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ABSTRACT We show how both the subwavelength confinement associated with surface plasmons and the one-dimensional character
of plasmonic waveguides can be exploited to enhance the coupling between quantum emitters. Resonance energy transfer and the
phenomenon of superradiance are investigated in three different waveguiding schemes (wires, wedges, and channels) by means of
the Finite Element Method. We also develop a simplified model that is able to capture the main features of the numerical results.
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ontrolling the radiation of atoms, molecules, or

quantum dots is a hot topic in the current nanopho-

tonics agenda. It is well-known' that the spontaneous
decay rate of a single emitter can be enhanced or suppressed
by careful modification of the photonic density of states
accessible to the oscillating dipole. Optical nanoantennas are
one example of structures providing such command.? When
several sources are present, the emitted radiation can be
exchanged among them. Depending on the distance be-
tween emitters and the directionality of radiation, various
phenomena may occur, such as radiationless energy trans-
fer,” radiative energy transfer,* and even the emergence of
collective super- or subradiant states® with correspondingly
altered emission rates. In the last decades, it has been
demonstrated that metallic structures are a powerful mean
to attain the above-mentioned control,®” thanks to the high
confinement of the surface plasmons (SPs) supported by
them. In fact, due to their subwavelength character SPs are
believed to be one of the best candidates to act as an
intermediate between quantum emitters and light. Metallic
nanospheres,®? wires,'® and more complex structures'
have been considered to reach these goals, and strongly
enhanced decay rates of quantum dots have been demon-
strated with a view in future quantum plasmonic applica-
tions.'*!? One further step consists in exploiting the one-
dimensional character of waveguides to provide an intense
coupling between two emitters.'® In this report, we study
the coupling of nanoscale emitters to various plasmonic
waveguides to achieve plasmon-mediated energy transfer
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and super- and subradiance. We numerically characterize
realistic waveguides based on metallic wedges,'® channels, '®
and wires, identifying those structures which are most
promising for energy transfer and superradiance. In addi-
tion, the basic mechanisms behind their superior perfor-
mance are explained.

Resonance Energy Transfer. In this section, we study
the energy transfer between fluorescent molecules, known
as Resonance Energy Transfer (RET). RET can proceed
through various mechanisms. Forster (radiationless) en-
ergy transfer strongly decays with the distance between
the molecules, and in vacuum it is most effective for
distances smaller than about 10 nm. For larger distances,
radiative transfer takes over, but the transfer rate in
vacuum is nevertheless very small. It has been shown that
the SPs arising in an environment consisting of a planar
metallic film can enhance the transfer rate.” One of the
goals of this report is to find out the extent to which
coupling to plasmonic waveguides can increase the radia-
tive transfer. Given both the one-dimensional character
of the waveguides and the plasmonic field enhancement,
an important improvement is expected. Similar ideas
have been considered for dielectric'* and slightly idealized
metallic'” waveguides. Here manufacturable plasmonic
waveguides'® with realistic properties are studied. The
setup is displayed in Figure 1; an emitter (the donor) is
positioned in the neighborhood of a metallic waveguide
running along the Z-axis, and energy is transferred to a
second molecule (the acceptor). Both molecules are lo-
cated in the vertical symmetry YZ-plane at identical
vertical height, h, and separated at a distance d along the
waveguide. Silver circular cylinders, wedges, and channels
are investigated here, whose properties are well described
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FIGURE 1. Diagram of the considered setup including the donor
(emitter), acceptor, and plasmonic waveguide (a metallic wedge
in this scheme). The various interaction channels are also
schematically shown, including radiated photons, “radiated plas-
mons” (1D plasmons guided by the wedge and 2D plasmons
supported by the horizontal metallic substrate), and nonradiative
excitations in the metal in the neighborhood of the emitter.

in the literature.'®~*' The dielectric permittivity of silver
at the operating wavelength, 4o = 600 nm, is epg = —13
+ 10.8. We quantify the RET by the normalized energy
transfer rate (nETR), that is, the energy transfer rate in
the presence of the plasmonic waveguide normalized to
that in vacuum, keeping the remaining factors (distances
and dipole orientations) unchanged. The nETR is given by

Imfug « G(r,, rp) * Up]

nETR =
Im[ﬂf\ * Gvac(r/\’ rD) .IuD]

(1)

where up is the donor dipole moment vector positioned
atrp (with analogous definitions for the acceptor, * stands
for complex conjugate), G(r, r') is the Green’s tensor in
the presence of the plasmonic waveguide (with similar
definition for the case when both dipoles are in vacuum),
and Im stands for the imaginary part. This expression can
be also written as*?

