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ABSTRACT: We computationally explore how the orienta-
tion of dipolar emitters placed near plasmonic nanostructures
affects their radiative enhancement and spontaneous emission
rate. We demonstrate that the expressions for these quantities
show a subtle dependence on the molecular orientation, and
this information is lost when typical calculations assume a
random orientation and perform an average over all directions.
This orientation dependence is strongly affected by the
location of the emitter, the emission wavelength, and the
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symmetry of the system. While the plasmonic nanostructure can significantly modify the far-field from a molecule in its vicinity,
this modification is heavily dependent on both the wavelength and the orientation of the emitter. We show that if a fluorescent
molecule can be constrained to emit in a specific direction, we are able to obtain far superior control over its spontaneous
emission and decay rate than otherwise and discuss implications for single molecule experiments.

B INTRODUCTION

Resonant plasmonic structures provide extreme confinement
and enhancement of electromagnetic fields upon external
illumination.'® They also have the ability to boost the
radiation from emitters placed nearby. In combination, these
effects make plasmonic systems ideal for enhancing weak
processes such as fluorescence’”"” and Raman scattering."*™>’
Plasmonic chemical and biological sensors based on these
processes have found wide application, and it is possible to
detect even single molecules in this fashion.”***

The increase in radiation from emitters such as excited
fluorescent molecules placed near plasmonic nanostructures is
due to the enhancement of their spontaneous emission rate
(SPER), which arises from the increase in the local density of
states (LDOS).* This phenomenon is known as the Purcell
effect.”® However, though the spontaneous emission rate is
enhanced, it is not entirely transmitted to the far-field due to
plasmonic quenching whereby the nanostructure absorbs a
fraction of the emitted photons.'”**** SPER and radiative
enhancements and plasmonic quenching can be computed
using classical electromagnetic theory.'>*”~*" Manipulating the
spontaneous emission from emitters has a lot of practical
applications, and this has been achieved through the use of
photonic crystals, nanocavities, and metamaterials.*' ~*

The orientation of the excited molecules has a strong
influence on spontaneous emission. However, fluorescent
molecules are usually assumed to be randomly oriented, and
plasmonic calculations are performed by averaging over all
possible orientations.'”*® Some studies have done a basic
treatment of orientation dependence by considering dipoles
oriented in cardinal directions such as along various axes of
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nanostructures and normal to the nanostructure surfa-
es' #7739 or located at symmetry points of the nanostruc-
ture.’** All these assumptions result in suppressing some
aspects of the orientation dependence of spontaneous emission.
In this article, we go beyond these assumptions and perform a
comprehensive computational study on how the orientation of
emitters placed near plasmonic antennae affects their SPER and
radiative enhancement. We look at how the nonlinear nature of
the expressions describing the emission results in a rich
dependence on orientation and numerically demonstrate this
effect on emitters placed near plasmonic gap antennae and V-
shaped antennae. We show that the orientation corresponding
to maximum SPER and radiative enhancements is strongly
affected by the location of the emitter, symmetry breaking, and
the wavelength and also investigate how this is transmitted to
the far-field. To the best of our knowledge, this is the first
comprehensive study on the orientation dependence of
plasmonically enhanced spontaneous emission that deals with
all these aspects.

B THEORY AND METHOD

The computations in this article are performed using the
surface integral equation (SIE) formulation.” Since it is
required to simulate strongly varying fields and structures in
close proximity, a high accuracy SIE implementation is used.>*
All the simulations are performed with vacuum as the
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background, and the nanostructures are modeled to be made
out of gold with permittivity given by the Drude formula,
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with Drude parameters €., = 9.5, @, = 8.95 eV, and y = 0.0691
eV to fit the permittivity data from Johnson and Christy.”>™>’
This model neglects the increased absorption for gold at low
wavelengths (<650 nm) and was chosen to have a smooth
variation of permittivity so that we can focus on the basic
physics instead of the absorptive behavior specific to gold. Care
must hence be taken while comparing the numerical results at
low wavelengths with experimental findings.

