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ABSTRACT: Metallic nanorod antennas can be considered as
an analogue to classical half-wave dipole antennas, constituting
an important tool for manipulating linear and nonlinear light-
matter interactions in nanoscale volumes. Using two-photon
luminescence (TPL) scanning laser microscopy, we investigate
such optical antennas beyond their fundamental dipole mode.
The antenna mode dispersion is extracted from the nonlinear
TPL measurement and reveals a TPL process that is
dominated by plasmon-induced enhancement of the two-
photon absorption in the metal. Additionally, a clear signature
of the mode parity is observed in the TPL images. TPL
maxima are observed outside the antenna boundaries for even
parity modes, whereas they are located inside for odd modes.
It is concluded that for even modes the two-photon
luminescence emission is strongly mediated by retardation of the excitation field, a consequence of their zero net-dipole
moment. This selective excitation of different mode parities is highly relevant for nanoscale enhanced nonlinear optics, as well as
plasmonic nanosensor applications and tuning of radiative properties of quantum emitters.
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Metallic nanorods constitute a widely used model system
and building blocks for complex optical antenna

arrangements.1−3 As a channel to couple free space radiation
to intense, localized optical fields, they offer a broad range of
functionalities that are exploited for, for example, directional
emission and scattering,1,4 enhanced Raman scattering,5

refractive index sensing,6 coherent ultrafast nanophotonics,7

tailored spatio and temporal light confinement,8 slow light
metamaterials through electromagnetically induced transpar-
ency,9,10 optical nanocircuits,11 active photodetection,12 and
nonlinear optics and wave mixing.13,14

Typically, only the strong fundamental dipole resonance of
the nanorods is considered in antenna designs. Studies on the
nonlinear optical properties of plasmonic antennas are mostly
limited to the lowest order hybridized mode (bonding mode)
in coupled dipole or bowtie antennas owing to the stronger
near-field enhancements in the antenna gap region.15−17

Nevertheless, operating nanorod antennas at higher order
modes offers interesting new possibilities such as the generation
of multipolar radiation from single quantum emitters,18,19 or
directional emission and scattering by a single-element
antenna.20,21 Moreover, mode parity-controlled Fano- and

Lorentz-like resonance line shapes, which offer exciting
perspectives for slow-light metamaterials and high sensitivity
bio- and chemical-sensing, were recently demonstrated in
nanorods.22−24

Here, we report on two-photon luminescence (TPL)
mediated by higher order antenna modes in gold nanorods.
In contrast to second harmonic generation (SHG),25 local two-
photon absorption in gold results in a broadband photo-
luminescence emission. This TPL is characterized by a
quadratic dependence of the emission intensity on the
excitation power.26 It is, consequently, extremely sensitive to
the strongly enhanced electromagnetic fields associated with
plasmonic excitations in metal nanostructures.27 These
collective oscillations of the free electrons in the metal generate
strong TPL signal enhancements in gold nanoparticles such as
nanorods, with applications in biological (in vivo) imaging.28,29

TPL imaging, by scanning a focused laser beam over the
sample, has been used to visualize the near-field distributions of
localized surface plasmons in, for example, coupled nanorod
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antennas,30−32 bowtie nanoantennas,27 star-shaped nanoparticle
clusters,33 nanoprisms,34 and nanovoids.35 Additionally, TPL
microscopy was used to experimentally demonstrate that
optical near-field distributions of nanoantennas can be
reconfigured with phase-shaped beams.36 Not only gold, but
also aluminum nanorods were found to have a high
luminescence efficiency.37

In this paper, using scanning laser microscopy, we obtain
TPL intensity maps of gold nanorod antennas of varying length.
First of all, taking the integrated TPL intensity of each rod
allows us to construct an antenna mode dispersion relation
from which the contribution of higher order surface plasmon
modes to the TPL process is evidenced. Second, the light-
antenna coupling is strongly affected by the localized excitation
of the focused laser beam, as this allows for phase-retardation of
the incident field along the antenna, that is, the optical
excitation field is nonuniform on the spatial scale of the
nanorod dimensions.38,39 This is especially important for even
parity modes that do not couple to a symmetric excitation such
as a normal incident plane wave due to their zero net dipole
moment. A mode parity-controlled TPL signal signature related
to the light-antenna coupling selection rules is deduced.
In the TPL process, a first near-IR photon excites an

