y-direction, indicating a clear combination of the AM; mode and an accompanied standing wave character. This
phenomenon can be explained by the formation of hybrid Mie-Fabry-Perot modes’ or the superposition of
several internal modes”. Further, Fig.2e,f represents the spatial distributions of near-field amplitude (|E| / |Einc |)
of the oligomer at two characteristic anapole wavelengths, where the near field enhancements provided by the
hot spots of AM; and AM; modes are 44.7 and 91.5, respectively.

To go further into the aforementioned mode interaction and to elucidate the constitution influence, in what
follows, we investigate the effect of the nanoparticles size as well as the illumination conditions on overall spectra.
We expect to observe that changing the value of these parameters influences both the direct excitation as well as
the mutual coupling between resonant modes.

Dependence of double-Fano resonance mode on the oligomer’s size. Here, we illustrate how the oligomer size
affect evolution of the double-Fano spectral line shapes, a fact that critically determines the plasmonic structure
design for SECARS applications. To this end, the size of oligomer under-investigation is scaled down by decreas-
ing radius of the individual nanoparticles while keeping the radius to gap ratio fixed and equal to 7. The remain-
ing optical and geometrical parameters are the same as Fig.1. From Fig.3a, it can be clearly observed that the
Fano line profile with lower resonance wavelength (AM, state) gradually disappears with decreasing the radius
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Figure 3. (a) Total SCS spectra of the oligomer structure illuminated by a normally-incident plane wave for
different radii of particles, while the ratio between the radius and the gap between the particles being fixed. The
remaining optical and geometrical parameters are the same as Fig.1. Contribution of the electric (P) and toroidal
(TD) dipole multipoles are respectively illustrated in (b-c) to provide additional information regarding evolution
of the Fano-like spectral line shapes.

R and the next one (representing AMj state) turns into a Lorentzian-shaped resonance band. Such transitions in
the resonance line shapes can be quantitatively interpreted as follows:

The multipole expansion analysis starts from the induced polarization current density J(r) in the nanoparticle,
which given the convention &/*! for the harmonic electromagnetic fields, is calculated by”® J (r) = jw (ep — ed) E(r)
where w is the frequency of the incident light in vacuum, E(r) is the induced electric field, and &, = g9&/ and
€4 = €0&r 4 are the dielectric permittivities of the nanoparticles and background medium, respectively, &9 being
the vacuum permittivity. The relative permittivities &, and &, 4 are equal to the square of the corresponding
refractive indices #p, 4.

Let recall the recently obtained exact expression for the dipolar vector of electric field in the Cartesian coor-

dinate basis®:
E_i/ 3.7 s %/ 3 Tyr — g2y,1 020"
d, _jw{ Vd r]gjo(kar) + 3 Vd r[S(r Drq — 1 ]a] k) (1)

wherek; = w/ vd and vy = ¢/ng are respectively the wave vector and speed of light in the surrounding environ-
ment, and r = r7 is the radius vector of a volume element inside the scattering medium (volume V). Maklng the
small argument approximation to the spherical Bessel functions with terms up to fourth order (kg7)* (See Eq.
(7) in “Methods”), and then grouping the contributions with the same power of (k;r), we obtain

1 1 k3
dif%.—/v 3Ja+1—5 Fr(@ Dy —2r Ja]+;1—0§ Frr? (31 — 2(r - N1 |

=0 I=0,=2 =2 (2)
K-
= Py — jkq (Ta + I—ZR;") (@ =x,y,2)

where the contrlbutlons coming from [-th order spherical Bessel function of the first kind (7i()) are indicated.
Here, the (k;7)° term, Py in Eq. (2), is the well- known small source approximation of the electric dipole moment
of a current density dlstrlbunon Ju» and the (k;r)? term, Ty, in Eq. (2), represents the so-called toroidal dipole
moment. In addition, (k;7)* term shown by RT in Eq. (2) is referred to as the mean-square radii of the toroidal
dipole moment””. Notably, the Ty, integral contains contributions from the two integrals in Eq. (1): It is the sum
of the terms of order (k;r)2 coming from both jg (k) in the first integral of Eq. (1) and j, (k47) in the second one.
By further decreasing the particle’s size parameter k;r (e.g. having around 30 nm in radius disks), the highest
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Figure 4. (a) Scattering spectra of the proposed oligomer (R = 84 nm, ¢ = 12 nm, h = 20 nm) as the incident
angle increases from 0 to 90 with an increment of 15. Evolution of the (b) electric dipole P (c) toroidal dipole
TD (d) magnetic dipole MD, and (e) electric quadrupole EQ modes with the incident direction is included to
distinguish the dominant resonance in each incident angle.

order terms of jy(k;7) become negligible compared to the first one, leading to exclusion of term corresponding
to I = 0in T, formula. Accordingly, the toroidal dipole expression tends to a negligible value and causes the
mutual coupling required for the excitation of a non-radiating anapole state, namely P = jk;T, to be destroyed.
Following this discussion, Fig.3b,c clearly illustrate that the P multipolar contribution shows a transition to Lor-
entzian line profile (Fig.3b) and the TD becomes negligible (Fig.3c). This analysis not only gives insight regarding
the design of SECARS substrate, but also serves as an additional verification making the anapole nature of the
resultant scattering dips manifest.

