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Plasmonic nanoantennas emit two-photon photoluminescence, which is much stronger than their sec-
ond harmonic generation. Unfortunately, luminescence is an incoherent process and therefore gener-
ally not explored for nanoscale coherent control of the antenna response. Here, we demonstrate that,
in resonant gold nanoantennas, the two-photon absorption process can be coherent, provided that the
excitation pulse duration is shorter than the dephasing time of plasmon mode oscillation. Exploiting
this coherent response, we show the pure spectral phase control of resonant gold nanoantennas, with
effective read-out of the two-photon photoluminescence. © 2018 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5051381

Metal nanostructures driven at optical frequency display
coherent charge density oscillations of conduction electrons:
plasmon modes with resonances determined by the dispersion,
shape, and size of the nanostructure. The plasmon resonances
concentrate the electromagnetic field in subwavelength hot-
spots, which is widely explored to enhance the fluorescence'
and Raman scattering response of molecules.*> The nano-
structures emit the enhanced response with modified rates
and in specific directions, thus acting as true nanoantennas.
Beyond an enhanced amplitude, the electromagnetic field of
the antenna resonance exhibits an intrinsic phase response, in
space and time.® The subwavelength amplitude-phase feature
allows the nanoscale coherent control of the nanoantenna and
manipulation of the light-matter interaction at the nanoscale,
to boost non-linear processes for the development of nano-
scale devices. Unfortunately, owing to intrinsic metal losses,
it is challenging to observe the coherent response of plasmons,
as they are typically short-lived. The typical dephasing times
for Au and Ag nanostructures vary from below 10 fs to few
tens of femtoseconds.”®

In pioneering theoretical papers, Stockman and co-
workers”'? proposed the use of tailored phase modulation of
excitation femtosecond pulses to control the spatial distribu-
tion of optical fields in nanostructures, provided that the
excitation time is ensured to be shorter than the dephasing
time. Aeschliman e al.'' showed the control of the optical
near field in the vicinity of silver nanostructures by means of
two photon Photo-Emission Electron Microscopy (PEEM)
and adaptive modulation of the excitation polarisation of
femtosecond pulses.

For the best performance of a nanoscale plasmonic
device, an all-optical control scheme is preferred. The con-
trol of light with light, exploiting nanostructures as a
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platform, has been shown by many groups. For example,
Novotny and coworkers'? proposed the control of intensity
and direction of scattered light from a nanowire by adjusting
the coherent interaction between the polarization currents
generated by linear and second harmonic scattering. Sukharev
and Seideman,'® showed the control of energy transport in a
chain-structure of nanoparticles, adjusting polarization and
phase between transverse and longitudinal plasmonic modes,
while Papoff et al.'* proposed to use the phase between the
excitation field and the generated multiphoton signal to con-
trol absorption and scattering in nanospheres. Following the
early proposal by Stockman and co-workers”'? several groups
modelled the response of nanoparticles to ultrafast broadband
lasers. Gray and coworkers'> calculated the spatiotemporal
control of localised electromagnetic field hotspots on nano-
wire and nanocone systems with respect to the sign of the
chirp of excitation laser pulses. Scherer and coworkers'® dem-
onstrated the generation, control, and focussing of plasmonic
wave packets in silver nanowire systems, while Hecht and
coworkers'’ calculated the deterministic spatiotemporal con-
trol of nano-optical fields in two wire plasmonic nanocircuits
and asymmetric nanoantennas. The first ultrafast experimental
optical coherent control was presented by Kubo e al.'® show-
ing spatiotemporal dynamics of propagating plasmons at
the sub-femtosecond timescale using PEEM for nanoscale
imaging, a technique picked up by several others.'”' The
Zentgraf group®” showed an all-optical control of a coupled
plasmonic structure, controlling the phase between two com-
petitive channels. Recently, the Lienau group™ presented
broad-band spectral interferometry at different spatial posi-
tions of a slit-groove structure to reconstruct the dispersion of
the surface plasmon upon propagation. The Imura group*
demonstrated plasmonic wavepacket interference of two
simultaneously launched higher-order plasmon modes in a
long gold nanorod, using ultrafast near field microscopy, and
they reported local variation of intensity on a rough gold film,
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due to interference of local excitations by control of the linear
phase modulation of the excitation pulses.”> Yet despite pro-
gress on detection and control of phase on propagation, a sys-
tematic, true optical coherent control on a fundamental dipole
plasmon mode remains challenging due to the very short
dephasing time of the plasmon oscillation in the 25 fs range.
In this work, we address this ultrashort timescale demonstrat-
ing the coherent response. Next, we show the development of
the plasmonic phase control while extending from short to
longer timescales beyond the dephasing time.