The emitter can be modeled as a dipole oscillating at a
frequency @. For a dipole located at r oscillating in the
direction #i, the SPER enhancement Fgppp due to the presence

. . 46,58
of a plasmonic nanostructure can be computed using >
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where G is the dyadic Green’s function™ and k = @/c is the
wavenumber. It can be immediately seen that the Fgppg
operator is nonlinear in fi; knowing the values of Fgpp for
two orientations of the dipole does not immediately give us the
value of Fgpgy for a linear combination of them. For example,
we have for dipoles oriented along & and j, Feppp(®) =
Im[G,,]/[k/(67)] and Fspex(5) = Im[G,,]/[k/(67)]. However,
for an arbitrary dipole in the xy-plane oriented at an angle 6
from the x-axis, we have

SPER —

Fyppr (& cos 0 + § sin 0)
Im[G,, cos” 0 + (G, + G,)sin€ cos 0 + G, sin” 0]
B k/(6x)
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Oft-diagonal terms of the Green’s tensor appear, resulting in an
interesting orientation dependence. In the absence of the off-
diagonal terms, the function in eq 3 would have had its extrema
at 6 = 0 and 7/2. However, with the inclusion of these terms
the extrema of the function could be at any angle. This
argument extends to dipoles oriented arbitrarily in three
dimensions naturally. We will explore the consequences of this
orientation dependence in this paper. If the emitter is assumed
to have a random orientation and we average over all possible
orientations, we have

Im{Tr[G(r,x)]}

<FSPER> = K/ (27:) )

where (...) denotes averaging over orientations and Tr denotes
taking the trace. That is, once the averaging is done, the off-
diagonal terms in the tensor do not contribute to the SPER. It
is thus necessary to constrain the dipole orientation in order to
be able to notice the orientation effects. Although many
experiments on molecules interacting with plasmonic nano-
structures are performed in liquid, where the molecules can
rotate freely, it is also possible to control the conformation
between molecule and nanostructure to favor specific
orientations.”’ "> Actually, even the rotation speed of
molecules near plasmonic nanostructures can influence the
fluorescence emission and can be used to measure locally the
temperature.“’64

The radiative enhancement F, 4 due to the nanostructure can
be computed by finding the total (incident + scattered) field on
a sphere S enclosing the nanostructure and the dipole,
integrating the Poynting vector on it, and normalizing it to
the field in the absence of the nanostructure,®

1 N
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$ JRe[Ey, X Hj,]-As dS )

where E and H are the electric and magnetic fields, respectively,
fig is the outward normal to the surface, and the subscripts tot
and inc correspond to total and incident fields, respectively. It
should be noted that the denominator is independent of the
orientation of the dipole and is equal to the total radiation
emitted by a dipole in free space,”
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where 41, is the permeability of free space, c is the speed of light,
and p is the dipole moment. F,4 shows the same nonlinear
nature as Fgppr. For example, if dipoles oriented along % and ¥
result in fields {EXH*} and {E’,H’}, respectively, cross terms
like E* X H’* appear in F, 4 for other orientations. These cross
terms arising due to the interaction between the fields are
perhaps more intuitive to understand than the cross terms in
Fgppr- However, the mathematical form and behavior of the
cross terms in the two cases are identical. If we average over all
possible orientations of the dipole, the cross terms in F, 4
disappear as well.

In the same fashion, by integrating the Poynting vector
around the nanostructure surface S, and normalizing it to the
free space dipole radiation, we obtain the nonradiative
enhancement due to the absorption F,

Pdip =

1 ES N
ggp TRe[B,, X Hy, ], dS,

Pdip (7)

However, this method of calculating the absorption often
results in numerical errors, and an alternative method can be
employed using the ohmic loss in the metal,”

