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We study the dipole–dipole coupling between two fluorescent molecules in the presence of a chain of metallic
nanoparticles. We analyze the spectral behavior of the coupling strength and its dependence on the molecular
orientation. Our results show that for certain resonant wavelengths the coupling strength between the mol-
ecules is greatly enhanced and is strongly polarization sensitive. We also demonstrate how metallic nanopar-
ticles can be utilized in implementing a polarization-sensitive coupler. © 2007 Optical Society of America
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1. INTRODUCTION
The radiative properties of a molecule depend strongly on
its environment. Changes in the excited-state lifetimes
and radiative shifts in spontaneous emission have been
extensively investigated both theoretically and experi-
mentally [1,2]. In particular, the radiative properties of a
molecule are shown to be significantly modified near me-
tallic nanoparticles supporting plasmon resonances [3,4].

Besides altering the radiative properties of a single
molecule, the environment also affects the interaction of
molecules with each other, for example, in fluorescence
resonant energy transfer (FRET) [1,5]. The dipole–dipole
coupling between the molecules and the associated rate of
energy transfer can be controlled by modifying the sur-
roundings of the molecules. So far, the dipole–dipole cou-
pling between two molecules or atoms has been studied in
microcavities [6–8], near an optical fiber [9,10], planar di-
electric surface [11], nanosphere [12], and scanning near-
field optical microscope tip [13]. Furthermore, plasmon-
mediated coupling through a thin metallic film has
recently been demonstrated [14].

The possibility to couple emitters via plasmon reso-
nances in metallic nano-objects offers exciting possibili-
ties for novel plasmonic components [15,16]. For example,
a chain of metallic nanoparticles has recently been uti-
lized in transporting energy at a subwavelength scale
[17–21]. Such structures are likely to find applications in
transferring energy between two distant quantum sys-
tems such as molecules or quantum dots, as well as in ad-
dressing single nano-objects [22,23].

In this paper we investigate the dipole–dipole coupling
between two fluorescent molecules in the presence of a
chain of metallic nanoparticles. We analyze the spectral
behavior of the coupling strength and its dependence on
the molecular orientation in several particle configura-
tions. We show that for certain resonant wavelengths the
coupling strength between the molecules is greatly en-
hanced and is strongly polarization sensitive. The paper

is organized as follows. In Section 2, we present the
coupled-dipole method to calculate the Green tensor of
the nanoparticle system, and show how the dipole–dipole
coupling strength of the molecules is related to this ten-
sor. The calculated coupling strengths are presented and
discussed in Section 3. Finally, Section 4 summarizes our
main conclusions.

2. THEORY
We focus on the influence of metallic nanoparticles on the
FRET between two molecules. We present first how the
environment-induced changes in the coupling can be ac-
counted for by using the Green function of the system. We
then describe the coupled-dipole method that we use to
calculate Green’s function for the nanoparticle chain con-
figurations.

In FRET, initially one of the molecules (the donor) is in
an excited state and the other (the acceptor) is in its
ground state. The excitation energy is then transferred
from the donor to the acceptor via a dipole–dipole cou-
pling. We describe the molecules as three-level systems
[5] with energy-level diagrams depicted in Fig. 1. The do-
nor is excited to the state �v1� by an incident optical field
with angular frequency �1, while the acceptor is in its
ground state �g2�. After internal relaxation, characterized
by a (nonradiative) vibrational relaxation rate K, the do-
nor resides in the excited state �e1�. The excited donor
then couples by dipole–dipole interaction to the excited
level �v2� of the acceptor molecule.

The environment-induced changes on the decay rates
and on the dipole–dipole coupling between the molecules
are obtained from the Green tensor of the system [1,6,8].
Specifically, the dipole–dipole coupling factor J12 has the
form [5]

J12 = − �2 · GJ �r2,r1,�� · �1, �1�

where �1 and �2 are the transition dipole moments asso-
ciated with the transitions between the levels �e1� and
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�g1�, and �v2� and �g2�, of the two molecules located at r1

and r2, respectively. Furthermore, GJ �r2 ,r1 ,�� is the
Green tensor associated with the geometry and � denotes
the angular frequency of the light resonant with the ra-
diative transition �e1�→ �g1� (or �v2�→ �g2�). The coupling
factor can also be written as

J12 = ���12 − i�12�, �2�

where �12 is the dipole–dipole coupling strength and �12
is the cooperative decay rate [5,6].

The Green tensor GJ �r ,r� ,�� gives at point r the electric
field E�r ,��, which is generated by an electric point dipole
p�r� ,�� at r�:

E�r,�� = GJ �r,r�,�� · p�r�,��. �3�

We consider a geometry consisting of N spherical silver
nanoparticles, and approximate each particle as a point
dipole, located at the center point rn of the sphere, with a
dipole moment pn�p�rn ,��, n=1, . . . ,N.

