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1 Introduction

Semiconductor and metal nanoparticles of a few nano-
meters in size show exceptional linear and nonlinear opti-
cal behavior [1, 2], which make them very appealing nano-
systems for fundamental research and future technologies. 
However, their investigation and utilization are complicated 
by their tiny interaction cross sections with light. Optical 
nanoantennas composed of plasmonic nanoparticles bridge 
the gap between individual nanoscopic systems and the 
outside world, thus giving access to previously unattainable 
dimensions in nanospace [3, 4]. Many fascinating experi-
ments have demonstrated the potential of optical nano-
antennas. Examples range from coherent nonlinear optics, 
where the higher harmonics generation is boosted within 
the antenna itself [5–8], to local probes for sensing appli-
cations [9], increased emission and excitation efficiency 
of emitters [10, 11], and enhanced nonlinear response of 
a single nanosystem [12]. However, particle plasmons can 
be tuned via many different parameters that offer many 
degrees of freedom [13, 14]. In order to achieve the high-
est efficiency, the antenna has to be crucially optimized to 
match the requirements of the experimental method and the 
nanosystem under investigation.

In this article, we discuss the optimum parameters of an 
optical antenna for ultrafast nonlinear spectroscopy and how 
the investigated nanosystem itself affects the properties of 
the most efficient nanoantenna. We distinguish between two 
cases in which the investigated nanosystem varies in dipole 
moment and scattering strength. After a brief introduction to 
the experimental technique of ultrafast nonlinear spectros-
copy, a simple model based on the discrete dipole approxi-
mation (DDA) will be introduced, which gives insight into 
the influence of the nanosystem on the antenna. Depend-
ent on the resonance energy and oscillator strength of the 
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nanosystem, we obtain a complex relation with the optical 
properties of the nanoantenna. These findings are supported 
by our experiments. As example for a strongly scattering 
nanosystem, we discuss mechanical breathing oscillations 
in a single gold nanoparticle [15]. This particle shows strong 
polarizability and its back-action to the antenna cannot be 
neglected. We introduce a theoretical model beyond the 
dipole approximation to find the optimum antenna param-
eters under realistic conditions and demonstrate a signal 
enhancement by one order of magnitude in our experiment. 
As a contrasting second example, we discuss the quan-
tum-confined carrier dynamics in a single CdSe nanowire 
[16]. Here, the weak backscattering to the antenna can be 
neglected, leading to a strict relation between the plasmonic 
resonance of the antenna and the exciton transition energy 
of the semiconductor wire.

2  Optimal antennas for ultrafast nonlinear 
spectroscopy of individual nanosystems

Ultrafast nonlinear spectroscopy investigates the deviations 
from linear light–matter interaction with high temporal 
resolution [15, 17–19]. Figure 1a depicts the essential parts 
of the experiment. A pump pulse triggers a process in the 

nanosystem. The probe pulse interrogates the response as 
a function of wavelength and time delay τ. For both pulses, 
the near field of the antenna modifies the light–matter inter-
action of the nanoparticle. Figure 1b shows the scattered 
near field of the single antenna without nanoobject, which 
would distort the field in dependence of its dipole moment 
and size. We observe the typical hot spots at the ends of the 
structure, caused by the large surface carrier density of this 
dipolar mode. As the near field amplitude exceeds the exci-
tation field, such antennas can be considered as local field 
compressors or nanolenses. As a consequence, the antenna 
near field offers a small volume (marked by the blue circle 
in Fig. 1b) of extremely high energy density compared to 
the excitation field. This can be directly used for excitation 
enhancement [11]. However, also a perturbation of the opti-
cal properties within this high field volume promises high 
sensitivity for almost any kind of nanosystem.

Nanoantenna and nanoobject under investigation are 
coupled via their near fields and form a hybrid system with 
new optical properties, namely new hybrid states and eigen-
energies as sketched in Fig. 1c. In consequence, a perturba-
tion of the nanoobject’s properties directly influences the 
hybrid modes. Dependent on the antenna’s properties like 
resonance position, line width and oscillator strength, the 
signal modulated onto the hybrid modes can be enhanced 
with respect to the signal of the single nanosystem.

