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ABSTRACT: The linear and nonlinear optical properties of metallic nanoparticles have attracted
considerable experimental and theoretical research interest. To date, researchers have primarily
focused on utilizing the large electromagnetic field enhancement associated with nanoparticle
plasmon and investigated many potential applications. Among numerous nanoparticle structures,
nanoparticle dimers, being a structurally simple and easy-to-prepare system, hold significant
importance in the field of nanoplasmonics. In highly symmetric plasmonic nanostructures,
although the second-order nonlinearity of the metal surface will be improved because of the
enhanced plasmonic field, even-order nonlinear optical processes such as second harmonic
generation (SHG) will still be quenched and thus optically forbidden. Under this premise, it is
imperative to introduce geometric symmetry breaking. Here, we prepared a series of dimer

composed of two nanospheres with different sizes and subsequently investigate the symmetry
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breaking-induced effect on their nonlinear response. Our results demonstrate that under off-
resonant excitation, the SHG intensities of gold nanosphere dimers can be significantly enhanced
by symmetry breaking. However, under resonant excitation, near-field enhancement still mainly
affects SHG. Therefore, in the design of novel plasmonic nanostructure with enhanced nonlinear

optical properties, symmetry breaking will play an indispensable role.

KEYWORDS: Second-Harmonic Generation, Gold nanosphere dimer, Symmetry breaking,

plasmon hybridization, nonlinear plasmonics
INTRODUCTION

In the past decades, plasmonic metal nanoparticles have attracted widespread attention due to their
potential applications in catalysis, clinical diagnostics, optical data storage, etc.'® Among different
nanostructures, nanoparticle dimers composed of two nanospheres are promising candidates for
generating huge electromagnetic fields in their gap region.” 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 modulated easily and efficiently by modifying the
nanosphere size or gap distance. !

The tightly confined local electromagnetic field in the gap of nanosphere dimer promotes
nonlinear optical effects such as SHG, which makes them a great platform to study and control the
light-light interaction at nanoscale.!'"!® The radiation at the double frequency 2w is produced by
the nonlinear polarization P(2w) generated by the interaction between the fundamental electric
field E(w) and medium. Two photons at the fundamental frequency ® are converted into one photon
at second harmonic (SH) frequency 2, which can be described as'”!®

P(2w) = xPE(w)E(w) (1)

where y? is the second-order nonlinear susceptibility tensor. Similarly, we have



—P2w) = x® (—E(w))(—E(w))
= xPE(w)E(w) (2)

From the above two equations, it can be seen that the SHG emission is forbidden in the
centrosymmetric medium.

The research on metal dimers mainly focuses on plasmonic nanoparticles made of gold, silver,
and copper. SHG is forbidden in their bulk counterparts because of the centrosymmetric
arrangements of their atoms. As such, observed SHG signals are ascribed to (1) surface dipolar
susceptibility, and (2) bulk quadrupole contribution originating in the retardation effect.!®-20
Generally, SHG output of metallic nanoparticles is highly sensitive to both shape and size. The
nonlinear-optical conversion efficiency can be significantly impacted by shape imperfections that
introduced local symmetry breaking,??’potentially leading to the enhanced SHG emissions.?
Therefore, nanoparticles made of non-centrosymmetric material demonstrate efficient SHG?*
which can be used for nonlinear optical microscopy,? nonlinear phase control?® and sensing.?’

In symmetric gold nanoparticle dimers, though LSPR strongly enhance local electric fields and
thus nonlinear polarization in the near field,'%?® the far-field SHG emission is limited by the
structural symmetry of the dimers. However, once the symmetry is broken, the cancellation is
incomplete resulting in the generation of SH light®3! In this work, we analyze the SHG
originating in the geometric symmetry breaking in Au nanosphere dimers in both off- and on-
resonant conditions. Employing nonlinear microscopy of single dimer allows us to study the impact
of gradual increase of the asymmetry on the far-field SHG intensity. We focus on individual
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

32

phenomena.”> We outline symmetry breaking and plasmon-driven field enhancement as two



principal mechanisms responsible for the observed SHG increase with the dimer asymmetry.
Although the near-field enhancement still dominates the SHG emission under the on-resonant
excitation condition, the SHG intensities of the Au nanoparticle dimers can be enhanced by the

symmetry breaking under the off-resonant condition.

