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We theoretically investigate dark dimer mode excitation and strong coupling with a nanorod dipole. Efficient
excitation of a dark mode in a gold (Au) nanorod dimer using an electric dipole can be achieved by an optimal
overlap between the dipole moment and dark modal field. By replacing the dipole emitter with an Au nanorod, a
plane wave excited dipole mode in the nanorod can be effectively coupled to the dark dimer mode through near-
field interaction. At a 10-nm separation of the nanorod and the dimer, plasmonic interaction between dipole-dark
modes enters the strong coupling regime with a Rabi-like splitting of 219.2 meV, which is further evidenced by
the anticrossing feature and Rabi-like oscillation of electromagnetic energy of the coupled modes. Our results
propose an efficient approach to far-field activating dark modes in coupled nanorod dimers and exchanging
plasmonic excitations at nanoscale, which may open new opportunities for nanoplasmonic applications such

as nanolasers or nanosensors.
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1. INTRODUCTION

Surface plasmons, collective photon-electron coupled oscilla-
tions on the surface of metal nanostructures, offer an attractive
method to manipulate light at subdiffractive scale [1]. Metallic
nanoparticles support localized surface plasmon resonance
(LSPR) with enhanced near field in their vicinity, showing re-
markable potential in plasmon laser [2], biosensing [3], and
quantum applications [4,5]. The LSPR interaction in coupled
metal nanoparticles exhibits similar characteristics as the
hybridization of electron wave functions in atomic orbitals;
therefore, metal nanoparticles can be referred to as “plasmonic
atoms” [6]. In recent years, mimicking classical atomic and
molecular phenomena in plasmonic systems has been an im-
portant research topic to realize metallic nanostructures with
tailored optical properties, for example, plasmonic analog of
electromagnetically induced transparency (EIT) in a metasur-
face for the slow-light effect [7] and Fano resonance in an en-
gineered plasmonic atom for directional light scattering [8] and
high-sensitivity molecular sensing [9].

A plasmonic dimer is a pair of closely placed metal nanopar-
ticles, which has been widely studied due to its geometric sim-
plicity and resonance tunability. The bonding hybridization of
dipolar resonance in each nanoparticle creates a “hot spot” where
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the electromagnetic field in the dimer junction is greatly en-
hanced [10,11]. The hot spot effect in plasmonic dimers has
been exploited in boosting optical nonlinearity [12], the sponta-
neous emission rate of quantum emitters [13], and detection sen-
sitivity towards single-molecule levels [14]. The antibonding
interaction of dipolar resonances, on the other hand, results
in a hybridized dimer mode with a vanishing dipole moment,
which makes it difficult to interact with free-space radiation
and thus appears as a dark mode [10,15]. The dark mode feature
could also be found in high-order multipolar LSPR in single
nanoparticles [16]. The suppressed radiation renders dark modes
better able to store electromagnetic energy and is desired in
plasmonic applications requiring lower loss [17], such as plas-
mon lasing [18,19] and plasmon-exciton coupling [20]. In
addition, activating these dark modes by near-field excitation
can also trigger Fano or EIT-like responses in coupled nanopar-
ticles [21-25].

Strong coupling in plasmonic systems is attracting growing
research interest. The spectral splitting feature of strong cou-
pling was observed in either metallic structures such as nanorod
dimer lattices [26], plasmonic Fabry—Perot (F-P) cavity cou-
pling with nanorods [27,28], and nanowire arrays [29], or
dielectric-metallic hybrid systems such as nanorod-microfiber
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coupled cavities [30] and dielectric multilayer F-P cavities cou-
pling to plasmonic disk dimers [31]. One approach to further
facilitating strong coupling is lowering the dissipation rate,
which could be achieved by employing nanostructures support-
ing dark modes without radiative decay.

In this paper, we numerically investigate dark dimer mode
excitation and plasmonic strong coupling between dipole
modes in a single gold (Au) nanorod, and antibonding dark
mode in an end-to-end Au nanorod dimer, using the finite-
difference time-domain method (Lumerical). We first studied
excitation of bright and dark dimer modes using an electric
dipole with different locations and dipole moment orientation.
Next, utilizing the narrow-linewidth dark-mode resonance in a
nanorod dimer, we show that plane-wave excited dipole reso-
nance in a nanorod can be strongly coupled to the dark mode in
a nanorod dimer through near-field interaction with the energy
exchange rate surpassing the plasmonic decay; the dependence
of spectral splitting on coupling distance is investigated and
examined by the strong coupling criterion. Finally, we demon-
strate the anticrossing behavior of the dipole nanorod mode and
dark dimer mode as well as the Rabi-like oscillation of energy
exchange between the strongly coupled modes.