In order to study the interaction between nano- 
object and antenna, we introduce a simple model based on 
dipole–dipole interaction [20]. We assume an incident light 
field Einc(ω, r) of our probe beam, impinging on the cou-
pled nanoobjects. Based on the method of discrete dipole 
approximation (DDA), the dipole moment pi of a scatterer 
with polarizability αi is given by

The first term describes the interaction with the incident 
light field and the second term the interaction with the scat-
tered field Escat,h(ri) of N−1 other nanoobjects. Since we 
consider fundamental dipolar modes of nanoparticles in 
close vicinity, the retardation-free scattered field of dipole 
h is given by

with Δri,h being the displacement vector between two par-
ticles. In contrast to common DDA, we apply Lorentzian-
type polarizabilities

(1)pi = αiEinc(ri)+
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Fig. 1  Functionality of an optical antenna a The pump pulse triggers 
an optical process and the temporal and spectral dynamics is inter-
rogated by a probe pulse. For both processes, the light–matter interac-
tion is enhanced by the near field of the antenna. b Numerical simula-
tions of the absolute value of the antenna’s resonantly scattered near 
field without nanoobject. The characteristic hot spots promise high 
sensitivity for optical changes in small local areas (illustrated by the 
blue circle) in close vicinity to the disk-shaped gold antenna (diam-
eter 70 nm, height 30 nm). c Antenna and nanoobject are coupled via 
their near fields, forming a hybrid system with two new hybrid modes 
and energy levels. Both hybrid modes ω+ and ω− show sensitivity to 
perturbations in the optical properties of the nanosystem, indicated by 
the gray arrows
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in order to have full control over the peak polarizability Θi, 
resonance energy ω0,i, and line width γi of each object.

In the following, we simplify the system to two particles, 
namely the antenna and the nanosystem, separated by the 
distance d, and an excitation along the displacement vector. 
In consequence, the equation system can be reduced to

with ζ = 1/(4πǫ0ǫr). By solving the linear equation sys-
tem, we obtain the frequency-dependent polarizations pa 
and pn of antenna and nanoobject. Furthermore, the extinc-
tion cross section is computed to

As an example, we consider a coupled nanoparticle–
antenna pair, separated by 20 nm (Fig. 2). The resonance 
energy of antenna and nanoobject is 2.0 and 2.2 eV, respec-
tively. Both have a line width of 0.1 eV. The peak polar-
izability of the nanoparticle is 10 times smaller than that 
of the antenna. In the linear spectra, we see the hybridiza-
tion effect discussed above. In the field of plasmonics, this 
coupling scheme is known as plasmon hybridization [21]. 
However, the physical framework is not limited to plas-
monics and holds true for other nanosystems.

In general, the perturbation of the linear properties 
by a nonlinear process is rather complex and obviously 
depends on the process itself. For simplicity, we assume a 
tiny increase in the eigenfrequency of the nanoparticle by 
0.1 % to study the efficiency of the antenna with unmodi-
fied properties. The nonlinear response is computed by 
the change of the extinction cross section, caused by the 
pump-induced perturbation. The signal of the bare nano-
system without antenna follows a dispersive line shape at 
the single nanosystem’s resonance (Fig. 2b). In contrast, 
the nonlinear response of the hybrid system is modulated 
on the lower energy hybrid mode and increased compared 
to the response of the single nanosystem. At the same 
time, the signal at the higher energy mode is decreased. 
As expected, the amplitude of the nonlinear response 
depends on the overall oscillator strength and the quality 
factor of the resonance. Finally, the antenna’s efficiency 
can be expressed by its maximal achieved enhancement, 
which is computed by the quotient of the maximum abso-
lute nonlinear response of the hybrid system and the 
single nanoobject. For the given example, we obtain an 
enhancement factor of approximately 5. This value does 
not depend on the perturbation strength, as long as its 
influence does not drastically change the spectral response 
of the nanoobject.