RESULTS AND DISCUSSION

The dimers used in this paper are prepared on Si/SiO; substrates, which are connected by
alkanedithiol.!®33-3 The advantage of Au-S bonds to realize dimer assembly is that the gap
distance is stably controlled and homogeneous (see section S1). Figure 1(a)-(d) shows the
geometry of the prepared gold nanodimer. The degree of asymmetry of dimer is defined by 6 = |d;
- dof/(dy + dp). All dimers are assembled from 60 nm, 80 nm, and 100 nm diameter gold spheres
with degrees of 6=0, 0.11, 0.14, and 0.25 (color-codedred, 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 single stronger peak originating from the
longitudinal bonding dipolar plasmon (LBDP) mode occurs between 700 nm and 800 nm, varying
with the structural parameters of dimers.*® The dimer’s DF images and scanning electron
microscopy (SEM) images were also shown alongside the DF spectra to better illustrate the
scattering pattern and morphology of the nanosphere dimer with different symmetries. We specify
the resonant wavelength of LBDP mode on the scattering spectra obtained from experiments with
the error bar obtained from multiple measurements (see section S1). Single-particle optical
characterization allowed us to exclude monomers and randomly formed oligomers from the target

dimers (Figure S3(b) in Supporting Information).?’
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Figure 1. Optical linear properties of dimers with different degrees of asymmetry. (a—d) Schematic
illustrations of fabricated symmetric and asymmetric dimers, where the diameters of the two
spheres and their degree of asymmetry & are labeled. (e-h) Measured DF scattering spectra of
dimers with different degrees of asymmetry, where the peak position of LBDP mode and its error
are marked. The solid lines are Lorentz fits to the scattering spectra (black dots). The scale bars

in the DF image are 500 nm, and in the SEM image are 50 nm.



To better understand the nature of the modes of scattering 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.®®*° The dimer plasmons can be regarded as a
combination of bonding and anti-bonding, that is, as a hybridization of single nanoparticle
plasmons. The plasma modes of the two particles in the dimer (¥, and ¥>) can hybridize either in-
phase (¥ + W) or out-of-phase (V- ¥,). When the optical field is polarized along the inter-
particle axis, i.e. longitudinal polarization, 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.*’ 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).



(a) (b)

—_— n i & .
/ n
\S fo—% @
b — — b, —— /’,'
/, j
LA L] Bl n € f

o

—— Longitudinal o —~10] —Longitudinal o
—— Transverse } — Transverse

o
@
o
@

s o
s~ o

N
o

o o o o
o
o o o o

Scattering intensity (a.u.)
o

Scattering intensity (a

500 600 700 800 900 500 600 700 800 900
Wavelength(nm) Wavelength(nm)

=
3

°
)

o

o ®
o o o
> @ o

N
o
N

Scattering intensity (a.u.)

Scattering intensity (a.u.)
o
o

o o o o
ES

o

500 600 700 800 900 500 600 700 800 900
Wavelength(nm) Wavelength(nm)

Figure 2. Different linear optical properties of symmetric and asymmetric gold nanoparticle dimer.
hybridization model of symmetric (a) and asymmetric (b) dimer. (c) Transverse (black line) and
longitudinal (red line) coupled mode of a symmetric gold nanoparticle dimer, 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). Spectrums are derived from Lorentz
fitting of experimental data. Scattering spectra of symmetric (e) and 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
clearer curves are obtained by Lorentz fitting. Measured (dots) and fitted (line) polar plots of
polarization-resolved scattering spectrum of symmetric (g) and asymmetric (h) dimer, in good
agreement with the SEM figures. The scale bar is 50 nm. The transverse mode (black) is enlarged

by 5 times for display.