1 2
/Vp Re{o}IB,* dV,

" Py (8)
where V, is the volume of the nanostructure and o the
conductivity. The integration is typically performed using a
Monte Carlo method to choose points randomly inside the
nanostructure volume. F,, has similar behavior as F,; with
cross terms resulting in nonlinearity of the operator. The total
energy lost by the dipole should be equal to the sum of energy
radiated into the far-field and lost into the plasmonic
nanostructures; hence we expect Feppp = Foq + Fpe

Note that in addition to the factors discussed here, the
overall emission of a molecule coupled to a plasmonic
nanostructure is also affected by the plasmonic enhancement
of incident local field. We do not consider that effect here for
simplicity, and we concern ourselves only with the spontaneous
emission rate and radiative enhancement. The spontaneous
emission rate is what affects the measurement of fluorescence
lifetimes, and radiative enhancement is the dominant factor
influencing fluorescence in the case of good emitters upon
strong illumination."
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B RESULTS AND DISCUSSION

Gap Antenna. The first system we consider is a symmetric
gap antenna, which has become one of the iconic systems for
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Figure 1. Radiative (rad), nonradiative (nr), and spontaneous
emission rate (SPER) enhancements as a function of wavelength for
a dipole polarized along x at the center of the gap antenna shown in
Figure 2a. Two different techniques are used to compute the
absorption for the nonradiative enhancement: Monte Carlo
integration using eq 8 and integration of the Poynting vector
following eq 7.

plasmonic molecular enhancement because of its strong
tunability.”” The antenna arms have dimensions 120 nm X
40 nm X 40 nm and are separated by a gap of 20 nm. The
radiative, nonradiative, and SPER enhancements for a dipole
emitter at the center of the gap oscillating along the antenna
axis are shown in Figure 1 as a function of wavelength. The
schematic of the antenna is shown in Figure 2a, where the
current location is denoted by the blue dot. The nonradiative
enhancement curve calculated using the Monte Carlo method,
eq 8, is virtually identical to that computed from the surface
integral of the Poynting vector, eq 7. Also, adding the radiative
enhancement computed by integrating the scattered Poynting
vector in the far-field, eq 5, to the nonradiative enhancement
due to the absorption reproduces the SPER enhancement curve
computed from the Green’s tensor, eq 2. These matches
provide evidence of the consistency of the numerical method,
which is a consequence of the highly accurate routine used for
computation.”* Having shown that the results match, we will
use SPER enhancement computed from the Green’s tensor in
the rest of the article.

We now move on to study the orientation dependence of
radiative and SPER enhancement. These quantities are plotted
in Figure 2b as a function of wavelength and angle with respect
to x-axis for the dipole in the gap center. Note that the dipole
oscillation direction remains in the xy-plane. The radiative and
SPER enhancement curves look similar except for the latter
showing higher values. This is because the SPER enhancement
includes the absorption in addition to the scattering, as
explained previously. There is a single peak visible near A = 650
nm, and the maximum values for SPER and radiative
enhancement are found for the dipole oscillating about the x-
axis (6 = 0). The dipole in the gap couples most efficiently to
the antenna when it oscillates along the antenna axis. The plots
show vertical flip symmetry, a consequence of the horizontal
symmetry of the system.

When the dipole is moved perpendicular to the antenna axis
by 30 nm (green dot in Figure 2a), the resultant enhancement
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Figure 2. (a) Schematic of the gap antenna system. (b—f) Radiative
enhancement (left) and SPER enhancement (right) as a function of
wavelength and orientation angle for five different locations near the
gap antenna marked with colored dots in (a). Note the different color
scales for each panel.

plots shown in Figure 2c are quite different. The most notable
feature is that a second peak has now appeared near 4 = 575
nm. Near this peak, radiative and SPER enhancements are
maximized for a dipole oscillating perpendicular to the antenna
axis, unlike the situation for the higher wavelength peak. Even
though the dipole is still quite close to the antenna, coupling
with the antenna is more eflicient for the dipole perpendicular
to the antenna axis than parallel to it. It is also seen that
throughout the wavelength range including the region between
the two scattering peaks, the scattering maximum is always
along one of the directions x or y. This results from the
symmetry of the antenna—dipole system. As long as the dipole
is placed anywhere along one of the symmetry axes of the gap
antenna, the off-diagonal terms in the Green’s tensor vanish.
Consequently, the radiative/SPER maximum orientation will be
along x or y, as seen from eq 3. The vertical flip symmetry in
the plots is retained as well.