(4)
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In the following, we employ our model to find the 
optimum antenna parameters in dependence of the nano- 
particle’s properties. However, even the two-particle system 
offers a large parameter space for optimization. Referring 
to our experimental examples below, we focus on the spec-
tral dependence between optimum antenna and strongly or 
weakly scattering nanoobject. In consequence, we keep the 
peak polarizability of antenna and nanoparticle constant 
while independently tuning their resonance energies. As 
we use gold nanoantennas, we apply a phenomenological 
damping parameter γa based on the extinction coefficient of 
gold, calculated from data of Johnson and Christy [22]. The 
line width of the nanoobject is kept constant at 0.1 eV.

In the case of the strongly scattering nanosystem, its 
peak polarizability is only one order of magnitude smaller 
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Fig. 2  Spectral response in the point-dipole model a The hybrid res-
onances (red solid curve) are shifted in energy with respect to their 
single-particle resonances (black dashed curve), as in the plasmon 
hybridization scheme. The polarizations of the modes are illustrated 
by the arrows. b The nonlinear response is computed by a perturba-
tion of the nanosystem’s optical properties (Δωn), leading to a disper-
sive line shape at the resonances. The normalized signal of the bare 
nanosystem without antenna (black dashed curve) follows a disper-
sive line shape at the single nanosystem’s resonance. The nonlinear 
response of the hybrid system (red curve) is normalized to the maxi-
mum response of the single nanoobject
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than the antenna’s. Here, the back-action cannot be 
neglected and detunes the hybrid modes as shown in the 
previous example. Figure 3a summarizes the maximum 
signal enhancement for each combination of nanoobject 
and antenna resonance, extracted from the corresponding 
full nonlinear spectrum. For better visibility, the enhance-
ment factors are normalized to the best antenna for each 
nanosystem resonance while the highest achieved enhance-
ment is plotted separately in the lower graph. We obtain 
values between approximately 4.5 for nanoparticles with 
their resonance around 1.8 eV and almost no enhancement 
for nanosystems being resonant at 3 eV. Furthermore, the 
relation between the resonances of nanosystem and opti-
mum antenna shows a counterintuitive crossing behavior. 
The red, maximum enhancement region is above the white 
spectral overlap line for low nanosystem resonance ener-
gies. In consequence, the nonlinear response of a nano- 
particle at lower energies is most efficiently enhanced by an 
antenna at higher energies. This reverses for higher energy 
nanosystem. In between, we find the case at 2.3 eV, where 

the optimum antenna and nanosystem are in resonance (the 
white line crosses the red region). In contrast, the results 
for the weakly scattering nanoobject show a completely 
different behavior. Here, its peak polarizability is four 
orders of magnitude smaller than that of the antenna. Up 
to approximately 2.3 eV the optimum antenna is resonant 
to the nanosystem before an off-resonant antenna at around 
1.8 eV becomes most efficient, almost independent of the 
resonance of the nanosystem.

In both cases, the optimum antenna is a compromise 
of oscillator strength, spectral overlap, and the hybrid 
mode’s resonance. Furthermore, the results are shaped by 
the dielectric function of the antenna material. The opti-
cal properties of gold can be described by a Drude model, 
matching measured data up to approximately 2.2 eV. At 
higher energies, the d-band absorption dominates the opti-
cal properties, deviating from the simple Drude model of a 
free electron gas [22]. Consequently, plasmon resonances 
are strongly damped beyond 2.2 eV. Considering the 
strongly scattering nanosystem, the hybrid mode resonance 
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is detuned with respect to the bare antenna resonance. 
Dependent on the damping at the hybrid mode’s resonance, 
the nonlinear signal of the nanosystem can be increased but 
also decreased by an inefficient antenna. Thus, a resonant 
antenna for nanosystems at lower energies would result in 
a strong redshift where the hybrid mode is broadened due 
to the optical properties of gold. A slightly off-resonant 
antenna at higher energies offers additional dipole moment 
for the hybrid mode, but still good optical properties and 
quality factor at its hybrid resonance, plotted as black curve 
in Fig. 3a. For nanosystems with higher resonance ener-
gies, a spectrally overlapping antenna is inefficient due to 
the d-band absorption and strong damping of the antenna 
plasmon. Here, an off-resonant antenna at lower energies 
provides oscillator strength and shifts the hybrid mode out-
side the d-band absorption. However, the increasing detun-
ing of antenna and nanoparticle decreases the achieved 
enhancement as shown in the lower graph. In the case of 
the weakly scattering nanosystem, a resonant antenna 
shows highest enhancement. Here, the hybrid mode is iden-
tical with the bare antenna resonance and no changes in the 
optical properties have to be considered. The shift of the 
resonance of the optimum antenna for nanosystems beyond 
2.3 eV is simply due to the d-band of gold. Again, an off-
resonant antenna is more efficient than a strongly damped 
resonant antenna. However, the signal enhancement is 
reduced drastically.

