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Abstract

Nanostructure-mediated energy transfer has attracted considerable attention as a template
for photocatalysis and solar energy conversion, and the use of noble metal nanoparticles that
support localized surface plasmon resonances (LSPRs) has been widely explored as a medium
for realizing this paradigm. On the other hand, composite nanoparticles (CNPs) comprised of
a large dielectric bead and smaller metal nanostructures have been shown to achieve efficient
energy transfer to small-molecule adsorbates through the interplay between dielectric scatter-
ing resonances and the broad-band absorption associated with the metal nanostructure. This
scattering mediated absorption can enable selective photochemistry without relying on the
plasmonic properties of noble metal nanoparticles. While the precise photochemical mech-
anisms themselves remain unknown, resonance energy transfer (RET) is one feasible route
for initiating the photochemistry. We demonstrate computationally that CNPs indeed facil-
itate RET to small-molecule adsorbates and that CNPs offer a framework in which one can
design RET donors that outperform typical plasmonic nanoparticles employed within LSPR-
driven RET under comparable illumination conditions. We also exploit the tunability of the
resonances on the CNPs to realize strong coupling between the CNP and LSPR modes.

Introduction

Resonance energy transfer (RET) is a process
that permits the directed flow of optical en-
ergy through systems comprised of multiple
chromophores, the most familiar example of
which being the transfer of energy in photo-
synthetic light harvesting complexes.1–5 This
non-radiative energy transfer mechanism oc-
curs when the oscillating transition dipole mo-
ment of a donor species, initially excited by an
external electromagnetic field, exerts a poten-
tial that induces a second oscillating transition
dipole moment in a nearby acceptor species.6

The strength of this potential, and therefore
the RET rate, depends on the magnitudes, rel-
ative orientation, and spatial proximity of the
donor and acceptor transition dipole moments,
as well as on the overlap in the frequency of the
dipole oscillations. Generally speaking, large
RET rates require large overlap between the
donor and acceptor dipole moments and fre-
quencies, and donor-acceptor separations of a
few nanometers or less. The sensitivity of the
RET rate to these parameters has led to the de-
velopment of RET as a probe for the nanoscale
structure of complex molecular and biomolecu-
lar systems.7
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Substantial effort has recently been focused
on the development of nanoscale systems with
RET donor and acceptor components that are
capable of highly-efficient and selective trans-
fer of optical energy.3,7–14 Common features
of the donors and acceptors in such engi-
neered systems include strong intrinsic opti-
cal resonances. The large transition dipole
moments and tunable excitation energies as-
sociated with quantum dots (QD) and semi-
conductor nanoplatlets make them promising
candidates as efficient RET donors and ac-
ceptors.7,14,15 Similarly, engineered molecular
systems, including J-aggregates12,13 and QD-
J-Aggregate hybrids16–18 have been studied
as platforms for nanoscale RET. Plasmonic
resonances also tend to display large tran-
sition dipoles, so noble metal nanoparticles
form another class of potential RET donors
to molecules,18–23 semi-conductors,10,11 and to
other plasmonic nanoparticles.24–26 However,
the competition between energy transfer and
relaxation events becomes particularly impor-
tant for determining the efficacy of RET in plas-
monic systems.

Molecular self-assembly, for example using
DNA as a ligand, has enabled the realization
of nanoengineered composites for studying and
controlling RET.27–34 Indeed, it has been estab-
lished that nanoparticles made of gold35 can be
attached to DNA by adding a thiol or disulfide
moiety on either end (5’ or 3’) of the oligonu-
cleotide, and adsorbing that surface to the
nanoparticle,36 and subsequent developments
have permitted binding of DNA templates to
silver.27 The binding of DNA to other met-
als such as palladium and platinum has been
less successful because there is greater compe-
tition by other oxidizing agents to displace the
thiol-modified oligonucleotide, and because of
the weaker affinity of thiol groups to the other
metals compared to gold.

