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Individual nanometer-sized plasmonic antennas are excited resonantly with few-cycle laser pulses in
the near infrared. Intense third-harmonic emission of visible light prevails for fundamental photon
energies below 1.1 eV. Interband luminescence and second harmonic generation occur solely at higher
driving frequencies. We attribute these findings to multiphoton resonances with the d-band transitions of
gold. The strong third-order signal allows direct measurement of a subcycle plasmon dephasing time of
2 fs, highlighting the efficient radiation coupling and broadband response of the devices.

DOI: 10.1103/PhysRevLett.103.257404

Metal nanoantennas [1,2] have recently been demon-
strated to work as optical analogues to their ubiquitous
counterparts at radio and microwave frequencies. They
have been used to couple visible radiation to single nano-
scopic light emitters such as semiconductor quantum dots
[3] or molecules [4]. Although the linear response of
optical antennae has been investigated in detail [5-8], little
is yet known about their nonlinear properties. Emission
attributed to coherent supercontinuum and high harmonics
generation [1,9], as well as incoherent two-photon photo-
luminescence [2,10] have been observed. Up to now, ex-
periments were performed by exciting nanoantennae with
ultrashort laser pulses originating from Ti:sapphire lasers
operating at photon energies around 1.5 eV. Typically,
large arrays of antennas have been employed to overcome
small conversion efficiencies. In this work, we exploit
ultrabroadband Er:fiber technology delivering tunable la-
ser pulses in the few-cycle regime [11] to investigate single
gold nanoantennae under excitation in the near infrared.
We observe a variety of strong nonlinear signals in the
visible spectral range. The efficiencies depend critically on
the photon energy of the excitation.

Well-defined arrays of linear, bowtie, and elliptically
shaped structures are fabricated via electron beam lithog-
raphy on fused silica substrates. The thicknesses of the
gold film, chromium adhesion layer, and dielectric sub-
strate amount to 40 nm, 2 nm, and 170 wm, respectively.
Antenna size and gap dimensions are systematically
varied. The data featured here represent fundamental
phenomena observed for all antenna geometries under
investigation.

Our femtosecond Er:fiber system operates at a repetition
rate of 40 MHz. It delivers pulses of a duration of 7.8 fs
with a spectral bandwidth extending from 0.85 to 1.4 eV
[11]. To single out individual nanoantennae, we focus to a
spot diameter of 2 um via all-reflective optics, minimizing
dispersion and achromatism. The linear polarization of the
excitation is set parallel to the main antenna axis. The
emission is collected in transmission geometry with an
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objective lens of a numerical aperture of NA = 0.55.
Antenna samples may be raster scanned relative to the
confocal region with a piezoelectric translation stage.
Figure 1 shows the spectrally integrated visible emission
as a function of lateral position in an array of 48 linear
nanoantennae of varying arm length / and feed gap g. We
excite with the ultrabroadband spectrum centered at a
wavelength of 1.2 um and an average intensity set to
0.6 MW /cm?. Note that the blue light emanating from
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FIG. 1 (color). Spectrally integrated nonlinear emission from
48 individual linear gold antennae of different arm length / and
feed gap g. The arm width w is kept constant at 60 nm. Lateral
and vertical distances between antennas are set to 4 um and
3 pum, respectively. The nanostructures are raster scanned
through the focus of a 7.8-fs laser pulse with a spectrum
extending from 0.85 to 1.4 eV. The visible intensity is depicted
in a color scale as a function of position. The dashed line is a
guide to the eye illustrating the regions with antennae in reso-
nance with the driving field. Inset: schematic drawing of the
antenna geometry studied in this data set.
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individual nanoantennae is easily visible with the bare
human eye [12]. The average power generated by the
brightest devices is in the order of 0.7 nW. For structures
with feed gaps wider than g = 40 nm, high emission in-
tensities are observed when the excitation bandwidth in-
cludes wavelengths corresponding to a quarter of a single
antenna arm, i.e., for [ = 300 nm [6,7]. As soon as the two
arms begin to couple electrodynamically for feed gaps g
around 40 nm, the redshift of the dipole resonance [13]
leads to resonant conditions at shorter overall antenna
lengths (see dashed line in Fig. 1). This shift finally evolves
into the A/4 resonance of a single rod at the onset of close
contact of the two antenna arms (nominal feed gaps g of
0 nm and 10 nm). The observation of this systematic
behavior in the antenna array demonstrates the quality of
the fabrication process and the reproducibility of our
structures.

