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ABSTRACT

Tunable plasmonic properties of metallic nanostructures play a significant role in
enhancing various photo-optical phenomena including solar energy conversion, nonlinear optics,
photoluminescence and photocatalysis. Understanding the fast plasmon decay mechanisms is
essential for developing practical applications utilizing these light-matter interaction processes,
but has been a challenge both experimentally and computationally. Among theoretical simulation
methods, real-time density functional theory (RT-TDDFT) is a valuable tool to monitor the
electron dynamics of molecules subjected to an electric field. Herein, we use the RT-TDDFT
method to identify the possible plasmon decay mechanisms of the bare tetrahedral Agg nanocluster.
We excite the strong linear plasmonic states and examine dipole response and the electron
dynamics in the system. Variation of density matrix elements related to occupied and virtual orbital
pairs reveals that the one-photon allowed transitions, which have been excited due to the incident
electric field, experience ultrafast decay into high energy transitions, specifically to two-photon
allowed transitions. The tetrahedral symmetry representations of these transitions confirm that
some of these high energy transitions are only allowed via two-photon absorption whereas others
can be activated via both one- and two- photon absorption. Moreover, this work suggests that the
collective excitations present in the system play an important role in accumulating an enormous
amount of energy to enhance nonlinear processes. Overall, this work provides insights into a
possible plasmon decay mechanism of nanoclusters which is activation of nonlinear processes such

as two-photon absorption.



INTRODUCTION

In the presence of electromagnetic radiation, the conduction electrons of noble metal
nanoparticles oscillate with a resonant frequency with respect to the nanoparticle core; this
phenomenon is known as a localized surface plasmon resonance and results in a strong peak in the
optical absorption/extinction spectrum. The frequency and the strength of the oscillation depends
on the size, shape and the composition of the nanoparticles.!* Plasmonic features of noble metal
nanoparticles including strong absorption of UV/visible and near-infrared (near-IR) portions of the
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electromagnetic spectrum lead to their use in solar cells,*¢ bio-medical applications,’"!° nonlinear

optical convertors,'!"!’

etc. However, the plasmon resonance decays quickly over time when the
irradiation is turned off. Since applications typically benefit from slower damping, there is growing
research interest in understanding the possible plasmon decay mechanisms. Excited electrons can
slowly decay radiatively into photons'® and this process is well-understood because they have
nanosecond decay times and can be studied experimentally using time-resolved measurements.>
1 Faster electron scattering and non-radiative decay pathways, however, have been a subject of
debate in recent literature. The electronic dephasing of metal nanoparticles occurs at a fast rate,
which is typically within a few tens to hundreds of femtoseconds.’®** Therefore, it is
experimentally challenging to capture the mechanisms involved in the ultrafast plasmon resonance
dynamics. Theoretical computations help understand these fast-electronic processes and ultimately
provide a pathway to manipulate the plasmonic properties of nanoparticles. Classical
>4

electrodynamic methods such as Mie theory?® and discrete dipole approximation (DDA)** can be

successfully applied to simulate the optical response of large nanoparticles (diameter > 10 nm).?



However, they do not explicitly treat electrons and are unable to examine processes such as
electron-electron scattering and other quantum effects.?%%’

Time-dependent density functional theory (TDDFT), especially real-time time-dependent
density functional theory (RT-TDDFT),?** is a powerful tool to monitor fast electron dynamics.

This method is currently available in a variety of codes®”->?

and provides optical absorption spectra
that are consistent with the results from conventional linear response time-dependent density
functional theory (LR-TDDFT) for diverse systems in a weak field.>*>> A recent review on RT-
TDDFT has been provided by Goings et al.*® Due to its computational efficiency for large systems
as well as its applicability in the nonlinear regime, RT-TDDFT is beneficial for exploring
plasmonic properties and electron dynamics of metal nanoparticles.>’#! Nevertheless, the RT
method often lacks information about the origin of the excitations that is naturally generated by
the LR method. Several studies, however, show that this information can be resolved. Ding et al.*
analyzed the time evolution of molecular orbital occupation numbers and demonstrated that
collective and in-phase oscillations of single-particle transitions are associated with the transverse
plasmon excitations of silver nanowires. Moreover, the variation of the off-diagonal elements of
the density matrix corresponding to a pair of occupied and unoccupied orbitals provides a
straightforward picture of the time variation of electronic transitions.****> Repisky and co-workers
first proposed the dipole-weighted matrix analysis to interpret the molecular orbital transitions
corresponding to the spectral energies.**** Bruner et al. introduced a Padé approximation to
accelerate the transform of the individual contributions into the frequency domain and
demonstrated its efficiency on gas phase water and a nickel porphyrin system.** Rossi et al.
recently used this concept to present a benchmark study on small benzene derivatives followed by

application to icosahedral silver nanoparticles consisting of 55 to 561 atoms.* Sinha-Roy et al.
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showed the ability to accurately extract transition densities of the excited states from a single o-
kick RT-TDDFT calculation.*®

