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Abstract: The linear and nonlinear optical properties of
metallic nanoparticles have attracted considerable exper-
imental and theoretical research interest. To date, most
researchers have focused primarily on exploiting their plas-
mon excitation enhanced near-field and far-field responses
and related applications in sensing, imaging, energy har-
vesting, conversion, and storage. Among numerous plas-
monic structures, nanoparticle dimers, being a structurally
simple and easy-to-prepare system, hold significant impor-
tance in the field of nanoplasmonics. In highly symmetric
plasmonic nanostructures, although the odd-order optical
nonlinearity of the near-surface region will be improved
because of the enhanced near-fields, even-order nonlinear
processes such as second-harmonic generation (SHG) will
still be quenched and thus optically forbidden. Under this
premise, it is imperative to introduce structural symmetry
breaking to realize plasmon-enhanced even-order optical
nonlinearity. Here, we fabricate a series of nanoparticle
dimers each composed of two gold nanospheres with differ-
ent diameters and subsequently investigate their structural
asymmetry dependent linear and nonlinear optical proper-
ties. We find that the SHG intensities of gold nanosphere
dimers are significantly enhanced by structural asymme-
try under off-resonance excitation while the plasmonic
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near-field enhancement mainly affects SHG under on-
resonance excitation. Our results reveal that symmetry
breaking will play an indispensable role when designing
novel coupled plasmonic nanostructures with enhanced
nonlinear optical properties.
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1 Introduction

In the past two decades, plasmonic metal nanoparticles
have attracted widespread attention due to their poten-
tial applications in catalysis, clinical diagnostics, optical
data storage, etc. [1]-[6] Among different nanostructures,
nanoparticle dimers composed of two nanospheres are
promising candidates for generating huge electromagnetic
fields in their gap region [7]-[9]. The nanosphere dimers
possess rich plasmonic properties and are easy to fabricate,
which makes them an appropriate platform for studying
linear and nonlinear optical phenomena. Furthermore, the
plasmonic modes of the dimer originate from the near-field
interaction between the strongly localized surface plasmon
resonance (LSPR) of each nanosphere, which can be modu-
lated easily and efficiently by modifying the nanosphere size
or gap distance [10].

The tightly confined electromagnetic field in the gap
of nanosphere dimers promotes nonlinear optical effects
such as second-harmonic generation (SHG), which makes
them an excellent platform to study and control nonlin-
ear light-matter interactions at the nanoscale [11]-[16].
The radiation at the double frequency 2w is produced
by the nonlinear polarization P(2®) generated by the
interaction between the fundamental electric field E(w)
and the medium. Two photons at the fundamental fre-
quency w are converted into one photon at the second
harmonic (SH) frequency 2w, which can be described as
[17], [18]

B open Access. © 2024 the author(s), published by De Gruyter. [ EXN This work is licensed under the Creative Commons Attribution 4.0 International License.


https://doi.org/10.1515/nanoph-2024-0118
mailto:dangylei@cityu.edu.hk
https://orcid.org/0000-0002-8963-0193
https://orcid.org/0000-0001-8983-9192
https://orcid.org/0000-0002-8699-6181

2 = Y.Wang et al.: Symmetry-breaking-induced off-resonance second-harmonic generation

PQw) = y?: E(w)E(w) )]

where @ is the second-order nonlinear susceptibility ten-
sor. Similarly, applying the space inversion operation to the
system, we have

—PQw) = y?: (—E(w)) (—E(w))
= y9: E(w)E(w) @

From the Equations (1) and (2), it can be seen that in the
dipole approximation, the SHG emission is forbidden in a
centrosymmetric medium, P(2w) = —P2w) = 0.

So far, the research on plasmonic dimers mainly focuses
on metallic nanoparticles made of gold, silver, and copper,
where SHG is forbidden in the bulk because of the micro-
scopically centrosymmetric arrangement of their atoms.
As such, observed SHG signals are ascribed to (1) surface
dipolar susceptibility, and (2) bulk quadrupole contribution
originating from the retardation effect [19], [20]. Generally,
the SHG output of metallic nanoparticles is highly sensitive
to both their shape and size. The nonlinear-optical con-
version efficiency can be significantly impacted by shape
imperfections that introduce local symmetry breaking [21],
[22], potentially leading to enhanced SHG [23]. Further-
more, nanoparticles made of non-centrosymmetric materi-
als demonstrate efficient SHG [24] which can be used for
nonlinear optical microscopy [25], nonlinear phase control
[26] and sensing [27].

