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ABSTRACT

Using real-time quantum dynamics calculations, we perform theoretical investigations of light-
induced interactions and electronic excitation transfer in a silver nanoparticle dimer. Real-time
time-dependent density functional tight-binding (RT-TDDFTB) calculations provide details of the
guantum dynamical processes at an electronic/atomistic level with attosecond resolution. The
computational efficiency of RT-TDDFTB allows us to examine electronic dynamics up to
picosecond time scales. With time scales varying over six orders of magnitude, we provide insight
into interactions between the nanoparticle and laser and between nanoparticles. Our results show
that the coupling between nanoparticle monomers is dependent on the separation distance between
the nanoparticles in the dimer. As the interparticle distance is varied, the dipole-dipole interactions
and electronic excitation transfer mechanisms are markedly different. At large distances (from 50
to 20 A), the energy transfer from NP1 to NP2 becomes more efficient as the interparticle distance
decreases. The total dipole moment of the Agis« nanoparticle dimer increases linearly at an
interparticle distance of 20 A and reaches its maximum after 1.2 ps. The electronic excitation
transfer is also the most efficient at 20 A. At short distances, back-transfer effects reduce the ability
of the dimer and NP1 to accept energy from the incident electric field. We attribute the distance-
dependent features of the nanoparticle dimer to the beating between the laser acting on NP1 and

the back transfer from NP2 to NP1.



Introduction

The interaction between noble-metal nanoparticles and light have many applications in
chemistry, physics, and biology. Due to their high physical and chemical stability,X* noble-metal
nanoparticles present a unique opportunity for exploring different properties and applications with
tremendous tunability. One of the unique properties of these systems is the appearance of localized
surface plasmon resonances (LSPRs).>1% LSPRs originate from the collective oscillation of free
electrons of metal nanoparticles when excited by an external field. LSPRs enable high electric
field intensities due to the plasmon resonance, high sensitivity to the environment, and strong
interparticle coupling. In addition to the tunability of individual nanoparticles, the existence of

neighboring particles can also modulate the optical properties of nanoparticle systems.'16

The simplest model to study plasmonic coupling is the nanoparticle dimer. A systematic
study of nanoparticle dimers not only provides more insight about nanoparticle interactions but
also paves the way for further study of hybridized plasmons in more complex systems,t7:18
Beside hybridized plasmons, a large electromagnetic field enhancement can occur in a nanoparticle
junction when the surface plasmon is excited. Studying nanoparticle dimers not only provides
physical insights about nanoparticle interactions but also provides a deeper understanding of
electromagnetic field enhancements.'® The coherent nature of the LSPR results in large dipole
moments, and electronic excitation transfer (EET) mechanisms can transfer energy to neighboring
nanoparticles via electrostatic coupling. In previous experiments, Maier and co-workers observed
EET from a localized source to a localized detector in a plasmon waveguide.® Yun et al. have
used a noble nanocluster as an acceptor and reported EET with more than double the traditional
Forster range.?° The long-ranged nature of plasmonic interactions in EET has been analyzed by

quantum dynamics calculations by llawe et al.?! Investigations of electronic excitation transfer



mechanisms in nanoparticles at a quantum dynamical level of detail can provide insights for future

applications in directing and controlling excitation energy in even more complex systems.?*-23

Several previous theoretical studies have utilized density functional theory (DFT) and time-
dependent density functional theory (TDDFT)2433 for describing quantum mechanical effects
on optical properties.®% Density functional tight-binding (DFTB)3"38 and its real-time formalism
(RT-TDDFTB)? are more computationally efficient for exploring large systems and longer time
scales. Within the RT-TDDFTB formalism, the one-electron density matrix is propagated in the
presence of an external electric field. The simulated optical absorption spectrum can be obtained
by a Fourier transform of the time-evolving dipole moment into the frequency (energy) domain.
Sanchez and co-workers have used RT-TDDFTB to investigate the relaxation dynamics of LSPRs
in nanoclusters.3*#! Wong and co-workers used RT-TDDFTB to study the electron dynamics of a
plasmonic antenna for understanding plasmonic effects.?*2 In addition to RT-TDDFTB, the linear
response (LR) formalism of DFTB has also been used to calculate optical absorption spectra. In
2018, Alkan et al. used the LR-TDDFTB formalism to study the optical properties and electronic
structures of silver nanorods and nanorod dimers.*® Their results showed good agreement in the
spectral shapes, energies, and intensity trends between the LR-TDDFT and LR-TDDFTB
calculations. Liu et al. observed different absorption peak shifts in different sizes of homodimers