The above-mentioned studies were generally limited to static spectral properties rather than
the time evolution of plasmons. One exception is a recent theoretical study in which Ma and
coworkers®® suggested that the plasmon resonance of the Agss cluster decays into single particle
excitations that can be identified as hot carriers. In addition, real-time electron dynamics
simulations done by Rossi et al.*” have also identified the plasmon dephasing into hot carriers in
large silver nanoparticles. In a recent theoretical study, Yan et al.* showed that the hot carriers
generated by plasmon decay in silver atomic chains lead to nonlinear effects. It is clear that
plasmon induced nonlinear processes including second harmonic generation have become a hot
topic in the photonics field.*->> However, a clear understanding of plasmon decay mechanisms
has not yet been achieved; to fully understand plasmon decay mechanisms, the fast electron
dynamics of nanoparticles upon irradiation with light must be further studied within a quantum
mechanical framework. In this work, we investigate the electron dynamics of a tetrahedral Ags

cluster with RT-TDDFT simulations to explore its fast plasmon decay mechanisms.



COMPUTATIONAL DETAILS

The electron dynamics of the Ags (7u) cluster was studied using RT-TDDFT in a
development version of the Gaussian software.’® The BP86°"® exchange-correlation functional
with the LanL2DZ>%! effective core potential basis set were used for all calculations. Geometry
optimization calculations were carried out followed by TDDFT calculations on the optimized
structures (coordinates provided in the SI). The highly symmetric 7y isomer of the Agg cluster has
been previously observed to be the global minimum structure (Figure 1, inset).%?> We first compared
the optical absorption properties of Agg obtained from both LR-TDDFT and RT-TDDFT. In the
LR calculations, 800 electronic excitations were calculated to obtain the optical absorption
energies up to around 9 eV. A Gaussian broadening with a full width at half maximum (FWHM)
of 0.2 eV was used when plotting absorption spectra with LR-TDDFT to account for the
experimental vibrational broadening at room temperature. To determine the spectral properties
from RT-TDDFT, the electron density is converged to self-consistency in the presence of a step
function external field applied along the z axis with an amplitude of 0.001 a.u. (~3.57x10"
W/cm?). In this manner, all electronic states are excited simultaneously. Then, the density is
propagated for 120 fs with a time step of 0.0012 fs. The time-dependent dipole moment is related
to the absorption cross section by Fourier transformation into the frequency domain.’ 3¢ An
exponential damping corresponding to a Lorentzian spectral line shape (1/I" = 855 a.u. of time)
was added to the time dependent dipole moment (D'(t) = D(t)exp ™', where D(t) is the
observed dipole moment and D’(t) is the damped dipole moment) before Fourier transformation,

which gives a broadening similar to our LR-TDDFT calculations.



To explore the plasmon decay mechanisms, we study the electron dynamics of the Agg
cluster subjected to a trapezoidal-shaped electric field along the z axis using RT-TDDFT. The field
is gradually increased to its highest amplitude of 0.001 a.u. (~3.57x10'* W/cm?) over the time
period from 0 to 1 fs. The field is then applied continuously at a constant amplitude and a constant
frequency until 19 fs when the amplitude function starts to decrease, and is completely turned off
at 20 fs (Figure S1a). The gradual increase and decrease avoid artifacts that can arise from a sudden
application of a continuous wave field. In this way, one can study the electron dynamics of a
system excited by a quasi-monochromatic laser, which we will refer to as a continuous wave
throughout the text, applied for a certain period of time. The variation of the dipole moment of
Ags resulting from the applied field is shown in Figure S1b. The Fourier transform of a field
applied with a frequency corresponding to 3.96 eV confirms that the excitation is indeed centered
around 3.96 eV (Figure Slc). In this work, the frequencies that are resonant with the lowest two
excitation energies of the Agg cluster, as determined by LR-TDDFT, are used as the frequencies
of the applied electric fields. The electron density is allowed to propagate for a total time of 240
fs with a 0.002 fs step size and the dipole response was inspected.