2. RESULTS AND DISCUSSIONS

Au nanorods synthesized by low-cost bottom-up methods have
the advantages of single crystalline and better morphology
uniformity, which are highly desired building blocks for visible
to near-infrared nanoplasmonic applications [32]. A single
nanorod supports longitudinal plasmonic dipole modes, as de-
picted in Fig. 1(a). The resonant frequency of the dipole mode
is related to the rod length and diameter, which experiences a
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redshift with increasing rod length or decreasing rod diameter
[32]. When two nanorods are brought together in an end-to-
end configuration, as shown in Fig. 1(a), the dipole mode starts
to hybridize, due to near-field interaction, into new modes in
the nanorod dimer, i.e., bonding mode and antibonding mode.
The bonding mode possesses a net dipole moment and is able
to interact with free-space radiation (i.e., bright mode), while
the antibonding mode has a vanishing dipole moment, cannot
easily couple with an external electromagnetic wave and is thus
the dark dimer mode. Figure 1(b) shows the calculated depend-
ence of resonant wavelengths of the bright and dark modes of a
nanorod dimer on the spacing &, with the permittivity of Au
taken from Johnson and Christy’s data [33]. Here each nanorod
is 20 nm in diameter and 95 nm in length. The bright mode
has a longer resonant wavelength than the dark. Modal
hybridization increases with decreasing 4, leading to a larger
resonant wavelength difference between the two modes, while
both bright and dark resonant wavelengths converge to the
dipole resonant wavelength of the single Au nanorod, with &
approaching infinity.

Figure 1(c) demonstrates the absorption spectra of the nano-
rod dimer (spacing 10 nm) under different electric dipole
source excitation conditions. The electric dipole with a dipole
moment p is placed 20 nm away from the nanorod dimer. The
results can be categorized into five cases: (i) when the electric
dipole is located at the dimer end and p is along the dimer axis,
both the bright and dark dimer modes are excited [34], with
peak wavelengths of 791.0 and 704.3 nm, respectively;
(ii) when the electric dipole is in the middle of the dimer with
P normal to the dimer axis, only the dark dimer mode can be
excited with a stronger absorption at 704.3 nm, indicating a
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Au nanorod dimer excitation with an electric dipole. (a) Mode profile and surface charge distribution of a longitudinal dipole mode in a

single Au nanorod and hybridized bright and dark modes in a nanorod dimer; (b) resonant wavelengths of bright and dark modes as a function of
dimer spacing 4. The yellow dashed line denotes the resonant wavelength of a dipole mode in a single rod. The length and diameter of each nanorod are
95 and 20 nm, respectively. (c) Absorption spectra of the Au nanorod dimer under different electric dipole excitation conditions. The dimer spacing  is
10 nm. The electric dipole is located 20 nm away from the Au nanorod dimer. The red arrow indicates the electric dipole moment orientation and
position relative to the nanorod dimer. The bright and dark modes are located at the wavelengths of 791.0 and 704.3 nm, respectively.
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larger excitation efficiency of the dark mode; (iii) when the elec-
tric dipole oscillates parallel to the dimer axis in the middle of
the dimer, only the bright dimer mode can be excited with a
weaker absorption at 791.0 nm compared with case (i);
(iv) when the electric dipole is offset to the middle of the right
nanorod of the dimer and p is normal to the dimer axis, neither
the bright nor dark mode is efficiently excited, as is shown by
the small bumps at bright and dark resonances in the absorp-
tion spectrum; and (v) when the electric dipole is at the same
position as case (iv) but oscillates parallel to the dimer axis, both
bright and dark modes can be excited, but not as efficiently as
in case (i).

The above-mentioned results can be explained by the
coupling factor p - E, where E is the electric field of the
dimer mode. The mode with E perpendicular to p cannot
be efficiently excited due to p-E = 0. This explains why
only the dark (bright) mode can be excited in cases (ii) and (iii),
and both modes cannot be efficiently excited in case (iv).
Another factor to determine the excitation efficiency is the
overlap between E and p, which is the reason for a weaker
excitation of bright and/or dark modes in cases (iii) and (v)
compared with case (i).

