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ABSTRACT

A large amount of experimental and theoretical works deals with the second harmonic generation from different
plasmonic geometries. Since they often consider relatively long optical pulses, many of these studies are focused on the
investigation of a quasi-monochromatic response of the system and can be understood through the excitation of one,
possibly two, optical modes. On the other hand, when the excitation pulse duration is short (say, below several tens of
fs), the excitation spectrum becomes broader and a very interesting dynamics emerges from the interplay between
several optical modes.

In this work, the dynamics of modes at the second harmonic frequency for two silver spheres of different diameters and a
nanorod is investigated numerically and shown to be quite different. For the pulsed illumination with length close to the
modes lifetime, apart from different relative contributions of dipolar and quadrupolar multipoles in the far-field, we have
been able to observe and explain non constant phase difference between multipoles, which is not accessible in
continuous wave regime. Short pulse durations also allow us to observe only one mode, while another one has already
decayed. For the case of the nanorod we also perform an eigenmode analysis, which allows to understand the modes
interplay that explains the observed spectra.

In the paper, we also show a method allowing a significant reduction of required computational steps to find the response
of a plasmonic nanostructure to a pulsed illumination with arbitrary frequency-domain method.
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1. INTRODUCTION

The invention of the first Ruby laser has enabled coherent light emission with extremely high intensities.? The first
experimental observation of the second harmonic generation (SHG) from quartz crystal was performed in the following
years,® giving inspiration to a plethora of theoretical studies on the topic.*> Peculiar properties associated with
plasmonics, such as the ability to focus light beyond the diffraction limit and create high intensity hotspots,’ have
attracted attention to second harmonic studies on plasmonic nanoparticles.®

Second harmonic generation is a nonlinear process that requires high laser intensities, usually achieved by pulsed
illumination. Pulse compression down to hundreds of femtoseconds enables to observe second harmonic scattering with
an average pulse power of several tens of milliwatts. Such relatively long pulses are spectrally narrow and can be
considered as quasi-monochromatic, leading to the observation of the second harmonic (SH) signal at single frequency;
see theoretical’'> and experimental'®23 publications on the topic. In the following, we will refer to such experiments as
SHG. Interestingly, shrinking the pulse duration down to the lifetime of the modes supported by the nanostructure quite
significantly changes the response. In addition to the interference between the modes? already accessible for long pulses,
the modes now have more complicated interplay dynamics due to the simultaneous contributions of different frequencies
to the signal.* These types of experiments will be referred to as sum frequency generation (SFG). For example, the
effect, in which one mode has already decayed, while another one still radiates can be observed in that case.?*
Consequently, the SH radiation directivity can vary in time in such experiments.”* In addition, experiments with
ultrashort laser pulses have been recently conducted with the goal to compress the laser pulse duration below the Fourier
limit.
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In this work, we focus on the study of the SH response of nanoparticles excited with ultrashort Gaussian pulses and study
the interplay of various modes. We extend the previously published analysis?® by studying the influence of the
morphology on the position of the SH resonances for two silver spheres of 60 and 120 nm in diameters and compare it to
a nanorod with the size of 40%40x120 nm’. An elaborated analysis of the beating effects for different spectral
components of dipolar mode for 20 and 40 nm spheres is also performed.

2. METHODS

In this paper, we perform a numerical study of the second harmonic response from small metallic nanoparticles with
different forms and geometries, illuminated by a Gaussian pulse. For our simulation, we use the surface integral equation
method based on the T-PMCHWT formulation, to calculate the linear?’ and second harmonic?® scattering responses. We
use the same methods for scattering calculations and mode analysis as discussed in Kiselev et al.?® Before proceeding to
the results, we would like to discuss the method that allows speeding up the computation of the time-dynamic signal at
the second harmonic frequency for pulsed illumination. As was pointed out,?® to calculate the second order time-domain
nonlinear response in metals, one needs to take into account the SFG process, in which photons at the fundamental
frequencies @, and @, combine together to create the local-surface polarization sources at the sum frequency

Q = o, + , .» The local-surface polarization sources can be found as
PO, Q)= E (r,0)E, (r,Q-w), (1)
@

where E (r,w) is the electric field’s normal component just below the surface at the position r and } " is a normal

n,nn

)

component of the surface tensor polarizability. Each point of the surface of the scatterer then can be considered as the
source of the second harmonic signal and the self-consistent second harmonic response can be obtained.?” From the
numerical calculation perspective, finding the second harmonic response can be represented as a solution of a matrix
equation

C(Q) x® = y(Q) 2)
Here CY is the SFG matrix,?’ X' is the vector representing the distribution of self-consistent electric field on the

surface of the scatterer and y(Q) is the vector containing information about the surface polarization sources. Assuming

that the pulse contains a set of N frequencies @,

n

, n=1..N, Eq. (2) needs to be solved for all frequency pairs (@,,®,).
The most resource-consuming procedures are related to filling the SFG matrix C*”, which requires (N*+N)/2
operations.* However, the C'” matrix depends only on the sum frequency Q and does not depend on the constituting
linear-signal frequencies @, + @, =€ . This enables simplification of the calculations by storing the filled SFG matrix for
the groups of frequencies leading to the same sum-frequency €, thus reducing the required number of operations to
2N+1.