“E(t)]?
ot . @)
: l-:“‘D, vac(rA) |

where n, is a unit vector along the induced polarization
of the acceptor (whose direction is assumed to be fixed),
and Ep(ry) is the electric field of the donor at the acceptor
position in the presence of the plasmonic waveguide (with
a similar definition when the dipoles are in vacuum). The
electric fields involved in eq 2 are obtained by means of
the Finite Element Method (COMSOL software), modeling
the donor as a very short (2 nm) oscillating current. The
upper panels of Figure 2 display the nETR as a function
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of d and h for a circular cylinder (panel a), triangular
wedge (panel b), and triangular channel (panel ¢). To have
a meaningful comparison, the geometric parameters are
such that the fundamental mode in all three waveguides
has the same propagation length I = [2Im(k)] ™' = 1.7 um
with k being the complex modal wavevector. The geom-
etry of the waveguides is summarized in the lower panels
of Figure 2. Donor and acceptor are set with identical
orientation, which is chosen so that it matches the
dominant polarization of the plasmonic modes supported
by the structures, that is, vertical (Y-axis) for the wire and
wedge, and horizontal (X-axis) for the channel. For the
range of distances d displayed in the figure, the nETR
essentially grows with increasing donor—acceptor separa-
tions. This is because in vacuum the energy is spread in
all three dimensions, whereas the presence of a waveguide
provides a link between the locations of donor and
acceptor. The dependence with the vertical coordinate,
h, of the molecules is directly related to the corresponding
plasmonic modal shapes. These mode profiles are ren-
dered in the lower panels of Figure 2, as quantified by the
amplitude of the transverse electric field normalized to
the carried power. Thus, within the present framework,
the nETR reaches its maximum at the metallic surface (h
= 0) for circular wires and wedges, whereas the optimal
height is h = 35 nm for channels. In absolute terms, the
circular cylinder displays the lowest nETR, which is
reasonable given its smaller field enhancement as com-
pared with wedges and channels. In the range of d and h
shown in Figure 2, wedges and channels feature nETRs
up to 3 x 10* which is 20 times larger than the one
corresponding to cylinders. Let us stress that when the
separation d is fixed at, for example, half a wavelength,
the nETR in the wedge can be strongly enhanced by letting
h become smaller than 10 nm, reaching values higher
than several tens of thousands. This enhancement is not
possible for channels whose maximum achievable nETR
is about 5000 for the above-mentioned d. The general
conclusion is that the wedge is the most promising
structure in terms of resonance energy transfer. It is
possible to put some numbers to the efficiency of the
resonance energy transfer mediated by plasmonic wave-
guides if we know this energy transfer rate in vacuum.
Assuming that donor and acceptor molecules are charac-
terized by a typical Forster radius, Rp = 10 nm, a simple
calculation®” predicts that the energy transfer rate of these
two molecules when they are separated by a distance d
= 1 =600 nm in vacuum is about 1078 times the donor’s
decay rate. Our calculations show that when donor and
acceptor molecules are appropriately placed along a
channel or a wedge plasmonic waveguide, that resonance
energy transfer ratio can be increased up to 107* for the
considered distance.

The values of the nETR can be quantitatively explained
with the following simplified model. The Green’s tensor
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FIGURE 2. Normalized energy transfer rate (a—c) and modal shapes (d—f) for various plasmonic waveguides: circular wire (a,d), wedge
(b,e), and channel (c,f). In the upper panels, the longitudinal separation between both dipoles is d (for its definition see Figure 1), and
their vertical height is h (for their definitions see the lower panels). The lower panels display the geometry and the transverse electric
field amplitude in the XY-plane, normalized to the guided power. The radius of curvature of the wedge tip is 5 nm.

appearing in eq 1 can be understood as the sum of several photons by one single emitter in vacuum. When losses
processes involving the excitation of waveguide modes, are not too high, I'gyqeq can be computed as

free space radiation, nonradiative absorption losses, and

So on. -A cartoor.l of the varlqus §harmels in the case of a 6ce, |nD “e(ry) |2

metallic wedge is suggested in Figure 1. If the waveguide Fyiiged = Tvac— (4)
is to play a major role, we can expect that the contribution 2Ko Re[ f dAz - (e(r) X h*(r))]

to the Green’s function stemming from the plasmonic

guided mode is the most important one and neglect the

remaining channels. Under this assumption and using the where the meaning of the various symbols is the follow-
well-known expression for the Green’s function in vacuum, ing: ¢, €y, Ko are the speed of light, permittivity, and
one arrives to the following approximation for the nETR wavevector in vacuum; e(r), h(r) are the electric and

magnetic fields corresponding to the guided mode; the
normalization integral in the denominator is extended to
ﬂ)Z(Fguided)z ( d)(d)Z[ _( 2 )2 the transverse XY-plane; and z is a longitudinal unit