The concept of SHG sensitivity to the local symme-
try can be naturally extended to the structural mesoscopic
symmetry of plasmonic nanoobjects. Indeed, in symmetric
gold nanoparticle dimers, though LSPR strongly enhances
local electric fields and thus nonlinear polarization in the
near field [16], [28], the far-field SHG emission is limited by
the structural symmetry of the dimers. However, once the
symmetry is broken, the cancellation is incomplete result-
ing in the generation of SH light [29]-[33]. In our previous
investigation, we delved into a nanoparticle-on-film config-
uration as an extreme asymmetric case, contrasting with a
symmetric dimer [33]. We observed that, under the same
excitation and collection conditions, the SHG intensity of a
gold nanosphere-on-film system exceeds that of a weakly
asymmetric gold nanosphere dimer by more than 13-fold.
In this work, our principal focus lies in the systematic
exploration of SHG within aymmetric dimers, where the
emphasis is placed on the gradual modulation of structural
symmetry. To reflect the mesoscopic symmetry of the nanos-
tructure, we introduce an effective nonlinear susceptibility
denoted as PQ2w) = ;(e(?: E(w)E(w). Here, E(w) refers to the
LSPR-enhanced electric field in the plasmonic hotspot, and
)(g% = 0 in symmetric dimers. We analyze the SHG originat-
ing in the geometric symmetry breaking in Au nanosphere
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dimers in both off- and on-resonant conditions. Performing
nonlinear micro-spectroscopy of single dimers allows us to
study the impact of gradually increased structural asym-
metry on the far-field SHG intensity. We focus on individ-
ual nanosphere dimers rather than regular arrays, thereby
eliminating any potential influence arising from collective
effects, such as plasmonic surface lattice resonance (SLR)
and other analogous phenomena [34]. We outline sym-
metry breaking and plasmon-driven near-field enhance-
ment as two principal mechanisms responsible for the
observed SHG increase with the dimer asymmetry. Although
the near-field enhancement still dominates the SHG emis-
sion under the on-resonant excitation condition, the SHG
intensities of gold nanoparticle dimers can be significantly
enhanced by structural asymmetry under the off-resonant
condition.