In this work, we computationally investi-
gate RET initiated by emergent optical res-
onances, herein called scattering mediated
absorption (SMA) resonances, in composite
nanoparticles comprised of a large (100s of
nm) dielectric nanosphere decorated on the
surface with small-diameter (< 10 nm) metal

nanospheres. These composite nanoparticles
(CNPs) are illustrated schematically in Fig-
ure 1. SMA has been discussed in several
different experimentally-realized and theoret-
ical platforms involving dielectric/metal37–39

and dielectric/semiconductor CNPs.40,41 The
large dielectric bead of the CNPs can support
a variety of optical scattering resonances (e.g.
whispering gallery modes) that arise from the
boundaries placed upon the light field by the ge-
ometry and dielectric contrast associated with
the bead and its interface with the surround-
ing. Whispering gallery mode resonances in
particular concentrate optical energy near the
surface of the bead and have evanescent tails
that penetrate into the surrounding medium.
Metal nanoparticles at or near the surface of
the bead can be excited by these evanescent
fields which leads to strong absorption of the
scattered light, hence the term scattering me-
diated absorption. A key feature of CNPs that
support SMA is that their absorption spectra
mimics the resonance position, intensity, and
linewidths of the scattering spectra of the di-
electric bead component. Because these SMA
absorption peaks are associated with strong
charge density oscillations on the metal sites
themselves,39 we propose that SMA resonances
may show promise for efficient RET with a
particularly promising feature being that the
magnitude and frequency of their transition
dipoles, as well as their resonance lifetimes, can
be controlled via the geometry of the under-
lying dielectric nanostructure. Because SMA
relies upon the scattering resonances in the
dielectric component, not on the intrinsic reso-
nant properties of the metal components, CNPs
offer considerable versatility in designing RET
donors that goes beyond that of purely plas-
monic donors. Further, this flexibility creates
opportunities to select metal components based
on other important considerations like favorable
chemistry with RET acceptors, stability, earth
abundance, biocompatibility, etc.

We develop a simple quantum dynamical
model of RET driven by SMA in CNPs. We
consider RET to small molecule acceptors,
where the molecular component is parameter-
ized as malachite green (MG), and we show
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Figure 1: Illustration of several possible orientations
of MG molecules on a given CNP. From Ref. 22,
we assume r = 2.54 nm and θ = 60◦. As seen
in orientation 2, there will likely be some adsorbed
molecules where the orientation of the acceptors tran-
sition dipole moment with close alignment of the tran-
sition dipole moments of the donor and acceptor. In
the main text, we consider the scenario illustrated as
Configuration 2 where the displacement vector be-
tween the NP and the molecule is −45◦ with respect
to the polarization direction of the incident field (the
z-axis), leading to a relative angle of −15◦ between
the donor and acceptor transition dipole moments.

that efficient RET to MG is indeed possible
using CNP donors. We also consider simple
assemblies of the CNPs tethered to plasmonic
nanoparticles, which could be experimentally
realized using DNA templating, and we show
that strong coupling between the CNPs and
the plasmonic nanoparticles may be realized un-
der experimentally feasible geometries. Our re-
sults suggest that these CNPs show exceptional
promise as RET donors and as building blocks
for assemblies that can realize strong coupling
between light and matter.

Theory

Resonance energy transfer in nanoscale and
hybrid nanoscale/molecular systems repre-
sents a challenging multi-scale problem for
theory and simulation, and a rich body
of literature describes strategies to bridge
the relevant nanoscale/molecular and pho-
tonic/electronic degrees of freedom. Recently,
Lopata and co-workers22 employed a mixed
classical/quantum-mechanical approach that
propagates classical equations of motion for
the electric field in a nanoscale environment
and quantum-mechanical equations of motion
for the electronic degrees of freedom in a molec-
ular system. Fully quantum-mechanical mod-
els for excitation energy transport in nanoscale
systems have also been proposed, wherein, for
example, plasmonic system components can
be treated using time-dependent density func-
tional tight binding26 or within the framework
of cavity quantum electrodynamics (CQED).21

While some studies employ ab initio electronic
structure descriptions of molecular system com-
ponents (using, for example, Hartree-Fock21

or density functional theory42), many adopt
simpler schemes in which complex molecular
systems are modeled via effective Hamiltoni-
ans.2,15,22,43–45 In these cases, model Hamilto-
nian parameters can be obtained from theoret-
ical computations46 or experiment.47 We adopt
this simpler approach and solve quantum-
mechanical equations of motion for coupled
donor/acceptor systems, each described by a
simple model Hamiltonian.
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The dynamics of a CNP donor (D) coupled
to a molecular or nanoparticle acceptor (A) are
governed by coupled Liouville-Lindblad equa-
tions of motion,

d

dt
ρD = −i[HD, ρD] + LD(ρD), (1)

d

dt
ρA = −i[HA, ρA] + LA(ρA), (2)

where ρD (ρA) and HD (HA) denote the density
and Hamiltonian matrices for the donor (ac-
ceptor), respectively, and LD (LA) represents
the Lindblad operator for the donor (acceptor).
Here, the equations of motion are expressed us-
ing atomic units. The Hamiltonian operators
for the donor and acceptor are defined as