Numerical propagation of the time-dependent Kohn-Sham equation is used to determine
the electron dynamics via the time-dependent density matrix in the molecular orbital basis.%**
The time-dependent Kohn-Sham equation in an orthonormal basis is given in eq 1, where P(t) is
the time-dependent density matrix in the orthonormal basis, K(t) (eq 2) is the time-dependent
Kohn-Sham matrix under the influence of an external electric field E(t), and K,(t) is the

unperturbed Kohn-Sham matrix.

_dP(t)
e

= [K(8), P(0)] (1)



K(t) = Ko(t) —p- E(t) (2)
The Kohn-Sham matrix in its eigenspace is written as:

CT(t) - K (ty) - C(ty) = &(ty) 3)
where C(t,) and €(t,,) are the eigenvectors and eigenvalues of the perturbed Kohn-Sham matrix
respectively. The electron density is propagated using the modified mid-point unitary
transformation algorithm (MMUT).%* ¢ In this formalism the unitary transformation matrix U at
time t,, is calculated as follows where At is the time step:

U(ty) = exp(iAtK(t,)) = C(t,) - exp(ilte(t,)) - CT(t,) (4)

The density matrix at time t,,_; is then propagated to time t,,,; using U(t,,) (eq 5).
P(tns1) = U(ty) - P(ta-1) - UT(tn) (5)
At each time step, the time-varying density matrix is also transformed into the eigenbasis of the
initial perturbation-free Kohn Sham matrix (i.e., the canonical molecular orbital basis) according
to eq 6, with CJ <Ky (to) - Co = &o(ty). Pyo refers to the density matrix in the molecular orbital
basis. We examine the variation of off-diagonal elements of the density matrix Pov, corresponding
to pairs of occupied (O) and virtual (V) molecular orbitals, to track the contributions from each
occupied-to-virtual molecular orbital pairs to the total electron dynamics. The Fourier analysis of
Pov identifies the frequency of its oscillation. Exploring these time-varying off-diagonal elements
of the MO-based density matrix after exciting a single electronic state is our unique approach to

discover the possible electronic transitions that emerge as a result of the plasmon decay.

Puo(t) = C{-P(©) - Cy (6)



RESULTS AND DISCUSSION

Electronic structure and absorption properties of Ags

An orbital energy level diagram of the tetrahedral Agg cluster illustrating the primary
orbitals that are involved in the electronic transitions is shown in Figure 1. In addition to the
standard orbital designations under tetrahedral symmetry, the orbitals are also labeled with their
closest spherical superatomic®® molecular orbital notation. In superatomic nomenclature,® capital
letters such as S and P are used to represent molecular orbitals that are delocalized throughout the
entire nanocluster; the letters S and P indicate that these molecular orbitals have the same nodal
symmetry as the spherical harmonics representing s and p atomic orbitals. Then, the electronic
configuration arising from eight 5s valence electrons of silver atoms can be designated as 1S*1PS.
As shown in Figure 1, the 1S orbital (45) with a1 symmetry lies very low in energy compared to
the frontier orbitals. The HOMO level is triply degenerate corresponding to a 1P-like set of orbitals
(74-76) with £ symmetry. An additional set of molecular orbitals that are mostly localized on the
silver atoms and arise from linear combinations of atomic 4d orbitals lies between the 1S and 1P
levels; this set of orbitals is denoted as the d-band. The specific 74 point group symmetry
representations of these d-band orbitals are shown in Figure 1. The 1D-type virtual orbitals (77-
79, 81-82) are split into two sets with £ and e symmetry due to the tetrahedral geometry of the
cluster. The superatomic 2S orbital (80) with a1 symmetry lies between the two sets of 1D orbitals.
Above these orbitals, the degenerate 2P orbitals (83-85) lie higher in energy followed by 1F-type
orbitals (87-92); the triply degenerate 2P orbitals have 7 symmetry and the 1F orbitals split into
three sets with a1, #1 and #, representations in the tetrahedral environment. The HOMO-LUMO gap

of the tetrahedral Ags cluster is found to be 2.31 eV at the BP86/LanL2DZ level of theory.



1.00

0.50

0.00

-0.50

-1.00

-1.50

-2.00

-2.50

-3.00

-3.50

-4.00

-4.50

Orbital Energy (eV)

-5.00

-5.50

-6.00

-6.50

-7.00

-7.50

-8.00

-8.50

-9.00

<l

= Il

>

=<k

<=

Ll

<>

<b =

<= <=

=

APl 4Paae

f (1F,)

4 (1F,)

a (1F)

I! (2Pr2)

e(1D,)

a (2S)

& (1D,,)

L (d-band)

a (18)

(d-band)
5]

Figure 1. Molecular structure and the orbital energy level diagram of the tetrahedral Agsg cluster.