In the optical domain, both second harmonic generation
(SHG) and two-photon photoluminescence (TPPL) are
widely used non-linear responses to characterize the resonant
plasmon modes in nanoantennas. Although intrinsically
coherent, the SHG response of individual nanoantennas is
usually weak, which makes it challenging to perform phase
control by detecting SHG on single nanoantennas. On the
contrary, the incoherent TPPL response is one to two orders
of magnitude stronger than SHG. It is well-known that the
strong local field enhancement due to resonances contributes
to the enhanced TPPL.?%28 Thus, TPPL is a very suitable
non-linear optical read-out method to probe nanoscale
responses.

We investigated the time and phase response of TPPL of
Au nanoantennas. An array of Au nanoantennas (each 50 nm
in width, 50 nm in height, and length increasing from 50 nm
to 300nm) were fabricated with electron beam lithography
on a glass coverslip with a 10 nm thin indium tin oxide adhe-
sion layer. As a reference, we detected the SHG response of
commercially available non-resonant BaTiO3 nanoparticles
(Sigma-Aldrich), dissolved in ethanol and drop-casted on a
coverslip to obtain sparsely distributed nanoparticles on an
area. The excitation source was a broadband titanium-
sapphire laser (Octavius 85M, Menlo Systems) with a band-
width of ~100 nm and a Fourier-limited pulse duration of 10
fs at a central wavelength of 790 nm. The experimental setup
is sketched in Fig. 1(a). The laser excites individual nanopar-
ticles at the focus of a high numerical aperture objective
(Zeiss Axiovert 200, Zeiss Plan Apochromat 100x 1.46 Oil
Objective). An avalanche photodiode (APD) or a spectrome-
ter equipped with an electron multiplying CCD camera
(Andor) collects the TPPL/SHG signal. A 4f pulse shaper in
folded geometry equipped with a spatial light modulator
(640 pixels, CRi, adapted from MIIPS box, Biophotonics
Solutions, Inc.) exerts the spectral phase control. A MIIPS
pulse compression scheme, detecting SHG of BaTiO5; nano-
particles at the microscope focus (procedure described else-
where®®), is applied to ensure that the laser pulses are free of
phase distortion in the excitation confocal volume.

First, to identify the nanoantenna resonance, an Au nano-
antenna sweep array (50-300nm in length) was imaged, with
the exciting laser polarized linearly along the long axis of the
individual nanoantennas, at an average power of 60 kW/cm? in
the diffraction-limited spot, collecting the spectrally integrated
TPPL signal in the epi-fluorescence mode with 670 and 680 nm
short-pass in front of the APD. We used a 458 nm long-pass fil-
ter to make sure that we reject the contribution of SHG. Figure
1(b) shows the TPPL image of the 50 um x 50 ym nanoantenna
array. We find that for the 790nm central wavelength, the
resonant Au nanoantenna length is 140nm, with a length
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FIG. 1. Tuning the antenna resonance: (a) 15 fs pulses from a Ti:S laser are
shaped with a 4f shaper and directed to the confocal sample scanning micro-
scope. The two-photon response of a chosen antenna in an array is collected
in the epi-confocal mode with a photocounting avalanche photodiode (APD)
or spectrometer. (b) TPPL image of an array of Au nanoantennas with the
increasing length from 50 nm to 300 nm. (c¢) TPPL response shows the dipole
resonance at an antenna length of 140 nm.

distribution of ~70 nm (FWHM) [Fig. 1(c)], in agreement with
theory and earlier reports.?’

Next, to investigate the power dependence of the TPPL,
we measured the two-photon emission spectra in the spectral
range of 370-650 nm, as the excitation power of the Fourier
limited pulse was varied from 0 to 60kW/cm® (average
power). The line plot in Fig. 2(a) shows the full TPPL spec-
trum of a single resonant Au nanoantenna. One can also
identify the weak and narrow SHG spectrum in the range of
370nm—440nm. Subsequently, we built a complete two-
photon power spectrogram, average of many measurement
cycles, which shows the evolution of the spectral response of
both SHG and TPPL with the variation in excitation power
[Fig. 2(b)]. To derive the power dependence, the collected
spectrograms were fit with a power law [,,, = all’jl, where [,
and /,,, are the input and output powers, respectively, with a
spectral resolution of 6 nm. Figure 2(c) shows the fitted val-
ues of the power law exponent b as a function of the detected
wavelength. The plot confirms the strict quadratic power
dependence of SHG spectral response. The average power
dependence of the TPPL is b =2.25, which confirms that the
TPPL is dominated by two-photon absorption, with only
minor contributions from higher order absorption processes.