_ (4
nETR = (? .. 20td vector. Let us remark that T'guqeqa is an h-dependent

/)

A
A4t magnitude and its evaluation requires a separate 2D

(%) ] 3) simulation of the guided mode fields. It is interesting to

analyze the origin of the various factors in 3. Besides the

geometric constant prefactor, the factor (Fgmded/rvac)%

which is independent of the donor—acceptor separation

where 1 is the vacuum wavelength, Zis the mode propa- d, accounts for the typical decay rate enhancement due
gation length, and where we have nay = np. In 3 Igjigeq iS to the neighboring metallic structure. The exponential
the spontaneous emission rate into guided plasmons by decay with d comes directly from the contribution of the
one single emitter in the presence of the plasmonic plasmonic mode to the Green’s function in the numerator
waveguide, and I'y, is the spontaneous emission rate of of 1, and the remaining factors depending algebraically
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FIGURE 3. Normalized energy transfer rate between a donor and an
acceptor as a function of their separation d for various heights h.
(a) Wedge waveguide and (b) channel waveguide. The symbols
corresponds to numerical simulations, and the solid lines cor-
respond to the simplified model described in the main text. The
insets display the same magnitude for extended values of the
abscissa.

on d/A stem from the Green’s function in vacuum, that is,
the denominator of 1. Notice that the power coupled to
the guided mode would keep propagating without decay
for an ideal loss-free metal (/= o), whereas the power
emitted by the donor spreads in vacuum in the absence
of the waveguide link. Thus, although an ideal (lossless)
plasmonic guide would provide a monotonic growth of the
nETR with d due to the vacuum normalization, realistic
waveguides should display a maximum nETR with
donor—acceptor separation. Figure 3 renders the nETR
as a function of the donor—acceptor separation d normal-
ized to 4, both numerically (symbols) and with the de-
scribed model (solid lines), for various heights h. Panels
a and b correspond to the wedge and the channel,
respectively. Notice that all magnitudes in 3 are numeri-
cally computed so that there are no fitting parameters.
The good concord between the numerical results and our
simple model justifies the validity of our approximation.
For wedges (panel a) the agreement only breaks down for
small separations, d/A < 0.6. This is most likely due to two
reasons: (i) in this regime the contribution of radiative
modes is not negligible and is superimposed to the guided
mode contribution, and (ii) in the neighborhood of the
donor location the fields present a spatial transient along
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the longitudinal coordinate z and our simplified model,
which includes only one single propagating mode, can
obviously not reproduce this behavior. It is important to
notice that our model allows one to explore energy
transfer rates at donor—emitter separations, which are too
large to be numerically modeled. The inset of Figure 3a
displays the nETR for larger separations. The nETRs
present maxima at d & 2/ as can be easily obtained from
3, clearly showing that nETR grows only up to the point
where absorption of the SP mode starts to dominate the
picture. The interpretation is analogous for the channel
waveguides.

Super- and Subradiance. Once we have demonstrated
the enhancement of radiative energy transfer via plasmonic
waveguide modes, it is natural to consider how the emission
of two coupled sources evolves as a function of their separa-
tion. The cooperative emission rates of several coupled
oscillating systems has been considered many times since
the paper by Dicke,” including the recent all-optical analogue
of two cavities connected by a photonic crystal waveguide,””
and the effect of a metallic nanoparticle in the emission of
an ensemble of dipoles.** Here, the goal is to study the
coupling between two emitters mediated by a plasmonic
waveguide. The considered waveguides, dipole orientations,
and remaining parameters are identical to those in the
previous section. However, in the results shown above the
acceptor dipole moment was induced by the donor’s field,
whereas now both dipoles are emitters that interact and, as
a consequence, the collective decay rate is modified. Al-
though this is a new situation as compared with the previous
section, the above-discussed results suggest nevertheless
that a plasmonic waveguide should provide a very efficient
coupling between the two emitters. Since wedge and chan-
nel waveguides feature a higher nETR, we focus now only
on them. The dipole moments of both emitters are identical,
they oscillate in phase, and are separated by a distance d.
The contribution to the decay rate of an emitter with dipole
moment y; positioned at r; due to the presence of an emitter
located at r; with dipole moment y; is**

40°
FU. = Z—Im[,uj‘ * G(r;, rj) °th]

(5)
mceh

where o is the angular frequency. For two dipoles coupled
to a waveguide, the modification of the collective decay rate
due to the presence of the second emitter is then quantified
by the decay rate of the two interacting emitters divided by
the sum of the decays of the emitters when they are alone
and coupled to the waveguide. Because of symmetry (I'y; =
I';, I, = I'yy) this can be expressed as in the second
equality
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This normalized decay factor has been numerically com-
puted and it is rendered in Figure 4 for a wedge, (panel a),
and a channel, (panel b). The symbols are the results of the
Finite Element Method simulations. Whenever the normal-
ized decay factor is larger (smaller) than 1, the system is
superradiant (subradiant). The oscillations as a function of
the normalized separation, d/A, observed in both panels are
due to the plasmonic coupling, its periodicity being twice the
modal wavelength. This was to be expected because, since
both dipoles oscillate in phase, this separation provides in-
phase plasmonic driving. The amplitude of the oscillations
is damped due to the lossy character of the plasmonic
modes.