ĤD = Ĥ0,D − µ̂D · E(t) + V̂ A→D, (3)

and

ĤA = Ĥ0,A − µ̂A · E(t) + V̂ D→A, (4)

where Ĥ0,X denotes the field-free contribution
of the uncoupled donor (X = D) or acceptor
(X = A) system, µ̂X represents the dipole op-
erator for the donor or acceptor, E(t) denotes
the external electromagnetic field, and V̂ D→A

and V̂ A→D describe the influece of the donor
dipole moment on the acceptor and vice versa.
All matrix elements are expressed in the basis
of energy eigenstates of the uncoupled donor or
acceptor, in which the matrix representations
of Ĥ0,A and Ĥ0,D are diagonal.

Implicit in Eqs. (3) and (4) is the assump-
tion that the donor and acceptor interact only
through their transition dipole moments. The
associated dipole potential operators are two-
body operators, in which case correct equations
of motion for the one-body density matrices, ρD
and ρA, should depend on a two-body donor-
acceptor density matrix. We eliminate the de-
pendence of the equations of motion on the two-
body density matrix by further assuming that
the transition dipoles of the acceptor interacts
only with the instantaneous expectation value
of the dipole moment of the donor and vice
versa. The interaction potential operator for

the donor, in atomic units, is then given by

V̂ A→D =
1

n2r3

(
µ̂D · 〈µA〉 − 3

(µ̂D · r)(r · 〈µA〉)
r2

)
,

(5)
where n is the refractive index of the surround-
ing medium (taken to be water, with n = 1.33,
throughout); an analogous expression defines
the interaction potential operator for the accep-
tor. This treatment is similar to that employed
in the hybrid CQED/ab initio electronic struc-
ture model of plasmon-molecule interactions
described in Ref. 21. The potential defined
in Equation (5) is a point dipole approxima-
tion to the interaction between the donor and
the acceptor, which may break down when the
length-scale of separation between the donor
and acceptor is similar to the length-scale of the
donor/acceptor itself, or when there are higher
multipolar contributions to the charge den-
sity oscillations that drive the interaction;3,48

both limitations to the point-dipole approxima-
tion may be important in the systems studied
herein. An approach to the interaction poten-
tial that overcomes these limitations is provided
by the transition density cube method, which
provides the full Coulombic interaction between
the charge density oscillations on donor and ac-
ceptor species to within the accuracy of the level
of theory used to compute the many-electron
wavefunction of the donor and acceptor.49 How-
ever, calculation of the requisite many-electron
wavefunction for nanoparticles, even at low lev-
els of theory, represents a considerable compu-
tational challenge and is beyond the scope of
this work.

The absorption and scattering spectra of the
donor and acceptor are computed using the
Fourier transform of the dipole expectation val-
ues and the incident field. The absorption cross
section is given by

σabs(ω) =
k

ε0
Im(α(ω)), (6)

and the scattering cross section is given by

σscat(ω) =
k4

6πε20
|α(ω)|2, (7)
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where k = nω
c

is the wavenumber at the an-
gular frequency ω. The polarizability, α(ω), is
determined by

α(ω) =

∫ T
0
eiωtµ(t)dt

n2
∫ T
0
eiωtE(t)dt

. (8)

where T represents the total simulation time.
We use the enhancement in scattering of the ac-
ceptor when coupled to the donor over that of
isolated acceptor as a measure of RET. As dis-
cussed below, we also monitor energy transfer
to molecular acceptors through the population
of a sink state that can only be accessed through
excited-state relaxation on the acceptor.

Modeling Nanoparticle Donors

The CNP donors are modeled as quantum sys-
tems with ND levels and ND − 1 optically-
allowed transitions, where ND is a system-
dependent parameter (usually ≈ 10). As an
illustrative example, consider the five-level sys-
tem depicted in Figure 2 (ND=5). In this case,
the field-free Hamiltonian matrix is

H0 =


0 0 0 0 0
0 ε2 0 0 0
0 0 ε3 0 0
0 0 0 ε4 0
0 0 0 0 ε5

 , (9)

where εi represents the energy of the ith state,
relative to that of the ground state, and the
dipole matrix has the form

µ =


0 µ12 µ13 µ14 µ15

µ21 0 0 0 0
µ31 0 0 0 0
µ41 0 0 0 0
µ51 0 0 0 0

 . (10)

