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Coupling a single dipole emitter to a metallic nanoparticle through the optical modes of a planar superlens
made of left-handed material can lead to substantial modifications of its spontaneous decay rate. We provide a
quantitative study based on exact numerical simulation and show that such a scheme could allow the detection,
the localization, and the control of the emitter dynamics with nanometer-scale sensitivity, as well as the
determination of its transition dipole orientation.
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I. INTRODUCTION

Since the experiments of Drexhage,1 it has been known
that the fluorescence lifetime of a dipole emitter �e.g., atom,
molecule, quantum dot� can be substantially modified close
to a metal surface. Lifetime modifications are induced by
changes in the local density of electromagnetic modes,2 and
are quantitatively described by the classical electrodynamic
response of the surface.3,4 The development of near-field
optics techniques has stimulated the use of metallic tips,
nanoparticles or nanostructured substrates to modify the
spontaneous emission features �fluorescence lifetime or fluo-
rescence intensity� of single emitters with nanometer-scale
sensitivity and with an improving level of control.5–10 These
nanostructures, commonly denoted by nanoantennas, not
only modify the spontaneous emission dynamics but also act
on the angular radiation pattern.11–16 New behaviors have
also been demonstrated by coupling emitters to thin metallic
films. Donors and acceptors have been coupled by fluores-
cence resonance energy transfer �FRET� through the plas-
mon modes of silver films with thicknesses up to 120 nm
�i.e., far beyond the usual Förster radius�.17 Efficient excita-
tion and detection of the fluorescence of single molecules has
been achieved through a gold film, and the role of surface
plasmons in the process has been analyzed.18 At frequencies
such that Re�������−1, where ���� is the relative permit-
tivity of the material �corresponding to the plasmon-polariton
or phonon-polariton resonance of a flat surface�, the near-
field coupling of a source to the surface modes of the film
allow to enter the so-called “superlens” regime, in which a
near-field optical image can be translated to the opposite side
of the film with subwavelength resolution. This is true, in
principle, for a primary source as in fluorescence emission
and for a secondary source as in conventional imaging. Im-
ages in the superlens regime have been produced with silver
slabs at the plasmon-polariton resonance frequency19,20 and
with a SiC slab at the phonon-polariton resonance
frequency.21 The superlens behavior was originally
proposed22 as the quasistatic limiting case of the perfect lens
made of a slab of left-handed �or negative index� material
�LHM�, i.e., a material with both Re������=−1 and
Re������=−1, where ���� is the relative magnetic perme-

ability. Left-handed materials have received a lot of attention
due to their ability to produce negative refraction, leading to
the concept of perfect lens.22,23 Although the fabrication of
left-handed metamaterials is a real challenge, negative re-
fraction has been demonstrated at microwave frequencies,24

and at near-infrared and optical frequencies.25–27 In terms of
image formation with negative-index slabs, absorption dras-
tically reduces the perfect lensing capabilities.28 Compared
to a purely plasmonic system �i.e., a nonmagnetic material
with Re�������−1�, the improvement when using a left-
handed material is chiefly due to a better impedance match-
ing, but the coupling mechanism through an absorbing left-
handed slab is essentially plasmonic in nature. In the
following, we shall denote by “plasmonic superlens” a slab
of left-handed material with a non-negligible level of absorp-
tion.

In this work, we study theoretically the possibility of us-
ing a plasmonic superlens to act on the fluorescence lifetime
of an isolated molecule with high sensitivity and nanometer-
scale spatial resolution. The concept we propose relies on the
coupling of a metallic nanoparticle with a single molecule
through a plasmonic superlens. The configuration is similar
to that described in Ref. 21 for conventional near-field imag-
ing. The nanoparticle is assumed to be attached, e.g., at the
end of a near-field probe. We use quantitative three-
dimensional numerical simulations to calculate spontaneous
decay-rate modifications induced on the molecule when the
nanoparticle scans the opposite side of the plasmonic super-
lens. We show that this scheme allows the detection, the
localization, and the control of the emitter dynamics with
nanometer-scale sensitivity, as well as the determination of
its transition dipole orientation. Such a geometry is appealing
for applications in which the vicinity of the molecule is not
directly accessible to a near-field probe �e.g., emitter embed-
ded in the solid substrate of a photonic device, fluorophores
in biological media�.