We want to mention again that these results do not 
depend on the perturbation strength of the nanoparticle’s 
properties. In addition, we find analogous results for other 
kind of perturbations as, for example, in peak polarizabil-
ity, damping or any combination. However, in contrast to 
our model, plasmonic modes cannot be designed that eas-
ily. Antenna resonances are geometry but also size depend-
ent and thus correlated via the oscillator strength. In addi-
tion, with increasing oscillator strength also the radiative 
damping of the plasmon is increased, leading to a broad-
ening of the resonance [14]. This complexity opens almost 
infinite space of optimization, which cannot be considered 
in a general model. However, the presented study is a first 
step toward a generalized scheme for optimized antenna 
design for ultrafast spectroscopy as we show in the follow-
ing two experimental examples.

3  The optimum antenna for mechanical vibrations 
in a strongly scattering gold nanoparticle

In the following, we support our model by the example 
of acoustic vibrations in a strongly scattering single gold 
nanoparticle. Nanostructures of a few ten nanometers in 
size can perform mechanical oscillations, still following the 
laws of continuum mechanics, where the discretized nature 

of the material can be neglected [18, 23]. Figure 4a shows a 
selection of mechanical modes of a disk-shaped gold nano-
particle lying on an inelastic substrate. The computation is 
done using the structural mechanics module of COMSOL 
Multiphysics [24]. In order to experimentally investigate 
these modes, we apply an ultrafast pump-probe technique 
and measure the transient absorption signal of a single gold 
nanoparticle [15].

As an example, we choose the diameter to 70 nm and 
height to 30 nm at an excitation wavelength of 800 nm 
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and a probe pulse wavelength of 635 nm. For further 
details concerning the experimental setup and parameters, 
we refer to a previous publication [12]. The measured 
time-dependent nonlinear response is given by the black 
curve in Fig. 4b. Directly after excitation at 0 ps, a short 
feature in the nonlinear response appears which is caused 
by the highly excited conduction band electrons [19]. On 
a picosecond timescale, energy of the hot electron gas is 
transferred to the lattice by electron-phonon scattering, 
until both are in thermal equilibrium [25]. This results in 
a slowly decaying thermal feature. Superimposed on this 
background, we find a decaying oscillation trace, caused 
by the mechanical oscillation that modulates the plasmon 
resonance of the nanoparticle [12, 15].

The mechanical spectrum (Fig. 4c) is determined by 
the Fourier transform of the bare oscillation trace. We find 
one mechanical mode at νmech ≈ 22 GHz, dominating the 
mechanical response between 0 and 100 GHz. In com-
parison, the prediction for the drum mode resonance by 
our numerical model is at νsim ≈ 23 GHz, in good agree-
ment with the measurements. Furthermore, we study this 
result as a function of probe wavelength while the excita-
tion is kept constant. Since the mechanical properties are 
independent of the optical measurement process, the drum 
mode resonance is not influenced and thus constant in fre-
quency, amplitude, and decay. However, the signal ampli-
tude has an optical origin and depends on the probe wave-
length and plasmon resonance of the particle as shown in 
Fig. 5a. We model the full experiment, including optical 
excitation, mechanical and optical response, and optical 
detection. To this end, we employ a T-Matrix method [26] 
and compute the change of the particle’s optical proper-
ties by combining the Drude model and a two-temperature 
model [12, 25]. The experimental data and our model are 
in good agreement as long as the d-band absorption of 
gold can be neglected, i.e., above approximately 600 nm 
wavelength.