For real cases, we replace the electric dipole with an Au nano-
rod, forming the plasmonic strong coupling system studied in
this paper, as shown in Fig. 2(a). Thanks to the recently devel-
oped nanomanipulation techniques [4,35], this kind of strongly
coupled nanorod structure can be experimentally realized with
high precision. To efficiently excite the dark dimer mode, the
Au nanorod is placed along the middle line perpendicular to the
dark nanorod dimer axis. The plane wave polarized along the Au
nanorod axis is normally incident on the structure from the top
to excite the longitudinal dipole mode in the single nanorod,
resembling case (ii) in Fig. 1(c), where only a dark dimer mode
can be activated by the nanorod dipole. The separation between
the dipolar nanorod and dimer 4 is defined as coupling distance
in the following discussion, which is depicted in the inset of
Fig. 2(a). Without loss of generality, we assume the whole struc-
ture is surrounded by air. To ensure the dipole and dark reso-
nators have the same resonant frequency, the nanorod dimer has
arod length L; = 95 nm and dimer spacing 4 = 30 nm. The
single Au nanorod has a length Z, = 90.4 nm. With such a
parameter, the resonant wavelengths of the dimer dark mode
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and nanorod dipole mode are 722 nm, as depicted in Fig. 2(b).
The linewidths of the dipole and dark dimer modes are y =
2.05x 10" Hz and k = 1.67 x 1013 Hz, respectively. As ex-
pected, the dark mode has a narrower linewidth than the dipole
mode, i.e., a lower loss of the dark dimer mode.

Figure 3(a) shows the scattering spectra of the coupled nano-
rods with different separating distance 4. The dashed curve is
the scattering spectra of a single nanorod near dipole resonance.
The single peaked resonance of an individual nanorod splits
into two peaks when a dipolar nanorod is coupled to the dark
dimer. As depicted in Fig. 3(b), the spectral splitting monoton-
ically increases with 4 decreasing, where the associated coupling
becomes stronger. For example, the splitting is 32.2 nm at b =
50 nm and is increased to 94.7 nm at # = 10 nm. The spectral
splitting at # = 10 nm corresponds to a frequency splitting of
Q =5.3x10" Hz (219.2 meV). Here, the relation between
spectral splitting and the linewidths of the dipole and dark res-
onators fulfills the strong coupling condition £2 > y + « in the
frequency domain [36]. The two peaks at # = 10 nm locate at
686.2 and 780.9 nm, respectively, and the corresponding field
profiles and charge distributions are shown in the inset of
Fig. 3(a). At 686.2 nm, the surface charges at the nanorod end
in the coupling region have the same sign, and the field inten-
sity in the gap is relatively low, forming an antibonding-like
hybridized resonance in the strongly coupled nanorods, while
at 780.9 nm, field intensity is enhanced in the gap region, and
the charges have the opposite signs for the dimer and the single
rod in the coupling region, forming a bonding-like hybridized
resonance. For the hybridized resonances, the nonzero dipole
moments mainly located in the dipolar nanorod contribute to
most of the radiative loss in the coherent energy exchange process.

Anticrossing behavior is another characteristic signature for
strong coupling. Figure 4 shows the scattering spectra of the
coupled nanorods with varying dipolar nanorod length (Z;).
Other parameters are the same as in Fig. 3. The resonant
wavelength in the dipole mode has a nearly linear dependence
on nanorod length, as the red dashed line depicts in Fig. 4. The
white dashed line shows the resonant wavelength of the dark
dimer mode. With increasing L, the original single-peaked
scattering spectrum gradually splits into two peaks near the
crossing area of the white and red dashed lines. When further
increasing L, the coupling effect decreases owing to larger
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(a) Schematic of plasmonic strong coupling in an Au nanorod structure. A single nanorod is placed along the middle line of the nanorod

dimer with a separation of 4, as denoted in the inset. A normally incident plane wave with a wave vector £ is linearly polarized along the axis of a
single nanorod. (b) Absorption spectra of the dipole mode in a single nanorod (blue) and dark mode in a nanorod dimer (red). The rod length and
spacing of the dimer are 95 and 30 nm, respectively. The length of the single nanorod is 90.4 nm. The diameter of all nanorods is 20 nm.
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Fig. 3. (a) Scattering spectral splitting of the coupled nanorods with different coupling distance. The dashed curve shows the scattering of an
individual dipolar nanorod. Electric field profiles of the coupled nanorods with a coupling distance 4 = 10 nm at 686.2 and 780.9 nm. Plus and
minus signs denote the surface charge distribution. (b) The dependence of spectral splitting on the coupling distance 4.

frequency detuning between the dimer and the single nanorod,
and the scattering returns to a single peaked spectrum. Thus
anticrossing behavior between the dipole and dark dimer @)
modes is clearly shown in Fig. 4. It is worth mentioning that
a larger L, leads to a stronger scattering of the coupled nano-
rods, as the bright yellow color shows in Fig. 4.