II. GEOMETRY AND NUMERICAL METHOD

The geometry is schematically represented in Fig. 1. A
single dipole emitter �fluorescent molecule� in its excited
state lies below a slab of LHM with width L. At the emission
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frequency � of the molecule, the slab is assumed to behave
as a plasmonic superlens, such that Re������=−1 and
Re������=−1, with a non-negligible level of absorption. The
distance from the emitter to the slab surface is zs. A spherical
metallic nanoparticle with radius R lies on the opposite side
of the slab. The distance from the surface of the nanoparticle
to the slab surface is zp.

In the weak-coupling regime, the spontaneous decay rate
� of the molecule takes the form29

� =
2

�
�p�2Im�u · G�r,r,�� · u� , �1�

where r is the position of the molecule, p the transition di-
pole, and u a unit vector in the direction of p. The dyadic G
is the Green’s function of the system, connecting an electric
dipole at position r to the radiated electric field at position r�
through the relation E�r� ,��=G�r� ,r ,�� ·p. In free space,
the decay rate is obtained from the vacuum Green’s function
G0, and reads �0=�3�p�2 / �3��0�c3�. The calculation of the
decay rate amounts to calculate the Green’s function
G�r� ,r ,��=G0�r� ,r ,��+S�r� ,r ,��, where S�r� ,r ,�� is the
modification of the vacuum Green’s function induced by the
slab-nanoparticle system �for simplicity, we omit the depen-
dence on � in the fields and Green’s functions in the follow-
ing�. Since G0 is known analytically, we only need to com-
pute the Green’s function S�r� ,r�. It is deduced from the
electric field scattered at a position r� when the slab-
nanoparticle system is illuminated by a classical point dipole
placed at a position r: Es�r��=S�r� ,r� ·p. In order to com-
pute numerically the Green’s function S�r� ,r�, we proceed in
two steps. First, we calculate the Green’s function Sslab�r� ,r�
of the isolated slab, which has an analytical expression in
Fourier space �angular spectrum representation�.30 The angu-
lar spectrum involves Fresnel reflection and transmission
factors that account for the properties of the interfaces �in
particular surface modes are included in this formalism with-
out any approximation�. Second, we use the coupled dipole
method31 to calculate the field scattered by the full system,
including far-field and near-field interactions between the
slab and the nanoparticle in a self-consistent manner. In this
approach, the nanoparticle is meshed in a set of N electric
dipoles with polarizability 	���. The electromagnetic re-
sponse of the nanoparticles is described by the polarizability
	��� including radiation reaction.31,32 The correct form of
the polarizability is necessary in order to satisfy energy con-

servation �or the optical theorem�. The scattered field at po-
sition r� reads

Es�r�� = Sslab�r�,r� · p + 	����0


 �
j=1,N

�G0�r�,r j� + Sslab�r�,r j�� · Eexc,j , �2�

where r j is the position and Eexc,j the exciting field of dipole
number j. The exciting field can be written in a self-
consistent manner:

Eexc,j = �G0�r�,r� + Sslab�r�,r�� · p + 	����0


�
j�k

�G0�r j,rk� + Sslab�r j,rk�� · Eexc,k

+ 	����0Sslab�r j,r j�Eexc,j . �3�

Writing Eq. �3� for each dipole leads to a linear system of N
equations, which is solved numerically. Once the exciting
field of each dipole of the mesh is known, Eq. �2� is used to
compute the scattered field at any position. In the context of
single-molecule fluorescence, the coupled dipole method is
attractive because it permits calculation of Green’s functions
in a natural way and is well-suited to the study of complex
three-dimensional geometries, including disordered
systems.33,34