Dependence of double-Fano resonance mode on the excitation angle. To further demonstrate the tailoring over-
all spectra characteristic, the angle of incident illumination is also varied from 0 to 90 and the spectra evolution
is investigated. This study provides insights into how increasing excitation angle will affect the spectral response
of our designed nanostructure. Considering the initial oligomer design (Fig.1), it is found that the observed
anapole states progressively vanish from the total scattering spectra as the incident angle becomes more grazing
(Fig.4a). The reason of this behavior can be clarified through identifying the multipolar contributions in terms
of different incident angles, as shown in Fig.4b—e). It can be concluded that such evolution of scattering spectra
is mainly a consequence of changes in the direct coupling between the incident plane wave and the different
multipoles sustained by the structure. So, the amplitude of MD and EQ multipoles increases by the incident
angle as a result of an increase of their interplay with the illuminated plane wave. On the other hand, P and TD
multipoles amplitude is weakened and their spectral line profile noticeably changes with increasing the incident
angle as well. These performances can be qualitatively interpreted as a consequence of a change in their direct
coupling with incident plane wave combined with changes in their mutual interactions, respectively. It is pointed
out that spectrum evolution of the MQ is close to that of TD given the existed correlation between these two
multipoles along with an electric octopule moment*.

In order to accomplish the goal of our study, one may take into account dependence of the dielectric function
of gold nano-disks which can be affected by surface scattering of nano-scale metallic particles. The surface scat-
tering can modify dispersion of gold nanoparticles which are much smaller than the incoming wavelength. As
the thickness of the metal increases, discrepancy between the dielectric function of bulk and nano-scale materials
tends to be negligible’®”. For all of the results discussed above, we disregarded modification of gold nano-disks
dielectric function affected by surface scattering mechanism. To carry out validation of our approach, it should
be noticed that our proposed oligomer is illuminated through an s-polarized plane wave whose electric field
is parallel to the surface of nano-disks having notably large diameters (168 nm in diameter). Therefore, excita-
tion of free electrons will be dominant along the transverse direction and, as a result, height of the nano-disks
will not considerably affect scattering performance of our plasmonic structure. To clearly illustrate, in Fig.5 the
scattering cross section for different heights of nano-disks are calculated in both normal and oblique incidence
(0 = 60°). It can be observed that by increasing the thickness of gold nano-disks, apart from a slightly higher
scattered signal of the thicker disks together with minor spectral shifts of the modal resonances potentially used
in SECARS, no significant changes are experienced in the total scattering spectra.
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Figure 5. Total SCS of the proposed oligomer for different heights of gold nano-disks (a) normal incidence, and
(b) oblique incidence of angle 60. The remaining parameters are the same as those in Fig.2.

Spectral manipulation of anapole states for SECARS applications. In this section, we demonstrate
that the optical response of our proposed plasmonic oligomer can be manipulated such that the incident beams
at the pump w,, and Stokes w; frequencies interact coherently with medium to generate the emission of the CARS
photons at the blue-shifted anti-Stokes frequency wys, i.e., was = 25 — wp“. Note that in the CARS process, one
of a four-wave mixing processes involving three laser fields interacting with the sample, not only the frequencies
of the incident and scattered light, but also the wavevectors of each beam including phases should be considered.
This fact demonstrates to be critical in the first experimental implementation into microscopy using noncol-
linear excitation of pump and Stokes visible dye laser beams®. In the plane-wave approximation for a non-

absorbing material, the CARS signal intensity depends hnearly on the term sinc? ( Ak - 1/ 2) where [ is the thick-

ness of sample, Ak the phase mismatch Ak = k — 2k + ks and k; (i = p, s, As) are the wavevectors for each
one of the interacting (pump, Stokes and anti- Stokes) lights. As a consequence, generation of the CARS signal
needs the phase-matching condition Ak - I < 7 to be fulfilled, which reveals the coherent nature of the CARS
process. Furthermore, for a very thin film the phase-matching condition is usually satisfied both in forward and
backward directions relative to the propagation direction of the excitation beams®. When using SECARS sub-
strates, the effective thickness where light interaction is enhanced typically lies under a subwavelength scale, as
it occurs in our proposal, thus enabling the phase-matching condition to be fully satisfied. Nevertheless, such
condition is further constrained to excitation under normal incidence when using a coplanar array of metallic
octamer structures®.

The observed non-radiating anapole states are interesting for CARS applications due to the several reasons:
(1)Given the lack of scattering and radiation loss in a dipole channel, a highly concentrated electromagnetic
near-field in the center of the structure is generated boosting nonlinear effects, (2) The higher-order anapole states
provide stronger energy localization and narrower resonance windows, an exotic feature that is advantageous for
nonlinear higher-harmonic generators, (3)The anapole wavelengths can be easily measured through identifying
the far-field scattered spectrum of white light from the structure. As a consequence, our observed anapole states
are nearly ideally suited for the SECARS process.