2 Results and discussion

The dimers used in this paper are prepared on Si/SiO, sub-
strates. In a dimey, the two spherical nanoparticles are sep-
arated by a nanosize gap hosting alkanedithiol molecules
[10], [35]-[37]. The advantage of Au—S bonds for realization
of the dimer assembly is that the gap distance can be steadily
controlled and remains homogeneous (see Section S1). In
this work we find the gap width of about 1.3 nm, resulting
in a strong localization and enhancement of the electromag-
netic fields. Figure 1(a)—(d) shows the geometry of the pre-
pared gold nanodimer. The degree of asymmetry of a dimer
isdefined by 6 = |d; — d,|/(d; + d,) where d1,2 are the diame-
ters of the two nanospheres. All dimers are assembled from
60 nm, 80 nm, and 100 nm gold spheres (see Figure 1(a)—(d))
with 6 =0, 0.11, 0.14, and 0.25 (color-coded red, blue, orange,
and green, respectively). Figure 1(e)—(h) show the measured
dark-field (DF) scattering spectra of individual dimers with
different symmetries under unpolarized excitation. A sin-
gle stronger peak originating from the longitudinal bond-
ing dipolar plasmon (LBDP) mode occurs between 700 nm
and 800 nm, varying with the structural parameters of
dimers [38]. The dimer’s DF images and scanning electron
microscopy (SEM) images are also shown alongside the DF
spectra to better illustrate the scattering pattern and mor-
phology of the nanosphere dimer with different symme-
tries. We specify the resonant wavelength of LBDP mode
on the scattering spectra obtained from experiments with
the error bar obtained from multiple measurements (see
Figure S1 in Supporting Information). Single-particle opti-
cal characterization allowed us to exclude monomers
and randomly formed oligomers from the target dimers
(Figure S3(b) in Supporting Information) [39].
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Figure 1: Linear optical properties of dimers with varied degree of structural asymmetry. (a-d) Schematic illustrations of fabricated symmetric and
asymmetric dimers, where the diameters of the two spheres and their degree of asymmetry 6 are labeled. (e-h) Measured DF scattering spectra of
dimers with different degrees of asymmetry, where the peak position of each LBDP mode and its error bar are marked. The solid lines are Lorentz fits
to the scattering spectra (black dots). The scale bar in the DF image is 500 nm, and in the SEM image is 50 nm.
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To better understand the nature of the modes of scat-
tering peaks of the dimer, we further analyzed the plasmon
hybridization modes by adding a polarizer in the collection
optical path (Figure S3(a) in Supporting Information). It is
generally accepted that plasmon coupling can be considered
analogous to molecular hybridization [40], [41]. The dimer
plasmons can be regarded as a combination of bonding and
anti-bonding, that is, as a hybridization of single nanoparti-
cle plasmons. The plasma modes of the two particles in the
dimer (¥, and ¥,) can hybridize either in-phase (¥; + ¥,)
or out-of-phase (¥, — ¥,). When the optical field is polar-
ized along the inter-particle axis, i.e. longitudinal polariza-
tion, the in-phase hybridization mode reflects the bonding
mode (denoted as o), the electric field in the gap of the
dimer is enhanced, and the LSPR frequency is red-shifted.
The out-of-phase hybridization mode is the anti-bonding
mode (denoted as ¢ *), with the electric field along the
short axis of the dimer and a blue-shifted LSPR frequency
[41]. Conversely, when the polarization is along the short
axis of the dimer, i.e. transverse polarization, the in-phase
hybridization mode is an anti-bonding mode (7 *), while
the out-of-phase hybridization mode represents the bonding
mode (7).

Figure 2(a) and (b) demonstrate the typical plasmon
hybridization models of symmetric (6 = 0) and asymmetric
(6 = 0.14) gold nanosphere dimers in this work. Consistent
with the predictions of the plasmonic hybridization model,
the scattering spectra of the symmetric dimers show two
distinct modes. By rotating the polarizer in the collection
optical path, the scattering spectra of the longitudinal and
transverse polarization can be obtained. The Lorentz fitting
curves of experimental results for these two cases are plot-
ted in Figure 2(c). It can be seen that, whether it is longi-
tudinal or transverse coupling, only the in-phase mode is
optically allowed. In all intermediate angular orientations,
the scattering spectrum is a linear combination of the two
orthogonal modes [42], shown in Figure 2(e) as a function
of the polarizer angle. Although it is not possible in optical
scattering experiments to independently know the angle
of the polarizer relative to the inter-particle axis, we were
able to assign the two modes through theoretical analysis
[41]. Please note that in order to demonstrate the difference
between symmetrical and asymmetrical dimers, here we
uniformly set the inter-particle axis to 0° instead of the real
reading of the polarizer.

Likewise, Figure 2(d) shows the scattering spectra of
longitudinal and transverse polarization of the asymmetric
dimer. Both spectra contain two modes. This observation
contrasts with the symmetric dimer, as expected according
to the plasma hybridization model shown in Figure 2(b).
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The in-phase hybridization (¥, + ¥,) and the out-of-phase
hybridization (¥; — ¥,) can be observed simultaneously,
regardless of the longitudinal and transverse polarizations.
That is, 0™ and =, which are dark in symmetric dimers,
turn bright in asymmetric dimers, because of an incomplete
cancellation of the dipoles of the two different size particles
[43]. In the weak coupling regime, the intensity of the out-of-
phase mode will be much weaker than that of the in-phase
mode. Similarly, Figure 2(f) shows the scattering spectra of
an asymmetric dimer at intermediate angles between the
longitudinal and transverse polarizations.