Figure 2(a) and Figure 2(b) demonstrate the typical plasmon hybridization models of
symmetric (80 nm x 80 nm) and asymmetric (80 nm x 60 nm) 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 plotted in Figure 2(c). It can be seen
that, whether itis longitudinal 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,* 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.>’
Please note that in order to demonstrate the difference between symmetrical and asymmetrical
dimers, here we uniformly set the inter-particle axis to 0 degrees 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).

The in-phase hybridization (‘1 + ¥>) and the out-of-phase hybridization (‘¥ - V) can be observed
simultaneously, regardless of the longitudinal and transverse polarizations. That is, 6" and =, which
are dark in symmetric dimers, are active inasymmetric dimers, because of incomplete cancellation
of the dipoles of the two different size particles.*> Of course, 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 asymmetric dimer at intermediate angles between
longitudinal and transverse polarizations.

The intensity of the scattering at the LSPR wavelength changes when rotating the polarizer,
allowing us to determine the exact orientation of the dimer. In Figure 2(g)and (h), the scattering
intensities of the bonding mode (red) and anti-bonding mode (black) of the symmetric and
asymmetric dimers are shown as a function of polarization angle in polar coordinates. In good
agreement with the SEM characterization, it exhibits a maximum 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.*'*# The transverse
anti-bonding dipolar plasmon (TADP) mode, perpendicular 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 parameter
called degree of polarization (DoP) defined as

DoP = Imax - Imin (3)

Imax + Imin
can be used to quantitatively describe the dipole-like pattern polarization, where ax (Inin) 1S the
maximum (minimum) intensity parallel (perpendicular) to the dipole axis. In our case, a stronger
linear polarization response was observed for the symmetric dimer (6=0, DoP of 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 (0 = 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.

In order to qualitatively understand the modulation mechanism of symmetry breaking on the
SHG, we have theoretically analyzed nanosphere dimers with different symmetries. As shown in
the schematic diagrams of Figure 3(a)-(d), the dimer consists of two gold nanoparticles with a gap
distance of 1.3 nm determined by monolayer dithiol.*> The permittivity, similar to that of
polyethylene, is approximately 2.25.%% The simulations 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 centrosymmetric metals, the main component of the nonlinear susceptibility
tensor originates from the metal surface and is directed perpendicularly outwards. >

For the SHG of the symmetric dimer shown in Figure 3(a), the SH dipole moments are equal
but opposite in direction. So the far-field radiation SHG 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 distribution,
but the structural asymmetry results in their imbalance 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.’! Symmetry breaking in an asymmetric dimer

occurs through two aspects: (1) local SHG polarization (PQ,Z(,, in Figure 3(j)-(1)) has an asymmetric

distribution on the surface. (2) global SHG polarization ( Z;E‘;, in Figure 3(n)-(p)). Because of the
larger surface area, the nonlinear polarization is always stronger on larger spheres than on smaller

ones.
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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 nanosphere dimers with varying

degrees of asymmetry 6. Red thick arrows indicate the dipolar response to the driving

field oriented along the nanogap, E.. Purple arrows represent the induced 2w dipoles

responsible for the far-field SH radiation. (e)—(h) Simulated near-field polarization

distributions, P, ,,, at the fundamental wavelength of 900 nm for the structures in (a)—(d)

with a gap g = 1.3 nm. Scale bar in (e) is 2 nm. (i)—(I) Calculated near-field polarization

distributions, P2,2w, at the SH wavelength induced by the respective fundamental fields

(Eq. (1)), which are significant only at the interface of the centrosymmetric metal. (m)—(p)

SH polarization distributions resulting from the non-resonant plasmonic coupling of the

surface nonlinear sources in (i)-(l) to the dimers.
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In our experiments, the output from a femtosecond laser (Chameleon, 140 fs pulse duration) at
fundamental wavelengths of 800 nm, 900 nm, and 1000 nm was focused on the sample by a high
numerical aperture microscope objective (NA = 0.95). The SHG emitted by the dimers is collected
with the same objective (Figure S4(a) in Supporting Information). We cannot observe the SHG
from a gold monomer under the average input power (~ 600 ©W) used in the experiment 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(a). The color code is the same as before.
For different 0, a prominent SHG peak in the spectrum is observed at 400 nm wavelength,
accompanied by broad two-photon luminescence (TPL) with comparable intensity. The quadrupole
SHG output of the dimer with & = 0 in our experiments, indicating stronger field gradients in the
dimer system. Contrary to our previous expectations, the largest SHG was not observed when o
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
ruled out due to the strong contribution of the interband transitions in Au below the ~530 nm
wavelength. In Figure 4(b), the histogram shows the SHG intensities of dimers with different o,
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 8 = 0.11 which exhibits the strongest SHG has the

strongest near-field enhancement (|E,/Eo*) at 800 nm, two orders of magnitude more than the