Revisiting the surface charge density distributions corresponding to AM; and AM; anapole modes shows
that the corner particles of the oligomer under study only contribute to the formation of external current loops
(not the central ones) in case of AM, mode whereas these particles are essential elements to produce current
loops corresponding to AM; mode. Since electric field hot spots of two anapole states are mostly concentrated
in the gap region of the central dimmer as seen in Fig.2d-e), it can be concluded that the central current loops
play the main role in characteristics of the observed Fano-like line profiles. It has been shown previously that
the depth of Fano-like spectral windows can be modulated by varying the LSPR coupling strength between
adjacent nanoparticles. Furthermore, the spectral position of scattering dips can be tuned through controlling
the radius of associated current loops®*®*. Following this idea, it is expected that modulating the gap distance of
the corner particles here will change the coupling strength between the nanoparticles as well as the size of main
current loops in case of AM; mode and the size of external current loops in case of AM; anapole mode. There-
fore, adjusting the gap separation between corner particles will result variations of both resonance depth and
spectral position for the AM; mode. Concerning the AM, mode, on the other hand, such an adjustment will only
affect depth of the scattering dip without displacing its spectral position. The reason of this performance can be
inferred from the size of the main (internal) current loops of the AM, mode remaining unchanged. To examine
the above qualitative analysis, we vary the gap distances of the corner particles on the top and bottom sides by
considering different values of deviations d from the initial value g = 12 nm. We numerically calculate the total
scattering spectra of the resultant system. The simulated responses are shown in Fig.6 where S = 2R+ g + d,
demonstrating the agreement with the aforementioned analysis of the anapole modes.
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Figure 6. Simulated total SCS of our proposed oligomer considering various gap distances for corner particles
denoted by the deviation S = a + d. The other geometrical parameters are chosen as the same as those in Fig.1.
The results show the independent spectral tunability of the first-order anapole mode (AM; mode) from the
second one. It can be seen that the SECARS condition is fulfilled for the deviation value of d = 40 nm.

Interestingly, the obtained results exhibit independent spectral tunability of the first-order anapole state (AM;
mode) with respect to the variations of gap distance of the corner particles on the top and bottom sides. This
feature is the design key to simply adjust spectral response of the first-order anapole mode independent from
the second one for SECARS applications.

It should be most advantageous for SECARS enhancements to tune the two anapole states at the pump and
Stokes wavelengths while the superradiant shoulder (at the blue side of the both anapole states) at the CARS
wavelength. This strategy results minimizing the radiation losses at both excitation wavelengths while maximiz-
ing the far-field coupling at the wavelength of anti-Stokes emission®. The reduction of the scattered light at the
wavelengths associated with the anapole states ensures efficient energy coupling into the nanostructure, thus
generating highly localized, intense field enhancements. In addition, the highly-radiative shoulder provides an
enhanced propagation of CARS signal to the far-field region. It can be seen the SECARS condition is fulfilled
for the deviation value of d = 40 nm as shown in Fig.7. The corresponding wavelengths are 14, = 653 nm,
/p = 720 nm, A, = 803 nm, where the Stokes frequency and the pump laser excitation frequency matches to the
first- and second-order anapole states respectively and the high-frequency shoulder overlaps with the anti-Stokes
mode. These three involved frequencies in scattering spectrum obviously satisfy was = 25 — wp.

Efficiency of the SECARS substrate is identified by maximizing the total electromagnetic field EF at the anti-
Stokes frequency through the relation®:

Gspcars = ‘E(wp) / Eo(p)

where g, g, and ga; are the localized electric field enhancements corresponding to the pump, Stokes, and anti-
Stokes frequencies, respectively. Thus, an appropriate plasmonic substrate staisfying Raman dipole-forbidden
band distribution condition of the molecule will present strong localized hot spots depending on three char-
acteristic frequencies. Spatial overlap of the hot spots at three resonant modes that form the “mixed frequency
coherent mode” is important for SECARS application and it will be useful to reach a strong EE. The spatial electric
field distributions at three involved wavelengths of our designed substrate are shown in the Fig.7b-d. The fields
are monitored at the middle height of the oligomer (z = 10 nm) and they confirm high simultaneous electric
field enhancement with the hot spots at the same spatial locations (gap of the central dimer), both necessary
conditions to yield an efficient SECARS substrate. The corresponding electric field EFs are g, = 73.3, g, = 40.6,
and gas = 26.7 leading to the total EF of Gspcars = 1.05 x 1013,

Through adjusting geometrical parameters of our proposed oligomer, the wavelengths of anti-Stokes, pump,
and Stokes modes can be freely tuned, providing a set of different wavelengths to be used in SECARS applications.
In Table 1, we have summarized the value of SECARS EF for different radius of nanoparticles where the radius
to gap ratio is considered to be fixed (R/g = 7). For the design parameters of R = 77 nm and g = 11 nm, anti-
Stokes, pump and Stokes wavelengths are obtained as A4; = 634 nm, /'Lp = 695nm, A = 769 nm, respectively.
Here, the pump frequency falls into the visible region which is of great interest in most SECARS applications.
Using this design, one can utilize a short wavelength laser to pump the substrate and materials. In addition, it
should be noted that gap spacing between nanoparticles plays a crucial role in the resonance modes and hot spot
field enhancement. Shrinking the gap distance to ¢ = 8 nm while the remaining parameters being the same as
those in Fig. 2 yields a significant SECARS enhancement Gspcars = 572 x 68.5% x 1182 ~ 10! (see Figs. S2 and
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Anti-stokes Pump Stokes
Structure R(nm) g(nm) d(nm) A(nm) 8as A(nm) & A(nm) & GSECARS
1 77 11 40 634 235 | 695 433 769 80.7 1.3 x 1013
2 84 12 40 653 267 | 720 40.6 | 803 733 |[1.05 x 1013
3 91 13 40 668 25.5 742 38.2 835 68.1 6.4 x 1012

Table 1. Evaluation of the SECARS EF with the different configuration parameters where radius to gap ratio is
considered to be constant and equal to 7.

