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ABSTRACT

Using large-scale, real-time, quantum dynamics cal-
culations, we present a detailed analysis of electronic ex-
citation transfer (EET) mechanisms in a multiparticle
plasmonic nanoantenna system. Specifically, we utilize a
real-time, time-dependent, density functional tight bin-
ding (RT-TDDFTB) approach to provide a quantum-
mechanical description (at an electronic/atomistic level
of detail) for characterizing and analyzing these systems,
without recourse to classical approximations. We also
demonstrate highly long-range electronic couplings in
these complex systems and find that the range of these
couplings is more than twice the conventional cutoff
limit considered by Förster resonance energy transfer
(FRET)-based approaches. Furthermore, we attribute
these unusually long-ranged electronic couplings to the
coherent oscillations of conduction electrons in plasmo-
nic nanoparticles. This long-range nature of plasmo-
nic interactions has important ramifications for EET; in
particular, we show that the commonly used “nearest-
neighbor” FRET model is inadequate for accurately cha-
racterizing EET even in simple plasmonic antenna sy-
stems. These findings provide a real-time, quantum-
mechanical perspective for understanding EET mecha-
nisms and provide guidance in enhancing plasmonic pro-
perties in artificial light-harvesting systems.

Keywords: quantum simulations, plasmonic excita-
tions, electronic excitation transfer, real-time electron
dynamics, density functional tight binding

1 INTRODUCTION

The efficient harvesting of abundantly available solar
energy for enhancing photochemical reactions relies on
the efficient capture of photons and subsequent trans-
fer of this excitation energy to the reactive site. Taking
inspiration from natural light-harvesting complexes, re-
searchers have begun exploring novel plasmonic antenna
systems for directing and controlling this flow of excita-
tion energy.[1] These excitation energy transfer mecha-
nisms are mediated by local surface plasmonic resonan-
ces [2] (LSPRs) that describe the coherent oscillation of
metal conduction electrons caused by the electric field
of the incident photons. These LSPRs are characterized

by a strong optical absorption and large electric field en-
hancements that are highly dependent on the nanoparti-
cle (NP) material, size, shape, and surrounding environ-
ment. Moreover, due to the coherent nature of these os-
cillating electrons, LSPRs also exhibit large dipole mo-
ments, enabling electronic excitation transfer (EET) to
neighboring nanoparticles via electrostatic coupling.[3]
This electrostatic coupling is analogous to Förster reso-
nance energy transfer (FRET)[4] mechanisms seen ubi-
quitously in nature, and these strongly-coupled plas-
monic nanoparticles have allowed several advances in
plasmon-mediated excitation energy transfer processes.
In particular, studies by Maier et al., have shown di-
rect experimental evidence of EET along a plasmon wa-
veguide made up of silver nanorods.[3] EET has also
been observed in noble materials such as gold and sil-
ver nanoclusters which function as acceptors for EET.
Recently, Scholes and co-workers[1] have characterized
plasmonic nanoantenna systems, inspired from naturally
found light-harvesting systems, for use in solar fuel pro-
duction.

The most widely employed approaches for analyzing
EET in the previously mentioned systems are Förster’s
approach and classical electrodynamics theories based
on solving Maxwell’s equations.[5] However, these mo-
dels contain approximations, such as spectral overlap or
the dipole approximation, which limit their applicabi-
lity to more complex systems. Some of these concerns
have been resolved in recent years by fascinating studies,
such as transition densities obtained directly through
quantum-chemical calculations and variants such as dis-
tributed monopoles, line dipole approximations, and ge-
neralizations of Förster’s theory. Nevertheless, as we ap-
proach new emerging areas in mesoscale processes, we
must re-assess the potential limitations of these simplis-
tic models which may be inapplicable to large, strongly-
interacting, electronic systems such as plasmonic nano-
antennas.