intraband transition within the sp conduction band, while the
second photon drives an interband transition between the d
and the sp bands.44,45 Following the absorption through
interband transitions, the generated electron−hole pairs
recombine and emit a photon. The electron-hole recombina-
tion occurs near the electronic band structure’s X and L
symmetry points giving a broadband emission. For gold,
emission peaks are expected at 630 and 520 nm.44,46,47 A
schematic illustration of the plasmonic antenna-mediated two-
photon luminescence process and experimental configuration is
shown in Figure 1a. A focused laser beam is scanned over the
nanorod antenna and the luminescent light is recorded in
reflection. A Zeiss LSM 510 Meta scanning laser confocal
microscope is used for the experiments. The light of a Spectra
Physics Mai Tai DeepSee laser is focus by an Alpha Plan-
Apochromat 100× magnification NA = 1.46 oil immersion
objective. The laser spot was determined to have a 1/e2

diameter of 850 nm at the sample. The reflected light passes
a 650 nm edge filter ensuring that only luminescence with
wavelengths below 650 nm is detected by the internal detector
of the microscope. The nanorods are fabricated using sputter
deposition of gold, electron beam lithography, and ion-
milling.40 The rods are 50 nm in height, 70 nm wide, and
supported by a thin glass substrate. The sample is organized in
arrays consisting of rods with lengths increasing in steps of 20,
30, or 50 nm.
Figure 1b shows the luminescence map for two identical

nanorods of length L = 670 nm, rotated by 90° relative to each
other, and excited by horizontally polarized light. The
orientation of the rods is indicated by their respective SEM
image. For the vertical rod, the incident field couples off-
resonance to the transverse antenna mode, while for the
horizontal rod longitudinal modes are resonantly excited. A
clear intensity difference is observed, giving a first indication of
the TPL process’ dependence on plasmonic resonances.41 For
the horizontal rod, the incident light excites charge density
waves at the surface of the metal that form standing wave-like
Fabry-Peŕot resonances, known as surface plasmon resonances
(SPRs).38 The resonance mode index l is defined as the number
of half plasmon wavelengths λp/2 that fit the antenna cavity at

resonance. At positions where charge accumulates, strong
enhancement of the electric near-field occurs outside the
antenna, while field minima arise inside. This is illustrated in
Figure 1c for the four lowest order SPR antenna modes. Here,
the simulated |E|4 profiles taken through the middle of the rod
are shown. The mode index is identified from the presented
near-field profiles. Simulations in this paper were performed
with a commercial FDTD solver42 using perfectly matched
layer (PML) boundaries and a mesh of 5 nm × 5 nm × 2.5 nm
covering the nanoantenna. As excitation, a source with
Gaussian intensity profile with half width 1/e2 of 850 nm was
used. In Figure 1c, the source is positioned at the edge of the
antenna, as indicated. The permittivity of Au was taken from ref
43, and the refractive index of the substrate was set to n =
1.524.
A TPL scan of three arrays of nanorod antennas taken at λ =

800 nm with horizontal polarization, i.e. along the longitudinal
nanorod axis, is shown in Figure 2. The length of the rods is
indicated and increases from L = 50 to 1220 nm. Since the TPL
emission quadratically depends on the excitation power,
resonant structures with strong local fields are clearly
distinguished from off-resonant structures that exhibit much
lower near-field intensities. Starting from the shortest nanorods
(top left) the TPL signal intensity gradually increases until a
maximum is reached (black dashed box) and the intensity
decreases again. The nanorod at this maximum is resonantly
excited by the incident laser light. The very bright rod, marked
by the cross, is excluded from further analysis, because the rod’s
TPL intensity is much brighter for all wavelengths and, as the
scanning electron microscopy (SEM) image shows, this particle
was damaged, most probably due to laser ablation. For
comparison, the antennas shown in the SEM images in Figure
1b and Figure 4 are undamaged. Upon further increase of the