To spectrally resolve the radiation from each nanoan-
tenna, we use a monochromator and a Peltier-cooled CCD
camera. Figure 2 depicts a typical nonlinear emission
spectrum from a single bowtie resonant device excited at
a pump intensity of 0.5 MW/cm?. We observe strong
third-harmonic generation (THG) together with a weak
second harmonic signal (SHG). The spectral positions of
THG and SHG point to the same fundamental frequency
determined by the plasmon resonance of the metal nano-
structure in the near infrared. We find a cubic and quadratic
dependence of the emission intensity on excitation power
for the THG and SHG, respectively. The high intensity of
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FIG. 2. Typical nonlinear emission spectrum from a single
gold optical antenna excited with the total bandwidth of the
7.8-fs pulse. SHG: second harmonic generation, TPPL: two-
photon photoluminescence, THG: third-harmonic generation.
Inset: scanning electron microscope image of the antenna. A
bowtie-shaped geometry is featured in this figure which is
composed of two opposing nanotriangles (triangle height:
390 nm, triangle base: 360 nm, gap: 60 nm).

the third harmonic may be attributed to the strong x®
nonlinearity of Au [14]. The smaller efficiency for SHG is
consistent with the centrosymmetric character of bulk gold
and fused silica [15]. In the forward direction, frequency
doubling might occur solely due to hyper-Rayleigh scat-
tering at surface imperfections [16]. Most likely, the SHG
we observe is due to excitation of nonlocal electric dipole
and local electric quadrupole modes [17] or electromag-
netic effects in the confined plasma system [18]. In our
geometry, these components get collected due to the high
numerical aperture of our detection optics.

To elaborate the microscopic origin of the nonlinear
emission components we tune the photon energy of the
pump while keeping the antennas resonant by proper con-
trol of geometry: A strong third-harmonic emission is ob-
served for excitation with a 20-fs laser pulse centered at
1 eV [Fig. 3(a)]. When the driving pulse contains photon
energies beyond 1.1 eV, we obtain a signal at the second
harmonic frequency [see Fig. 3(b)]. At the same time, the
SHG peak develops a low-energy shoulder. We attribute
this feature to two-photon photoluminescence (TPPL).
This component is known from experiments with
Ti:sapphire lasers [2,19]. It has been used previously to
map the electric field around single metal nanoantennas
[10]. A tentative explanation for the drastic change of the
dominating nonlinear process when tuning the excitation
above 1.1 eV is motivated by the synchronous appearance
of SHG and TPPL: As long as the photon energy is too low
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FIG. 3 (color). Nonlinear emission from resonant gold nano-
antennas depending on excitation photon energy. (a) Third-
harmonic emission (THG, blue line) of a linear device with
arm length / = 320 nm, width w = 60 nm and feed gap g =
40 nm, excited with a pump spectrum (EXC) confined below
1.1 eV (dashed red line). (b) The two-photon photoluminescence
(TPPL) and second harmonic generation (SHG) from a specimen
with / = 240 nm, w = 60 nm and g = 40 nm, excited with a
pump photon energy above 1.1 eV (magenta dashed line) is
depicted as a green line. The peak spectral intensity of the TPPL/
SHG signal is weaker by a factor of 19.5 as compared to the
THG emission in (a). (¢) and (d) Sketches of the band structure
of gold illustrating the relevant pump and emission processes for
the conditions in (a) and (b), respectively. Arrow lengths indicate
photon energies in excitation (up) and emission (down). Colors
correspond to the processes indicated in (a) and (b).
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to induce two-photon transitions of electrons out of the
d-bands across the Fermi energy and into the empty states
in the sp-type conduction band, the antenna response is
dominated by the strong third-order nonlinearity and a
clean THG signal is emitted. This situation is sketched in
the band structure scheme of Fig. 3(c). As soon as the two-
photon resonance of the d-band transition is reached, TPPL
sets in and at the same time, second-order nonlinear effects
may be resonantly enhanced [see Fig. 3(d)]. Interestingly,
the THG emission from single antennae becomes hardly
discernible for pump photon energies beyond 1.1 eV,
although it falls well into our detection window [see
Fig. 3(b)]. The explanation for this behavior may be found
in a combination of two effects: (i) THG may be en-
hanced at lower driving frequencies due to a three-photon
resonance with the d-band transitions of bulk Au [see
Fig. 3(c)]. (ii)) The two-photon resonance occurring at
shorter pump wavelengths [Fig. 3(d)] may render the
third-order nonlinear response predominantly imaginary,
effectively quenching THG which is linked to the real part
of x©.