and heterodimers, which are related to the direction of the transition dipole moment.*2

Due to the high computational efficiency of DFTB and RT-TDDFTB, these methods can
be used on simulations of large systems and long time scales. Moreover, because DFTB and RT-
TDDFTB allow for the explicit treatment of electronic structure in the presence of external fields,
they can more accurately predict electron dynamics effects compared to classical methods,

particularly in cases where quantum mechanical effects become important. Quantum mechanical



methods are required to treat effects such as electron tunneling and charge transfer plasmons that
emerge when the interparticle distance between nanoparticles becomes small. In this study, we
employ RT-TDDFTB on a nanoparticle dimer system to examine each individual nanoparticle in
the presence of an external electric field and understand the resulting dynamics as the distance

between the nanoparticles is varied.

Computational Methods

The DFTB+ code*® was used to calculate the ground-state Hamiltonian, overlap matrix
elements, and the initial single-electron density matrix within the self-consistent density functional
tight-binding (SCC-DFTB) formalism. SQUIRRELS (Streamlined QUantum Interface for
Researching Real-Time ELectronic Systems),?! a real-time implementation of DFTB, is used to
probe the nonequilibrium electron dynamics. This methodology has also been used by other
authors to compute the photoinjection dynamics in dye-sensitized TiO2 solar cells,**-® excitation
energy transfer in photosynthetic molecules,*’* in noncovalently bonded molecular aggregates,*°
many-body interactions in solvated nanodroplets,?® and excitation energy transfer dynamics in
plasmonic arrays.?2236:5051 Alsg, recently the implementation can be found in the DFTB+ code.5?
250,000 electron dynamics steps were taken with a time step of 0.2 a.u. (4.8 attoseconds). Because
of the computational efficiency of RT-TDDFTB, our simulations can be carried out to picoseconds
with an attosecond time step, which spans over six orders of magnitude of time. We used a
continuous wave field, which mimics a laser field polarized in the z direction, with an electric field
strength of 0.0001 V/Angstrom. In our simulations, only the first Agi4 nanoparticle was excited

with a laser, which was tuned to the highest excitation peak of the monomer (3.22 eV). The induced



dipole moment in the second Agis nanoparticle was due to stimulation from the first Agis

nanoparticle.

For the quantum dynamics calculations, RT-TDDFTB propagates the one electron density
matrix in the presence of an external time-varying electric field. The time-dependent Hamiltonian

is given by:
H(t) = H° — Eo(t) - u(t) €Y)

In equation (1), H® is the reference Hamiltonian, E,(t) is the applied electric field, and ;t(t) is

the dipole moment operator. In this work, the dipole moments are computed as:

nO=e) qn @

where e is the is the elementary charge, r; is the cartesian coordinate of atom i and g;(t) is the

Mulliken charge given by

N
ai(®) = ) 2, = (S + 5Py ®3)

VEI

where Z,, is the effective nuclear charge associated with atom i and the last term is a matrix
element obtained by the product between the one-electron density matrix p and the overlap matrix
S. In order to obtain the dipole moment of each NP in the dimer, we compute the Mulliken charge

of each atom and then multiply by its cartesian coordinate and the elementary charge.