The optically-allowed transitions are between
the ground state and any excited state, i,
and the corresponding transition dipole ma-
trix elements are denoted µ1i/µi1. The pa-
rameters εi and µ1i/µi1, as well as lifetime pa-
rameters that enter into the Lindblad opera-
tor, are extracted from finite-difference time-
domain (FDTD) simulations of the optical re-

Figure 2: Jablonski diagram of a hypothetical CNP
with 4 optically-allowed transitions between state |1〉
and states |2〉, |3〉, |4〉, and |5〉. Each excited state
can undergo spontaneous emission with a rate asso-
ciated with γ.

sponse of the CNPs. Observed absorption fea-
tures in the FDTD simulations map directly
onto the excitation energies, εi, and the area un-
der each absorption peak can be used to deter-
mine the transition dipole moments.18 Lastly,
the half-width at half-maximum of each absorp-
tion peak yields relaxation rates, γi1, which en-
ter into the Lindablad operator

LD =

ND∑
i 6=1

2γi1〈i|ρD|i〉|1〉〈1| − γi1{|i〉〈i|, ρD}.

(11)
Figure 2 illustrates the relationship between

these parameters and an FDTD-derived absorp-
tion spectrum. Also provided is the spectrum
generated according to the solution of the equa-
tion of motion for the donor, in the absence
of the acceptor, using the parameterized model
Hamiltonian. The model Hamiltonian yields a
spectrum that is in reasonable agreement with
that from the electrodynamics simulations, and
we note that the absorption features can be at-
tributed to the metal components of the CNP,
as the dielectric is lossless in this energy win-
dow. Details of the electrodynamics simula-
tions and the treatment of the CNPs within
these simulations can be found in the Support-
ing Information (SI).

We are interested in the RET donor prop-
erties of CNPs comprised of a dielectric
nanosphere decorated with small (5 nm di-
ameter) platinum nanospheres. We consider
two CNPs with dielectric components having
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diameters of 400 nm (denoted CNP400) or 600
nm (denoted CNP600). In both cases, the re-
fractive index of the dielectric bead is taken
to be n = 2.6, and the CNP is immersed in a
surrounding medium with a refractive index of
n = 1.33. We focus on the limit of small cover-
age of the metal nanoparticles, where a typical
energy transfer event will likely occur between
a discrete metal nanoparticle component of the
CNP and one or more acceptor molecules that
are adsorbed to its surface. Specifically, each
CNP is decorated with only eight platinum
nanospheres, which are equally spaced along
the great circle of the sphere that contains the
propagation plane of the incident light.

We also compare RET donor performance
of the CNPs to lone plasmonic nanoparticles,
which are modeled as 5 nm spherical silver and
gold nanoparticles embedded in the same sur-
rounding medium (n = 1.33). Hamiltonian
and Lindbladian parameters for the plasmonic
donors were obtained in a manner similar to
that described above, except that analytical ab-
sorption spectra were obtained from Mie the-
ory rather than FDTD simulations. We use the
permittivity data of Palik50 for platinum in our
electrodynamics simulations, and permittivity
data of Johnson and Christy is used for gold
and silver.51 Due to the small size of the plas-
monic nanoparticles and the metal components
of the CNPs, quantum size effects are expected
to play a role in the spectral response.52–56 We
account for these size effects by introducing a
phenomenological correction to the intraband
contribution to the permittivity; we do not con-
sider size corrections to the interband contribu-
tion to the permittivity which have been theo-
retically shown to converge to the bulk limit for
sizes smaller than the nanoparticles considered
in this work57,58. The details for the intraband
correction, as well as tables of Hamiltonian and
Lindbladian parameters, can be found in the SI
(see Tables S1, S2, and S3).

Modeling Acceptor Systems

In this work, we consider both small-molecule
dyes and plasmonic nanoparticles as accep-
tors, and the relevant Hamiltonian and Lind-

bladian parameters can be extracted from ex-
perimentally obtained or simulated absorption
spectra. The metal nanoparticle acceptors are
modeled as 5 nm silver or gold particles, as
described above, and the small-molecule dyes
are modeled after malachite green (MG). We

Figure 3: Jablonski diagram corresponding to the 4-
level model of malachite green with 2 optically al-
lowed transitions between state |1〉 and states |3〉 and
|4〉. States |3〉 and |4〉 can undergo non-radiative re-
laxation to state |2〉 with rates γ32 and γ42, respec-
tively. Radiative relaxation of these excited states to
state |1〉 with rates γ31 and γ41 could also be mod-
eled, but due to the small fluorescence quantum yield
of malachite green, we neglect these channels in this
work. State |2〉, termed the “sink state”, is degener-
ate with |1〉 and has no optically-allowed transitions
to other states; hence, population transferred to |2〉
cannot be redistributed to other states.