In our simulations, we have chosen silver as a material of study. It has lower losses and, consequently, increased lifetime
for the plasmonic modes. The permittivity function was found by interpolating the experimental data of Johnson and
Christy®® to calculate scattering at the linear and second harmonic stages. A Drude model was used to calculate the
eigenmodes with @, =9.3eV, y=0.03eV, ¢, =4.3 for ® — o . Water background was considered, with refractive

index n=1.33.

3. RESULTS

3.1 Second harmonic generation resonance shift due to size variation of spherical nanoparticles

In this section, we study the influence of the size of a spherical metallic sphere on the positions and relative magnitudes
of the resonances at the second harmonic response. Four silver metallic spheres with the diameters of 20, 40, 60 and 120
nm are considered and illuminated with a monochromatic planewave. The total scattering cross section along with the
cross sections attributed to the electric dipolar and quadrupolar vector spherical harmonic contributions at the SH
frequencies are presented in Figure 1 for the four sphere diameters. In the case of SH generation, the dipolar and
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quadrupolar contributions are attributed to the transversal dipolar (TD) and longitudinal quadrupolar modes (LQ) excited
at the second harmonic frequency.!"?>? The position of the resonances as well as the relative ratio between quadrupolar
and dipolar peak values are listed in Table 1. The increase of the dipolar response for higher energies (up to 3.6 eV and
above) can be attributed to the second harmonic generation produced from the surface of the nanoparticles by bulk
oscillations since the real part of the dielectric permittivity of silver becomes positive for energies higher than 4.5 eV. As
can be seen from Table 1, the position of each resonance experiences a redshift as the sphere diameter increases, in
agreement with Singh et al.3! For the 120 nm sphere, the dipolar resonance becomes very broad and it is difficult to
assess its position accurately. We note it as “Undef.” in Table 1. The relative contribution of the quadrupolar response
also increases as experimentally shown in Butet et al.?! Thus, by increasing the size of the object, we increase the
quadrupolar contribution but, on the other hand, decrease the energy of the resonances. In the following section, we show
that the position of the quadrupolar resonances can be maintained at the same level as for a 20 nm sphere with significant
increase of the quadrupolar response, by changing the geometry of the scatterer.
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Figure 1. SHG for four silver spheres with different diameters. For all panels: black crosses stand for the total SH scattering
cross section collected at all angles, red and green solid curves represent dipolar and quadrupolar contributions to the signal.
(a) SH monochromatic spectrum for a 20 nm silver sphere. (b) SH monochromatic spectrum for a 40 nm silver sphere. (c)
SH monochromatic spectrum for a 60 nm silver sphere. (d) SH monochromatic spectrum for a 120 nm silver sphere.

Table 1. Resonance positions for different sphere diameters.

Sphere TD, LQ, LQ/TD
diameter, | fiw (eV) | hw (eV) peak
nm amplitude
ratio
20 3.2 3.38 0.01
40 3.1 3.34 0.023
60 2.95 3.31 0.07
120 Undef. 3.07 Undef.
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3.2 Nanorod

In this section, we consider a metallic nanorod with dimensions 40%40x120 nm*® and excited with a planewave
propagating along its long axis. The second harmonic generation scattering spectrum along with the vector spherical
harmonic contributions up to octupolar are presented in Figure 2. As can be seen, the position of the dipolar and
quadrupolar resonances is now at 3.17 eV and 3.3 eV, respectively, while the overall quadrupolar contribution is
significantly enhanced, compared to the 20 nm sphere, Figure 1(a).
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Figure 2. SHG signal for a silver nanorod. The black crosses, red, green and blue curves correspond to the total response and
its dipolar, quadrupolar and octupolar components, respectively.

We performed an eigenmode analysis to reveal the origin of the peaks in the SH signal. The charge distributions for the
modes responsible for the SH emission at different frequencies in the case of a nanorod are presented in Figure 3. Note
that slight discrepancy (around 0.1 eV) between the eigenfrequencies and the positions of the peaks in Figure 2 is caused
by an underestimation of the real part of the permittivity in the Drude model. Interestingly, the dipolar response is found
for high order modes at 3.23 and 3.48 eV, Figure 3(a) and 3(c). A high quadrupolar response is observed for the mode at
3.41 eV, Figure 3(b). This effect is somewhat counterintuitive: one would expect a more complex far-field response from
high-order modes as is the case for radio antenna theory. For example, the (4,1) mode, Figure 3(b), would be expected to
radiate mostly as an octupole. However, in plasmonics, for the modes at the second harmonic frequency this is not the
case and high order modes can radiate with low-order vector spherical harmonics. A similar effect has been observed in
linear scattering from plasmonic nanostructures, where it was shown that high order modes of nonspherical structures
radiate with lower-order vector spherical harmonics.?
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Figure 3. Charge distribution for the eigenmodes supported by the nanorod. The first two numbers in brackets characterize
the mode by representing the number of charged poles along the long (first number) and the short (second number) axes of
the rod. Red color stands for positive values of the charge and blue for negative. The value in eV represents the
eigenfrequency of the mode. E1, E2 and E3 correspond to the relative contribution in the far-field of the electric dipolar,
quadrupolar and octupolar spherical harmonics, respectively.
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3.3 Silver sphere dynamics