Because the quantum system propagates in the time domain, E,(t) can be chosen to take

any time-dependent form. To simulate an optical absorption spectrum, E,(t) can be chosen as a



Dirac delta function and the absorption spectrum in the frequency domain can be obtained by a
Fourier transform of the time-evolving dipole moment. To simulate the system interacting with
monochromatic light, E,(t) can take the form of a sinusoidal perturbation. Different choices of
the applied electric field give different but complementary viewpoints of quantum dynamics.
According to the Liouville—~von Neumann equation, upon interaction with time-dependent fields,

the DFTB density matrix p will evolve as:?'4®

9
—p—%(S‘l-H[p]-p—P'H[P]'S_l) (4)

at i
where H is the Hamiltonian matrix (which implicitly depends on the density matrix) and S is the

overlap matrix.?>* The hyb-0-2 set of Slater-Koster parameters®*>* for the silver atoms was used.

Two identical Agiswere placed with different edge-to-edge interparticle distance (8, 9, 10,
12, 15, 20, 25, 30, 40, and 50 A) as shown in Figure 1. These values correspond to the distances
between the two closest atoms from different nanoparticles in the dimer structure along the z-axis.
Only the first nanoparticle (donor) was excited with a laser (sinusoidal electric field perturbation)
with its frequency equal to the monomer plasmonic energy (3.22 eV) and polarized along the
intermolecular axis. Strong dipole moments are induced in the second nanoparticle (acceptor). The
incident field is small enough (0.0001 V/A) so that the system remains in the linear response
regime. Based on previous work, we found an absorption peak of 3.2228 eV for the Agi4 monomer
from LR-TDDFTB calculations,* which is resonant with a laser frequency of 3.22 eV used in our

current work.



Figure 1. Interparticle distances between two identical Agis clusters.



Results and Discussion
Short-time dynamics

In our RT-TDDFTB study, initial excitation of NP1 in the z-direction leads to an
increasing z-component of the dipole moment for NP1 followed by an induced dipole moment
for NP2. The dipole moment components in the x and y direction are zero due to symmetry. In
the short-time dynamics, the peak of the NP2 dipole moment occurs approximately when the
NP1 dipole is zero, as shown in Figure 2. A previously formulated analytical model based on a
two-level system (TLS)® is also used to analyze the nanoparticle dimer. Because the size of the
Ag1 nanoparticles (face-to-face distance of 4 A) is smaller than the interparticle distance (from 8
A to 50 A), we use a dipole approximation, which approximates the coupling between the
nanoparticles as a point dipole interacting with another point dipole. In the analytical TLS, the
dipole moment in NP2 is induced by the direct excitation of NP1. Based on linear response

theory®® and an analytical TLS, the dipole moment in NP1 can be expressed as:

E, ) A
a1 (8) = —=|pq |*t - cos(wext) 7 (5)
h

where Eo is the applied electric field, y, is the transition dipole moment of NP1, w,, = AE,,/7is

the excitation energy, and r is the direction of the transition dipole moment.
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Figure 2. Short-time electron dynamics in our RT-TDDFTB simulation with an interparticle
distance of 25 A. The dipole moment of NP1 fluctuates under the external field, and the induced

dipole moment of NP2 arises from the excitation of NP1.

Because both nanoparticles are identical, the transition dipole moment is the same. The

induced dipole moment of NP2 in the homodimer system can be expressed as:

%) (t) = |4t2 Sin(wext) r (6)

E, |
dmeoh2d® M
where ¢o is the vacuum permittivity and d is the distance between the nanoparticles.
Long-time dynamics

From the TLS model, the peak of the dipole moment in NP1 increases linearly, which is
expected because the energy constantly increases in a continuous laser field, while the peak of the
dipole moment in NP2 increases quadratically as a function of time. These trends agree with short-
time dynamics models. However, for longer times, we observe that the dipole moments of NP1

and NP2 deviate from this expectation. These deviations from the analytical model indicates the

10



complexity of long-time electron dynamics in nanoparticles. To understand these effects, we now

analyze each individual nanoparticle system with different interparticle distances.