To further check our numerical model that we want 
to use for the development of optimized antenna param-
eters, we investigate nanoparticles of different sizes, all 
30 nm in height but with varying diameters between 40 
and 90 nm. In order to fully predict the signal amplitude 
of the nonlinear response with our model, we have to 
consider both the interrogation (probe) process, which 
we discussed previously, but also the spectral dependence 
of the excitation (pump). One may expect the lattice tem-
perature and the optical properties to be independent of 
the particle size as the increased absorption by a larger 
particle is canceled out by the larger volume that has to 
be heated. However, by increasing the disk diameter, 
the plasmon resonance shifts over the pump wavelength 
as illustrated in the inset of Fig. 5b. Consequently, the 
absorbed energy and also the excitation strength change, 

as described by the two-temperature model. We now con-
sider the pump as well as the previously discussed probe 
process. We find a good agreement between experiment 
and our model. The small deviations for the 40 and 50 nm 
disks (Fig. 5b) are due to their plasmon resonances below 
600 nm and the neglected d-band perturbation in our sim-
ulations. A model ignoring the varying excitation condi-
tions fails to match the measured data. We can thus apply 
our model to perform numerical optimization studies for 
this nanosystems.

In the described experimental configuration, our inves-
tigations are limited to nanoparticles with a diameter of 
40 nm or larger, since the signal vanished for smaller 
particles in the shot noise of the probe beam. In order 
to measure the effect of the antenna in the strong scat-
tering regime, we choose the 40 nm nanoparticle for our 
study. For simplicity, we first neglect the pump process 
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and consider the nonlinear response of the nanoparticle in 
the coupled system. Here, we tune the antenna diameter 
and search for the maximum nonlinear response for the 
case of a probe polarization along the long structure axis 
(Fig. 6a). As expected, the hybrid mode (ω+ in Fig. 1) is 
red-shifted with respect to the single antenna. The cor-
responding nonlinear response has a maximum at an 
antenna diameter of about 70 nm (white cross in Fig. 6b). 
We keep in mind that this antenna is not yet optimized for 
the excitation process. However, we compute the energy 
of the pump pulse deposited in the nanoparticle and pre-
dict a three times higher excitation via the antenna. Con-
sequently, we have an unoptimized excitation, giving us 
an enhancement by a factor of approximately 3, and an 
optimized antenna for the readout giving an additional 
enhancement factor of 2.5, leading to an overall antenna 
enhancement by almost one order of magnitude. To test 
these predictions, we study a coupled antenna–nano-
particle pair with a distance of 15 nm [12]. The antenna-
enhanced response is compared with the maximum sig-
nal of 27 individually measured particles with 40 nm in 
diameter (Fig. 6c). We obtain a signal enhancement by 
approximately one order of magnitude. The experimental 
result even slightly surpasses the theoretical prediction as 
we neglected the d-band absorption in our simulations, 
hence overestimating the signal of the single nano- 
particle, as shown in Fig. 5b. In the transient absorption 
spectrum (Fig. 6d), we find a redshift of the whole nonlin-
ear response. This demonstrates that in the strong scatter-
ing regime the response of a small particle can be shifted 
out of the d-band absorption of gold, giving a large contri-
bution to the signal enhancement even without the oscilla-
tor strength of the antenna.

Further numerical studies reveal the same counterintui-
tive behavior due to the optical properties of the antenna 
material, as previously discussed in our point-dipole model. 
We find that the most efficient antenna for a nanoparticle 
with twice the diameter (80 nm) is smaller and blue-shifted 
with respect to the nanoparticle itself.