III. COUPLING MECHANISM

In order to identify the coupling mechanism between the
molecule and the nanoparticle, we have calculated the field
emitted by a classical electric dipole placed at the position of
the molecule, in the presence of the slab alone �this amounts
to calculate the Green’s function Sslab�r� ,r��. We show in
Fig. 2 the square modulus of the electric field along a line

FIG. 1. �Color online� Geometry of the system. A metallic nano-
particle couples to a single emitter through a slab, in a regime
where the slab behaves as a plasmonic superlens.

FIG. 2. Solid line: Square modulus of the electric field �arb.
units� radiated by a single electric dipole in front of a LHM slab
with relative permittivity �=−1+0.01i and relative permeability �
=−1+0.01i. The slab lies between z=0 and z=50 nm �indicated by
the gray region�. The dipole is oriented along the z direction and is
placed at zs=−50 nm �indicated by the arrow�. Dashed line: same
calculation in absence of the slab.
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perpendicular to the slab, passing through the location of the
molecule. The orientation of the transition dipole is perpen-
dicular to the slab surfaces �the molecule position is indi-
cated by the vertical dotted line in Fig. 2, its orientation
being indicated by the arrow�. The solid line is the calcula-
tion in the presence of the slab; the dashed line is the same
calculation in vacuum.

The field structure exhibits spatial variations characteristic
of a coupling to the surface modes of a thin film. The emitter
couples evanescently to the slab on the left-hand side. The
internal structure of the field shows that it is built by evanes-
cent coupling of the surface modes of the isolated interfaces.
An important consequence is that the field intensity at z
=100 nm in vacuum �i.e., at 50 nm from the right-hand side
interface� is about 15 times higher than it would be in ab-
sence of the slab. In these conditions, the coupling between
the molecule and an object placed on the opposite side of the
slab is expected to be enhanced, as we shall demonstrate
below. Finally, we stress that the field structure across the
superlens is similar to the structure that would be obtained
on a purely metallic thin film excited at plasmon resonance.35

The main difference when using a left-handed material is
that the impedance matching is increased so that the trans-
mitted intensity is larger. This also means that the coupling
we will discuss below between the molecule and a nanopar-
ticle bear strong similarity with the long-range FRET cou-
pling that has been discussed in Ref. 17 with a purely metal-
lic film.

We show in Fig. 3 the normalized spontaneous decay
rate � /�0 of the excited state of a molecule interacting
with a single gold nanoparticle with radius R=10 nm,
and for an emission wavelength �=500 nm. The nanopar-
ticle scans a rectangular region above the molecule, and the
figure displays the value of � /�0 for each position of the
nanoparticle in this rectangular region. The upper panel cor-
responds to a nanoparticle scanning in vacuum. The lower
panel corresponds to a nanoparticle coupled to the molecule
through a plasmonic superlens with width L=50 nm. The
distance between the molecule and the lower surface of the
slab is zs=50 nm, and the nanoparticle scans the opposite
side �see the insets of Fig. 3 for a schematic view of the
geometry�.

If we compare the results in both panels, we observe that
in the case of vacuum �upper panel�, the decay-rate modifi-
cation is weak �on the order of 10%� and the lateral reso-
lution is poor �far below the nanoparticle radius�. Indeed, it
is known that for a nanoparticle scanning in vacuum, cou-
pling at large distance with a nanoparticle induces weak
modifications of the decay rate.32 Substantial modifications,
with a lateral resolution in the nanometer range, are reached
when the distance from the molecule to the nanoparticle sur-
face becomes comparable to the radius.8 In the case of a
nanoparticle coupled to the molecule through a plasmonic
superlens �lower panel�, the behavior is changed substan-
tially. The decay-rate modification is much larger �up to a
factor of 6 in the present case�, and the lateral resolution is
higher �we will study the lateral extent of the interaction
below�.37 This first calculation demonstrates the possibility

of acting on a molecule from distances in the range of a few
hundreds of nanometers, with a nanometer-scale sensitivity
�regarding both the lateral and the vertical displacement of
the nanoparticle�. A first conclusion is that plasmonic super-
lenses could be used to increase the range of single-molecule
fluorescence control with nanoantennas.