The computational efficiency of RT-TDDFTB allows us to simulate electronic dynamics
up to picosecond time scales. The simulation for the nanoparticle dimer with a 50 A separation is
shown in Figure 3. Because the main interaction is dipolar, the peak of the dipole moment of NP1
increases linearly until 400 fs (Figure 3(b)), and the dipole moment of NP2 increases quadratically
(Figure 3(c)), which agrees with the analytical TLS model for short-time dynamics as expected.
For the first 700 fs, the dipole moment of the overall nanoparticle dimer mostly comes from NP1.
Around 700 fs, the total dipole moment reaches its maximum, at which point NP2 contributes one-
seventh of the dipole moment. After 700 fs, the contribution from NP1 decreases, while the
contribution from NP2 still increases, although at a slower rate than before. The explanation for
this phenomenon is that NP1 begins to transfer energy to NP2. Due to its oscillating dipole
moment, NP1 creates an electric field that oscillates in time, which is then felt by NP2 because of
the coupling between them. Even in this regime, with low coupling between the nanoparticles and
a small incident field, the real-time simulations show that this system simulates EET of a plasmonic

antenna.

As the interparticle distance of the dimer decreases to 40 A (Figure 4), the overall profile
of the dipole moment fluctuation is similar to the simulations with a 50 A separation. However,
the dipole moment intensity in NP2 is larger than that at the 50 A separation, which indicates that
EET from NP1 to NP2 becomes more efficient at 40 A than at 50 A. The total dipole moment
reaches its maximum at 800 fs. Approximately one-third of its contribution comes from NP2,
which is larger than its contribution for an interparticle distance of 50 A. The linear increase in the

dipole moment for NP1 deviates after 300 fs.

11
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Figure 3. (a) Total dipole moment, (b) dipole moment of NP1, and (c) induced dipole moment of

NP2 for

a nanoparticle dimer with a 50 A interparticle separation.
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Figure 4. (a) Total dipole moment, (b) dipole moment of NP1, and (c) induced dipole moment of

NP2 for a nanoparticle dimer with a 40 A interparticle separation.
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For the nanoparticle with an interparticle separation of 30 A, the linear increase in the
dipole moment for NP1 deviates after 200 fs. Around 1000 fs, the total dipole moment reaches its
maximum. At a 30 A separation, NP1 and NP2 have a nearly equal contribution to the total dipole
moment after 600 fs. Comparing Figure 5(c) with Figure 3(c) and Figure 4(c), the induced dipole
moment in NP2 for an interparticle distance of 30 A is larger than the induced dipole moments for
50 and 40 A. As shown in Figure 3(c), the induced dipole moment is around one-seventh of the
total dipole moment in the dimer as shown in Figure 3(a). From Figure 4(c) and Figure 4(a), the
contribution from NP2 is around one-third of the total. However, at a 30 A separation, NP1 and
NP2 have a similar contribution. An interesting phenomenon is observed here in the plasmon
excitation of NP1. A plateau is noted between approximately 400-800 fs in which NP1 appears to
have reached its maximum dipole moment arising from the incident electric field. Energy has been
transferred to NP2, and the dipole moment of this second nanoparticle increases substantially.
Then, the oscillating dipole moment of the second NP generates an electric field that induces an
additional excitation to NP1. The EET to NP2 is more efficient at 30 A than it is for 50 and 40 A
separations. At a smaller separation of 25 A, the total dipole moment for the dimer (Figure 6(a))
is larger than the total dipole moment at longer distances of 50, 40, and 30 A (Figures 3(a), 4(a),
and 5(a), respectively), which indicates that energy transfer from the electric field to the dimer
system is more efficient at an interparticle distance of 25 A than at longer distances. In the range

of interparticle separations from 25-50 A, closer nanoparticles lead to more efficient EET.
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Figure 5. (a) Total dipole moment, (b) dipole moment of NP1, and (c) induced dipole moment of

NP2 for

a nanoparticle dimer with a 30 A interparticle separation.