The antenna structure can be optimized even further 
by efficiently exciting the nonlinear process. Unfortu-
nately, an optimum antenna for the interrogation process 
is not necessarily the optimum for the excitation process 
due to the different spectral positions of pump and probe 
pulse. In order to optimize the excitation as well as the 
interrogation process, we suggest an L-type nanoantenna, 
as depicted in Fig. 7. Here, two antennas are arranged 
orthogonally to the nanoobject under investigation. By 
choosing different polarization of the excitation and probe 
pulse, both antennas can be optimized almost separately 
without disturbing each other by strong hybridization 
effects [27].

4  The optimum antenna for carrier dynamics in a 
weakly scattering CdSe nanowire

In contrast to the previous example, we now consider the 
case of a weakly scattering nanoobject. For this purpose, 
we use the quantum-confined excitonic transitions in a 
single CdSe nanowire, recently investigated by ultrafast 
nonlinear spectroscopy [16, 28]. Figure 8 summarizes 
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Fig. 6  An antenna for mechanical breathing mode a Linear extinc-
tion spectra of the coupled system, as a function of the antenna diam-
eter. The distance between nanoparticle and antenna is kept constant 
at 10 nm. The hybrid mode is red-shifted compared to the resonance 
of the antenna alone (white dashed curve). b Nonlinear response of 
the hybrid system. The white cross marks the maximum nonlinear 
response. c In the experiment the antenna-enhanced particle gives 
a signal about a factor of 10 stronger than an ensemble of reference 
particles. d Transient absorption spectra of a single nanoparticle 
(black curve, open symbols) compared to the antenna–nanoparticle 
hybrid (red curve, closed symbols). The hybrid response is spectrally 
red-shifted, proving the strong scattering case and signal modulation 
to the hybrid mode at ω+
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the essential parts of the experiment. The high-resolution 
transmission electron microscope (TEM) image in the inset 
shows a typical wire. The small diameter of around 11 nm 

leads to carrier confinement and discrete exciton states, 
deviating from the bulk band structure of CdSe [29, 30]. 
A 150 fs pump pulse at 390 nm wavelength excites the 
wire from the ground state |g� to a higher state |en�. On an 
ultrafast timescale, the excitation can decay and populate 
lower energetic states. A tunable probe pulse (red arrow) 
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Fig. 7  Optimized antennas Complex antenna structure, consisting of 
two orthogonal antennas where one is optimized for pump excitation 
of the nanoparticle, the other one for detection enhancement
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ire, as illustrated in the ladder scheme. The probe pulse interrogates 
the temporal population of these states via their transition bleaching. 
Inset high-resolution TEM image of a typical wire, revealing small 
variations in the diameter along the wire. b Transient transmission 
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shows a fit of four Gaussian at these transition energies, all with a 
constant width and only the amplitude as free fit parameter

500 550 600 650 700 750
−20

−10

0

10

20

30

40

wavelength (nm)

40

80

120

an
te

nn
a 

di
am

et
er

 (n
m

)

-32 32

antenna res.

α transition

antenna resonance

coupled response

10 x single wire response

k
E

gold antenna

CdSe NC

∆T/T (norm.)

∆T
/T

 (n
or

m
.)

a

b

c

500 550 600 650 700 750
wavelength (nm)

Fig. 9  Optimizing the antenna for a weakly scattering nanoobject a 
As model system, we consider a disk-shaped gold antenna with vari-
able diameter, interacting with a spherical CdSe nanocrystal in center 
height and constant distance to the antenna surface. b Normalized 
nonlinear response of the coupled system as function of the antenna 
diameter. The dashed curves give the spectral position of the uncou-
pled antenna resonance and α-transition, respectively. The maximum 
nonlinear response is achieved with the antenna with 75 nm in diam-
eter. c Nonlinear spectrum at the optimum antenna size (black curve). 
The green dashed curve shows 10 times the normalized nonlinear 
response of the bare nanocrystal, assumed to have the same spec-
tral behavior as the wire of Fig. 8. The resonance of the bare gold 
antenna is plotted as red curve in arbitrary units, being resonant to the 
α-transition
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interrogates the optical response. At 10 ps after pump exci-
tation, the relative increase in transmission ΔT/T reveals 
the pump-induced bleaching of four different transitions 
(Fig. 8b) which we label α to δ with corresponding transi-
tion energies ωα to ωδ. These transitions agree with energies 
obtained from a six-band effective mass model [29, 30] 
and are sufficient to describe the data below 720 nm wave-
length (gray curve in Fig. 8b). The model fails for longer 
wavelengths, which we attribute to defects states. At this 
point, we refer to Ref. [16] for a more detailed discussion.