We show in Fig. 4 the same calculation, but for a purely
plasmonic slab �i.e., a nonmagnetic material with �=−1
+0.01i�. We observe the same qualitative behavior as in the
lower panel in Fig. 3. This is consistent with the fact that the
coupling mechanisms are similar in the case of a plasmonic
superlens and in the case of a purely metallic slab �as shown
in Fig. 2, the field structure is the same�. The main difference

FIG. 3. �Color online� Lower panel: Normalized spontaneous
decay rate of a molecule interacting with a single gold nanoparticle
�radius R=10 nm, relative permittivity �p=−2.335+3.61i at the
emission wavelength �=500 nm �Ref. 36�� through a plasmonic
superlens versus the position of the nanoparticle scanning a rectan-
gular region in a vertical plane �see the geometry in the inset�. The
position of the nanoparticle is defined by the distance zp between its
surface and the slab surface and the lateral displacement  with
respect to the position of the molecule. The transition dipole is
along the z direction. Other parameters as in Fig. 2. Upper panel:
same calculation without the LHM slab �molecule and nanoparticle
in vacuum�.

FIG. 4. �Color online� Same as Fig. 3 �lower panel� for a purely
metallic slab supporting surface-plasmon polaritons, with relative
permittivity �=−1+0.01i and relative permeability �=1.
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is that a purely metallic slab produces a worse impedance
matching, reducing the contrast in the induced lifetime modi-
fications. The purely plasmonic coupling might be much
easier to perform in practice, because natural materials are
available. Note that a key point is an evaluation of the fluo-
rescence signal, and to compare the plasmonic superlens to
the metallic slab in terms of fluorescence quenching. This
point is under study.

IV. LOCALIZATION OF THE EMITTER

We have seen that coupling a single emitter to a metallic
nanoparticle through a slab of left-handed material in the
superlens regime permits substantial modifications of its dy-
namics. We now address the issue of the localization of the
emitter from a decay-rate image obtained by scanning the
nanoparticle. As far as the localization along the z direction
is concerned, the field structure in Fig. 2 shows that the field
on the opposite side of the slab �with respect to the emitter�
decreases monotonically from the interface. Note that in
terms of imaging, this means that although the high spatial
frequency modes translate the subwavelength features, there
is no three-dimensional subwavelength focus. In the pres-
ence of the nanoparticle, one can expect an increase in the
decay-rate modification when the nanoparticle scans toward
the interface. This is seen in Fig. 5, in which we show the
normalized decay rate versus the distance zp between the
surface of the nanoparticle and the surface of the slab. The
nanoparticle scans along the z axis perpendicular to the slab
surface and above the molecule position �the curve in Fig. 5
corresponds to a vertical cut in the middle of the image in
Fig. 3�. We see that the decay-rate modification increases at
short distance, due to an increase in the coupling strength
between the emitter and the nanoparticle. In particular, there

is no signature of the emitter location along the z direction.
One observes a small decrease in the decay rate at very short
distance �smaller than the particle radius� that is due to the
nanoparticle-slab interaction.