The electric field outside the particles can therefore be
written as

E�r,�� = E0�r,�� + �
n=1

N

GJ 0�r,rn,�� · pn, �4�

where GJ 0�r ,r� ,�� is the free-space Green tensor and
E0�r ,�� is the field without the particles. The dipole mo-
ment pn is proportional to the exciting field Eexc�rn ,��,
which consists of E0�rn ,�� and the fields scattered by the
other particles, i.e.,

pn = �0�Jn��� · Eexc�rn,��, �5�

where �Jn��� is the polarizability tensor of the sphere n.
Note that Eexc�rn ,�� is not in general equal to the field
that is actually present at the location of the particle, as it
neglects the contribution due to the nanosphere itself
[24]. However, the influence of the nanosphere on the field
at its center is included in the polarizability tensor, which
is taken to be that of a homogeneous and isotropic silver

nanosphere. Explicitly, �Jn���=�n���UJ , where UJ is the
unit tensor and �n��� is given by [4]

�n��� =
�0���

1 − ik3�0���/�6��
, �6�

where k is the wavenumber of the excitation field. The pa-
rameter �0��� in Eq. (6), known as the quasi-static polar-
izability, is of the form

�0��� = 4�a3
���� − 1

���� + 2
, �7�

with ���� denoting the relative permittivity of the particle
material and a being the radius of the sphere. Combining
Eqs. (4) and (5) we find that the unknown dipole moments
are determined by the following system of coupled equa-
tions [24]:

pk = �0�Jk��� · E0�rk,�� + �
n=1
n�k

N

�0�Jk��� · GJ 0�rk,rn,�� · pn,

�8�

where k=1, . . . ,N. The above equation is solved numeri-
cally. Once the dipole moments are known, the electric
field outside the particles can be calculated from Eq. (4).

The Green tensor of the nanosphere system, GJ �r ,r� ,��,
required to calculate the coupling factor, can be obtained
from Eq. (4) by evaluating the electric field E�r ,�� when
E0�r ,�� is the field generated by a unit point dipole at r�.
For example, the element Gyx�r ,r� ,�� is given by the y
component of the electric field, Ey�r ,��, when an
x-oriented unit dipole is placed at r�.

3. RESULTS
We analyze how the dipole–dipole coupling strength �12
depends on the wavelength � corresponding to the angu-
lar frequency � associated with the transition dipole mo-
ments �1 and �2 (see Fig. 1), and on the orientation of the
interacting molecules in various nanoparticle configura-
tions. The particles are approximated as dipoles with the
polarizability of a silver sphere with radius 10 nm. For
the permittivity of silver we use the data of [25]. We fix
the center-to-center distance between the spheres to d
=30 nm. This is three times the radius of the spheres, for
which distance the results obtained within the dipole
model have been shown to be valid [20]. The donor and
the acceptor molecules are placed at a distance of 20 nm
from the nearest silver spheres. At this distance it is still
reasonable to treat the silver spheres nearest to the mol-
ecules as dipoles [3,4]. For the donor and acceptor transi-
tion dipole moments we use the value 10−29 Cm. Our cal-
culations do not take into account the effects of particle
inhomogeneities, irregularities of the structure, or the in-
fluence of the substrate.

We consider first a straight chain of silver nanopar-
ticles, with the acceptor and donor positioned at opposite
ends of the chain. The coupling strength ��12� for wave-
lengths �=300–450 nm is shown in Fig. 2 for different
chain lengths. The transition dipole moments of the donor

Fig. 1. Energy-level diagram of the donor and acceptor mol-
ecules. The states �e1� and �v2� are coupled by the dipole–dipole
interaction characterized by the coupling factor J12. The param-
eters 	v1,v2 and 	e1,e2 denote the radiative decay rates from the
excited states �v1,2� and �e1,2� to the ground states �g1,2�, whereas
K denotes the nonradiative vibrational relaxation rate. Further-
more, the energy associated with the transitions �e1�→ �g1� and
�v2�→ �g2� is ��, and �1 is the angular frequency of the exciting
light.

3428 J. Opt. Soc. Am. A/Vol. 24, No. 11 /November 2007 Lindberg et al.



and acceptor molecules are both oriented parallel to the
particle chain. Starting with N=2, we observe a strong
resonance peak near ��350 nm. The main resonance
peak is shifted to the red as the length of the chain in-
creases. Compared with the free-space values, the en-
hancement of ��12� at the peak is ca. 40 for N=2 ��
=355 nm�, 200 for N=4 ��=361 nm�, and 150 for N=10
��=363 nm�. The coupling remains relatively strong at
the resonance wavelengths even for N=10, which corre-
sponds to a distance of 310 nm between the acceptor and
the donor. For longer wavelengths, 450 nm
�

1000 nm, our calculations show that the coupling
strength decreases monotonically with the wavelength.