In analogy to the previous section, we want to study 
the coupling between a gold nanoantenna and a single 
CdSe nanowire. In order to optimize the antenna for this 
condition, we consider the model shown in Fig. 9a. For 
simplicity, the wire is replaced by a small spherical CdSe 
nanocrystal (NC) with 12 nm in diameter, placed into the 
near field hot spot 10 nm beside the gold antenna with 
15 nm height. The nonlinear response of the NC is mod-
eled by a Kramers–Kronig consistent modification of 
the complex dielectric function of bulk CdSe, imitating 
the bleaching measured previously. In our simulation, we 

again tune the diameter of the antenna and investigate the 
predicted nonlinear response of the coupled system. The 
computed differential spectra (Fig. 9b) are normalized to 
the maximum nonlinear response of the single NC. We find 
the maximum nonlinear response for an antenna, which 
is resonant with the α-transition at approximately 690 nm 
wavelength. This corresponds to an antenna diameter of 
75 nm. The predicted spectral behavior for this optimum 
antenna is plotted in Fig. 9c. It has a 32 times larger signal 
than the single nanocrystal. As expected, we find that the 
weak dipole moment of the nanocrystal does not shift the 
hybrid mode.

Finally, we experimentally study the influence of the 
antenna on a single CdSe nanowire with 12 nm diameter. 
Therefore, we couple an antenna array of ten equidistant 
gold nanodisks (height 15 nm, diameter 75 nm) to a CdSe 
nanowire (Fig. 10a). Our diffraction limited setup allows us 
to separately measure the two marked areas on the antenna–
wire system, representing the spot sizes of the applied laser 
pulses. In this configuration, we are able to directly investi-
gate the influence of the antenna on a single wire. A 5-nm 
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Fig. 10  A plasmonic nanoantenna coupled to a CdSe nanowire a In 
order to investigate the effect of the plasmonic nanoparticles, only a 
part of the wire is coupled to an antenna array as shown in the AFM 
image. The circles mark the investigated regions of the wire–antenna 
system. The normalized transient transmission spectra are measured 
over 400 ps in the spectral region of the α and β transition. In both 
cases, the pump and probe beam polarization is along the wire axis. 
The response of the uncoupled part (left panel) is similar to the sin-

gle wire discussed before. The hybrid system (right panel) shows the 
same spectral behavior but with a decreased signal intensity and state 
lifetimes. b Decay rates of the bare wire (black crosses) and the cou-
pled system (red circles), extracted from the data in (a) by fitting a 
single exponential function. c Effective Purcell factor (symbols) com-
pared to a Lorentzian of the plasmon resonance (black dashed curve) 
obtained from dark-field scattering spectroscopy
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layer of TiO2, deposited on the wire by atomic layer depo-
sition, avoids direct contact with the gold antenna array, 
which is written in a second step by electron beam lithog-
raphy [31]. We measure a horizontal gap of 15 nm between 
the antenna structure and the wire. We limit ourselves to 
the α and β transitions and measure the response of the 
coupled and uncoupled wire. In addition, a single antenna 
array is investigated where we find no nonlinear response 
due to the weaker excitation power compared to the experi-
ments above. The spectrally and time resolved response of 
the two areas are shown on the left (bare wire) and on the 
right side (coupled system) of Fig. 10a. In both cases, the 
transition energy and line width of the α-transition are in 
good agreement with the result of the wire studied previ-
ously. Furthermore, the hybrid response of antenna and wire 
is not detuned. The maximum transient response amplitude 
and lifetime of the uncoupled wire states do not change 
compared to the single wire experiment. This allows the 
conclusion that the experiment is not affected by the TiO2 
layer. However, the part coupled to the antenna exhibits 
strong changes of the decay time (Fig. 10b). While transi-
tions at longer wavelengths seem to be almost unaffected 
by the antenna, the lifetime at around 690 nm wavelength 
is reduced by a factor of three. The plasmonic nanostructure 
increases the local density of states (LDOS), giving addi-
tional decay channels [32, 33]. A common value to describe 
this phenomenon is the effective Purcell factor, given by