12



dimer with 8 = 0.14. This also matches the wavelength shift in LBDP resonance. It indicates that
the SHG of the dimer originates from the dimer gap and is modulated by the near-field

enhancement there under on-resonant excitation.
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Figure 4: Optical nonlinear properties of dimers with different degrees of asymmetry. (a) SHG
spectra of dimers measured (points) and Gaussian fitted (lines) at excitation wavelengths
of 800 nm. (b) SHG intensity (histogram, left axis) under on-resonant (Arw = 800 nm)
excitation, which is mainly modulated by the calculated near-field enhancement (dots and
line, right axis). (c) Spectra of the SHG measured for the dimer with & = 0.11 at different
excitation wavelengths. Linear scattering spectrum is shown for comparison. (d) SHG
spectra of dimers measured (points) and Gaussian fitted (lines) at excitation wavelengths
of 900 nm. (e, f) SHG intensity (histogram, left axis) under off-resonant (Arw = 900 nm,

1000 nm) excitation, which is mainly modulated by symmetry breaking.

To clarify the influence of electric field enhancement in SHG of nanosphere dimer, we also

examined the dependence of the SHG intensity on the fundamental wavelength (FW) for a dimer
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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 6 = 0.11 where the maximum electric field
enhancement is achieved, in good agreement with the prediction based on the numerical simulation.
As the wavelength increases, the Arw 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 asymmetry primarily contributes to the SHG of
the dimers. In Figure 4(d), the SHG spectra of the dimers excited at Apw = 900 nm are presented.
It can be seen that as the degree of asymmetry o increases, the SHG intensity of the dimer also
increases. This observation holds true at Apw = 1000 nm, which is farther away from the LBDP
resonance (see section S1). Under off-resonant conditions, it is worth noting that the near-field
enhancement for both configurations is consistently low and in a comparable range (seen in Figure
4(e, f)), 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 experiments, SHG is mainly influenced by two
factors: symmetry breaking and plasmon-driven field enhancement. Corresponding to the Equation

1, the first effect changes ®, while the second one changes E(w) (local field).

CONCLUSIONS

In conclusion, we demonstrate the modulation of the SHG intensity in gold nanosphere dimers
through symmetry breaking. The optical dark field characterization enables us to distinguish
monomers and dimers, as well as symmetric and asymmetric dimers, and identify their axis at the

single-particle level. Finally, while the near-field enhancement of the gold nanosphere dimers still
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dominates the amplification of SHG under on-resonant excitation, we can observe the modulation
of SHG intensity due to the symmetry breaking at the off-resonant conditions. Our findings
emphasize the significance of symmetry breaking in nonlinear optics and have potential
applications in the development of novel nanodevices for optical sensing, imaging, and

communication technologies.
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1. Sample fabrication

Highly spherical gold nanoparticles (NanoSeedz) of varying diameters (~60 nm, ~80 nm, and
~100 nm) were sequentially assembled on a substrate to prepare dimers. The gold nanosphere
were coated with a surfactant layer of cetyltrimethylammonium bromide (CTAB). As shown in

Figure S1(a), the synthesis of the dimers comprises five steps.