Shapes and the tetrahedral point group symmetry representations of the orbitals are displayed with
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the relevant spherical assignment for the superatomic orbitals in parentheses. A horizontal dashed
line separates the occupied and virtual orbitals.

The absorption spectrum of the Agg tetrahedron contains two sharp peaks at 3.05 eV and
3.96 eV as calculated from linear-response TDDFT (Figure 2). The peak at 3.05 eV arises due to
electronic transitions from the occupied 1P orbitals into the unoccupied 1D and 2S orbitals (Table
S1). For the excitation at 3.96 eV, the largest contribution comes from 1P - 1D transitions,
although some 1P = 2S and d-band - 1D transitions also contribute slightly (Table S2). The
electronic transitions between superatomic orbitals of Ags follow the spherical selection rule, AL
= +1, for these lowest two excitations. Moreover, these transitions follow the specific selection
rules for dipole-allowed electronic transitions in a molecule with 7, point group symmetry. The
absorption spectrum calculated from the RT-TDDFT calculation, i.e. the Fourier-transformed
dipole moment, reproduces the spectrum calculated from LR-TDDFT (Figure S2). Molecular
orbital occupation number variation and their Fourier transforms (Figure S3) as well as the Fourier
analysis of the off-diagonal density matrix elements (Figure S4) support the spectral transition
information revealed by LR-TDDFT. Most importantly, since these excitations arise due to the
constructive contribution of multiple electronic transitions, we can identify that they correspond
to a molecular analog of a plasmon resonance in this nanocluster; thus, the electronic dynamics in

this nanocluster provide important information about possible plasmon decay mechanisms.
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Figure 2. LR-TDDFT excitation spectrum of the tetrahedral Agg cluster and the transitions
responsible for the peaks at 3.05 eV and 3.96 eV. (Purple: LR stick spectrum; red: convoluted
spectrum using gaussian curves with Gaussian FWHM = 0.2 eV).
Real-time TDDFT of Ags with a continuous wave field

To study the plasmon dynamics of this system, continuous wave external electric fields
with resonant frequencies of 3.05 eV and 3.96 eV are applied and the dipole moment variations
over time are examined. We first focus on the most intense peak, which appears at 3.96 eV. The
time variation of the applied field oscillating with a frequency corresponding to 3.96 eV is shown
in Figure 3a. (An expanded view from O fs to 20 fs is shown in Figure Sla; its corresponding
Fourier transform in Figure Slc confirms that the pulse will excite electronic states centered
around 3.96 eV.) The dipole moment of the silver cluster subjected to this continuous wave field
is shown in Figure 3b. Due to the continuous energy supplied during the first 20 fs, the dipole
moment resonating with the applied field frequency continues to increase until the field is turned
off at 20 fs (Figures 3b and S1b). After the external field is turned off, the dipole moment starts to
decrease but continues to oscillate at the resonant frequency. The magnitude of the dipole moment
continues to drop until about 175 fs when it again starts to rise. This behavior of the dipole moment
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implies that the collective (dipolar plasmon-like) behavior in the Ags cluster is decaying between
20 and 175 fs. However, it should be noted that in our simulation the total energy is conserved and
the nuclei are fixed; thus, energy cannot flow into vibrational modes. In the absence of any energy
dissipation processes, the energy arising from the interaction of the nanoparticle with the electric
field will stay in electronic states for the entire length of the simulation, although it may flow
between different electronic states due to coherences established in the system during the electric
field perturbation. In a “real” system, this energy will decay to nuclear degrees of freedom
(typically on the time scale of 100s of fs) and then to the bath (1000s of fs). Thus, although we
would expect beating if we were to run the simulation in this paper for many hundreds or thousands
of fs, this would not truly simulate what may occur experimentally. We are most interested in the
short-time decay dynamics of the electronic states. Therefore, the question arises of where the

energy flows when the dipolar oscillation decreases during the initial dipolar decay.
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Figure 3. Variation of (a) applied electric field and (b) dipole moment along z axis. The continuous
wave electric field is applied with a frequency of 3.96 eV.