Breaking the symmetry changes the situation tremendously.
When the dipole is placed 10 nm away from the center of one
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Figure 3. SPER enhancement as a function of three-dimensional orientation of the dipole at 1 = $74 nm (left) and 642 nm (right) for three locations

near the gap antenna marked with colored dots in Figure 2a.

of the antenna arms (magenta dot in Figure 2a), the radiative
and SPER enhancement plots shown in Figure 2d are no longer
flip symmetric. Two peaks appear at roughly the same
wavelengths as before, but the orientations corresponding to
the maxima are now different. The maxima are now seen to
appear at any angle, not necessarily along x or y, which changes
as a function of wavelength. The off-diagonal terms in the
Green’s tensor are nonzero in this case, and that is what allows
the enhancement to peak at a different angle. This result shows
that emitters placed in arbitrary (nonsymmetric) locations emit
preferentially at orientations dependent on wavelength and
different from the symmetry axes of the system. Approximating
the dominant response of the dipole as being along the antenna
axis or perpendicular to the antenna surface can be grossly
inaccurate. Since fluorescent decay times are inversely propor-
tional to the SPER enhancement, this orientation dependence
influences the decay time measurement as well. In particular, if
a fluorescent molecule can be constrained to emit in a specific
orientation, we would be able to obtain far superior control
over its spontaneous emission and decay rate than otherwise.

When the emitter is moved to the corner of the antenna
(yellow dot in Figure 2a), the plots in Figure 2e show similar
asymmetry and maxima at intermediate angles. But when we
move it to the outer face of the antenna (cyan dot in Figure
2a), we return to one of the symmetry axes and, consequently,
the plots in Figure 2f are symmetric again.

We now look at what happens when the dipole is allowed to
rotate freely in three dimensions, that is, not restricted to the
xy-plane. SPER enhancement as a function of orientation is
shown in Figure 3 at two different wavelengths (4 = $74 and
642 nm, corresponding to the two peaks seen in Figure 2) for
three locations of the dipole. SPER enhancement is plotted as a
polar surface, with the distance of the surface from the origin
being proportional to the SPER enhancement for that
orientation. Additionally, SPER enhancement curves for
orientations fixed along the cardinal planes are shown on the
respective planes. For a dipole displaced from the center of the
gap (green dot in Figure 2a), the resultant surface in Figure 3a
is dumbbell-shaped. It should be noted that the surface is not
exactly cylindrically symmetric about the axis: the SPER
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Figure 4. Normalized three-dimensional scattering patterns at A = 574 and 642 nm for dipoles located at three positions near the gap antenna
marked with colored dots in Figure 2a, for x-polarization (left), for y-polarization (center), and averaged over all orientations of the dipole (right).

enhancement along z-axis is much smaller than that along the
other two axes; response of the dipole perpendicular to the
nanostructure plane can thus be mostly neglected. The axis of
the dumbbell changes from y to x on going from lower
wavelength to higher wavelength, following the behavior seen
in Figure 2c. However, it should be noted that the axis of the
dumbbell does not rotate continuously (this would imply that

the SPER maximum happens at a different angle at an
intermediate wavelength, which is symmetry-forbidden as
discussed previously) but evolves through stretching and
compression of the dumbbell, as clear from the wavelength
evolution shown in video V1 (Supporting Information). On
breaking the symmetry by moving to a different location near
the center of one of the arms, the dumbbell axis can be in a
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Figure S. (a) Schematic of the V-shaped antenna. (b—e) Radiative
enhancement (left) and SPER enhancement (right) as a function of

wavelength and orientation angle for four different locations marked
with colored dots in (a).

different direction as seen in Figure 3b. Continuous rotation of
the axis is also possible in this situation as seen in the
wavelength evolution in video V2 (Supporting Information).
Similar behavior is seen for the dipole located near the corner,
Figure 3c and video V3 (Supporting Information).

