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SPECIAL TOPIC — Optical field manipulation

Plasmon-induced nonlinear response on gold nanoclusters

Yuhui Song(RE ), Yifei Cao(# i ), Sichen Huang(# 8/%), Kaichao Li(Z=Hi#),
Ruhai Du(FL4i##), Lei Yan(G™7#5)7, Zhengkun Fu(f}1E#), and Zhenglong Zhang(5k 1E/%)*

School of Physics and Information Technology, Shaanxi Normal University, Xi’an 710119, China
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The plasmon-induced nonlinear response has attracted great attention in micro-nano optics and optoelectronics appli-
cations, yet the underlying microscopic mechanism remains elusive. In this study, the nonlinear response of gold nanoclus-
ters when exposed to a femtosecond laser pulse was investigated using time-dependent density functional theory. It was
observed that the third-order tunneling current was augmented in plasmonic dimers, owing to a greater number of electrons
in the dimer being excited from occupied to unoccupied states. These findings provide profound theoretical insights and
enable the realization of accurate regulation and control of nonlinear effects induced by plasmons at the atomic level.

Keywords: plasmon, nonlinear optics, time-dependent density functional theory (TDDFT)

PACS: 42.65.-k, 31.15.ee, 36.40.Vz

Nonlinear optics, a vital component of modern optics and
photonics, has widespread applications in areas such as op-
tical harmonic generation,!!! laser frequency modulation,!
ultrafast optical switching, ! optical detection!*! and optical
imaging.”>) The nonlinear response comes from the anhar-
monic correction of the potential field experienced by elec-
trons or molecules within the material, and this contribution
becomes significant only under intense optical fields.!®! For
the development and application of nanoscale integrated op-
tics, the investigation of weak light nonlinear optics at the

7=101 [ocalized surface plas-

nanoscale is particularly crucial.l
mon resonance (LSPR), originating from the interaction be-
tween electromagnetic waves and free electrons in metals, can
greatly amplify the electromagnetic field energy density within
the subwavelength spatial scale of the metal surface.!'’!?]
This enhancement effectively boosts the amplitude of nonlin-
ear effects, diminishes the incident light intensity required for
nonlinear processes and promotes the generation of weak light
nonlinear effects in the nanoscale domain.!13-15)

Gold nanostructures are typical plasmonic materials
that exhibit an excellent plasmonic response,!'¢! are easily
synthesized!!”! and have excellent biocompatibility.['8] Con-
sequently, they have garnered immense attention. By tai-
loring the size and shape of gold nanostructures, fascinat-
ing phenomena can be observed.!'??°! Nonlinear effects can
be significantly amplified through LSPR by altering the mor-
phology of gold nanostructures.?! For instance, the utiliza-
tion of non-centrosymmetric gold nanocups can effectively
enhance second-harmonic generation,*?! while the employ-
ment of a gold bowtie antenna can generate third-harmonic

generation.>3] Although these studies have made significant
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contributions to the field of nonlinear plasmons, the theoreti-
cal foundations of symmetric and asymmetric gold nanoclus-
ters still require further exploration to elucidate the micro-
scopic mechanisms and realize accurate regulation and control
of nonlinear optics at the atomic level.

In this study, we employ the time-dependent density func-
tional theory (TDDFT)!** to explore the real-time dynamics
of the nonlinear response of Aug clusters and Aug—Aug dimers
upon irradiation by a femtosecond laser pulse. Our findings re-
veal that the third-order nonlinear effect is more pronounced
in Aug—Aug dimers than individual Aug clusters. This can be
attributed to the fact that in Aug—Aug dimers a larger num-
ber of electrons transition from occupied to unoccupied states
compared with in single Aug clusters. This investigation pro-
vides a deeper understanding of plasmon-induced nonlinear
processes.

The first-principles calculations were performed using
the real-space TDDFT code OCTOPUS,!*! using the local

[26] for exchange—correlation functions.

density approximation
The simulation domain was defined by assigning a sphere with
a radius of 6.0 A around each atom, and the electronic wave
functions were represented on a uniform grid within the sim-
ulation region, with a spacing of 0.25 A between grid points.
Hartwigsen—Goedecker—Hutter!?’! pseudopotentials were uti-
lized to describe the interaction between valence electrons and
the atomic core. The spectrum of light absorption and the
tunneling current were obtained by propagating the electronic
density for 15000 steps with a time step of 0.0026 fs following
laser excitation and a Gaussian wave packet of laser pulses.
The electric field is applied in the length gauge by adding the
external potential in the form of Ve (r,¢) = E(t) - 7.
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We initially compared the tunneling current responses
of Aug and Aug—Aug dimers induced by the laser field de-
picted in Fig. 1. The geometric configurations of Aug and
Aug—Aug are respectively presented in Figs. 1(a) and 1(d). In
all simulations, the Au atoms within the gold clusters were
fixed after undergoing geometric relaxation. When photons
interact with particulate matter, if the size of the particu-
late matter is comparable to the wavelength of the photon a
strong resonance absorption peak will appear in the scatter-
ing spectrum, a phenomenon known as Mie resonance.!??]
The absorption spectrum of Aug is primarily characterized
by a Mie resonance at approximately 4.82 eV, while that of
Aug—Aug dimers is at approximately 4.85 eV, as illustrated
in Fig. S1.
Aug and Aug—Aug dimers when exposed to ultrafast femtosec-