Next, we investigate the phase response of the TPPL.
We start with a basic phase control experiment: increasing
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FIG. 2. Nonlinear optical response of a resonant antenna. (a) Two-photon
spectrum of a nanoantenna showing the spectral range of SHG and TPPL.
(b) Evolution of the full two-photon spectrum for a sweep of input power
from 0 to 60kW/cm?. (c) Spectrally resolved fit values for the power law
exponent shows that the SHG is strictly quadratic, while the TPPL is slightly
higher with an average power dependence of 2.25.

the second order dispersion of the excitation laser pulse from
its shortest possible duration—the transform limit—to a
given longer pulse duration and collecting the corresponding
two-photon signal. The spectral phase of a broadband laser is
generally written as a Taylor series with respect to the cen-
tral frequency g of the laser

1
9 =0+ oM (- 00)+50%(@-w) D)

where ¢(©) gives the absolute phase of the laser pulse enve-
lope, 1) gives the linear phase, and go(z) gives the magni-
tude of the quadratic variation of the spectral phase of any
given frequency component @ in reference to wy. The first
term is the absolute phase, while the second term, in the time
domain, allows controlling the delay between the frequency
components with respect to wg. Both have no effect on the
temporal properties of the pulse, and hence, we concentrate
on the quadratic phase term qo(Z), also called the second order
dispersion. A positive value of q)(z) implies that in the time
domain, the frequency increases with time and that the
“blue” components of the spectrum come after the “red”
components and a negative value implies vice versa. Also,
with a given magnitude of the second order dispersion, the
temporal width of the pulse changes, and from the Fourier
relations, it can be shown that, for a transform limited laser
pulse length t, with a Gaussian spectral profile, for a given
@(2), the resulting pulse duration t,,, is given by
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It has to be noted that, in our experiment, following the
pulse compression, the “compensation phase mask” applied
will result in a nearly zero phase across the full excitation
laser spectral range for diffraction-limited laser pulse at the
sample volume.”® Controlled second order dispersion was
then sequentially added on top of this compensation spectral
phase by sending appropriate voltage masks to the spatial
light modulator. In our measurements, we used 301 phase
masks with (p<2) from 0 to 5000 fs” keeping the pulse energy
constant. First, we performed this second order dispersion
scan on the BaTiOj nanoparticle reference sample, detecting
the SHG response. We chose the BaTiO3 nanoparticle as it is
non-resonant within our laser spectral range, and hence, the
particle phase has no effect on the spectral phase of the exci-
tation laser field and the particle is not affected by resonant
spectral narrrowing.®?® Figure 3 shows that the SHG
response with respect to pulse duration is proportional to
7~!, as expected for a two-photon coherent process and con-
stant pulse energy.?*** A similar pulse stretch measurement
on TPPL of Au nanoantennas shows a peculiar response. We
observe that for long pulses, the TPPL response decreases
proportional to t~! similar to the SHG. At shorter pulses, the
TPPL deviates to a plateau around ~500 fs pulse length. A
similar plateau was observed by Biagioni and coworkers®'~?
for pulse duration t <1 ps and was attributed to the lifetime
of the intermediate state involved in the sequential 141
photon absorption mechanism observed in gold nanostruc-
tures.?® However, here beyond the plateau, we observe a
~77% increase in TPPL intensity as the pulse duration is fur-
ther shortened from 100 fs down to 15 fs. The TPPL is domi-
nated by quadratic power response, and thus, higher order
multiphoton absorption cannot explain this increase for short
pulses. We attribute the increase in TPPL response in the
very short pulse duration regime to the contribution of
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FIG. 3. Response on extending the pulse duration. Two-photon response
with the increasing excitation pulse duration for SHG and TPPL. The SHG
decreases with a slope of —1. In contrast, the TPPL exhibits a plateau for
short pulses. The inset shows the laser spectrum and the quadratic spectral
phase applied to stretch the laser pulse from its Fourier limit.
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coherent plasmon oscillations, as the onset of the coherent
! response, which becomes relevant on these timescales.
Our experiment suggests that TPPL, regarded as an incoher-
ent process, develops a phase response on the timescales
faster than the dephasing of the plasmon resonance. We ver-
ify this by pure phase control.