Wps Wp Wg
| LA | I

o
o

Dq'uble-F.ano resonance
: 4 =—d =40nm |

=
o

e
»

e
w

O
[\

|
! J

600 700 800 900 1000 1100 1200
Wavelength [nm]

Scattering cross-section [umz]

o
-

Figure 7. (a) Simulated total SCS spectra of our designed SECARS substrate with deviation value of d = 40 nm
where the vertical dashed green, blue, and red lines respectively denote the A4 = 653 nm, /lp = 720 nm, and

/s = 803 nm satisfying the SECARS condition as was = 2w, — ws. Spatial distributions of the electric field
intensity corresponding to the three involved (b) anti-Stokes, (¢) pump, and (d) Stokes signals, when monitored
at the middle height of the oligomer (z = 10 nm).

S$3 in Supplementary Information) which is almost two orders of magnitude larger than those having the same
gap size reported in the literature®?, along with a red-shift of the characteristics wavelengths.

Let us conclude our discussion by highlighting that our proposal might potentially optimize its performance
through a fullwave Maxwell inverse design®”. For instance, tapered ultranarrow gaps enable field enhancements
exceeding 10% in Ref.*, suggesting that surface engineering of the central dimer in our nanostructure thus shrink-
ing the interparticle gap domain while maintaining the gap distance fixed might be favorable for the generation
of higher CARS signals. In addition, by optimizing the oligomer’s geometrical parameters, we can tune the
plasmonic substrate geometry so that its multiple resonances matches to the frequencies of the pump, Stokes,
and anti-Stokes lights in the visible as well as near infrared spectral range.

Conclusion

In summary, we have demonstrated an engineered assembly of metallic disk-shaped nanoparticles to be a highly-
efficient free-standing substrate for SECARS application. To this end, we first propose a simple plasmonic oli-
gomer structure supporting double-Fano resonance line shapes, which serves as a basis for our proposed SECARS
substrate. Expanding the total field scattered by the whole structure into Cartesian multipolar basis reveals that
the two observed characteristic dips corresponds to the so-called non-trivial first- and second-order anapole
states. Distribution of electric current loops associated with these anapole modes suggests independent spectral
tunability of the first-order anapole state through modulating gap distance of the corner particles. This feature
along with giant electric field enhancements provided by anapole states offers a simple design procedure in the
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context of SECARS applications. Notably, the electric field “hot spots” corresponding to three involved wave-
lengths, i.e., anti- Stokes, pump, and Stokes, are localized at the same spatial position, which can be exploited to
achieve a huge CARS signal field enhancement. The estimated total enhancement factor of SECARS process for
our proposed design is up to 10'° providing the highest enhancement ever-obtained for the inter-disk spacing
of g = 8nm.

Methods

Multipole expansion method. In standard electrodynamic textbooks®®, the spherical multipoles result
from the multipolar decomposition of electromagnetic fields in terms of the spherical vector harmonics. How-
ever, the complexity in interpreting the spherical basis is caused the spherical multipoles not to be analyzed
directly. To improve this situation, recently exact expressions for the localized charge current density multipoles
in the Cartesian basis were developed®*®!. It is noted that the obtained expression set implicitly comprises toroi-
dal multipole moments.

Exact Cartesian multipole decomposition. In the Cartesian coordinate system with the origin coinciding with
the mass center of the nanoparticle, the ordinary ED moment of the nanoparticle is expressed by Eq. (1) in the
main text, and the other leading multipoles up to MQ are described as

/ d3 ]1 (kir) (4)

5_3/3 C2 Tk
Qaﬂ_ja) Vd 1‘{ |:7’o¢]ﬂ+rﬁ]a 380¢ﬁ(r ]):| kar

, R ) Ja(kar) ©
+2k2 [5(c - Drarp — 1 (ralp + rpla) — r8ap(x - )] 3 }
(kar)
Ja(kar)
Qup =5 /V r[rale x Dy + 1 x D] 5 “

where dM Qa , Q are respectively the magnetic dipole (MD), electric quadrupole (EQ), and magnetic quad-
rupole (MQ) tensors 8 is the Dirac delta function, and subscripts &, 8 = x, ¥, z. Commonly, a long-wavelength
approximation is utilized making the above expressions sufficiently straightforward. The so-called toroidal dipole
moments are derived explicitly by this kind of formulation.

Approximate Cartesian multipole decomposition. Having made the small argument approximation to the
spherical Bessel functions in exact Cartesian multipole equations and keeping terms up to fourth order (kgr)* as
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the top leading multipolar moments for the meta-molecule assembly are obtained as
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where d)-Car, QE:Car QD%C“', and Q[ denote respectively magnetic dipole, electric quadrupole, magnetic quadru—
pole, and toroidal quadrupole moments of Cartesian multipole decomposition. In addition, R2, and R% g Tepre-
sent the mean-square radii corrections for the magnetic dipole and magnetic quadrupole moments, respectively””.