take the Hamiltonian and Lindbladian param-
eters for MG from the work of Lopata and co-
workers,22 who examined the coupled optical
response of gold nanoparticles and MG. In that
study, the optical response of the dye, which
was described as a three-level quantum sys-
tem, was embedded within a classical electro-
dynamics simulation for the nanoparticle. Here,
we slightly modify the quantum model for MG
to include four levels: the ground state (|1〉),
a sink state (|2〉) that is degenerate with the
ground state, and two excited states (|3〉 and
|4〉) with optically-allowed transitions from/to
state |1〉; these transitions give rise to absorp-
tion features depicted in Figure 3. Because
there are no optically-allowed transitions to the
sink state (|2〉), relaxation from states |3〉 and
|4〉 to the this state is purely non-radiative and
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is modeled by the Lindbladian terms

Lnonrad =
4∑
i=3

2γi2〈i|ρA|i〉|2〉〈2| − γi2{|i〉〈i|, ρA}.

(12)

Further, since there are no optically-allowed
transitions to or from |2〉, population in this
state reflects the cumulative population trans-
ferred to the excited states of MG through cou-
pling to either the external field or to the dipole
field of the CNP. Hence, the relative sink pop-
ulation in the isolated acceptor and coupled
donor-acceptor systems can be used as a mea-
sure of RET efficiency. This differs from a com-
mon experimental measure of RET efficiency
to acceptor fluorophores, which uses fluores-
cence enhancement of the acceptor to define a
RET quantum yield per excitation event of the
donor;59 while we could adopt this measure in
our simulations, we find the definition in terms
of sink populations to be simpler in this case.
Radiative relaxation channels, namely fluores-
cence, in MG may also included in the present
model through the Lindbladian terms

Lrad =
4∑
i=3

2γi1〈i|ρA|i〉|1〉〈1| − γi1{|i〉〈i|, ρA},

(13)

and the total Lindblad operator for the acceptor
is

LA = Lrad + Lnonrad. (14)

Because the fluorescence quantum yield of MG
is extremely low,60 we neglect Lrad in all calcu-
lations herein, meaning all dissipation on MG
is radiationless. The Hamiltonian and Lindbla-
dian parameters for MG are given in Table 1.

In all computations, we assume a single MG
molecule is adsorbed to the surface of a sin-
gle metal nanoparticle. This situation dif-
fers from that considered by Lopata and co-
workers,22 in which a 80 nm gold nanoparti-
cle was coated with a monolayer of 9200 MG
molecules. Nonetheless, the present assumption
is not too dissimilar from the case in Ref. 22.

Table 1: Hamiltonian and Lindbladian parame-
ters for malachite green quantum model taken
from Ref. 22. Note that N = 1 denotes the
ground energy eigenstate and all energies are rel-
ative to the ground state energy, hence ε1 = 0.
Similarly, it is assumed that only transitions be-
tween the ground state and the excited-states
contribute to the spectra, transitions between
the excited-states are not considered in this
model.

State N 1 2 3 4
εN (eV) 0 0 2.02 2.13
µ1N (D) 0 0 5.046 4.003
γN1 (THz) 0 0 0 0
γN2 (THz) 0 0 85.8 141.6

The metallic components of the CNPs are much
smaller (5 nm), and, with the same density of
adsorbates, a full monolayer of MG would con-
sist of only ≈ 35 molecules. We also note that
in the CNPs, each metal may be partially em-
bedded in the dielectric nanosphere, further re-
ducing the available surface area for adsorption.

Following Ref. 22, we assume that the separa-
tion between the center of mass of the molecule
and the nanoparticle is 2.5 nm and that the
transition dipole of MG is aligned at a 60◦ an-
gle, relative to the nanoparticle surface normal.
This geometry introduces the possibility of a
variety of angles of the MG transition dipole
relative to the transition dipole of the CNP
donor depending on where the metal NP is lo-
cated with respect to the polarization axis of
the CNP; Figure 1 depicts three such possibili-
ties. We consider the specific scenario that gives
rise to a relative angle of the transition dipole of
the donor and acceptor of −15◦ (configuration
2 in Figure 1).