To identify the energy transfer over the course of the electron dynamics simulation, we
analyze the variation of the off-diagonal density matrix elements, Pov, corresponding to occupied-
virtual molecular orbital pairs. The value of Pov at a certain time indicates the amount of single
particle electronic transition occurring between the occupied and the virtual orbital at that time.
Variation of the Pov element corresponding to a transition between an occupied 1P-type molecular
orbital (75) and a virtual 1D-type orbital (81) (Figure 4a) follows the same temporal pattern as the

dipole moment variation, where the transition is the strongest around 20 fs and decays to a
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minimum near 175 fs. Similar variations albeit with smaller magnitudes are observed for the 1P
- 2S (Figure 4b) and d-band > 1D transitions (Figure S5d). The corresponding Fourier
transforms in Figure 4¢ indicate that these transitions are related to the activation of the plasmonic
excitation at 3.96 eV. Further analysis of the orbital occupation variation in individual orbitals
shows that the electron population of occupied orbital 75 decays until 20 fs and starts to grow after
20 fs, whereas the population of virtual orbital 81 shows an anticorrelation with that of occupied
orbital 75 (Figure S6, middle), demonstrating that the dynamics of this electron transition as
measured by orbital occupation numbers are similar to the dynamics manifested by P7s.s1. The
continuous drop of P7s.g1 even after 60 fs through about 175 fs is clearly shown in the variation of
corresponding orbital occupations. Here we note that when we excite the system with a continuous
wave electric field corresponding to a resonant energy of the molecule, the frequency domain
dipole response as well as the molecular orbital responses slightly shift towards higher energy. For
instance, when an energy of 3.96 eV is applied to the system as a continuous wave electric field,
the frequency domain responses for both the dipole moment and the off-diagonal density matrix
elements peak at 4.03 eV. The shift in the time dependent response in RT-TDDFT where the
system is perturbed significantly away from the ground state has been previously reported by
several researchers.”-” In this work, the amount of this observed peak shifting was less than 0.1

eV and can be considered to be very small.
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Figure 4. Variation of density matrix elements corresponding to the occupied and virtual pairs (a)
1P — 1D and (b) 1P —2S; (c) corresponding Fourier transforms. The continuous wave electric field
is applied with a frequency of 3.96 eV.

Overall, variation of 1P = 1D, 1P = 2S and d-band = 1D transitions follow the same
pattern as the dipole moment variation oscillating with the resonant frequency; these transitions
were also identified from the linear response calculations described above as the transitions
responsible for the collective plasmon-like peak at 3.96 eV. Point group symmetries indicate that
these 1P = 1D, 1P - 2S and d-band - 1D transitions are electric dipole-allowed, owing to the
fact that the irreducible representations of the corresponding direct products contain the 7>
representation (Table 1). Density matrix element variations corresponding to the dipole-allowed
transitions separated into their point group representations are presented in Figure SS5.

Table 1. Tetrahedral point group representations of the orbitals involved in the transitions which
give rise to the peaks at 4.03 eV and 8.07 eV and the decomposition of their direct products. Note:

The continuous wave electric field is applied with a frequency of 3.96 eV.

Direct product
Excitation Transitions Spherical Symmetry decomposition
energy (eV) assignments into irreducible
representation
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75 = 81
4.03 74 > 81 1P> 1D h>e T+ 1
76 > 77 1P-> 1D h=2bh A+E+T1+ 1
75 2> 80 1P 2> 2S Hh=2a T
66 > 78
66 > 79 d-band = 1D e2>h T+ 1
8.07 45 > 86 1IS=> 1F a2 a A
72 > 92
71 = 90 d-band 2 IF Hh=2>nb A+ E+T1+ 1
73 =2 90
68 =2 90
69 2 91
69 2 92 d-band =2 1F h2>h A+E+TI+T
70 = 91
70 > 92

Because the time-dependent behavior of the dipole-allowed transitions resembles the
variation of the dipole moment, these transitions do not reveal any new information regarding the
energy transfer processes that are active during the 20-175 fs time period. However, several other
transitions were found to behave in a different manner. Interestingly, the Pov matrix element
corresponding to the 45 (1S) = 86 (1F) transition grows significantly even after the field is
switched off at 20 fs (Figure 5a). The oscillation of this transition corresponds to an energy of 8.07
eV (Figure 5b), which is twice the resonant frequency. In addition to this transition between two
superatomic orbitals, some d-band transitions also gain energy and oscillate with a frequency
corresponding to 8.07 eV (Figure 5b, c¢). A summary of transitions oscillating with 8.07 eV
frequency is illustrated in Figure S7. As compared in Figure 6, the decay of P7ss1 (1P = 1D
transition) and growth of P4sss (1S = 1F transition) are related. The density matrix element P75.3;
starts to increase right away as the field is applied and keeps increasing until the field is turned off