with Γrad,c being the radiative decay rate of the coupled sys-
tem, Γrad,0 of the uncoupled system. Furthermore, Peff can 
be expressed by the ratio of the absolute decay rates Γtot,c 
and Γtot,0 and the quantum efficiency ηQ of the nanocrystal, 
which we determined to 0.25 [16]. The result is plotted in 
10c. As the decay of each excitonic state depends on the 
local density of states, the lifetimes and thus the Purcell 
factors differ for the different transitions and wavelengths. 
We find back the plasmon resonance in both the decay rate 
increase and Purcell factor. The absorption resonance is 
slightly blue-shifted with respect to the scattering response. 
Consequently, the α-transition, which is resonant with 
the antenna, shows a Purcell factor of 8. The Purcell fac-
tor around the β-transition is approximately 5. The Purcell 
factor of the defect states, located at higher wavelength, is 
almost one as the antenna is off-resonant there.

However, the predicted signal enhancement is not 
observed. Comparing the maximum response of the uncou-
pled and coupled wire, we find a signal decrease to 1/3 for the 
antenna–wire hybrid. We explain this by the rough approxi-
mation with the spherical nanocrystal that we assumed in our 
simulations. While the near field of the antenna increases the 
light–matter interaction in the whole nanocrystal, leading to a 

(6)Peff =
Γrad,c

Γrad,0

=
Γtot,c/Γtot,0 − 1+ ηQ

ηQ

strong signal enhancement, large areas of the wire are not or 
even negatively influenced by the antenna. Furthermore, we 
had to choose the probe polarization along the wire axis to 
resolve the linear response of the wire, reducing the antenna 
efficiency since the near field at the wire’s position is dras-
tically reduced. However, although the nonlinear response is 
not enhanced, we find interaction between the nanowire and 
antenna by the increased local density of states revealed by 
the enormous increase in the decay rate. Furthermore, we 
find that the antenna is not detuned by the weakly scattering 
nanowire, supporting our numerical study.

5  Conclusion

To summarize, we theoretically and experimentally dem-
onstrated that optical nanoantennas are a powerful tool to 
increase the light–matter interaction in a sub-diffraction lim-
ited area. In dependence of the feedback on the antenna, we 
distinguish between strongly and weakly scattering nano-
systems. While the spectral influence of the weakly scat-
tering nanoobject on the antenna resonance can be almost 
neglected, the feedback of the strong scatterer detunes the 
hybrid mode with respect to the antenna resonance. We intro-
duced and applied a point-dipole model based on the discrete 
dipole approximation, to simplify the huge parameter space 
and study the correlation between the optimum antenna and 
nanosystem resonance. We find that the dielectric properties 
of the antenna are a crucial parameter for maximum sig-
nal enhancement. In the case of the strong scattering nano- 
system, the antenna can be used to shift the hybrid response 
into spectral regions with beneficial optical properties. Here, 
even an off-resonant antenna can enhance the nanosystem’s 
nonlinear response by its additional oscillator strength. For 
the weakly scattering nanosystem, the optimum antenna has 
to be in resonance. However, the optical properties of the 
antenna material limits the efficient spectral workspace of 
the optical nanoantenna. These findings were supported by 
two examples. In the case of the strongly scattering nano-
particle, we achieved a signal enhancement by one order of 
magnitude, by increasing the excitation as well as the inter-
rogation process by an antenna. For the weakly scattering 
CdSe nanowire, we fond strong interaction between antenna 
and nanosystem but no signal enhancement until now.
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