2 DENSITY FUNCTIONAL TIGHT
BINDING

DFTB is an application of the tight-binding (TB)
approach to parameterize full DFT.[6] The main idea
behind this method is to describe the Hamiltonian ei-
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genstates with an atomic-like basis set and replace the
Hamiltonian with parameterized matrix elements that
depend only on the internuclear distances (neglecting
integrals of more than two centers) and orbital symme-
tries. The expression for the SCC-DFTB total energy is
as follows,

EDFTB =
occ∑
i

〈Ψi|Ĥ0|Ψi〉+
1

2

M∑
AB

γABδqAδqb + Erep (1)

where Ĥ0 is the Hamiltonian whose matrix elements are
explicitly calculated using analytical functions as per the
LCAO (linear combination of atomic orbitals) forma-
lism. γAB is a function of interatomic separation and
δq = qA − q0A is the difference between the charge of
the isolated atom q0A and the charge qA obtained via
a Mulliken population analysis of atom A in the mole-
cule. Erep is the distance-dependent diatomic repulsive
potential. It contains the core electron effects, ion-ion
repulsion terms as well as some exchange-correlation ef-
fects. These pair-wise repulsive functions are obtained
by fitting to DFT calculations using a suitable reference
structure. The final DFTB Hamiltonian is given by,

ĤDFTB = 〈ϕµ|Ĥ0|ϕυ〉+
1

2
Ŝµυ

M∑
X

(γAX + γBX)∆qX (2)

2.1 Real-Time Time-Dependent DFTB

For the quantum dynamics calculations, the real-
time, time-dependent DFTB (RT-TDDFTB) approach
is utilized to propagate the one electron density matrix
in the presence of external time-varying electric fields
to obtain the time-dependent EET response of the sy-
stem according to the Liouville von Neumann equation
of motion which, in the nonorthogonal-DFTB basis, is
given by

∂ρ̂

∂t
=

1

ih̄
[S−1 · Ĥ[ρ̂] · ρ̂− ρ̂ · Ĥ[ρ̂] · S−1] (3)

3 RESULTS

Before proceeding to a detailed analysis of the EET
mechanism in plasmonic nanoantenna systems, we first
characterize the LSPR of a single plasmonic NP. Accor-
dingly, we plot the absorption spectrum of a single icosa-
hedral shaped sodium NP (Na55), containing 55 atoms
and a diameter of 13 Å, using our RT-TDDFTB metho-
dology. As shown in Figure 1, a prominent peak, which
corresponds to the LSPR, is seen around 3.16 eV and is
in agreement with previously published computational[7]
and experimental results.[8]

With the plasmon energy of a single NP fully charac-
terized, we next turn our attention to a multi-particle

Figure 1: (a) Absorption spectra of the Na55 NP (in-
set) calculated using RT-TDDFTB. The plasmon energy
peak is observed at 3.16 eV; (b) Electric field enhance-
ment of the Na55 NP distributed in a dipolar fashion in
alignment with polarization vector E. The dark spheres
in (b) indicate the position of the Na atoms in the Na55
NP.

plasmonic nanoantenna composed of 4 identical Na55
NPs as shown in Figure 2. The inter-particle distance
(center to center) is set to 73 Å, and each NP is orien-
ted with its transition dipole moment aligned in the z-
direction. We excite only NP1 using a laser with its
energy tuned to the single Na55 NP plasmon energy and
polarized in the z-direction. Figure 2 plots the time-
dependent dipole moments induced in all of the NPs
within the nanoantenna system. The RT-TDDFTB cal-
culations predict substantial dipole moments being in-
duced in all of the NPs, indicating EET from the excited
NP1 to the remaining NPs along the nanoantenna, cor-
roborating previous experimental observations of EET
observed in a chain of metallic NPs.[3]

3.1 Two-Level System Model for the
Four NP System (Including only
Nearest-Neighbor Interactions)

While our RT-TDDFTB calculations fully incorpo-
rate electronic and atomistic details to characterize EET
in this plasmonic donor-acceptor pair, to obtain dee-
per mechanistic insight into this complex quantum dy-
namical process, we formulate an analytical model ba-
sed on a two level system (TLS) to highlight the basic
physics that mediate interactions between the NP pair.
This model is based on previous work on EET mecha-
nisms between photosynthetic pigments.[9] From linear
response theory,[10] and considering each NP as a TLS,
we can obtain closed-form analytical expressions of the
expectation values of the dipole moment. Futhermore,
to expand the TLS model to capture the EET dyna-
mics beyond the second NP, we first approximate the
interactions between the various NPs to be limited to
only nearest neighbor interactions. For instance, NP2 is
only stimulated via oscillations in NP1, NP3 only due
to NP2, and so on. This approximation is a commonly
used assumption used in many classical electrodynamic
approaches and is also based on the maximum cutoff dis-
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Figure 2: Time-dependent dipole moments induced in
the four NPs of the plasmonic nanoantenna system upon
optical excitation of NP1 with a sinusoidal electric field
perturbation calculated using RT-TDDFTB. The indu-
ced dipole moments in the NPs are indicative of the
electronic excitation transfer in the multi-particle plas-
monic nanosystem.

tance (i.e., 10 nm), considered by FRET approaches[11],
beyond which the EET is considered negligible.