at 20 fs. In contrast, P4s.g6 starts to increase at around 5 fs and continues to grow even after 20 fs
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(Figure 6). Anticorrelated dynamics of occupation numbers for orbitals 45 (occupied) and 86
(virtual) underscore the electron transition dynamics occurring between these two orbitals (Figure
S6, bottom). The inverse correlation between the two types of transitions (1P = 1D with 1w, where
®is 3.96 eV, and 1S 2 1F with 2w), especially after the field is turned off, suggests that the energy
flows from the dipole-allowed transitions into different transitions with twice the plasmon energy.
Similarly, around 175 fs the electron occupation in orbital 75 (1P) reaches a maximum at
essentially 2 electrons, while the occupation of 81 (1D) drops back to 0 electrons (Figure S6,
middle). This corresponds to the time at which the dipole moment of the system reaches a
minimum. At the same time, the electron occupation of orbital 45 (1S) reaches a minimum (~1.75
electrons) while the occupation of orbital 86 (1F) reaches a maximum (~0.25 electrons) (Figure
S6, bottom). The magnitude of the dipole moment as well as the Pov elements corresponding to
dipole-allowed transitions start to increase after about 175 fs (Figure 3b and Figure 6). This might
suggest that the dipole-allowed transition could undergo a revival at some time. Comparatively,
Pov elements related to the two-photon allowed transitions drop after 175 fs (Figure S7). This
illustrates why a permanent decay of the dipole moment may not be possible under the adiabatic

conditions used in these simulations. In reality, however, a revival back to the initial states may
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not actually occur. At longer time scales, energy transfer to vibrational energy may play a role in

addition to energy transfer to the bath.
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Figure 5. Variation of density matrix elements corresponding to the occupied and virtual pairs
(a) 1S — 1F (45-86) and (c) d-band — 1F (72-92); (b) corresponding Fourier transforms. The

continuous wave electric field is applied with a frequency of 3.96 eV.
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Figure 6. Decay of P75.81 and growth of Pss.s¢ when the continuous wave electric field is applied

with a frequency of 3.96 eV.

The energy of the continuous wave field is clearly centered around the energy
corresponding to the applied frequency without significant excitation at higher energies (Figure

S1b), even though the continuous wave field is only applied for 20 fs. Therefore, the non-linear
19



effects arise as a result of the electron dynamics in the nanocluster, not because of direct excitation

arising from the short-time application of the continuous wave field.

When a system is excited with a resonant electric field, excitation of the dipole-allowed
transitions is expected. However, here we not only observe these one-photon excitations but also
numerous two-photon absorptions due to the presence of a strong electric field. The selection rules
for allowed two-photon absorption are analogous to the selection rules for Raman scattering.’”!"’*
Therefore, for a two-photon absorption to be allowed, the direct product of the representations of
the initial and final molecular orbitals corresponding to an electronic state should contain a
quadratic representation such as xy, yz, x*, y?, etc. Referring to the character table of the T, point
group, if the direct product of symmetries of the two orbitals involved in a transition includes A1,
E or T, then that transition can be allowed for two-photon absorption. As shown in Table 1, 1S =
1F and d-band = IF transitions, which give rise to the excitation at 8.07 eV, are in fact two-photon
allowed. Importantly, we observe that the transition between superatomic 1S and 1F orbitals,
which is of 41 symmetry, is forbidden for one-photon absorption but allowed with two-photon
excitation. Therefore, the applied field is strong enough to create nonlinear effects resulting in this
excitation with 41 symmetry. Additionally, in a tetrahedral molecule, which does not have a center
of inversion, there can be transitions that are both one- and two-photon allowed. The transitions

between d-band (#1/t2) and 1F (%) orbitals can be both one- and two-photon allowed because the

direct products #1 ® t, and 1> ® £, yield 7> symmetry.

We also reduced the strength of the electric field by a factor of 10 and identified the same
behavior albeit with decreased magnitudes for the dipole moment and density matrix elements.
The comparison of the dipole moment variation and the corresponding Fourier transforms for the
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applied field strengths 0.001 a.u. and 0.0001 a.u. are presented in Figure S8. Figure S9 and Figure
S10 illustrate the variation of density matrix elements and their Fourier transforms corresponding
to one- and two-photon allowed transitions respectively. The dipole moment as well as the Pov
values of one-photon allowed transitions decrease by a factor of 3-7 while the Pov values of two-
photon allowed transitions decreases by a factor of 17-19 when the electric field is weaker by a
factor of 10. Although this decrease is not at the maximum factor of 100 that could be expected
for a second-order nonlinear process, it is larger than the factor of 10 that would be expected for a
purely linear process, thereby implicating nonlinear processes. Dipole decay occurs more rapidly
for the stronger applied field, which correlates with the observation that the two-photon allowed
transitions are activated more during the simulation with the stronger field. It is possible in larger
plasmonic nanoparticles that the very strong near-fields created by the collective oscillation of the
conduction electrons upon resonant excitation even with a low-intensity laser are sufficient to

induce plasmon decay via two-photon processes; this should be the topic of a future study.