Figure 1. (a) Illustration of the experimental configuration for the
investigation of plasmon mediated two-photon luminescence from a
gold nanorod antenna. (b) The TPL signal depends on the relative
orientation of the nanorod and the light polarization, as shown here
for an L = 670 nm rod. The inset SEM images indicate the orientation
of the nanorod. (c) Normalized square of the simulated electric field
intensity enhancement through the center of the antenna cross-section
for the four lowest order antenna modes (log scale). The black box
indicates the L = 720 nm antenna edges. The Gaussian excitation
beam is focused on the left edge of the antenna.
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rod length, two intensity maxima appear (red dashed box)
corresponding to the next resonant antenna length. Several
additional such maxima can be observed in the scans, as
indicated by the dashed boxes, revealing the presence of higher
order modes. The specific spatial distribution of the TPL signal
will be discussed later. For the moment, the integrated TPL
intensity is sufficient to extract resonant antenna lengths and
construct a dispersion relation.
To obtain the dispersion relation, the scans in Figure 2 were

repeated, and the resonant rods identified, for different
excitation wavelengths between λ = 750 and 1000 nm. Figure
3a shows the spatially integrated TPL intensity (over an area
similar to the dashed boxes in Figure 2) for each antenna length
at excitation wavelengths λ = 750 nm (black dots) and λ = 825
nm (gray squares). The different resonant antenna lengths L
appear as peaks in the TPL intensity and are indicated by the
dashed lines with the color code as in Figure 2. Plotting the
excitation wavelength versus the extracted resonant rod lengths
for different wavelengths results in the open diamond data
points in Figure 3b. Experimental SPR spectra obtained by
linear extinction spectroscopy using a Fourier transform
transmission microscope (Bruker vertex 80v + Hyperion)48

reveal the nanorod SPR mode resonances, as shown by full
circles. The expected linear dependence of these modes is
clearly observed.49−51 Moreover, a strong correlation of the
TPL resonances with the SPR modes is evident. The TPL
resonances nicely follow the linear dispersion of the different
nanorod SPR modes, evidencing a plasmon-enhanced two-
photon absorption cross-section at the TPL excitation wave-
length.28 Although enhanced photoluminescence emission
induced by higher order SPR modes overlapping with the
TPL emission bands can not completely be excluded from
contributing to the intensity profiles in Figure 3a,52 its
contribution is concluded to be much weaker. Indeed, since
each SPR mode order has its characteristic slope in the curves
in Figure 3b, a TPL enhancement dominated by higher order
SPR modes at the emission band would result in a clear
mismatch of the linear (full circles) and TPL (open diamonds)
resonances. This data now allows us to assign the proper SPR
mode index l to the TPL resonances observed in Figure 2, as
indicated. The same color convention for the modes is used
throughout the paper.
With this information at hand, the dispersion relation of a

gold nanorod can be constructed from both the linear and

Figure 2. Experimental TPL images where the brightest rods, indicated by the colored dashed boxes, are in resonance. The images are taken at λ =
800 nm excitation wavelength with polarization along the rods axes (horizontal), as indicated. The rods increase in length L from 50 to 1220 nm, as
indicated, and are arranged in three arrays (separated by the vertical black dashed lines) that were scanned at different laser powers: 0.185, 0.208, and
0.255 mW from left to right, respectively. The particle marked with the cross is damaged.