The scattering intensity at the LSPR wavelength
changes when rotating the polarizer, allowing us to deter-
mine the exact orientation of the dimer and the relative
efficiency of the excitation of the LSPR modes. In Figure 2(g)
and (h), the scattering intensities of the bonding mode (red)
and anti-bonding mode (black) of the symmetric and asym-
metric dimers are shown as a function of polarization angle
in polar coordinates. In a good agreement with the SEM
characterization, the scattering efficiency exhibits a max-
imum at an axis angle of about ~130° for the symmetric
dimer and about ~80° for the asymmetric dimer due to their
respective longitudinal bonding dipolar plasmon (LBDP)
mode along the dimer axis [44]-[46]. The data associated
with the transverse anti-bonding dipolar plasmon (TADP)
mode, where the excited dipole moment is directed per-
pendicular to the dimer axis, is magnified five times for
ease of display. The typical dipole-like pattern observed in
experiments can be fitted by the cosine-square function,
as shown by the dots and lines in Figure 2(g) and (h). The
degree of polarization (DoP) defined as

DoP = Inax = Inin 3)
max + Irnin

can be used to quantitatively describe the dipole-like pat-
tern polarization, where I, (I,;;,) i the maximum (mini-
mum) intensity parallel (perpendicular) to the dipole axis.
In our case, a stronger linear polarization response was
observed for the symmetric dimer (6 =0, DoP 0f 0.8 and 0.97
for TADP and LBDP, respectively) than for the asymmetrical
dimer (6 = 0.14, DoP of 0.27 for TADP and 0.76 for LBDP).
Furthermore, as the § continued to increase, a decrease in
the DoP was observed (6 = 0.25, the DoP of TADP is 0.39, and
the DoP of LBDP is 0.68). The noticeable reduction of DoP
in asymmetric dimers indicates the non-negligible coupling
between the plasmon modes. Originating in the geometric
symmetry breaking, this coupling can be a fingerprint of
the mode hybridization, modulating the distribution of the
electric field in the gap. In turn, the latter is key for the
asymmetry driven SHG response of the nanosphere dimers,
as we discuss below.
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Figure 2: Linear optical properties of symmetric and asymmetric gold nanoparticle dimer. (a, b) Plasmon hybridization models for a symmetric dimer
(a) and an asymmetric dimer (b). (c, d) Transverse (black line) and longitudinal (red line) coupled modes in a symmetric gold nanoparticle dimer
(c), where the in-phase mode is the only bright mode that can be optically detected in the far field. In contrast, an active out-of-phase mode is observed
in the asymmetric dimer (d). These spectra are derived from Lorentz fitting of experimental data. (e, f) Scattering spectra of a symmetric (e) and
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Figure 3: Analysis of the SH origin in gold nanosphere dimers with different symmetry conditions. (a-d) Schematics of the SH origin in the nano-
sphere dimers with varying degrees of asymmetry 6. Red thick arrows indicate the dipolar response to the driving field oriented along the nanogap
axis, EL. Purple arrows represent the induced 2w dipoles responsible for the far-field SH radiation. (e-h) Simulated near-field polarization

distributions, P.

, P, 2> at the fundamental wavelength of 900 nm for the structures in (a-d) with a gap g = 1.3 nm. The Scale bar in (e) is 2 nm.

(i-1) Calculated near-field polarization distributions, P?Zm, at the SH wavelength induced by the respective fundamental fields (Egation (1)), which are
significant only at the interface of the centrosymmetric metal. (m-p) SH polarization distributions resulting from the non-resonant local surface
plasmon (LSP) coupling of the surface nonlinear sources in (i-1) to the dimers.

For qualitatively understand the modulation mech-
anism of symmetry breaking on the SHG, we have
numerically analyzed nanosphere dimers with different
symmetries. The permittivity of gold nanosphere was taken
from the empirical data given by Johnson and Christy [47].
The dielectric permittivity of alkanedithiol, similar to that
of polyethylene, is approximately 2.25 [48]—[52]. The simula-
tions are based on a phenomenological free electron model
(see Section S2). The fundamental light polarized along the
main dimer axis excites the LBDP mode. For centrosymmet-
ric metals, the main component of the nonlinear suscepti-
bility tensor x| originates from the metal surface [53].