We likewise examined the electron dynamics of Ags excited at the resonant energy of 3.05
eV. Similar to the previous results, the dipole moment along the z axis (Figure 7b) is dominated
by the 1P = 1D and 1P - 2S transitions (Figure 8a,b) that make up the excitation at 3.05 eV,
consistent with LR-TDDFT findings. The magnitudes of the corresponding Pov elements and the
dipole moment increase until the field is turned off and start to decay after that. These transitions
again start to grow at about 80 fs. Over the 240-fs simulation, we observe these transitions and
dipole moments fall and rise several times indicating energy transfer to and from other transitions.
The corresponding Fourier transforms show a peak at around 3.07 eV (Figure 8c), confirming their
contribution to the resonant peak (note that the system was excited with a continuous wave electric

field oscillating with a frequency of 3.05 eV and we observe a peak shifting of 0.02 eV here).
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There are three types of transitions, ©2 = e, t» = t, and 2 = ai, that follow the dipole moment
signature and all of them yield the 7> representation (Table 2 and Figure S11). Therefore, they are
dipole-allowed according to the 7y point group symmetry rules. Here also we perceive the
activation of two-photon excitations. Figure 8d,e illustrates the variation of Pov for the transitions
from low-lying d orbitals to 2S and 1D orbitals oscillating with twice the resonant frequency, i.e.
6.19 eV (Figure 8f, Table 2, Figure S12). As shown in Table 2, the symmetries of these transitions
follow the selection rules for two-photon absorption because their direct products include the A1,
E or T representations. The inter-band transition of d electrons to the 2S level is the major two-
photon transition when the system is initially excited at 3.05 eV. Because this transition has £
symmetry, it requires a strong field to be activated via multiple photons. Similar to the previous
discussion, these d-band transitions do not occur as soon as the field is applied but start to increase
their strength at around 5 fs. This clearly implies the ultrafast decay of one-photon excitations into

two-photon excitations.
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Figure 7. Variation of (a) applied electric field and (b) dipole moment along z axis. The continuous

wave electric field is applied with a frequency of 3.05 eV.
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Figure 8. Variation of Pov corresponding to (a) 1P = 2S, (b) 1P = 1D transitions and (c)
corresponding Fourier transforms; variation of (d) d-band - 28, (e) d-band = 1D transitions and
(f) corresponding Fourier transforms. The continuous wave electric field is applied with a

frequency of 3.05 eV.
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Table 2. Tetrahedral point group representations of the orbitals involving in the transitions that
give rise to the peaks at to 3.07 eV and 6.19 eV and the decomposition of their direct products.

Note: The continuous wave electric field is applied with a frequency of 3.05 eV.

Direct product
decomposition
into irreducible
representation

Excitation Transitions Spherical

energy (eV) assignments Symmetry

74 = 81
3.07 75 > 81 1P > 1D h>e T+ 1
76 > 81
74 > 79
76 > 77
74 > 78
75> 77
75> 79
76 2 78
74 > 80
75 = 80 1P > 2S b 2> a g
76 2> 80

1P> 1D L=2>0b Ai+E+T+ T

6.19 40 - 80 d-band - 28 e=>ai E

38 2> 78
37> 77 d-band = 1D Hh=2>bh A+E+T1+ T
39> 179

45 - 80 1S = 2S air = ai Al

In both cases where the system is excited by a continuous wave electric field (with energies

of 3.05 eV and 3.96 eV), the collective plasmon resonance of this tetrahedral Agg cluster decays
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into high-energy excited states with twice the resonant energy, resembling the two-photon
absorption phenomenon. The electric field intensity of 0.001 a.u. (~3.57x10'> W/cm?) is strong
enough to induce nonlinear effects of this tetrahedral cluster, and weaker nonlinear processes are
also observed for the applied electric field with an intensity of 0.0001 a.u. Tetrahedral symmetry
may play an important role in allowing these two-photon absorption processes because there are
states that could be accessible via both one- and two-photon absorption. Nonetheless, the strongest
contributions to the high-energy two-photon absorptions around 6.19 eV and 8.07 eV arise from
transitions with £ and 4; symmetry, respectively, which are prohibited in the linear regime.
Overall, the role of shape and symmetry in enabling nonlinear absorption processes in nanoclusters
will be a valuable area for further study.