The partial scattering cross-sections corresponding to each multipole moment are given by

k* 2
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assuming |E;, | as the electrlc field amplitude of the incident plane wave. It is convenient to define also the mag-
nitudes C’_and C

sca
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2
T d T
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sca 67‘[80|E 10 @ (16)

which correspond to effective cross-sections of the Cartesian electric and toroidal dipoles, respectively. These
two dipoles may interfere constructively or destructively, depending on their relative phase difference, and their
combined contribution to the electric dipole scattering cross-section is described in Eq. (11).

Considering the other higher order terms are neglected in the investigated nanoantenna, the total scattering

cross-section cgg;“ from the above multipoles can be approximated as

I~ CED 4 cMD | (E M

Cég{;a C sca CSC[Z CSC(Lg CSCﬂQ ( 1 7)

It is well worth mentioning that in spite of popularity of the approximate Cartesian multipoles (known as

Cartesian multipole decomposition elements), they cannot exactly reconstruct the electrodynamic radiation
fields and the related scattering phenomena in case of large particles as well as high refractive-index particles.

Computational methods. Numerical simulations of the structure discussed in this study were carried out
using the finite element method (FEM) with the implement of COMSOL Multiphysics, where Perfectly Matched
layers (PML) were utilized to avoid spurious reflections at the surrounding boundaries of plasmonic nano-
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systems. The induced electric field E(r) inside the structure was calculated in the framework of the scattered-
field formulation. To directly determine the total scattering cross section, the scattered flux in a closed surface
surrounding the oligomer was calculated using the Poynting theorem. The surface charge density distributions
are obtained by considering the skin effect and applying Gauss’ law during FEM calculations®. In all cases, a lin-
early-polarized light with the electric field polarization along the gap axis of the central dimer (x-direction) was
used as the excitation source, where the propagation direction coincides with the z-axis. Here, Kin, Ein, and Hip
are the wave vector, electric field, and magnetic field of the incident light, respectively. To reach sufficiently high
simulation accuracy the particles need to be finely meshed. Here the maximum mesh size is 8 nm. The parameter
sweep module in this study is utilized for the spectrum simulation covering a range from 550 nm to 1200 nm.