A common feature of all these plots is that the SPER
enhancement varies significantly as a function of orientation, by
orders of magnitude. If the molecules are distributed in a
randomly oriented fashion, the resultant average SPER
enhancement is merely an average over all orientations, and
this large range of SPERs is lost. Being able to fix the
orientations of molecules would thus provide tremendous
control over spontaneous emission rates and decay times.

Plasmonic nanostructures have been used to obtain
directionality for fluorescent and Raman emission,”*~"> and
this directionality has been shown to be dependent on the
orientation of the emitter.”””* We will now study this effect for
the gap antenna, looking at the how the orientation of the
emitter affects its far-field radiation pattern.

The normalized far-field scattering pattern is plotted for
three locations of the emitter at two wavelengths (4 = 574 and
642 nm) in Figure 4. Three plots are shown for each location—

wavelength pair: far-field scattering pattern for an emitter
polarized along x (p,), for one polarized along y (p,), and the
average taken over all possible orientations (47 average). It
should be noted that the plots for p, and p, have been
multiplied by different factors to make them comparable to the
47 average. Also, since the normalization for each set set
corresponding to a location—wavelength pair has been done
with respect to the 4 average plot in the set, magnitudes of the
plots in different sets cannot be compared.

When the emitter is placed at the center of the gap and
polarized along ¥, the radiation is donut shaped, see Figure 4a.
This is the expected radiation pattern for a dipole.”® However,
when the emitter is polarized along y, the radiation is maximally
along z- and x-directions at A = 574 and 642 nm, respectively.
The antenna thus strongly modifies the far-field from the
emitter, and this modification is heavily dependent on both the
wavelength and the orientation of the emitter. It is also evident
that the radiation for the x-polarized emitter is orders of
magnitude stronger than for the y-polarized one. Since x-
polarized emitters in the gap couple maximally efficiently with
the antenna, averaging over all orientations results in a shape
which follows that polarization. The symmetry of the system
and the location results in inversion symmetry of the scattering
pattern about all axes.

However, this symmetry is broken when we displace the
emitter outside the gap, Figure 4b. The scattering in this case is
qualitatively different from that of the emitter in the center, and
there is strong forward/backward dominance of the scattering
depending on the orientation and wavelength. Also, it is the y-
polarized emitter that dominates in the far-field at 4 = 574 nm,
as expected from the orientation dependence of radiative
enhancement observed previously in Figure 2c. When the
emitter is moved away from the symmetry axis, Figure 4c, the
radiation patterns become even further asymmetric.

These results show that it is extremely important to consider
the orientation dependence of emission while measuring
plasmonically enhanced fluorescence. As the wavelength is
varied, the orientation of the emitter that gives maximum
scattering can change, modifying the far-field pattern. Unless
the fluorescence measurement incorporates this variation, one
would end up with a misleading spectrum, especially if the
measurement is done with a detector along one of the cardinal
directions with a small collection angle.

Finally, we note that as a result of electromagnetic
reciprocity, the scattering patterns computed here are related
to excitation enhancements due to incident illuminations.*””*”®
Plane waves incident from different directions excite dipoles of
different orientations differently, and these excitation enhance-
ments are proportional to the scattering for the respectively
oriented dipoles in those directions. By application of
electromagnetic reciprocity, the results in Figure 4 hence
imply that the orientation of the dipole strongly affects not only
its spontaneous emission and radiative enhancements but also
how well it can be excited by incident illumination. The
orientation dependence of total fluorescent or Raman response
is a combination of the excitation and emission responses.
Additionally, in the case of Raman scattering, we need to take
into account the coupling between excitation and emission
orientations, which is dependent on the molecular symmetries
and expressed via surface selection rules.”””” The resulting
polarization dependence of plasmonically enhanced Raman
scattering has been experimentally verified.”"”® However, it
should be noted that these studies consider the orientation only
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Figure 6. Three dimensional scattering patterns at A = 594 and 622 nm for dipoles located at two positions near the V-shaped antenna marked with
colored dots in Figure Sa, for x-polarization (left), for y-polarization (center), and averaged over all orientations of the dipole (right).

indirectly through the incident and scattered polarizations and
not through direct constrainment of emitter orientation.