In the tetrahedral Agg cluster, the two lowest excited states at 3.05 eV and 3.96 eV have 7>
symmetry leading to the possibility that each of these plasmon-like states can also be activated via
two photon-absorption if they are excited with a frequency corresponding to half of the resonant
excited state energy. To test this possibility, we applied continuous wave electric fields with
energies of 1.525 eV and 1.98 eV (corresponding to half of the energy of the strong, collective
states at 3.05 eV and 3.96 eV) using electric field intensities of 0.001 a.u. However, we observed
neither a continuous increment of the dipole moment while the field is applied, nor two-photon
absorption for these frequencies. Variation of the applied field, dipole moment and the Fourier
transformed dipole moment compared with the LR peak positions for these two frequencies are
shown in Figures S13 and S14. In both cases, the time variation of the dipole moment resembles
that of the applied field rather than an increasing dipole moment while the field is applied. The
magnitude of the dipole moment in both cases is around 1 Debye, which is weaker compared to

the corresponding dipole moment when excited at a plasmonic frequency (i.e. 10 Debye and 5
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Debye when excited with resonant frequencies of 3.96 eV and 3.05 eV, respectively). After 20 fs,
the dipole moment oscillates with either of the two lowest plasmonic frequencies. Surprisingly,
when excited with a continuous electric field oscillating with an energy of 1.525 eV, after 20 fs
the dipole response oscillates with a frequency corresponding to 3.96 eV excitation rather than
with 3.05 eV, which would have been twice the applied frequency. Furthermore, the 1.98 eV
excitation leads to an oscillation of the dipole moment with a frequency corresponding to a peak
at 3.05 eV instead of one at 3.96 eV which would be expected if nonlinear processes were
occurring in this situation. This remarkable observation suggests that even in the presence of a
strong field, two-photon absorption may not occur for all incident wavelengths of light, regardless
of whether the corresponding two-photon excitations are allowed. However, wavelengths
corresponding to resonant excitations such as plasmon resonances can significantly enhance the
possibility of two-photon absorption. Plasmonic systems can absorb a massive amount of energy
when excited at plasmon resonance frequency and can use that energy to initiate multi-photon
processes. Therefore, plasmonicity appears to be a driving force for the activation of nonlinear

absorption properties.
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SUMMARY

Herein we demonstrate a possible plasmon-enhancement of nonlinear susceptibility in the
tetrahedral Ags cluster. Electron dynamics in this silver cluster subjected to a continuous wave
electric field oscillating at two plasmonic resonance frequencies were examined using RT-
TDDFT. We observe an ultrafast decay of the dipolar response after the external field is turned
off, especially when the strongly dipole-allowed plasmon-like state is excited. The unique
approach used in this work, the analysis of the time-dependent off-diagonal density matrix
elements in the MO basis, reveals that the dominant transitions that govern the resonant plasmonic
state decay in the absence of the electric field, whereas the density matrix elements related to
several other MO transitions continue to rise. Surprisingly, these growing matrix elements oscillate
at twice the incident frequency demonstrating a strong second-order nonlinear response. This work
shows that the dipole-allowed one-photon excitations can be transformed into two-photon allowed
states in this tetrahedral cluster which can be considered a plasmon-mediated nonlinear response.
The distinct point group symmetry selection rules for one- and two-photon absorption confirm the
linear and nonlinear transitions respectively. This work also reveals the fact that the incident
electric field must be in resonance with strong collective excited states such as plasmon resonances
to substantially boost the nonlinear properties. This work establishes an interesting area of
research, i.e. ultrafast plasmon decay via nonlinear processes, for future understanding of energy

enhancement and transfer processes in plasmonic materials.
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SUPPORTING INFORMATION AVAILABLE

Coordinates of Ags cluster. Applied continuous wave field and the dipole moment of the
Agg cluster in both time and energy domains. Transitions responsible for the lowest energy peaks
of the Agg cluster at 3.05 eV and 3.96 eV. Absorption spectra comparison for LR and RT-TDDFT
methods. Analysis of spectral properties from the molecular orbital occupation number variation
and off-diagonal elements of the density matrix during time propagation. Decay and growth of oft-
diagonal density matrix elements when external continuous wave electric fields oscillating with
frequencies of 3.96 eV and 3.05 eV are applied. Variation of the occupation numbers for selected
molecular orbitals (3.96 eV excitation). Comparison of the dipole response and the Pov values
when the applied field strengths are 0.001 a.u. and 0.0001 a.u. Variation of applied field, dipole
moment along z axis and Fourier transformed dipole moment when continuous wave electric fields

oscillating with frequencies of 1.525 eV and 1.98 eV are applied.
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