We have considered several limiting cases to
validate the present quantum model. In par-
ticular, we confirmed that the Hamiltonian and
Lindbladian contributions parameterized as de-
scribed yield absorption spectra in agreement
with those obtained from rigorous electrody-
namics simulations. Further, we have con-
firmed that the RET efficiency as a function
of donor-acceptor separation simulated by our
method exhibits the expected 1/r6 dependence
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(see Figures S1 and S2 in the SI). We also per-
form FDTD calculations of the electric field at
the surface of an acceptor nanoparticle at var-
ious separations from a donor HNP as a clas-
sical electrodynamics analog of the RET phe-
nomenon we are studying. We find that the
magnitude of the induced electric field on the
acceptor as a function of separation can be
reasonably approximated by a 1/r6 function,
which suggests a strong dipolar contribution
to the near-field interactions. Deviations from
perfect 1/r6 behavior could result from higher-
order multipolar contributions to the nearfields
of the metal nanoparticles, and also from the
evanescent fields from the dielectric scattering
resonances (see Figure S3)

Results and Discussion

We first consider the case in which the RET ac-
ceptor, MG, is adsorbed to a CNP RET donor
(either CNP400 or CNP600). Specifically, MG
is modeled as being adsorbed to the small metal
nanoparticle constituent of the CNP. Unless
otherwise indicated, we excite the system with
a short (3.62 fs) pulse centered at 2.02 eV with
a peak field strength of 5.14·107 V/m. The cen-
ter frequency of this pulse was chosen to overlap
with the absorption resonances in MG, and the
short pulse duration leads to a broad energy
distribution spanning the visible and near-UV
range, which is the energy range over which the
nanostructures studied here have strong reso-
nant properties.

The absorption spectra of the CNPs (which
can be found in Figure S1 in the SI) indicate
that the optical response of the CNPs can be
dramatically tuned by changing the diameter
of the underlying dielectric bead. Not only can
the energies of the resonances be tuned this way,
but their oscillator strength and lifetimes also
depend on the diameter. The two CNPs stud-
ied here were chosen because they have SMA
resonances at around 2 eV, giving good overlap
between at least one SMA resonance and the
absorption resonances in MG, which occur at at
2.02 and 2.13 eV. For example, CNP600 has a
series of SMA resonances with strong oscillator

strengths at energies of 1.98 eV, 2.20 eV, and
2.27 eV. CNP400 has a strong SMA resonance
at 2.04 eV with almost perfect overlap with the
lower energy absorption resonance in MG; how-
ever, the oscillator strength for this resonance
is slightly smaller than those in CNP600.

Figures 4 and 5 provide strong evidence of
RET in the coupled MG-CNP systems. First,
we observe dramatic enhancement in the scat-
tering of MG, with the greatest enhancement
arising in the case of CNP400, despite the
fact that the SMA resonances in CNP600 have
larger oscillator strengths and can thus exert a
stronger potential upon the acceptor through
its transition dipole moment. The superior
scattering enhancement from CNP400 can be
attributed in part to greater overlap between
the absorption features in MG with the SMA
resonances in CNP400, as compared to the
overlap with those in CNP600. Further, the
dipole trajectory of CNP600 shows evidence
of interferences between the transition dipoles
associated with the multiple SMA resonances.
The coupled CNP600-MG system displays a
larger induced dipole moment than the uncou-
pled MG system displays at early times follow-
ing the excitation of the system. However, the
induced dipole in the coupled system decays
rapidly (see Figure 4). This behavior contrasts
with that of the CNP400-MG system, where the
dipole moment of the coupled systems persists
for longer than that of uncoupled MG. As a con-
sequence, the CNP600-MG system shows a no-
ticeable broadening in its scattering spectrum,
while the CNP400-MG system actually shows
a narrowing in the scattering spectrum. Both
systems show considerable enhancement in pop-
ulation transferred to the sink state of MG,
which is another important measure of the RET
efficiency. Both coupled systems show nearly a
100-fold increase in population transfer as com-
pared to the lone MG system under the same
excitation conditions; the uncoupled system has
a final sink population of 7.75×10−5, as com-
pared to populations of 4.8×10−3 and 6.8×10−3

for the CNP400-MG and CNP600-MG systems,
respectively. The sink populations encapsulate
both the light-harvesting and RET efficiency of
the nanoparticle systems; that is, the CNP600-
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MG system in this case is seen to have a larger
final sink population, but the larger absorption
cross section of the CNP600 system also implies
that it will absorb more of the incident optical
energy under the same illumination conditions.