For the symmetric dimer shown in Figure 3(a), the SH
dipole moments are equal at both sides of the nanogap but
point in the opposite directions. As such, the far-field SHG
radiation is quenched by the destructive interference of the

opposite dipoles, as shown in Figure 3(i) and (m). In the case
of several asymmetric dimers shown in Figure 3(b)—-(d), the
SH dipole moments still demonstrate an anti-bonding distri-
bution, but the structural asymmetry results in their imbal-
ance leading to the non-vanishing far-field SHG output. The
fundamental frequency field (Figure 3(e)-(h)) is driven by
an incident plane wave, resulting in the field enhancement
inside the gap. The SH field (Figure 3(m)-(p)) is driven by
nonlinear polarization source at the metal surface [54]. Sym-
metry breaking in an asymmetric dimer occurs through two
aspects: (1) local SHG polarization (PS’ZUJ in Figure 3(j))-(1)
has an asymmetric distribution on the surface; (2) global
SHG polarization (PIZJ’S;; in Figure 3(n)-(p)). Because of the
larger surface area, the nonlinear polarization is always
stronger on the larger sphere than that on the smaller
one.

asymmetric (f) gold nanoparticle dimer at intermediate polarization angles between longitudinal mode (0°) and transverse mode (90°). The more

transparent lines in the background are experiment data, and the solid curves are obtained by Lorentz fitting. (g, h) Measured (dots) and fitted (line)
polar plots of polarization-resolved scattering intensities for the transverse (black) and longitudinal (red) modes in the symmetric (g) and asymmetric
(h) dimer, with their intensity maximum axes in good agreement with the dimer orientation shown in SEM micrographs. The scale bar in the SEM image
is 50 nm. The transverse mode (black) is enlarged by 5 times for better display.
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In our experiments, the output of a femtosecond
laser (Chameleon, 140 fs pulse duration, 80 MHz repetition
rate) at fundamental wavelengths of 800 nm, 900 nm, and
1000 nm was focused on the sample by a high numerical
aperture microscope objective (MPlanApo 480 100X, Olym-
pus, NA = 0.95), as shown in Figure 4(a). The SHG emitted
by the dimers is collected with the same objective and then
reflected into the spectrograph by two beam splitters (BS).
A 600 nm short-pass filter was inserted in the detection
path, which removed the pump laser and allowed the SHG
signal to pass. We were unable to observe SHG from a gold
monomer under the average input power (~600 pW) used
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in the experiments due to the lack of symmetry breaking, as
described above.

We measured SHG response of dimers with different
degree of asymmetry 6 while maintaining excitation at
800 nm wavelength, as shown in Figure 4(d). Employing the
fundamental radiation polarized along the main axis of the
dimers, we were able to resonantly excite the LBDP mode
providing the strongest enhancement of the electric field in
the dimer gap. For different §, a prominent SHG peak in the
spectrum is observed at 400 nm wavelength, accompanied
by broad two-photon luminescence (TPL) with compara-
ble intensity. The quadrupole contribution is responsible
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Figure 4: Nonlinear-optical properties of dimers with varied degrees of asymmetry. (a) Schematic diagram of experimental setup. (b) SHG peak
intensities as a function of pump power in a log-log plot. (c) Excitation wavelength dependent SHG intensities measured for the dimer with & = 0.11
(green dots). The linear scattering spectrum is shown for comparison. SH emission spectra of four gold nanosphere dimers with varied degree of
structural asymmetry, measured at excitation wavelengths of 800 nm (d), 900 nm (e), and 1000 nm (f), respectively. The circles are experimental data
points, and the solid lines represent Gaussian fitting. Under the on-resonance excitation at 800 nm, the SHG peak intensity obtained by fitting
(histogram, left axis) shows consistency with the calculated near-field enhancement at the excitation wavelength (dots and line, right axis), as shown in
(g). Under off-resonance excitation wavelengths of 900 nm (h) and 1000 nm (i), the higher the degree of structural asymmetry, the larger the SHG peak

intensity.
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for the non-zero SHG output of the dimer with 6 = 0 in
our experiments, indicating stronger field gradients in the
dimer system [55], [56]. Additionally, slight asymmetries due
to size dispersion of the nanospheres may also contribute to
the observed weak SHG. Figure 4(b) present the log-log plots
of SHG signals as a function of the pump power. The lin-
ear fits to the power-dependent evolutions reveal slopes of
~2, confirming the second-order nature of SHG processes.
Figure 4(g) shows SHG intensity at different 6 as histograms.
Contrary to our previous expectations, the largest SHG was
not observed when 6 was the largest.