The image in the lower panel in Fig. 3 also shows that
the interaction between the molecule and the nanoparticle
has a short-range extent in a plane parallel to the slab sur-
face. In order to get a quantitative estimate of the lateral
resolution, we show in Fig. 6 the normalized decay rate ver-
sus the lateral displacement  between the center of the
nanoparticle and the molecule location �i.e., a horizontal cut
of the image in Fig. 3�. The distance between the molecule
and the lower surface of the slab is zs=50 nm �coinciding
with the slab thickness�, and the nanoparticle scans along a
line parallel to the slab surface with a surface-to-surface dis-
tance zp=11 nm. The lateral resolution can be defined as the
full width at half maximum of the curve in Fig. 6, giving a
resolution of roughly 50 nm in this particular case. The lat-
eral resolution is on the order of the distance between the
emitter and the slab surface �and not the full distance be-
tween the emitter and the nanoparticle�. This is a feature of
the coupling through a plasmonic superlens. The same be-
havior was found in Ref. 21.

The lateral resolution as well as the contrast in a decay-
rate image depends on the distance zs between the molecule
and the slab surface. We show in Fig. 7 �upper panel� the
decay-rate contrast versus the distance zs of the molecule to
the slab surface. We define the decay-rate contrast at the ratio
between the maximum value and the minimum value of the
decay rate in a scan image as that in Fig. 3. We observe that
the contrast reaches a maximum when the emitter-slab dis-
tance zs coincides with the slab thickness. This distance en-
sures the most efficient coupling between the emitter and the
opposite side of the superlens. We also show in Fig. 7 �lower
panel� the lateral resolution in a decay-rate image versus the

FIG. 5. Normalized decay rate of a molecule interacting with a
gold nanoparticle through a plasmonic superlens versus the distance
zp between the surface of the nanoparticle and the surface of the
slab. The nanoparticle scans along the z axis perpendicular to the
slab surface �the lateral position corresponds to =0 in Fig. 3, i.e.,
just above the molecule position�. Geometrical and optical param-
eters as in Fig. 3.

FIG. 6. Normalized decay rate of a molecule interacting with a
gold nanoparticle through a plasmonic superlens versus the lateral
displacement  between the center of the nanoparticle and the mol-
ecule location. The nanoparticle scans along a line parallel to the
slab surface, with a surface-to-surface distance zp=11 nm. Geo-
metrical and optical parameters as in Fig. 3.
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distance zs. We see that the resolution decreases when the
emitter-slab distance increases. This is a classical behavior in
near-field optics. High resolution is provided by the evanes-
cent modes of the slab with high spatial frequencies, which
also have a short decay length along the z direction. The
higher the distance zs, the weaker the coupling to these
modes. For a nanoparticle scanning at close distance from
the slab surface, as in Fig. 7, the resolution is on the order of
the emitter-slab distance.

V. ORIENTATION OF THE TRANSITION DIPOLE

Beyond the possibility of localizing the emitter with
nanometer-scale sensitivity, the determination of the mol-
ecule orientation is a key issue. This can be achieved using
nanoantennas �such as structured tips�, due to the fact that
the radiation pattern of the coupled system strongly depends
on the orientation of the transition dipole.11–16 We show that
the coupling through a plasmonic superlens is very sensitive
to the transition dipole orientation, and that the decay-rate
images exhibit a clear signature of the molecule orientation.
Figure 8 displays the same calculation as in Fig. 3 �lower
panel�, but for a transition dipole oriented along the x direc-
tion, i.e., parallel to the slab surface �in Fig. 3, the transition
dipole was perpendicular to the slab surface�.

We see that the decay-rate map in Fig. 8 has a different
shape. The image displays two lobes, indicating the presence
of two maxima of decay-rate modification when the nanopar-
ticle scans in a plane parallel to the slab. In the case of a
transition dipole perpendicular to the slab surface �lower
panel in Fig. 3�, only one maximum was visible at =0,
which coincides with the location of the molecule. This
qualitative difference is an unambiguous signature of the

transition dipole orientation. We show in Fig. 9 a cut along a
horizontal line �i.e., a curve similar to that in Fig. 6, but for
a transition dipole oriented parallel to the slab surface�. We
clearly identify the two maxima. The contrast is large enough
to discriminate between the parallel and perpendicular orien-
tations, corresponding to a line with two maxima at each side
of the molecule lateral location �Fig. 9�, or one maximum at
the center �Fig. 6�, respectively. Also note that in terms of
lateral resolution, the lateral extent of the curve in Fig. 9 is
similar to that in Fig. 6. The qualitative difference between
the two orientations is a consequence of the polarization de-
pendence of the coupling to surface modes of the plasmonic
superlens. At a given frequency, each mode has its own wave
vector and polarization state. The coupling strength of the
dipole to a given mode is strongly dependent on the relative
orientation of the dipole and the direction of the electric
field.