In order to better quantify the RET effi-
ciency irrespective of light harvesting poten-
tial, we also report the final population of
the sink state on MG relative to the maxi-
mum hole population of state |1〉 on the donor
systems, which we denote QD(1, 1) = 1 −
ρD(1, 1). The final sink population on MG
divided by the maximum hole population on
the donor is a rough estimate of the RET ef-
ficiency that is normalized for light-harvesting
potential of the donor species. The quantity
η = ρfinalA (2, 2)/Qmax

D (1, 1) is tabulated in Ta-
ble 2. This analysis indicates that the CNP400-
MG system displays both greater scattering en-
hancement and greater RET efficiency relative
to the fraction of incident energy absorbed by
the donor, while the CNP600-MG shows greater
absolute population transfer, which we at-
tribute to the greater extinction of the CNP600
system along with the ability of the stronger
coupling potential to drive more population to
the excited states of MG in early times after the
excitation (see Figures 4 and 5).

Table 2: Analysis of RET efficiency for the CNP
and plasmonic nanoparticle systems. We report
the maximum hole population on each donor, the
final sink population on the acceptor, and the
quotient of the two η = ρfinalA (2, 2)/QmaxD (1, 1) as
a measure of the RET transfer efficiency.

System Qmax
D (1, 1) ρfinalA (2, 2) η

CNP600 8.9×10−1 6.8×10−3 7.6×10−3

CNP400 3.7×10−1 4.8×10−3 1.2×10−2

Au 2.4×10−2 2.0×10−4 8.0×10−3

Ag 3.3×10−2 2.2×10−4 6.6×10−3

For comparison, indicators of RET efficiency
are also computed for MG adsorbed to other
RET donors, including lone silver, gold, and
platinum nanoparticles (see Supporting Infor-
mation, Figures S4, S5, and S6). Like the
CNPs, the gold nanoparticle has a resonance
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Figure 4: Top Scattering spectrum of MG coupled
to CNP600 compared to lone scattering spectrum of
MG. Middle Population transferred to the sink state
of MG for MG coupled to CNP600 compared to pop-
ulation transferred to the sink state for lone MG (ex-
cited by the same incident pulse). Bottom Dipole
expectation value as a function of time of CNP600
coupled to MG, MG coupled to CNP600, and lone
MG excited by the same incident pulse.
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Figure 5: Top Scattering spectrum of MG coupled
to CNP400 compared to lone scattering spectrum of
MG. Middle Population transferred to the sink state
of MG for MG coupled to CNP400 compared to pop-
ulation transferred to the sink state for lone MG (ex-
cited by the same incident pulse). Bottom Dipole
expectation value as a function of time of CNP400
coupled to MG, MG coupled to CNP400, and lone
MG excited by the same incident pulse.

with relatively strong spectral overlap with the
absorption resonances of MG. On the other
hand, the silver nanoparticle has a resonance
that is 1 eV blueshifted (at 3.1 eV) and
the platinum nanoparticle has a broad spec-
tral feature that peaks at 4.5 eV. As can be
seen in Table 2, the RET transfer efficiency, η,
is smaller for silver and gold donors than for
the CNP400 system. Coupling to lone metal
nanoparticle donors, including gold (Figure S4)
or silver (Figure S5) leads to enhancement in
scattering and population transfer, but the ef-
fects are considerably weaker as compared to
these effects when MG is coupled to the CNPs.
Coupling to the lone plasmonic systems leads to
roughly a 10-fold increase in population trans-
fer: a final sink state population of 2.0×10−4

and 2.2×10−4 is observed for the Au-MG and
Ag-MG systems, respectively. (see Figures S4,
S5, and Table 2). We also consider RET to MG
from a 5 nm platinum particle, which exhibits a
very broad spectral feature in the UV range (see
Figure S5 in the SI). Again we observe substan-
tially lower RET efficiency in this system when
compared to the CNPs decorated with the plat-
inum nanospheres of the same size. We note
that, because of the broadness of the absorption
feature in the platinum nanoparticle, a shorter
pulse (1.81 fs) was used for the lone platinum
simulations. Because the illumination condi-
tions were different for the lone platinum sys-
tem, direct comparisons of the RET efficiency
to other systems are not possible.