15



0.30

Accepted to J. Chem. Phys. 10.1063/5.0082960

Ag 14 dimer

0.20

0.00

Dipole Moment (eA)

-0.20 ¢

0.10

-0.10 ¢

-0.30

0.15

0 200 400 600 800 1000 1200

Time (fs)

Ag 14 NP1

0.10

0.00

Dipole Moment (eh)

-0.10 ¢

0.05

-0.05 ¢

-0.15

0.15

0.10

0.00

Dipole Moment (ef)

-0.10 }

-0.15

0.05

-0.05 }

0 200 400 600 800 1000 1200

Time (fs)

Agq4 NP2

0 200 400 600 800 1000 1200
Time (fs)

Figure 6. (a) Total dipole moment, (b) dipole moment of NP1, and (c) induced dipole moment of

NP2 for a nanoparticle dimer with a 25 A interparticle separation.

16



At a 20 A interparticle distance, “wiggles” in the NP1 and NP2 dipole moments can be
observed (Figure 7). However, the offset in phase between the two nanoparticles results in a linear
increase in the total dipole moment. Again, oscillations in NP1 initially excite NP2, and the
electric field that arises from the dipole oscillations in NP2 contribute to NP1. It should be noted
that we do not have a bath in our calculations; the only route for energy transfer and/or electron
transport is the coupling between NP1 and NP2. The dipole moment intensities for NP1 and NP2
are similar. Because the total dipole moment for the dimer is the largest out of all the different
interparticle distances examined in this work, this dimer system is the most efficient at harvesting
energy from the electric field compared to longer distances such as 50 A, 40 A, 30 A, 25 A and

shorter distances, such as 15 A and below, which we discuss below.
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At a 15 A separation distance, the total dipole moment is similar to that of 50 A (Figure
8(a)); however, its origin is different. At a 50 A interparticle distance, EET transfer is inefficient.
The total dipole moment is mostly determined by the dipole moment of NP1. However, at a 15 A
interparticle distance, it is apparent that both NP1 and NP2 contribute substantially to the total
dipole moment (Figures 8(b) and 8(c)). Examining the dipole moment profiles of NP1 and NP2
after 300 fs, the fluctuation in the magnitude of the dipole moment is out of phase for the two
nanoparticles: as the dipole moment in NP2 increases, the dipole moment in NP1 decreases, and
vice versa. The maximum of the total dipole moment occurs after 700 fs. The dipole moment
intensities of both NP1 and NP2 show a decreasing trend after 700 fs. For NP1, the induced dipole
moment from the electric field is less at larger interparticle distance, which indicates that back
transfer?>® from NP2 to NP1 occurs and has a negative affect for NP1 harvesting energy from the
electric field. From Equation (5) and Equation (6), the sinusoidal electric field will induce a dipole
fluctuation with a cos(wext) component. The cos(wext) fluctuation of NP1 will induced a dipole
fluctuation in NP2 with a component of sin(wext). However, from back transfer from NP2 to NP1,

we can expect a cos(wext) component with the opposite sign.

From previous work,? the induced dipole moment from NP2 shows a d® distance
dependence and t3 time dependence. Thus, the back-transfer component should be proportional to
d®. At short distances, the dipole moment fluctuates dramatically with minor changes in the
interparticle distance. The t factor indicates that the back transfer can also have a greater impact
for longer time dynamics. Although this analytical model is limited, it succinctly explains the