We now address the far-field scattering from nanostructures under ultrashort pulsed illumination. In this section, we
study the dynamics of the second harmonic signal for nanoparticles immersed in water under a Gaussian pulsed
illumination of the form

E(t,r) = Aexp(-t* / (2At*)) cos(w,t =k -1). 3)

Here Ar is the pulse width, @, is the central frequency, k is the wave vector with |k| = @,/c and c is the speed of light
in water. In our simulations, we use the width of the pulse Az = 22 fs, equals to a spectral width of 0.071 eV. In Figure 4,
we present the dynamics of the signal for the scattering from a 20 nm sphere excited with a Gaussian pulse with the
central frequency @, =3.36/2 eV (dashed line at double frequency in Figure 4(a) and 1(a)). Despite the fact that the
quadrupolar mode is leading at the excitation frequency of the monochromatic spectrum, Figure 1(a), the spectrum of the
SFG signal, as well as the far-field signal in time-domain, have a strong dipolar response caused by the neighboring
dipolar peak at 3.2 eV. Interestingly, the relative phase between dipolar and quadrupolar signals in this case changes with
time due to different eigenfrequencies of the dipolar and quadrupolar modes. The dip in the dipolar signal in Figure 4(b)
is attributed to the beating between dipolar components of the signal grouped close to ~3.25 eV and ~3.46 eV. Indeed,
the beating period 7, can be estimated as

eat
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];)ear - =
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while the distance between the peaks in Figure 4(b) is ~12 fs.
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Figure 4. SFG for a 20 nm silver sphere. (a) Spectrum of the SFG signal for a Gaussian pulse excitation with @, =3.36/2 eV
and width 0.071eV. (d) SFG far-field intensity dynamics.

We also study the SFG signal and dynamics of the SH signal from a 40 nm sphere excited with a Gaussian pulse with
central frequency @, =3.34/2 eV (dashed line at double frequency in Figure 5(a) and 1(b)). The results are presented in

Figure 5. As seen from Figure 5(b), a pure quadrupolar signal is only obtained close to 50 fs with a duration of several
femtoseconds. The dip in the SH time-domain signal is observed again, due to the beating between dipolar oscillations at
frequencies close to 3.2 eV and 3.45 eV. Interestingly, in the dynamics of the modes, the second peak at a later time
close to 55 fs has weaker amplitude compared to the one close to 42 fs. Based on the Mie solution, we made an analysis
of the eigenfrequencies for 20 and 40 nm silver sphere. It was found that, apart from the variation of the resonance
frequency, the imaginary part of the eigenfrequency also increases as the sphere becomes larger. Since the imaginary
part of the eigenfrequency is responsible for mode’s damping, an increment of the size of the nanostructure leads to
higher losses, thus decreasing the height of the second peak in Figure 5(b).
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Figure 5. SFG for a 40 nm silver sphere. (a) Spectrum of the SFG signal for a Gaussian pulse excitation with @, =3.34/2 eV
and width 0.071eV. (d) SFG far-field intensity dynamics.

To make a comparison between the dynamics of the sphere and that of a nanorod, in Figure 6 we present the dynamics of
the second harmonic signal for the nanorod excited with a Gaussian pulse centered at 3.38/2 eV with the same pulse
width as in Figure 5. As seen from Figure 6(a), the spectrum of the SHG response in this case is mostly quadrupolar. As
a result, the SH signal in time-domain has also a quadrupolar response, Figure 6(b). Closer inspection of the dynamics of
the different modes in Figure 6(b) reveals a barely varying phase shift between the dipolar, quadrupolar and octupolar
modes, because the spectral components of these harmonics, Figure 6(a), have high amplitudes around the same energy.
Due to the different lifetimes of the dipolar and quadrupolar modes,* the quadrupolar signal lasts longer in the pulse,
while the dipolar mode decays earlier.
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Figure 6. SFG for a 40x40x120 nm* nanorod. (a) Spectrum of the SFG signal for a Gaussian pulse excitation with o,
=3.38/2 eV and width 0.071eV. (d) SFG far-field intensity dynamics.

4. CONLUSIONS

We have numerically studied quasi-monochromatic second harmonic scattering from 20, 40, 60 and 120 nm diameter
spheres. It was shown that the position of dipolar and quadrupolar resonances experiences a redshift as the sphere
diameter increases. The example of a nanorod has been presented to show that the position of the resonances can be
tuned to appear close to those observed for a 20 nm sphere. In the same time, a nanorod radiates with significantly
increased quadrupolar components, compared to the case of a sphere.

The dynamics of the second harmonic signal due to illumination with Gaussian pulses as short as 22 fs has been also
presented and found very different for 20 and 40 nm spheres and for a nanorod. Based on the analysis of the linear
second harmonic quasi-monochromatic features and plasmon lifetime in these structures, we have explained the origin of
the beating effects and the effect of faster decay of one mode, while another one is still radiating.
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