Strong Coupling to Plasmonic
Nanoparticles

We now consider the situation where CNP
donors are coupled to plasmonic metal nanopar-
ticle acceptors, as illustrated in Figure 6; such
assemblies may be realized using technology like
DNA templating.28–32 Our aim here is to ex-
plore the possibility of CNPs and plasmonic
nanoparticles to form assemblies that can facil-
itate strong coupling between their resonances.
In this context, strong coupling occurs when
the interaction potential (Vint) between the two
resonances is large compared decay rates of the
resonances. Analysis of coupled two-level sys-
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Figure 6: Illustration of a coupled CNP/Gold NP
system using DNA templating, which can facilitate
strongly coupled hybrid systems.

tems leads to the following rule of thumb: cou-
pling is strong when 4Vint > h̄(γ1 + γ2),

18,61

where γ1 and γ1 represent the relaxation rates
for the two system components. The coupling
potential is defined as

Vint =
1

n2r3

(
µSMA · µP − 3

(µSMA ·R) (R · µP )

r2

)
,

(15)
where µSMA and µP is the transition dipole
for a SMA or LSPR resonance on the CNP
or plasmonic nanoparticle, respectively, and R
is the separation vector between the particles.
Clearly, multiple SMA resonances exist for each
CNP, so we choose the resonance such that
there is strong spectral overlap between the
SMA resonance in the CNP and the plasmon
resonance in the metal nanoparticle. In partic-
ular, we use Eq. 15 to compute the coupling
strength between state |8〉 on CNP600 and the
LSPR on gold, and the coupling strength be-
tween state |13〉 on CNP600 and the LSPR on
silver. Choice of the resonance fixes the values
of µ and γ, so the conditions for strong cou-
pling can be evaluated once the relative geome-
try (and hence R) is specified. We compute the
ratio 4Vint

γSMA+γP
for a range of geometries where

the plasmonic nanoparticles are displaced from
the CNP by different separations and angles
and plot these maps in Figures 7 and 8 in the
main text and Figures S7 and S8 in the SI.
Evaluating the maps of Eq. 15 for CNP600-Au
and CNP600-Ag, the conditions for strong cou-
pling ( 4Vint

γSMA+γP
> 1) is predicted for both pairs

at a variety of separations and configurations.

Similar maps and subsequent dynamics are also
computed for CNP400-Au and CNP400-Ag in
the SI (see Figures S7 and S8, respectively).

Strong coupling between two optically-
excited systems leads to distinct features in
their coupled dynamics that can dramatically
alter observable, including their absorption and
scattering cross sections. In particular, strong
coupling permits the exchange of excitation en-
ergy between the systems on timescales that are
faster than dissipative timescales. We see evi-
dence of these dynamics in both the CNP600-
Au and CNP600-Au systems through their
dipole trajectories, which show much slower
decay than compared to the lone plasmonic
nanoparticles (see Figure 7 and 8). We also see
a periodic recurrence, or beating, of amplitude
of the coupled dipole moments, that is charac-
teristic of the strong coupling limit. We also
observe significant changes in the scattering
spectrum, including splitting of the plasmon
resonances (see Figures 7 and 8), which are
another indicator of the strong coupling limit.

Conclusion

We have developed a simple quantum dynami-
cal model of resonance energy transfer driven
by emergent resonances, known as scattering
mediated absorption resonances, in composite
nanoparticles. Importantly, we have shown
that such composite nanoparticles can be used
as versatile RET donors, owing to the fact
that the energy, intensity, and lifetime of the
SMA resonances may be controlled by simple
geometric parameters of the composites. Ap-
plying our quantum dynamical model demon-
strated superior RET efficiency may be pos-
sible using these composites as compared to
plasmonic nanoparticles of similar size. We
also proposed assemblies of composite nanopar-
ticles and plasmonic nanoparticles that lever-
ages well-developed DNA-based nanotechnol-
ogy for creating super-assemblies of nanopar-
ticles with well-controlled spacing and orien-
tation, and showed that such assemblies may
be used to realize strong coupling between the
CNPs and plasmonic particles. Our results sug-
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Figure 7: 600 nm CNP - 5 nm Au nanoparticle sepa-
rated by r = 7 nm. Top: Ratio of coupling strength
to dissipation rate (4Vint/(γSMA + γP )) for matched
resonances in the CNP/Au stem. Middle: Scatter-
ing spectrum of lone-Au compared to CNP-Au cou-
pled system. Bottom: Dipole moment trajectory for
CNP and Au in the coupled system compared to lone
Au system (inset).
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gest that these composite nanostructures, and
assemblies involving them, may have impor-
tant implications for light harvesting, energy
transfer, and the control of chemical reactions
through the paradigm of polaritonic chemistry.
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