We analyze next the dependence of the coupling
strength on the orientation of the molecular transition di-
pole moments in the straight particle chain geometry of
Fig. 3(a). The donor and the acceptor molecules are again
located at the opposite ends of the chain. The coupling
strength ��12,xx� and ��12,yy�, when the acceptor and the
donor dipole moments are oriented parallel and perpen-

dicular to the chain axis, are shown in Fig. 4. Due to sym-
metry, ��12,yy� is equal to ��12,zz�. The coupling in the par-
allel orientation is observed to be considerably stronger
than in the perpendicular orientation. In this particular
configuration, all the terms �12,ij (i , j= �x ,y ,z	 with i� j)
are zero, indicating that orthogonal components do not
couple. The enhancement of ��12,xx� compared with the
free-space value is approximately 220 at the resonance
wavelength �=364 nm.

To study the influence of curving of the particle chain,
we compare the coupling strength in the geometries of
Figs. 3(b) and 3(c) in which the particles form a right-
angle corner and a quarter circle, respectively. The donor
and the acceptor are in the same positions in both cases.
In Fig. 3(b) the number of particles, particle radius, and
the center-to-center distance are the same as in Fig. 3(a),
i.e., N=11, a=10 nm, and d=30 nm. In the geometry of
Fig. 3(c) the first and the last particle are in the same po-
sitions as in Fig. 3(b). However, in order to maintain the
center-to-center distance as close to 30 nm as possible
while keeping the sphere radius at 10 nm, the chain in
Fig. 3(c) consists of only nine particles. The results are
shown in Fig. 5. It is observed that the ��12,yx� term is sig-
nificantly larger than ��12,xx� (or ��12,yy�, which is equal to
��12,xx� due to symmetry). Despite the sharp turn in Fig.

Fig. 4. Coupling strength ��12,xx� (solid curve) and ��12,yy�
(dashed curve) as a function of the wavelength � for the straight
particle chain of Fig. 3(a).

Fig. 5. Coupling strengths ��12,xx� (solid curve) and ��12,yx�
(dashed curve) in the geometry of Fig. 3(b) (right-angle corner),
and ��12,yx� (dotted curve) in the geometry of Fig. 3(c) (arc) as a
function of the wavelength �.

Fig. 2. The coupling strength ��12� as a function of wavelength �
for different number of particles N in the chain. The center-to-
center distance between the particles is 30 nm, and the mol-
ecules are at a distance of 20 nm from the outermost particles.
Chains with N=2 (solid curve), 4 (dashed curve), 10 (dotted
curve) particles respectively correspond to a distance of 70, 130,
and 310 nm between the acceptor and the donor molecules. The
dipole moments of the donor and acceptor are oriented parallel to
the chain.

Fig. 3. Nanoparticle chain geometries: (a) straight chain, (b)
right-angle corner, (c) arc (1/4 circle), and (d) coupler. The posi-
tions of the donor and acceptor are marked with (�) and (�), re-
spectively. The center-to-center distance in (a), (b), and (d) is
30 nm, and in (c) 29.4 nm.
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3(b), the coupling via the chain remains strong. Compared
to the free-space value the enhancement of ��12,yx� at the
peak is ca. 180 at �=368 nm and 370 at �=369 for the ge-
ometries of Figs. 3(b) and 3(c), respectively.

We have seen that for a straight chain the coupling is
strongest when the donor and acceptor dipoles are ori-
ented parallel to the chain (xx orientation). This is also
the case in the curved configurations [Figs. 3(b) and 3(c)]
where the strongest coupling is for the yx orientation.
These results suggest the possible use of nanoparticle
structures as orientation sensitive couplers as is dis-
cussed next.

In the geometry of Fig. 3(d), we have analyzed the cou-
pling between the donor and two acceptors, 1 and 2, with
the coupling strengths denoted by �12

�1� and �12
�2�, respec-

tively. The geometry consists of two straight particle
chains and two additional particles that are located next
to the donor to suppress the unwanted couplings �12,yx

�1�

and �12,xy
�2� . These terms would vanish for a symmetrical

cross structure. The use of just two additional particles
was found to provide sufficient suppression. Figure 6
shows the strength of the various couplings in the con-
figuration. The coupling ��12

�1�� to the first acceptor is domi-
nated by the yy component, while the coupling ��12

�2�� to the
second acceptor is dominated by the xx component. In
comparison with these, the other couplings remain weak
irrespective of the donor orientation. Thus, in the geom-
etry of Fig. 3(d), the coupling to the two ends of the chain
is strongly polarization sensitive. The system acts as a
polarization-sensitive coupler, where the coupling de-
pends on the orientation of the donor dipole.

4. CONCLUSION
In this work, we have studied the dipole–dipole coupling
between two molecules separated by a chain of silver
nanoparticles. We obtain the coupling strength from the
Green tensor of the system, which we solve using the
coupled-dipole method. Our results show that at certain
wavelengths the coupling strength can increase signifi-
cantly compared with the free-space value. In addition,
we find that the enhancement is strongly polarization

sensitive. The coupling is strongest when the dipole mo-
ments of the acceptor and donor molecules are parallel to
the chain. The coupling also remains relatively strong for
curved particle chains. We utilized the orientation sensi-
tivity of the coupling to demonstrate a coupler, where the
coupling to different branches of the chain depends
strongly on the orientation of the donor dipole. This may
find applications when designing optical components for
plasmonics.
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