Figure 3. (a) Integrated experimental TPL intensity vs antenna length L for excitation at λ = 750 nm (black dots) and λ = 825 nm (gray squares)
reveals the resonant antennas (dashed lines) at the different plasmon modes. (b) The resonance wavelength vs L plot shows the expected linear
behavior. Good agreement is observed between linear extinction (full circles) and nonlinear TPL resonances (open diamonds). Full black lines:
linear fits to the extinction data. Vertical dashed lines indicate the rod lengths depicted in Figure 4. (c) Dispersion curves showing resonant energy vs
mode wavenumber k, defined as k = πl/L, bend away from the light line, indicating a surface plasmon mediated process. Open symbols: TPL, colored
lines: extinction. Straight solid and dashed lines show the light line in vacuum and in n = 1.524 medium, respectively. Black dots: calculated plasmon
dispersion of an infinite wire with same cross-sectional geometry as the nanorod antennas.
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nonlinear measurements, as shown in Figure 3c. The SPR
wavenumber k = 2π/λp, with λp the SPR wavelength, is defined
as k = πl/L, resulting from the geometrical condition of a
standing wave in the antenna cavity.53,54 Here, L is the antenna
length and l the mode index that was determined from Figure
3a. Open symbols correspond to the experimental TPL
resonance data shown in Figure 3b, while lines represent the
experimental linear extinction spectroscopy data. The straight
black solid and dashed lines in Figure 3c are the light lines in
vacuum and in a glass medium with refractive index n = 1.524,
respectively. Solid circles represent the calculated mode
dispersion of propagating surface plasmon polaritons (SPPs)
in an infinite wire with the same cross-sectional geometry as the
nanorods. Both the experimental cavity mode dispersion and
calculated SPP dispersion bend to the right of the light line at
larger wave numbers illustrating the subwavelength nature of
surface plasmons. This excellent agreement between the
dispersion curves further demonstrates that the experimentally
observed TPL contrast is indeed mapping plasmonic modes in
the nanorod antennas and so justifies the standing wave
description of the antenna modes.55

We can now take a closer look at the TPL images in Figure 2
where different nontrivial TPL intensity distributions can be
distinguished for the different SPR mode orders. Figure 4 gives

a more detailed analysis of this observation. Four different
antenna lengths at their TPL resonance wavelengths are shown.
The associated mode orders are extracted from Figure 3b
(dashed lines). On the right of Figure 4, the corresponding
TPL intensity line scans through the middle of the antennas are
shown, as well as an SEM image. The white dashed lines and
black and red boxes indicate the antenna edges. An accurate
calibration of the experimental scan dimensions is obtained
from the well-defined pitch of the antenna arrays. The most

notable observation here is the fact that for odd order modes (l
= 1, 3, and 5) the TPL maxima are located within the
boundaries of the nanorod, while outside for the even parity
modes (l = 2 and 4), marking a clear signature of the mode
parity.
To correlate the TPL intensity distribution directly with the

near-field distribution of the plasmonic nanostructures,
considering the quadratic power dependence, usually the TPL
signal is compared with the |E|4 field maps of the plasmonic
system. Nonetheless, the diffraction limited spatial resolution
requires that comparison should at least be made through a
convolution of the field maps with the Gaussian intensity
profile of the incident laser beam.31 For the l = 1 and 3 modes
(black and blue curves, respectively), the single central TPL
hotspot could be explained by the limited spatial resolution of
the experiment. Indeed, convoluting the modes’ near-field
distributions shown in Figure 1c with the Gaussian excitation
profile will result in a single peak. However, for the l = 2 and 4
modes (red and green curves, respectively), two clear maxima
exist outside of the antenna. Since near-field decay lengths and
enhancement factors do not significantly depend on the
antenna mode parity (see Figure 1c), the resulting TPL maps
can not properly be described by a mere Gaussian convolution
of the |E|4 mode maps shown in Figure 1c.
To obtain a more detailed and accurate description of the

light−matter interaction in the TPL process, we simulate the
system for each scan location of a Gaussian light beam
excitation and integrate the near-field intensity inside the metal
(Figure 5).32,56 As such, the contribution of the phase-

retardation induced by the localized excitation is taken into
account in the light-antenna coupling efficiency. Since we are
interested in a surface plasmon mediated two-photon
absorption process, for our analysis, we assume that the
luminescence originates only from absorbed plasmon excita-
tions in the metal. The absorption of an excited surface
plasmon is proportional to ∫ V|E|

2, where V is the antenna
volume. A two-photon absorption process will therefore be
proportional to (∫ V|E|

2)2.32

Figure 4. Experimental TPL images for the five lowest order antenna
modes (left) with horizontal cross-sectional scans through the center
of the bright spots on the right. The nanorod boundaries are indicated
with the white dashed lines in the TPL images and the red and black
boxes in the graphs. TPL maxima are observed inside the rods for odd
modes, while outside for even modes. SEM images of the
corresponding antennas are shown in the background.