V-Shaped Antenna. Next, we break the symmetry of the
gap antenna and remove the point of inversion by changing the
angle between the arms to 45° as shown in the schematic of
Figure Sa. The resultant V-shaped antenna has only one
symmetry axis in the xy-plane. This type of plasmonic antenna
has been used to build metasurfaces that manipulate the phase
of incoming light.””

When the dipole is placed on the symmetry axis (Figure Sb,c,
corresponding to blue and green dots in Figure Sa), we once
again have the situation that radiative and SPER maxima are
along x- or y-axis for all wavelengths. On the contrary, when the
emitter is placed away from the symmetry axis (Figure Sde,
corresponding to magenta and yellow dots in Figure Sa), we
have asymmetric enhancement with peak enhancement angle
continuously varying as a function of wavelength. These
observations are consistent with the discussion in the previous
section about the gap antenna.

Finally, we look at the far-field radiation pattern from the
antenna in Figure 6. Since the V-shaped antenna does not have
any point of inversion, we do not obtain symmetric radiation
patterns in any case. When the emitter is placed on the
symmetry axis (Figure 6a, corresponding to the blue dot in
Figure Sa), the radiation pattern is symmetric about the axis as

well. When the emitter is polarized along x, most of the
radiation is directed in the +y-direction by the antenna. When
the emitter is polarized along y, the peak scattering is in the xz-
plane. Due to the relatively more efficient coupling, it is the
signature of the x-polarized emitter that is prominent when all
possible orientations are averaged. The radiation patterns for
the two wavelengths show significant differences as well. When
the emitter is placed away from the symmetry axis (Figure 6b,
corresponding to the yellow dot in Figure Sa), the radiation
pattern is no longer symmetric. The qualitative features are also
quite different, and the direction in which most of the radiation
is emitted can be quite different from the cardinal directions.
This is most clearly visible on averaging the scattering from all
possible orientations of the emitter at 4 = 622 nm. In systems
such as the V-shaped antenna where the symmetry is broken,
the orientation dependence becomes even more significant
than otherwise.

H CONCLUSION

We have shown how the nonlinear operators corresponding to
radiative and SPER enhancement give rise to a complex
orientation dependence for these quantities in the presence of
plasmonic nanostructures. Depending on the location of the
emitter and the wavelength of emission, the orientation
resulting in maximum enhancement can vary significantly,
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especially if symmetry is broken in the system. By controlling
the orientation of emitters, it is possible to achieve superior
control over spontaneous emission. The orientation depend-
ence of scattering affects the far-field radiation pattern as well.
Hence these effects should be properly accounted for in
theoretical calculations as well as while designing experiments
involving plasmonic fluorescence enhancement. In particular,
care must be taken to ensure that the equipment used to detect
fluorescent signal is positioned properly to account for the
changes in the far-field scattering pattern as a function of
position and orientation of emitters.

B ASSOCIATED CONTENT
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Video V1: three dimensional orientation dependence of
SPER enhancement as a function of wavelength for a
dipole displaced from the center of the gap of the gap
antenna in a direction perpendicular to the axis of the
antenna (green dot in Figure 2a) (AVI)

Video V2: Three dimensional orientation dependence of
SPER enhancement as a function of wavelength for a
dipole placed near the center of one of the arms of the
gap antenna (magenta dot in Figure 2a) (AVI)

Video V3: Three dimensional orientation dependence of
SPER enhancement as a function of wavelength for a
dipole placed near the outer corner of a gap antenna
(yellow dot in Figure 2a) (AVI)
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