VI. INFLUENCE OF THE NANOPARTICLE MATERIAL

Before concluding, we address the question of the nano-
particle material. In practice, several metals can be used,
depending on the available techniques to produce nanopar-
ticles or tips. We show in Fig. 10 the decay-rate contrast
versus the nanoparticle-slab distance zp �upper panel� and a

FIG. 7. Upper panel: Decay-rate contrast defined at the ratio
between the maximum value and the minimum value of the decay
rate in a scan image as that in Fig. 3 versus the distance zs of the
molecule to the slab surface. Other parameters as in Fig. 3. Lower
panel: Lateral resolution in a decay-rate image defined as the full
width at half maximum of a horizontal scan line as that in Fig. 6
versus the distance zs of the molecule to the slab surface. Other
parameters as in Fig. 6.

FIG. 8. �Color online� Same as Fig. 3 �lower panel� for a mo-
lecular transition dipole oriented along the x direction.

FIG. 9. Same as Fig. 6 for a molecular transition dipole oriented
along the x direction. The nanoparticle scans along a line parallel to
the slab surface, with a surface-to-surface distance zp=17 nm.
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lateral scan versus the lateral displacement , for three dif-
ferent cases: dipole nanoparticle at plasmon resonance �rela-
tive permittivity ����=−2+0.3i�, gold nanoparticle, and

tungsten nanoparticle. As in all calculations presented in this
work, the emission wavelength is �=500 nm. We observe
that in terms of contrast and lateral resolution, the shape of
the curves is independent of the nanoparticle material. This
confirms that the behaviors put forward in the present study
rely on the coupling through the plasmonic superlens modes,
and not on a particular matching between the slab and the
nanoparticle properties. Nevertheless, the contrast level
strongly depends on the ability of the nanoparticle to couple
efficiently to the system. As expected, a resonant nanopar-
ticle induces larger effects, although it might be difficult in
practice to design materials that produce a superlens behav-
ior for the slab and a dipole resonance in the nanoparticle at
the same frequency �. For off-resonance nanoparticles, a
comparison between gold and tungsten �a poor metal in the
visible frequency range� shows that gold provides a slightly
higher contrast, and a larger interaction range along the ver-
tical direction.

VII. CONCLUSION

In summary, we have shown that a plasmonic superlens is
able to couple efficiently a single molecule and a metallic
nanoparticle on the range of a few hundreds of nanometers.
This scheme allows the detection, the localization, and the
control of the emitter dynamics with nanometer-scale sensi-
tivity. It also permits a selective probing of the transition
dipole orientation. Although the plasmonic superlens regime
provides the most efficient coupling, the underlying mode
structure is plasmonic in nature and is qualitatively identical
to that of a purely metallic thin film excited at plasmon reso-
nance. This means that the conclusions reached in this study
remain valid qualitatively in this case, but with an efficiency
that is substantially reduced. The scheme proposed in this
study is appealing for applications in which the vicinity of
the molecule is not directly accessible to a near-field probe,
in the field of nanophotonics �e.g., emitter embedded in a
solid substrate� or imaging in complex media �e.g., lifetime
imaging using fluorophores in soft-matter compounds or bio-
logical media�. Beyond the substantial modification of the
excited state lifetime, a plasmonic superlens is expected to
produce fluorescence quenching and to influence the emitter
radiation pattern. These issues are under study and will be
reported elsewhere.
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