Received: 25 January 2021; Accepted: 6 May 2021
Published online: 20 May 2021

References
. Schuller, J. A. et al. Plasmonics for extreme light concentration and manipulation. Nat. Mater. 9, 193-204 (2010).
. Mayer, K. M. & Hafner, J. H. Localized surface plasmon resonance sensors. Chem. Rev. 111, 3828-3857 (2011).
. Zhang, ]. & Zhang, L. Nanostructures for surface plasmons. Adv. Opt. Photonics 4, 157-321 (2012).
. Yu, H,, Peng, Y, Yang, Y. & Li, Z.-Y. Plasmon-enhanced light-matter interactions and applications. NP] Comput. Mater. 5, 1-14
(2019).
. Barnes, W. L, Dereux, A. & Ebbesen, T. W. Surface plasmon subwavelength optics. Nature 424, 824-830 (2003).
. Gramotnev, D. K. & Bozhevolnyi, S. I. Plasmonics beyond the diffraction limit. Nat. Photonics 4, 83-91 (2010).
7. Boisselier, E. & Astruc, D. Gold nanoparticles in nanomedicine: Preparations, imaging, diagnostics, therapies and toxicity. Chem.
Soc. Rev. 38, 1759-1782 (2009).
8. Kneipp, K., Moskovits, M. & Kneipp, H. Surface-Enhanced Raman Scattering: Physics and Applications Vol. 103 (Springer Science
& Business Media, New York, 2006).
9. Lal, S, Link, S. & Halas, N. J. Nano-optics from sensing to waveguiding. Nat. Photonics 1, 641-648 (2007).
10. Rahmani, M., LuKyanchuk, B. & Hong, M. Fano resonance in novel plasmonic nanostructures. Laser Photonics Rev. 7, 329-349
(2013).
11. Francescato, Y., Giannini, V. & Maier, S. A. Plasmonic systems unveiled by Fano resonances. ACS Nano 6, 1830-1838 (2012).
12. Verellen, N. et al. Fano resonances in individual coherent plasmonic nanocavities. Nano Lett. 9, 1663-1667 (2009).
13. Fano, U. Effects of configuration interaction on intensities and phase shifts. Phys. Rev. 124, 1866 (1961).
14. Yang, S.-C. et al. Plasmon hybridization in individual gold nanocrystal dimers: Direct observation of bright and dark modes. Nano
Lett. 10, 632-637 (2010).
15. Chu, M.-W. et al. Probing bright and dark surface-plasmon modes in individual and coupled noble metal nanoparticles using an
electron beam. Nano Lett. 9, 399-404 (2009).
16. Gémez, D. et al. The dark side of plasmonics. Nano Lett. 13, 3722-3728 (2013).
17. Hao, F, Larsson, E. M., Ali, T. A, Sutherland, D. S. & Nordlander, P. Shedding light on dark plasmons in gold nanorings. Chem.
Phys. Lett. 458, 262-266 (2008).
18. Wang, H. et al. Symmetry breaking in individual plasmonic nanoparticles. Proc. Natl. Acad. Sci. USA 103, 10856-10860 (2006).
19. Fang, Z. et al. Removing a wedge from a metallic nanodisk reveals a Fano resonance. Nano Lett. 11, 4475-4479 (2011).
20. Le, K. Q, Ali, A. & Bai, J. Multiple Fano interferences in a plasmonic metamolecule consisting of asymmetric metallic nanodimers.
J. Appl. Phys. 117, 023118 (2015).
21. Yan, C. & Martin, O. J. Periodicity-induced symmetry breaking in a Fano lattice: Hybridization and tight-binding regimes. ACS
Nano 8, 1186011868 (2014).
22. Sheikholeslami, S., Jun, Y.-W., Jain, P. K. & Alivisatos, A. P. Coupling of optical resonances in a compositionally asymmetric plas-
monic nanoparticle dimer. Nano Lett. 10, 2655-2660 (2010).
23. Lombardi, A. et al. Optical response of individual Au-Ag@ SiO2 heterodimers. ACS Nano 7, 2522-2531 (2013).
24. Fan,]. A. et al. Dna-enabled self-assembly of plasmonic nanoclusters. Nano Lett. 11, 4859-4864 (2011).
25. Dregely, D., Hentschel, M. & Giessen, H. Excitation and tuning of higher-order Fano resonances in plasmonic oligomer clusters.
ACS Nano 5, 8202-8211 (2011).
26. Kottmann, J. P. & Martin, O. ]. Retardation-induced plasmon resonances in coupled nanoparticles. Opt. Lett. 26, 1096-1098 (2001).
27. Sancho-Parramon, J. & Bosch, S. Dark modes and Fano resonances in plasmonic clusters excited by cylindrical vector beams. ACS
Nano 6, 8415-8423 (2012).
28. Zhang, S., Bao, K., Halas, N. ., Xu, H. & Nordlander, P. Substrate-induced Fano resonances of a plasmonic nanocube: A route to
increased-sensitivity localized surface plasmon resonance sensors revealed. Nano Lett. 11, 1657-1663 (2011).
29. Shen, Y. et al. Plasmonic gold mushroom arrays with refractive index sensing figures of merit approaching the theoretical limit.
Nat. Commun. 4, 1-9 (2013).
30. Fan, J. A. et al. Fano-like interference in self-assembled plasmonic quadrumer clusters. Nano Lett. 10, 4680-4685 (2010).
31. Xu, H,, Bjerneld, E. J., Kéll, M. & Borjesson, L. Spectroscopy of single hemoglobin molecules by surface enhanced Raman scatter-
ing. Phys. Rev. Lett. 83, 4357 (1999).
32. Rycenga, M. et al. Generation of hot spots with silver nanocubes for single-molecule detection by surface-enhanced Raman scat-
tering. Angew. Chem. Int. Ed. 50, 5473-5477 (2011).
33. Wang, L., Qu, ], Song, . & Xian, J. A novel plasmonic nanolaser based on Fano resonances with super low threshold. Plasmonics
12, 1145-1151 (2017).
34. Niu, X. et al. Plasmon-induced transparency effect for ultracompact on-chip devices. Nanophotonics 8, 1125-1149 (2019).
35. Fang, Y., Lou, Y. & Ruan, Z. On-grating graphene surface plasmons enabling spatial differentiation in the terahertz region. Opt.
Lett. 42, 3840-3843 (2017).
36. Sheikholeslami, S. N., Garcia-Etxarri, A. & Dionne, J. A. Controlling the interplay of electric and magnetic modes via Fano-like
plasmon resonances. Nano Lett. 11, 3927-3934 (2011).
37. Liu, S.-D. et al. Excitation of multiple Fano resonances in plasmonic clusters with D2h point group symmetry. J. Phys. Chem. C
117, 14218-14228 (2013).
38. Prodan, E., Radloff, C., Halas, N. J. & Nordlander, P. A hybridization model for the plasmon response of complex nanostructures.
Science 302, 419-422 (2003).
39. Li, Q & Zhang, Z. Bonding and anti-bonding modes of plasmon coupling effects in TiO2-Ag core-shell dimers. Sci. Rep. 6, 19433
(2016).

[ S

N

Scientific Reports |

(2021) 11:10639 | https://doi.org/10.1038/s41598-021-90061-5 nature portfolio



www.nature.com/scientificreports/

40. Joe, Y. S., Satanin, A. M. & Kim, C. S. Classical analogy of Fano resonances. Phys. Scr. 74, 259 (2006).

41. Lovera, A,, Gallinet, B., Nordlander, P. & Martin, O. J. Mechanisms of Fano resonances in coupled plasmonic systems. ACS Nano
7,4527-4536 (2013).

42. Rahmani, M. et al. Influence of plasmon destructive interferences on optical properties of gold planar quadrumers. Nanotechnology
22, 245204 (2011).

43. Bakhti, S., Destouches, N. & Tishchenko, A. V. Coupled mode modeling to interpret hybrid modes and Fano resonances in plas-
monic systems. ACS Photonics 2, 246-255 (2015).