µ1(t) ≈ E0

h̄
|µ1|2t · cos(ωPEt)r̂PE (4)

µ2(t) ≈ E0

4πε0h̄
2r3
|µ1|4t2sin(ωPEt)r̂PE (5)

µ3(t) ≈ E0

24π2ε20h̄
3r6
|µ1|6t3sin(ωPEt)r̂PE (6)

µ4(t) ≈ E0

192π3ε30h̄
4r9
|µ1|8t4sin(ωPEt)r̂PE (7)

We denote Eqs. 4, 5, 6, and 7 as the TLS model; the
details of which can be found in Ref.[12]

Figure 3 compares the dipole moments calculated
using the TLS model with the RT-TDDFTB results.
While the results of our analytical TLS model match
closely with the RT-TDDFTB results for NP1 and NP2,
it grossly underestimates the dipole oscillations in NP3
and NP4. The failure of the analytical model indica-
tes that the “nearest-neighbor” approximation conside-
red in the multi-particle model is the culprit. To prove
this conjecture, we modify the TLS model to include
interactions between all the NPs in the entire nanoan-
tenna. For example, NP4 is stimulated collectively by

Figure 3: Comparison between the dipole moments
calculated using the analytical two-level system model
(TLS) that considers only the nearest-neighbor inte-
ractions and RT-TDDFTB calculations for the plasmo-
nic nanoantenna. The dipole moments in NP3 and NP4
are severely underestimated by this analytical model.

NP1, NP2, NP3, and so on; however, we still use the
dipolar approximation to describe the individual NP in-
teractions.

3.2 Modified Two-Level System Model
Including all Interactions

The primary modification in this version of the ana-
lytical model is that we now consider all of the inter-
particle interactions. The induced dipole moments pre-
dicted by the new analytical model closely match the
RT-TDDFTB results and are summarized in Figure 4.
This modified TLS model illuminates a few more signifi-
cant features of the EET mechanism in plasmonic nano-
antennas. Most importantly, we note that the range of
electronic couplings in plasmonic nanosystems is much
larger than the FRET-based cutoff limits, and restricting
couplings to the conventional FRET limit severely un-
derestimates the EET in the plasmonic nanoantenna.
Furthermore, as elucidated from the analytical model,
the commonly used nearest-neighbor interaction model
falls short in accurately predicting EET in plasmonic na-
noantennas. A more complete multi-particle interaction
model, which considers interactions between all the NPs
of the nanoantenna, is needed to fully characterize such
a system.

4 Conclusion

In summary, we have thoroughly characterized the
EET mechanism in a representative plasmonic nano-

222 TechConnect Briefs 2018, TechConnect.org, ISBN 978-0-9988782-5-6



Figure 4: Comparison between the dipole moments cal-
culated using the analytical two-level system (TLS) mo-
del, which considers interactions between all the par-
ticles and RT-TDDFTB calculations for the plasmo-
nic nanoantenna. The multi-particle analytical model,
which includes the long-range interactions, is accurately
able to corroborate the RT-TDDFTB results.

antenna system using large-scale RT-TDDFTB calcu-
lations that are further rationalized by various analy-
tical two-level model systems. Most importantly, the
RT-TDDFTB simulations provide a natural approach
to probe in atomistic detail the time-dependent elec-
torn dynamics in multibody plasmonic systems without
recourse to customary approximations, such as nearest-
neighbor, spectral overlap, or the dipole approximations
to describe electronic couplings. Furthermore, we reveal
highly long-range plasmonic couplings that are more
than twice the conventional cutoff limit considered by
FRET based approaches. We attribute this unusually
higher range of electronic couplings to the coherent oscil-
lation of conduction electrons in the plasmonic NPs. An
important ramification of this long-range nature of plas-
monic EET is that the “nearest-neighbor” interaction
model commonly used to characterize EET is highly in-
adequate for plasmonic systems, even in unidirectional
plasmonic antennas such as the one considered in this
study. Consequently, our results provide a new view-
point for characterizing and understanding these sys-
tems for harnessing and controlling long-range transfer
of excitation energy in increasingly complex plasmonic
nanosystems.
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