underlying physics in the RT-TDDFTB simulations.
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For a slightly smaller interparticle distance of 12 A, one full cycle of the dipole moment
fluctuation occurs near 600 fs (Figure 9). The total dipole moment and dipole moment of NP1
approaches zero, which indicates the back transfer from NP2 to NP1 is shielding NP1 from the
electric field. However, the back transfer occurs earlier. From 0 to 100 fs, NP1 gains energy from
the electric field and NP2 accepts energy from NP1. From 100 to 200 fs, the excitation energy
transfer from NP1 to NP2 is larger than the energy transfer from the electric field to NP1, which
leads to a decrease in the dipole moment from 100 to 200 fs for NP1 as shown in Figure 9(b). The
back transfer reduces the ability of the dimer and NP1 to accept energy from the electric field. The
maximum dipole moment intensity of the dimer is about half compared to its maximum intensity
for the 15 A separation, indicating the ability to harvest energy from the electric field has
decreased. The dipole moment intensity of each individual nanoparticle is also halved compared

to the respective energy for the 15 A dimer.

From 10 to 8 A (Figures 10-12), the overall dipole moment intensity of the dimer keeps
decreasing as the interparticle distance in the dimer decreases. Within this distance range, the
ability to harvest energy from the electric field also decreases. At short distances, the dipole
moment of NP1 is smaller than NP2 due to back transfer from NP2 to NP1, reducing the energy
absorption from the electric field. The oscillations and beating between back transfer and the laser

acting on NP1 are even more pronounced as the interparticle distance decreases below 10 A.
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Based on these observations, we find that the dipole moment of the overall system has a
sinusoidal envelope as a function of time, and the period of the overall oscillation envelope varies
with interparticle distance. An exception occurs at 20 A, which appears to exhibit a linear behavior
for the total dipole moment. Based on the magnitude of the induced dipole moment for NP2, more
energy can be transferred from NP1 to NP2 as the interparticle distance decreases towards 20 A;
in contrast, for distances below 20 A, less energy transfers to NP2 since the induced dipole moment

is smaller for distances smaller than 20 A.

At 15 A and below, numerous oscillations can be found in the individual dipole moments
of NP1 and NP2. We observe that the period of oscillation arises due to “beating” between the
back transfer from NP2 to NP1 and the laser energy acting on NP1. When the difference is small,
the beating period is longer. For the 20 A interparticle distance, the difference is approximately
zero; as a result, the period of beating is approximately infinite, which can be seen as a linear

increase in the total dipole moment.

Conclusions

In summary, using RT-TDDFTB, we simulated interactions of the Agi4 nanoparticle dimer
with an incident sinusoidal electric field and examined the interaction between the individual
nanoparticles and trends in the electronic excitation transfer with different distances. Due to the
computational efficiency of RT-TDDFTB, we are able to simulate electronic dynamics at the
picosecond time scale. Because the absorption of the incident electric field by one nanoparticle
generates an electric field that oscillates in time, this induces a dipole moment oscillation in a
second nanoparticle that is coupled to the original nanoparticle. These real-time calculations
provide qualitative simulations of the EET occurring in plasmonic antenna systems. By analyzing

the dipole moments of the dimer, as well as NP1 and NP2 individually, we found that all dipole
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moments exhibit a unique dependence on the interparticle distance. At long interparticle distances,
EET from NP1 to NP2 is not efficient. As this distance decreases, the dipole moment in NP2
changes significantly. The dipole moment of a dimer with a large interparticle distance arises
mainly from NP1. At a 20 A interparticle distance, the dipole moment of the dimer increases
linearly due to the offset in phase between NP1 and NP2. The efficiency of the Agis dimer for
gaining energy from the incident electric field is optimal at this distance. For shorter interparticle
distances, back transfer can be observed, which has a strong dependence on distance and time. The
back transfer from the RT-TDDFTB simulations shows a reduction in the ability of the dimer and
NP1 to accept energy from the incident electric field when the interparticle distance is small. The
dipole moment fluctuations in the Agi4 nanoparticle dimer (and both monomers) are affected by
the laser acting on NP1, the energy transfer from NP1 to NP2, and the back transfer from NP2 to
NP1. Our analyses and results provide additional mechanistic insight for controlling energy
transfer effects by modulating interparticle distances and propagation times in these plasmonic

systems.

Notes

Any additional relevant notes should be placed here.
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