We directly analyze the tunneling currents of

ond laser pulses. We apply a Gaussian wave packet linearly
polarized in the z direction along the gold cluster, E(z) =
Enmaxexp[—(t —1t0)?/27%] cos(@t — wty). Here, the pulse width
7 is 3.3 fs and the frequency  is set to the plasmon resonant
energy of 4.824 eV for Aug (refer to Fig. 1(b)) and 4.853 eV
for Aug—Aug (refer to Fig. 1(e)). Both laser field intensities
reach their maximum value of Epay = 0.025 V-A~! at the time
to = 10 fs. The current /; is collected at the central plane lo-
cated 2.9 A from the end atom of the Aug clusters, and at the
same position for the Aug—Aug dimer. In both Aug (Fig. 1(c))
and Aug—Aug (Fig. 1(f)), the oscillation amplitude of the tun-
neling current continues to increase until £ = 20 fs. In Aug,
when the field intensity reaches its maximum, the tunneling
current continues to oscillate and exhibits a phase shift in its
oscillation and appears with high-frequency modulation.[*]
As time progresses, the high-frequency modulation becomes
more prominent (Fig. 1(c)). In the Aug—Aug dimer, after
20 fs field attenuation, the oscillation amplitude of the tun-
neling current decreases at 20-30 fs and increases at 30—40 fs
(Fig. 1(f).

In Fig. 2, we investigate the dependence of the nonlinear
responses of Aug and Aug—Aug on laser intensity. The tunnel-
ing current spectra of Aug (Fig. 2(a)) and Aug—Aug (Fig. 2(b))
were obtained by performing a Fourier transform on their time
evolution under varying laser intensities (Enyax = 0.013, 0.019
and 0.025 V~A‘1). It is observed that, except for the Mie res-
onance, Aug also exhibited second-order and third-order exci-
tations whereas the Aug—Aug dimer exhibited only third-order
excitation. Notably, the second peak of Aug is even higher
than the Mie resonance. Through further analysis of the ra-
tio of the Mie resonance and the third-order tunneling current
spectra peaks of the Aug—Aug dimer to Aug with varying laser
intensities (Epax = 0.013, 0.019 and 0.025 V-A~1), we find
that the ratio of the peak value of the first-order tunneling cur-
rent spectra of the Aug—Aug dimer to Aug gradually decreases
from approximately 2 as to 1 as the field intensity increases.

In contrast, the ratio of the peak value of the third-order tun-
neling current spectra increases from approximately 1 to 2.5
with the increase in intensity. This indicates that the Aug—Aug
dimer exhibits a significant enhancement in third-order tunnel-
ing current compared with single Aug clusters as the intensity

increases.
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Fig. 1. Schematic diagram illustrating an Aug cluster (a) and an Aug—
Aug dimer (d) under a laser pulse polarized in the z direction. Panels
(b) and (e) depict the time evolution of the corresponding laser pulse
for Aug and Aug—Aug, respectively. Under the laser, the corresponding
time evolution of the tunnel currents at the end of (c) Aug and at the
center of (f) the Aug—Aug dimer.
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Fig. 2. Evolution of tunneling current spectrum of Aug (a) and Aug—
Aug (b), respectively, during impulse excitation with varying laser in-
tensities (Emax = 0.013, 0.019 and 0.025 V-A~1). (c) The ratio of the
first-order (black line) and third-order (red line) tunneling current spec-
tra of the Aug—Aug dimer to that of Aug with different laser intensities
(Emax = 0.01, 0.013, 0.016, 0.019 and 0.025 V-A~1). (d) Field en-
hancement (black line) and tunneling currents (red line) as a function of
varying laser intensities for Aug (circles) and Aug—Aug (squares).

To compare the effects of dimerization on the electronic
properties, the tunneling current spectrum was calculated by
gradually increasing the distances between the dimer compo-
nents. First, we fixed the left Aug and calculated the cross
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section of the dimer in Fig. S2(a). Then we calculated the tun-
neling current spectrum of the Aug—Aug dimer by increasing
the distance D between the right Aug and the calculated cross
section from 2.9 A to 4.9 A. With the distances increasing,
especially when D = 4.9 A the spectral shape of the tunnel-
ing current spectrum is similar to that of a single Aug cluster,
and the intensities of the first and second-order peaks decrease
to half that of a single Aug peak in Fig. S2(b). If we gradu-
ally increase the distances between the dimer components, one
should gradually obtain the single nanocluster case. The occu-
pation of Kohn—Sham (KS) states is calculated by projecting
the time-dependent KS state onto the KS orbitals at time # =0,
which requires Au atoms to be fixed. In the calculation of the
tunneling current, we still fix Au atoms for the sake of the
consistency of the calculation, and we compare the tunneling
current by fixing gold atoms and moving gold atoms of Aug
and Aug—Aug in Fig. S3. The tunneling current of Aug—Aug is
almost unaffected by whether or not Au atoms are fixed. For
Aug, if the Au atoms are moved, the peak position of the tun-
neling current has no movement and the peak strength shows a
certain change compared with that of fixed Au atoms. Impor-
tantly, the enhancement of the third-order tunneling current of
Aug—Aug compared with that of Aug is not affected by whether
or not the gold atoms are fixed. Therefore, we chose to fix the
coordinates of the gold atoms for all simulations.