Figure 5. (a) Simulated (∫ V|E|
2)2 intensity profiles corresponding to

Figure 4 accurately reproduce the experimental results. Colors indicate
the SPR mode order. The box indicates for each panel the nanorod
size. (b) (∫ V|E|

2)2 spectra corresponding to (a) for excitation at dashed
line: the center of the nanorod (x = 0 nm), and full line: off-center
with position x = 400, 450, and 500 nm for L = 320, 720, and 920 nm,
respectively.
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The simulated (∫ V|E|
2)2 profiles corresponding to Figure 4

are shown in Figure 5a. They accurately reproduce the
experimental results. Note that the simulations only take the
excitation path of the TPL process into account. The good
agreement with the experimental maps therefore indicates that
the experimentally observed characteristic TPL features are not
determined by the collection path, but by the excitation
efficiency.31

For the shortest rods in Figures 4 and 5, the two TPL
maxima located outside of the rods for the l = 2 and 4 modes
can now be explained as follows. Their even parity dictates that
these modes will not couple to a normal incident plane wave or
a symmetric dipolar excitation.38,39 The result is a low TPL
signal excited by the focused laser spot positioned in the center
of the rod. Since the l = 1 mode has a low quality factor, its tail
will have a small spectral overlap with the l = 2 mode,
preventing the signal from completely dropping to zero for l =
2. For the spatially confined field of the laser, the dipole
approximation no longer holds and when moving the laser
away from the center of the rod, the symmetry of the system is
broken. Now coupling to the even order SPR modes is allowed
through phase-retardation, giving rise to the observed gradual
increase in the TPL signal. The signal intensity increases until
an optimum phase-matching and coupling efficiency is reached.
Remarkably, this optimum is reached when the laser is
positioned outside of the antenna boundary, up to ∼200 nm
for L = 320 nm and ∼140 nm for L = 720 nm, where the near-
field has already strongly decayed.
For the longer antenna of length L = 920 nm (bottom graphs

in Figures 4 and 5), also the odd l = 3 (blue) and 5 (pink)
modes show two maxima. This observation could be
interpreted as the dominant |E|4 maxima at the rod edges
(see Figure 1c) that start to be resolved as the rod length
increases. Another way of interpreting this edge effect is by
considering the antenna as a long nanowire which is most
efficiently excited at its edges.57 Nevertheless, these odd mode
TPL maxima are located within the antenna boundaries, in
strong contrast to what is observed for the even modes.
The spectral dependence of (∫ V|E|

2)2 is shown in Figure 5b,
revealing the spectral position of the modes in (a). Dashed
curves correspond to a symmetric excitation located at x = 0
nm, hence, not exciting even parity modes, while the full curves
are taken at the position of the TPL maxima at the antenna
edges. The symmetry breaking introduced by moving the
excitation off-center in the latter case allows coupling to the
even modes. The spectra further indicate that the modes have
only a weak spectral overlap, allowing their respective TPL
maps to be easily distinguishable experimentally.
In conclusion, we have established a clear link between

higher order surface plasmon resonances and two-photon
absorption in gold nanoantennas by constructing a plasmon
dispersion curve based on nonlinear TPL scanning laser
microscopy measurements. An excellent match with the
antennas’ plasmonic modes obtained by linear extinction
spectroscopy was found. Additionally, a clear signature of the
mode parity was observed in the TPL images. TPL intensity
maxima were found to be located within the antenna
boundaries for odd modes, while outside for even order
modes. The experimental maps could be reproduced by the
square of the integrated field intensity enhancement inside the
antenna, calculated at every position of the Gaussian excitation
beam using FDTD simulations. Convolution with the antenna’s
near-field distribution does not give a proper description of the

TPL process in the case of even parity modes where retardation
effects by symmetry breaking of the illumination strongly affects
the light-antenna coupling and, hence, SPR excitation
efficiency. Our findings suggest that the nature of the surface
plasmon modes in metal nanoparticles can play a crucial role in
the optimization of plasmon-enhanced nonlinear optics, where
even parity modes present interesting possibilities due to their
zero net dipole moment and related radiative properties.
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R.; Sańchez-Gil, J. A. Fano-Like Interference of Plasmon Resonances
at a Single Rod-Shaped Nanoantenna. New J. Phys. 2012, 14, 023035.
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