It is important to realize that the normalized decay
factor, v, depends in a nonmonotonic fashion with the
vertical height of the emitters, h. Let us focus our attention
on the maxima in Figure 4a occurring at d/A = 0.8. It is
observed that superradiance grows when the height
increases from A = 10 nm to h = 40 nm, and then
diminishes again when the height increases from h = 40
nm to h = 100 nm. Initially this seems to be at odds with
the monotonic decrease of nETR as h is increased,
displayed in Figure 3a. However, what is important in the
present context is not the nETR but the fraction of photons
that are coupled to guided plasmons. Indeed, for wedges
the nETR grows when h is decreased, but at the same time
the nonradiative losses in the neighborhood of the emitter
dominate when h is smaller than about 5 nm, and this
quenching reduces the plasmonic coupling between emit-
ters. Therefore, the variation of y with h should be
controlled by the spontaneous emission f factor of 1
single emitter in the presence of the waveguide, f =
Iguigea/T'11. Our simplified model of the Green’s tensor
described in the previous section supports this view, since
it predicts that the normalized decay factor of both
emitters is given by

y=1+p cos(krd)exp(—zi) (7)

where k; = Re(K) is the real part of the complex wavevec-
tor of the plasmonic guided mode. Equation 7 is rendered
with solid lines in Figure 4 for the chosen heights. Again
the agreement between the simplified model and the
simulations is very good, except for small separations, for
the same reasons detailed in the previous section. To pin
down our explanation, the f-factor has been computed
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FIGURE 4. Normalized decay factor of 2 emitters coupled by a
plasmonic waveguide as a function of their separation d, for various
heights h. (a) Wedge waveguide and (b) channel waveguide. The
symbols correspond to numerical simulations, and the solid lines
correspond to the simplified model described in the main text.

and plotted as a function of the vertical height h in Figure
5 for several waveguides. The black line (triangles) cor-
responds to a wedge waveguide, and a maximum is
indeed observed for h = 40 nm, in accordance with the
above-mentioned nonmonotonic behavior observed in
Figure 4a. In a similar way the f-factor for the channel
waveguide (Figure 5, red squares) presents a maximum
when the emitter is slightly outside the channel (h = 158
nm), fitting the behavior observed in Figure 4b. It is
important to emphasize that it is our simplified model that
demonstrates the relevance of the plasmonic guided
modes and allows us to estimate that the coupling may
be large even for separations, d, larger than a few
wavelengths. The channel waveguide stands out as the
best of the structures considered here, both because it has
the largest maximum f factor (8 ~ 0.9), and because it
features a broader h-range where the § factor remains
high. Therefore it would be better for cases when the
vertical position of the dipole is not well controlled. Figure
5 also renders f3-factors for metallic and dielectric circular
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FIGURE 5. Spontaneous emission f-factor of 1 emitter in the
neighborhood of a plasmonic waveguide as a function of its height
h. Black triangles (wedge waveguide), red solid squares (channel
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triangles (dielectric circular wire). The metallic waveguides have the
same parameters as described in Figure 2. The small black dots in
the insets correspond to the locations where f is maximum. The
dielectric wire has radius 50 nm and permittivity ¢ = 15.

wires, showing that even for the most favorable h they
are less apt for the present purpose, reaching at most
p~0.6.

In conclusion, we have studied resonance energy transfer
and superradiance assisted by plasmonic waveguides in
realistic and manufacturable structures using the Finite
Element Method. The main features of both phenomena are
well described by a simplified model that takes into account
the plasmonic coupling and neglects the remaining interac-
tion processes. We demonstrate that a metallic wedge is
suited for donor—acceptor energy transfer, whereas a metal-
lic channel is more appropriate for the coupling of two
emitters. The proposed control of the radiative properties
of nanosources and enhanced resonance energy transfer has
important applications such as sensing or single-atom spec-
troscopy. In addition, the high f factors in wedges and
channels suggest that they may be interesting for the design
of very efficient single-plasmon sources. Moreover, the
achieved plasmonic-mediated interaction and superradiance
can be employed to strongly couple the emitters at separa-
tions much larger than the involved optical wavelength. This
large-separation strong coupling would be impossible in
vacuum or with a dielectric fiber and is very promising to
produce entangled states of two quantum emitters.*>
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