44. Attaran, A. et al. Circuit model of Fano resonance on tetramers, pentamers, and broken symmetry pentamers. Plasmonics 9,
1303-1313 (2014).

45. Gallinet, B. & Martin, O. J. Ab initio theory of Fano resonances in plasmonic nanostructures and metamaterials. Phys. Rev. B 83,
235427 (2011).

46. Hu, H.-J. et al. Fano resonances with a high figure of merit in silver oligomer systems. Photonics Res. 6, 204-213 (2018).

47. Zhang, Y. et al. Coherent anti-Stokes Raman scattering with single-molecule sensitivity using a plasmonic Fano resonance. Nat.
Commun. 5, 1-7 (2014).

48. Begley, R., Harvey, A. & Byer, R. L. Coherent anti-Stokes Raman spectroscopy. Appl. Phys. Lett. 25, 387-390 (1974).

49. Cheng, J.-X., Volkmer, A. & Xie, X. S. Theoretical and experimental characterization of coherent anti-Stokes Raman scattering
microscopy. JOSA B 19, 1363-1375 (2002).

50. Boyd, R. W. Nonlinear Optics (Academic Press, Cambridge, 2020).

51. He, ], Fan, C,, Ding, P,, Zhu, S. & Liang, E. Near-field engineering of Fano resonances in a plasmonic assembly for maximizing
CARS enhancements. Sci. Rep. 6, 20777 (2016).

52. Zhang, J. et al. An engineered CARS substrate with giant field enhancement in crisscross dimer nanostructure. Sci. Rep. 8, 1-9
(2018).

53. Zhang, Y., Wen, E, Zhen, Y.-R., Nordlander, P. & Halas, N. J. Coherent Fano resonances in a plasmonic nanocluster enhance optical
four-wave mixing. Proc. Natl. Acad. Sci. U.S.A. 110, 9215-9219 (2013).

54. Savinov, V. Novel toroidal and superconducting metamaterials Ph.D. thesis, Univ. Southampton (2014).

55. Liu, L. et al. Toroidal dipolar response in plasmonic nanoparticle clusters. J. Phys. D 51, 035106 (2018).

56. Tang, C. et al. Toroidal dipolar excitation in metamaterials consisting of metal nanodisks and a dielectrc spacer on metal substrate.
Sci. Rep. 7, 1-8 (2017).

57. Savinov, V., Papasimakis, N., Tsai, D. & Zheludev, N. Optical anapoles. Commun. Phys. 2, 1-4 (2019).

58. Atay, T, Song, J.-H. & Nurmikko, A. V. Strongly interacting plasmon nanoparticle pairs: From dipole-dipole interaction to con-
ductively coupled regime. Nano Lett. 4, 1627-1631 (2004).

59. Manjavacas, A. & De Abajo, F. G. Tunable plasmons in atomically thin gold nanodisks. Nat. Commun. 5, 1-7 (2014).

60. Garcia de Abajo, E J. Nonlocal effects in the plasmons of strongly interacting nanoparticles, dimers, and waveguides. J. Phys. Chem.
C 112, 17983-17987 (2008).

61. Yue, W. et al. Amplification of surface-enhanced Raman scattering due to substrate-mediated localized surface plasmons in gold
nanodimers. J. Mater. Chem. 5, 4075-4084 (2017).

62. Johnson, P. B. & Christy, R.-W. Optical constants of the noble metals. Phys. Rev. B 6, 4370 (1972).

63. Huang, Y. et al. Hybridized plasmon modes and near-field enhancement of metallic nanoparticle-dimer on a mirror. Sci. Rep. 6,
1-9 (2016).

64. Alaee, R, Rockstuhl, C. & Fernandez-Corbaton, I. An electromagnetic multipole expansion beyond the long-wavelength approxi-
mation. Opt. Commun. 407, 17-21 (2018).

65. Gurvitz, E. A. et al. The high-order toroidal moments and anapole states in all-dielectric photonics. Laser Photonics Rev. 13, 1800266
(2019).

66. Yang, Y., Zenin, V. A. & Bozhevolnyi, S. I. Anapole-assisted strong field enhancement in individual all-dielectric nanostructures.
ACS Photonics 5, 1960-1966 (2018).

67. Kim, K.-H. & Rim, W.-S. Anapole resonances facilitated by high-index contrast between substrate and dielectric nanodisk enhance
vacuum ultraviolet generation. ACS Photonics 5, 4769-4775 (2018).

68. Baryshnikova, K. V., Smirnova, D. A., LuKyanchuk, B. S. & Kivshar, Y. S. Optical anapoles: Concepts and applications. Adv. Opt.
Mater. 7, 1801350 (2019).

69. Wu, P. C. et al. Optical anapole metamaterial. ACS Nano 12, 1920-1927 (2018).

70. Basharin, A. A., Chuguevsky, V., Volsky, N., Kafesaki, M. & Economou, E. N. Extremely high Q-factor metamaterials due to anapole
excitation. Phys. Rev. B 95, 035104 (2017).

71. Tian, J. et al. Active control of anapole states by structuring the phase-change alloy Ge,Sb;Tes. Nat. Commun. 10, 1-9 (2019).