Step 1: The starting materials for the dimers are CTAB-capped gold nanoparticles and cleaned
glass. A glass slide (25 mm % 12 mm) cleaned with a hot RBS detergent solution (15%, 90 °C) was
immersed in a CTAB solution (5 x 10®m, 5 mL) containing gold nanoparticles (5 x 1072 m) for
17 h at 30 °C. All subsequent steps were performed at 30 °C. The glass substrate was given a
negative charge by washing them in RBS detergent solution. The surface charge of nanoparticles

is mainly regulated by surface ligands: the common positive charge ligands like CTAB and

negatively charged ligands like polyvinylpyrrolidone (PVP). But in different solvents, the surface
electrical properties of nanoparticles with the same surface ligands can be significantly modified.
For example, CTAB-capped gold exhibits positive electrical properties in aqueous solution, but
significantly negative electrical properties in acetonitrile solution. In this step, the first nanoparticle
is made to attach to the glass substrate via the electrostatic interaction between the substrate and
the positively charged CTAB bilayer surrounding the nanoparticle. We refer to the gold
nanoparticles as the first and second nanoparticle according to the order in which they were added

to the system.

Step 2: The glass slide was washed with water and ethanol (ACS grade, Anaqua). For a well-
ordered linker self-assembled monolayer (SAM) on the surface of the nanoparticles, the washed
glass was exposed to a mixture of an ethanolic solution of the 1,8 octanedithiol (C8, > 98%,
Aladdin) and an aqueous solution of sodium bromide (NaBr, > 99%, Aladdin)(v/v 250:1). The
final concentration of both alkanedithiol and NaBr was 1x10~* m. The addition of inorganic salts
to the aqueous suspension medium such as NaBr or the use of organic suspension media such as

acetonitrile increases the critical micelle concentration of CTAB on the metal surface.':
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Importantly, only the combination of both inorganic salt and organic suspension medium

efficiently destroys the CTAB bilayer, so that a well-ordered linker SAM forms within 1 h.

Step 3: The glass substrate coated with the nanoparticles was washed using ethanol. For the
synthesis of the dimers, the glass slide was dipped into 5 mL of acetonitrile (HPLC grade,
Rcilabscan) containing nanoparticles (20 x 1072 m) and NaBr (200 x 10®m) for 5 h. If an
asymmetric dimer has to be prepared, gold spheres with larger diameters need to be added at this

step.

Step 4: For stabilizing the surface of the secondly added nanoparticles, the glass substrate was
washed using ethanol and immersed for 1 h in a mixture of an ethanolic solution of (11-
mercaptoundecyl)-N,N,N-trimethylammonium bromide (MUTAB, > 90%, Aldrich) and an

aqueous solution of NaBr (v/v 250:1). The final concentration of MUTAB is 1 x 107 m.

Step 5: Dimers were removed from the glass substrate using sonication for 30 s. For the
stabilization of the newly exposed area of ideal dimers upon the sonication, an ethanolic solution

of MUTAB (10 x 107% m) was employed as a dispersion medium.
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Figure S1. (a) Schematic diagram of the assembled dimer. Single-particle dark-field scattering
spectra of b) 80 x 80 nm dimers, ¢) 100 x 80 nm dimers, d) 80 x 60 nm dimers, €),100 x 60 nm
dimers. The LBDP band is highlighted.
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2.Numerical methods for SHG simulations

In the nonlinear simulations, we adopted the perturbative approach within the undepleted pump
approximation, which is justified by the fact that the SHG field intensity generated by a plasmonic
nanostructure is always orders of magnitude weaker than that of the excitation field. Under this
approximation, the SHG field does not couple back to the pump field and, therefore, the nonlinear
process can be decomposed into two linear scattering processes: firstly, the fundamental fields
were solved with the finite element solver in the frequency domain and the calculated fields were
used to find the SHG polarization source currents that are responsible for the far-field SHG
emission. Although both the free and bound electrons in metals can give rise to the second-order
nonlinear process, it has been proven that only the former is responsible for the dominant SHG
response in the visible and near- infrared spectral range.> The SHG polarization currents related to
free electrons can be further decomposed into the volume and surface contributions. Here, we only
consider the second-harmonic polarization which is normal to the metal surface for it plays the
dominant role in the SHG.*’ In this case, the SHG source currents based on the free-electron
hydrodynamic model can be found as’