To understand this behavior, we calculated the near-
field enhancement of the electric field in the gap of dimers
with different 6. When the particle size is changed, the
LBDP resonance of dimers shifts, and respective near-
field enhancement at 800 nm changes. It can be seen from
Equation (1) that the SHG intensity is proportional to the
fourth power of the locally enhanced field inside the dimer
gap. We note that the plasmon-induced field enhancement
at the double frequency can be ignored due to the strong
contribution of the interband transitions in Au below the
~530 nm wavelength. In Figure 4(g), the histogram shows
the SHG intensities of dimers with different 6, while the
corresponding calculated fourth power of the electric field
enhancement inside the gap at the wavelength of 800 nm
is shown with dots. This result is qualitatively consistent
with the observation in the experiment: the dimer with 6
= 0.11 which exhibits the strongest SHG has the strongest
near-field enhancement (|E,,/E,|*) at 800 nm, two orders of
magnitude more than the dimer with 6 = 0.14. This also
matches the wavelength shift in LBDP resonance. It indi-
cates that the SHG of the dimer originates from the dimer
gap and is modulated by the near-field enhancement there
under on-resonant excitation.

To clarify the influence of electric field enhancement
in SHG of nanosphere dimer, we also examined the depen-
dence of the SHG intensity on the fundamental wavelength
(FW) for a dimer with 6 = 0.11, as shown in Figure 4(c). It
can be seen that the strongest SHG was indeed generated
at the LBDP resonance (~790 nm) of the dimer with § = 0.11
where the maximum electric field enhancementis achieved,
in good agreement with the prediction based on the numeri-
cal simulation (Figure S3(b) in Supporting Information). As
the wavelength increases, the Ay, moves away from the
LDBP resonance, and a rapid decrease in SHG intensity is
observed. This indicates that near-field enhancement plays
a crucial role in the SHG of gold nanosphere dimer.

However, in the off-resonant case, geometric asym-
metry primarily contributes to the SHG of the dimers.
In Figure 4(e), the SHG spectra of the dimers excited at
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Apw = 900 nm are presented. It can be seen that as the
degree of asymmetry 6 increases, the SHG intensity of the
dimer also increases. This observation holds true at Apy
= 1000 nm too in Figure 4(f), which is even farther away
from the LBDP resonance. It is worth noting that under off-
resonant conditions, the near-field enhancement for both
fundamental wavelength is consistently low and in a com-
parable range (seen in Figure 4(h) and (i)), which is several
orders of magnitude smaller than that under on-resonant
case. Therefore, in the case of off-resonant excitation, the
SHG enhancement is dominated by symmetry breaking
rather than near-field enhancement. Overall, in our exper-
iments, SHG is mainly influenced by two factors: symme-
try breaking and plasmon-driven field enhancement. Cor-
responding to the Equation (1), the first effect changes the
effective )(ég, while the second one changes E(w) (local
field).

3 Conclusions

In conclusion, we demonstrate modulation of the SHG inten-
sity in gold nanosphere dimers through symmetry breaking.
The optical dark field characterization enables us to dis-
tinguish monomers and dimers, as well as symmetric and
asymmetric dimers, and identify their axes at the single-
particle level. Finally, while the near-field enhancement of
the gold nanosphere dimers still dominates the amplifica-
tion of SHG under on-resonant excitation, we can observe
the symmetry-driven modulation of the SHG intensity under
the off-resonant conditions. We anticipate an extension
of our approach to other nanoplasmonic systems where
nonlinear-optical properties can be tuned by tailoring the
mesoscopic symmetry. Our findings emphasize the signifi-
cance of symmetry breaking in nonlinear optics and have
potential applications in the development of novel nan-
odevices for optical sensing, imaging, and communication
technologies.
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