72. Talebi, N., Guo, S. & van Aken, P. A. Theory and applications of toroidal moments in electrodynamics: their emergence, charac-
teristics, and technological relevance. Nanophotonics 7, 93-110 (2018).

73. Gupta, M. et al. Sharp toroidal resonances in planar terahertz metasurfaces. Adv. Mater. 28, 8206-8211 (2016).

74. Yang, Y. et al. Multimode directionality in all-dielectric metasurfaces. Phys. Rev. B 95, 165426 (2017).

75. Gongora, J. S. T, Favraud, G. & Fratalocchi, A. Fundamental and high-order anapoles in all-dielectric metamaterials via Fano-
Feshbach modes competition. Nanotechnology 28, 104001 (2017).

76. Grahn, P, Shevchenko, A. & Kaivola, M. Electromagnetic multipole theory for optical nanomaterials. New J. Phys. 14, 093033
(2012).

77. Nemkov, N. A, Basharin, A. A. & Fedotov, V. A. Electromagnetic sources beyond common multipoles. Phys. Rev. A 98, 023858
(2018).

78. Derkachova, A., Kolwas, K. & Demchenko, I. Dielectric function for gold in plasmonics applications: Size dependence of plasmon
resonance frequencies and damping rates for nanospheres. Plasmonics 11, 941-951 (2016).

79. Ye, Y., Chen, T., Liu, Z. & Yuan, X. Effect of surface scattering of electrons on ratios of optical absorption and scattering to extinc-
tion of gold nanoshell. Nanoscale Res. Lett. 13, 1-11 (2018).

80. Duncan, M. D,, Reintjes, J. & Manuccia, T. Scanning coherent anti-Stokes Raman microscope. Opt. Lett. 7, 350-352 (1982).

81. Choi, D. S, Jeoung, S. C. & Chon, B.-H. Thickness dependent CARS measurement of polymeric thin films without depth-profiling.
Opt. Express 16, 2604-2613 (2008).

82. Hua, X. et al. Nature of surface-enhanced coherent Raman scattering. Phys. Rev. A 89, 043841 (2014).

83. Lassiter, J. B. et al. Fano resonances in plasmonic nanoclusters: Geometrical and chemical tunability. Nano Lett. 10, 3184-3189
(2010).

84. Hentschel, M. et al. Transition from isolated to collective modes in plasmonic oligomers. Nano Lett. 10, 2721-2726 (2010).

85. Ichimura, T., Hayazawa, N., Hashimoto, M., Inouye, Y. & Kawata, S. Local enhancement of coherent anti-Stokes Raman scattering
by isolated gold nanoparticles. J. Raman Spectrosc. 34, 651-654 (2003).

86. Chew, H., Wang, D.-S. & Kerker, M. Surface enhancement of coherent anti-Stokes Raman scattering by colloidal spheres. JOSA B
1, 56-66 (1984).

87. Michon, J., Benzaouia, M., Yao, W, Miller, O. D. & Johnson, S. G. Limits to surface-enhanced Raman scattering near arbitrary-
shape scatterers. Opt. Express 27, 35189-35202 (2019).

Scientific Reports|  (2021) 11:10639 | https://doi.org/10.1038/s41598-021-90061-5 nature portfolio



www.nature.com/scientificreports/

88. Kim, K.-H. & Rim, W.-S. Strongly resonant metasurfaces supported by reflective substrates for highly efficient second-and high-
harmonic generations with ultralow pump intensity. Phys. Chem. Chem. Phys. 21, 19076-19082 (2019).

89. Jackson, J. D. Classical electrodynamics (1999).

90. Raab, R. E,, De Lange, O. L., de Lange, O. L. et al. Multipole theory in electromagnetism: classical, quantum, and symmetry aspects,
with applications, vol. 128 (Oxford University Press on Demand, 2005).

91. Alaee, R., Rockstuhl, C. & Fernandez-Corbaton, I. Exact multipolar decompositions with applications in nanophotonics. Adv. Opt.
Mater. 7, 1800783 (2019).

92. Huang, Y. et al. Tunable lattice coupling of multipole plasmon modes and near-field enhancement in closely spaced gold nanorod
arrays. Sci. Rep. 6, 23159 (2016).

Author contributions
C.J.Z-R. led this study. M.G. conceived the idea and completed the numerical simulation. M.K.H. and C.J.Z-R.
discussed the results and contributed to the manuscript. M.G. wrote the manuscript and all authors reviewed it.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-90061-5.

Correspondence and requests for materials should be addressed to M.G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:10639 | https://doi.org/10.1038/s41598-021-90061-5 nature portfolio


https://doi.org/10.1038/s41598-021-90061-5
https://doi.org/10.1038/s41598-021-90061-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Anapole-assisted giant electric field enhancement for surface-enhanced coherent anti-Stokes Raman spectroscopy
	Results and discussion
	Double-Fano resonant structure. 
	Theoretical investigation of asymmetric double-Fano resonance mode. 
	Dependence of double-Fano resonance mode on the oligomer’s size. 
	Dependence of double-Fano resonance mode on the excitation angle. 

	Spectral manipulation of anapole states for SECARS applications. 

	Conclusion
	Methods
	Multipole expansion method. 
	Exact Cartesian multipole decomposition. 
	Approximate Cartesian multipole decomposition. 

	Computational methods. 

	References