The efficient THG emission we find for pump photon
energies below 1.1 eV is now exploited to directly measure
the ultrafast plasmon dephasing time of a single nano-
antenna. To this end, we excite collinearly with two iden-
tical transients derived from a Mach-Zehnder inter-
ferometer and record the emitted THG signal as a function
of time delay between the pulses. Frequency-resolved
optical gating (FROG) measurements [20-22] are per-
formed with the spectrometer and the CCD camera. To
achieve the highest time resolution available combined
with an unchirped driving field, we restrict the spectrum
of the excitation pulse to the region where it features a flat
phase relationship. This strategy results in a temporal
duration close to the bandwidth limit and a clean pulse
shape. We characterize the transient by recording a FROG
trace from the nonresonant signal generated with the bare
fused silica surface next to the antenna structure. Fig-
ure 4(a) shows the emitted THG intensity color coded as
a function of delay time and frequency position. The
interference fringes due to the collinear geometry were
removed via Fourier filtering. Careful FROG analysis
[23] yields a pulse duration of 9.8 fs, a spectral bandwidth
of 51 THz and a carrier frequency of 248 THz, equivalent
to a central wavelength of 1210 nm. The accuracy of our
characterization is demonstrated by the close coincidence
of the measured third-harmonic autocorrelation (dotted
line in Fig. 4(c)] with the trace calculated from the ampli-
tude and phase spectra obtained via FROG (red line in
Fig. 4(c)]. With exactly the same pump pulse we now
resonantly excite an elliptical Au nanoantenna. The
Fourier-filtered FROG data are depicted in Fig. 4(b).
Note that the THG intensity is 2 orders of magnitude
higher than from the bare substrate. The spectral full width
at half maximum (FWHM) of the signal decreases from
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FIG. 4 (color). Dephasing of a single resonantly driven gold
nanoantenna: Fourier-filtered third-harmonic emission intensity
as a function of delay time and frequency for (a) the bare fused
silica substrate and (b) an elliptical gold nanoantenna (arm
length [ = 250 nm, width w = 100 nm, and feed gap g =
40 nm). Integrated emission spectra are depicted as white lines.
Interferometric third-order autocorrelation traces from (c) the
substrate and (d) the resonant antenna. Careful analysis and
comparison of the experimental data (dotted lines) with simula-
tions (red lines) yield a reference pulse duration of ¢, = 9.8 fs
and a plasmon dephasing time of 7,; = 2.0 fs.

31.1 THz in the nonresonant measurement of Fig. 4(a) to
26.5 THz for the antenna emission in Fig. 4(b). Corre-
spondingly, the temporal width of the spectrally integrated
third-order autocorrelation [dotted line in Fig. 4(d)] in-
creases significantly as compared to the instantaneous
response of the substrate [Fig. 4(c)]. To quantify the plas-
mon dephasing of the nanoantenna system, we fit the
interferometric autocorrelation by assuming a funda-
mental plasmon oscillator with an exponential damping
term and a perturbative third-order nonlinearity [24]. The
driving electric field is retrieved from the FROG trace in
Fig. 4(a). If this method is applied integrating over an array
of metal nanostructures, a lower limit for the individual
dephasing times is obtained due to the potential influence
of inhomogenous broadening [24]. In contrast, our study of
a single specimen gives direct access to the precise value of
the damping constant. The THG autocorrelation simulated
assuming a plasmon dephasing time of 2 fs is depicted as a
red line in Fig. 4(d). It is in excellent agreement with the
experimental result [dotted line in Fig. 4(d)]. By compari-
son with simulated autocorrelation traces for 1.5 fs and
2.5 fs dephasing times, we estimate the experimental error
of this measurement to be as small as £500 attoseconds.
The ultrashort dephasing of our antennae is clearly
dominated by radiation damping [25-27]. Note that a
damping time of 2 fs corresponds to less than an oscillation
cycle of the fundamental plasmon resonance of the antenna
of 250 THz. In the context of metal nanoparticles, it has
been argued that long plasmon dephasing times are a
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prerequisite for the occurrence of strong field enhancement
and efficient nonlinear optics [26,27]. Nevertheless, we
obtain an increase of the resonant nonlinear emission of
more than an order of magnitude as compared to off-
resonant driving (see Fig. 1). Obviously, the relevance of
long plasmon dephasing times for the efficiency of non-
linear processes is limited when working with optical
antennae. In fact, these are devices where radiation energy
is collected from a large cross-sectional area and funneled
into a small volume near the antenna gap where a strong
field enhancement arises. Since electromagnetic coupling
works in both directions, optimized antenna geometries
will always tend to come with relatively fast radiation
damping. Therefore, these systems are naturally compat-
ible with few-femtosecond optical excitation, providing the
efficient harmonics generation we find under resonant
conditions.

In conclusion, we have studied the nonlinear optical
properties of single gold nanoantennae driven with few-
cycle laser pulses in the near infrared. Intense third-
harmonic emission is obtained when exciting with funda-
mental spectra below 1.1 eV. At higher photon energies,
additional components corresponding to frequency dou-
bling and two-photon induced luminescence are observed
together with a fading of THG. We relate these findings to
the band structure of bulk Au, especially to a two-photon
resonance with the d-band transitions. A plasmon dephas-
ing as fast as 2 fs is directly measured in the time domain.
We expect the bright third-harmonic emission to originate
from a volume of a few (10 nm)? close to the feed gap of
our antennae. Therefore, they enable selective excitation
and sensitive probing of optical properties in nanoscale
spatial regions with femtosecond time resolution and ultra-
broadband spectral coverage. Consequently, such struc-
tures will be attractive tools for new classes of
experiments like femtosecond quantum optics with solid-
state single-electron systems [28]. Pumped with a few mW
from compact fiber lasers, the intensive and coherent
nanometer-sized light sources might also find technical
applications, e.g., in readout devices for ultrahigh density
optical data storage.
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