To gain a deeper physical insight into the strong coupling
process, we plot temporal electromagnetic energy (represented
by the electric field) exchange between the dipole mode and the
dark dimer mode in Fig. 5. The electric field is recorded by a
time domain monitor set at 1 nm away from the nanorod end,
as depicted in the inset of Fig. 5. Figure 5(a) shows the Rabi-
like oscillation of energy exchange between the dipole and the
dark dimer modes within the strong coupling regime, as the
blue curves show in Fig. 3(a). The period of energy exchange
is 19 fs, which equals the reciprocal of spectral splitting as £27!.
When the resonant frequency of the dipole mode is detuned
from that of the dark dimer mode by changing Z;, for example,
to 98 nm, the energy of the dipole mode is only partially
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Fig. 5. Coherent energy exchange between the dipole mode and the

600 dark dimer mode. (a) Complete energy exchange within the strong
75 80 85 90 95 100 105 . . . .
coupling regime, (b) partial energy exchange with a detuned frequency
Ly, (nm) . .

between the dipole and the dark dimer modes, (c) energy exchange

Fig. 4. Scattering spectra of the coupled nanorods with varying di- with a lower exchange rate in the weakly coupled dipole and dark
pole resonator length Z,. The white and red dashed lines correspond to dimer modes. Time-dependent electric field amplitudes near the di-
an unperturbed dark dimer mode and the dipole mode. The saturated polar nanorod and the dark dimer are measured at the corresponding
scattering intensity on the upper-right corner is provided intentionally colored spots denoted in the inset of (a), which are 1 nm away from the
to get better contrast for the lower scattering branch due to a much rod end. The parameters of coupled nanorods are the same as in Fig. 3,

larger scattering of the dipolar nanorod with longer Z,. except L, and A.
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transferred to the dark dimer mode, as depicted in Fig. 5(b),
which is in stark contrast to the nearly complete energy transfer
in the strong coupling case. Figure 5(c) plots the energy exchange
ata lower coupling strength by increasing the coupling distance 4
to 50 nm. In this case, the time of the first period energy ex-
change is ~50 fs, and the damping rate of plasmon resonance
exceeds the energy coupling rates, making it difficult for more
energy exchange. Therefore, the resonant frequency matching
and strong near-field interaction between the coupled dipole
and dark dimer mode ensure efficient electromagnetic energy
exchange, which is crucial for plasmonic strong coupling.

For the potential application of the proposal, first, we think
it can be used as a highly compact approach to exciting and
investigating dark modes in individual nanorod dimers with
strong coupling. Second, as the spectral response is highly sen-
sitive to material and environmental parameters [see, for exam-
ple, Fig. 3(b)], it may be adapted for a plasmonic ruler or
sensing down on the nanometer scale [37]. Third, the rapid
coherent energy exchange of the strongly coupled structure
could find promising applications in dark-mode-based plas-
monic devices and ultrafast optical processes, which may also
be intermediated via the nanorod dipole from the optical far
field. Finally, the tunable splitting of double-peaked spectra
in strongly coupled nanorods may also offer an opportunity
for efficient nonlinear wave mixing with matched pump
frequencies by tuning the coupling distance [38,39].

3. CONCLUSION

In summary, we studied plasmonic dark dimer mode
excitation and its strong coupling with a nanorod dipole in
Au nanorods. Selective excitation of bright and dark modes
in a nanorod dimer can be achieved by a properly arranged elec-
tric dipole, which can be qualitatively determined by a coupling
factor p - E related to the overlap of dipole moment p and plas-
monic modal electric field E. By replacing the dipole with an
Au nanorod as a dipole antenna, the plane wave excited nano-
rod dipole could be efficiently coupled with the dark dimer
mode with suppressed radiative loss. Near-field coupling of
the nanorod dipole and dark dimer modes leads to spectral
splitting of the original uncoupled single-peaked resonance,
which increases with the decreasing coupling distance. The
strong coupling criterion is fulfilled when the coupling distance
is small enough (e.g., 10 nm). The characteristic anticrossing
feature of strong coupling is revealed while changing the res-
onance frequency detuning of the strongly coupled modes.
Rabi-like coherent electromagnetic energy exchange between
dipole and dark modes occurs when plasmonic interaction en-
ters the strong coupling regime. Our results provide an effective
method to activate dark dimer modes through free-space radi-
ation and coherently exchange plasmonic excitations at nano-
scale, which may offer new opportunities for nanoplasmonic
applications such as nanolasers or nanosensors. The proposed
low-cost colloidal nanorod-based structures are also promising
for further integration with quantum emitters to realize future
quantum devices [40].
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