To gain a deeper understanding of the tunneling current
response, we present the peak values of tunneling current spec-
tra and field enhancement measured at a central plane located
2.9 A from the atom at the end of the Aug cluster and at
the same position for the Aug—Aug dimer. These peak val-
ues are shown under different laser intensities ranging from
Emax = 0.01 V-A~! t0 0.025 V-A~! in Fig. 2(d). It is ob-
served that the tunneling current of Aug increases with the
laser intensity; nevertheless, its field enhancement initially in-
creases and then decreases, exhibiting an inverse correlation
with the tunneling current. [3°! The field enhancement between
the nanoparticle dimer is weakened because an interparticle
current resulting from the strong field photoemission tends
to neutralize the plasmon-induced surface charge density.!'¥]
This conclusion is consistent with our result that the field en-
hancement for the dimer is smaller compared to that for the
single cluster under higher intensity. On the other hand, the
tunneling current of the Aug—Aug dimer increases with the
laser intensity; however, its field enhancement trend remains
within a certain range and is not consistently correlated with
laser intensity. Therefore, for both Aug and Aug—Aug there
is no significant correlation between the tunneling current and
the field enhancement. Based on these observations, we can
infer that field enhancement does not play a significant role
in the nonlinear response induced by plasmonic excitation of
gold nanoclusters.

To further elucidate the phenomenon wherein the third-
order tunneling current of the Aug—Aug dimer is approxi-
mately 2.5 times stronger than that of Aug under the field
Emax = 0.025 V-A~! we present the time-dependent changes
in the occupation of the KS states for Aug and Aug—Aug un-
der the same field strength in Fig. 3. The occupation of KS
states is calculated by projecting the time-dependent KS state
onto the KS orbitals at time t+ = 0. The population inversion
of the electrons from deep-energy to high-energy states is usu-
ally the result of the nonradiative decay of plasmons into hot
electrons.31-321 By comparing Figs. 3(a) and 3(b), it can be
observed that the number of electron transitions from all oc-
cupied states to unoccupied states in the Aug—Aug dimer is
greater than that in single Aug clusters. Based on these find-
ings, we can infer that the atomic mechanism behind the en-
hanced third-order tunneling current of Aug—Aug is due to the
varied contributions of hot electrons generated by plasmon de-
cay to the occupation number of KS orbitals. This, in turn,
affects the nonlinear response.
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Fig. 3. Time-dependent changes in the occupation of the Kohn—Sham
states for (a) Aug and (b) Aug—Aug under the field Epax = 0.025 V-A~L.
The energy zero denotes the Fermi level.
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Fig. 4. Time evolution of the transition number from occupied states
to unoccupied states of Aug and Aug—Aug under the field strengths
Emax =0.01 V-A~1 and 0.025 V-A~1.

The analysis of the number of electron transitions from all
occupied states to the unoccupied states for Aug and Aug—Aug
under fields Eqax = 0.01 V-A~! and 0.025 V-A~!, presented
in Fig. 4, further confirms the above conclusion. It is found
that the number of electron transitions from all occupied states
to unoccupied states in Aug—Aug is greater than that in Aug un-
der the same field intensity. We find that the Aug—Aug dimer
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has a higher density of states (DOS) than Aug by comparing
their DOS in Fig. S4; this is consistent with the fact that more
electrons are excited in the Aug—Aug dimer. Additionally, the
number of electron transitions from all occupied states to un-
occupied states in both Aug and Aug—Aug is higher at a higher
intensity than that at a lower intensity. %3]

In summary, we have explored the nonlinear response in-
duced by plasmons of gold nanoclusters using TDDFT. Our
findings indicate that the third-order nonlinear effect is more
pronounced in Aug—Aug dimers than in individual Aug clus-
ters. This can be attributed to the fact that in Aug—Aug dimers
a larger number of electrons transition from occupied to unoc-
cupied states compared with in single Aug clusters. Further-
more, our results reveal the underlying microscopic mecha-
nism by which the contribution of hot electrons generated by
plasmon decay influences nonlinear responses. This finding
is essential to elucidate the microscopic mechanisms and re-
alize accurate regulation and control of nonlinear optics at the
atomic level. Since the algorithm is limited at present, we do
not calculate higher-harmonic generation, and we will study
the higher-harmonic generation by changing the software al-
gorithm in the future.
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