Finally, we perform a phase control experiment on the
TPPL response, within the plasmon dephasing time. A coher-
ent two-photon excitation is readily turned from constructive
into destructive interference by a m-phase flip in one of the
two excitation steps. With this in mind, we added a static 7-
phase step at the central frequency @y in the laser spectrum,
in addition to the second order dispersion. In fact, such a
n—phase step has been previously used to effectively control
various nonlinear optical processes in various systems.>> The
combination of the 7 step and gom means that, in addition to
the excitation pulses getting stretched temporally, there is a
7 phase difference between blue and red halves of the laser
spectrum, i.e., between the collective two-photon pairs con-
tributing to the two-photon absorption process. Any phase
response that exists depending on the excitation pulse dura-
tion would reveal its signature on applying such a spectral 7-
step. The spectral n-phase step is defined as ¢, = %sign(Q),
where Q =  — wp and sign(Q) takes values —1 and +1 with
respect to wy. The sum of [Eq. (1)] and the step-function will
then form the effective phase mask for this experiment. In the
spectral domain, the SHG spectrum S(2w) can be calculated
by convoluting the excitation spectrum against itself, spread
over the entire two-photon spectral range

SQw) = HyE wo + Q)||E(wy — Q)|

2

x exp{ilp(wo + Q) + p(wy — Q)]}dQ| . (3)
With the effective phase inserted into Eq. (3), the SHG spec-

trum S(2w) is given by

SQw) = H]E wo + Q)| |E(wy — Q)|

2

@)
x exp{i [@T Q) + gsign(Q)} }dQ &)

From Eq. (4), the integrated intensities / for varying »? and
(p(2)+ ¢, can be deducted. We define the relative difference
between [ o and / PRE T the intensities using chirped laser
pulses with and without a © step mask, respectively, as the
coherent contrast f§ as follows:

Lo — 1,0
[ [ )
— LA 5
P (5)

We then determine the TPPL phase response on resonant Au
nanoantennas of 140 nm length and compare to the SHG ref-
erence on the non-resonant BaTiO5 nanoparticles. The 7 step
was fixed at 790 nm, the central frequency () of our laser
spectrum. We varied the second order dispersion from O to
2000 fs®. Figure 4 shows the results. For SHG, at the Fourier
limit with (p(z) = 0, the coherent contrast f§ is 56% and as the
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FIG. 4. The coherent contrast § of TPPL and SHG on extending the pulse
duration. The TPPL contrast decreases and reaches zero at a second order
dispersion of 200 fs?, which is around 50 fs pulse duration. The SHG shows
strong contrast for any pulse length and cross zero at 250 fs?. The inset
shows the spectral phase of a simple quadratic phase (¢,) and with a spectral
7 phase step on top of it (¢,,).

second order dispersion is increased,  drops until it crosses
the zero level for (p<2) = 250 fs>. This means that for a partic-
ular value of qo<2), the effective integrated SHG signal
detected does not recognise the difference between (p<2) and
(p(2)+q)n; the second order dispersion cancels the effect of
the © step. We define this phase as the crossover phase ¢,.
From this zero crossing point, as we go increasing (p<2) fur-
ther, f flips its sign. One notices that, beyond ¢, the f§ value
stays relatively constant at ~—20% with a slight oscillatory
trend. The experimental data nicely agree with the calculated
expected response of SHG. In general, ¢, will also depend
on the position of the step function in the laser spectrum.
The most interesting observation here is the difference in 8
between TPPL and SHG. At the transform limit, Srpp; is
~25%, non-zero and about half of fgy;. Thus, the TPPL
does respond to pure phase control, confirming the coherent
nature of the short-pulse onset observed in Fig. 3. On
1ncreasmg q) ﬂTPPL diminishes rapidly, to reach zero at
~200 fs?, correspondmg to an ~50 fs pulse length, and
maintains at zero for longer pulses. This clearly demonstrates
the differences in the coherent response between TPPL and
SHG. TPPL shows coherent response on a very short time-
scale within the decoherence time, until which the plasmon
oscillations preserve some phase memory. Beyond 50 fs, the
temporal length of the excitation laser pulse becomes unable
to coherently drive the plasmon oscillations. We modelled
this response, introducing a decoherence term into Eq. (4), to
take into account the dephasing time of the plasmons in the
gold. From the fit to the data in Fig. 4, we extracted a deco-
herence time of ~30 fs, which is of the same order of the
values reported in the literature in similar systems.”®
Beyond this timescale, the two-photon excitation process in
Au nanoantennas becomes dominated by the intermediate
state dynamics, which has a lifetime of ~600 £, 3134

We have presented the pure phase control of the non-
linear response of a resonant gold nanoantenna. By
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combining the quadratic chirp phase and the w-step phase on a
10 fs Fourier-limited pulse, it is possible to distinguish and dif-
ferentiate a true coherent process from a time-dependent coher-
ent process. We show that the broad-band two-photon
photoluminescence can be coherently excited and controlled
by the spectral phase, provided that the excitation pulse is short
enough compared to the plasmon mode decoherence time of
~30 fs. Our method is effective to determine dephasing times
and phase control contrast in nanoplasmonic systems, with
application in nanoparticle labelled two-photon imaging.
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