nged®  3+epp(w)
2m? (w+iy)?Qow+iy

0 Jour=1 )EJZ_((U) (D

where 1 is the unit vector normal to the metal surface, Jq,fis the surface current, ng is the free-
electron density in gold, m. represents the effective electron mass, e is the elementary charge, y is
the electron gas collision frequency in gold, egr is the bulk gold permittivity at the fundamental
wavelength, and £, () is the normal component of the local fundamental field at the metal surface.
Due to the limited penetration of the electromagnetic fields into the bulk gold, the induced
nonlinear polarization occurs mainly in the sub-nanometer-thick surface layer. Considering the
rotational symmetry of a nanoparticle dimer, the simulation configuration can be simplified into a
two-dimensional frame for which the meshing for the surface layer, where the SHG source is

located, can be scaled down to the level of 0.1 A (Figure S2).
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Perfect Matching

Figure S2 Simulation domains for a gold nanoparticle dimer. The excitation source is modeled by
the current oscillator with the oscillation direction tangential to the inner surface of the perfectly
matching layer. Such excitation configuration can preferentially excite the gap plasmon modes of

the gold nanoparticle dimer.
3. Linear optical properties of dimers

Optical microscopy and spectroscopy were performed with an Olympus microscope equipped with
a standard dark-field optical module using a 100x dark-field objective (LMPlanFLN, Olympus,
NA=0.8). Dark-field images and the spectra of individual nanostructures were recorded
respectively using a color CCD camera (OPLENIC) and a spectrograph (Andor SR500i). The
individual nanosphere monomers and dimers on a silica substrate show significantly different
scattering responses. These distinct properties can thus be employed to identify the nanoparticle
dimers from the monomers and to determine their in-plane orientations with the polarization-

resolved dark-field microscopy.
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Figure S3 (a) Experimental schematic for DF. (b) Scattering spectrum of a gold nanoparticle
monomer and dimer on the substrate. Insets show the diagram of their modes. (¢) SEM micrograph
(left) of two nanosphere monomers and a nanosphere dimer (enclosed by the red square). The right
panel shows the corresponding optical dark-field image for the same sample area. The scale bars
in both images are 1 um. (d) The dimer exhibits polarization-dependent scattering intensity
patterns, which can be employed to determine its orientation. The inset shows DF images with

different polarization orientations. (e) Simulated scattering spectra of different dimers.

4. Experimental setup for nonlinear optical spectroscopy and

power dependence of the SHG

A Ti: sapphire femtosecond laser (Chameleon, pulse duration ~140 fs, repetition frequency 80
MHz) delivers laser pulses into an inverted microscope (MPlanApo 480 100x, Olympus,
NA=0.95). Polarizer inserted into the beam path fixes the polarization state of the laser beam, and
the axis of the dimer is also fixed in the same direction. This is because we can know the axis of
the dimer by DF, as described earlier. The SHG signal from gold dimers in the focal plane is

collected by the same objective, and then reflected into the detection path by two beam splitters
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(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. And certain TPL signals are filtered out as well. Please note
that the objective lens, BS, and filter used in our experimental system have different transmittances

for different wavelengths in the visible range. We unify the power of the 800 nm, 900 nm, and

1000 nm lasers after being focused by the objective lens. The transmittance of the whole system

to 400 nm, 450 nm, and 500 nm are about 6%, 26%, and 23% respectively.
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Figure S4 (a) Experimental setup for nonlinear optical spectroscopy. (b) The pump-power
dependence of the SHG. (c) SHG spectra of dimers measured (points) and Gaussian fitted (lines)

at excitation wavelengths of 1000 nm.

5. Evaluation of laser damage to the gold nanoparticle

dimers

Since the gap plasmon resonance of dimer is sensitive to the gap morphology and distance, we
rely on the comparison of the measured scattering spectra of single nanostructures before and after
the laser irradiation. For the laser irradiation power ~0.6 mW, most of the nanoparticle dimers
show scattering spectra as in Figure S5. The peak shift of less than 10 nm indicates negligible gap
variation. In our experiments, the peak intensity of a single pulse is about 5 GW/cm?, and the

duration of each measurement is 90 s.
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Figure S5 Representative scattering spectra of a nanoparticle dimer measured before and after the

SHG measurements.
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