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Abstract: Coherent control is an ingenious tactic to steer a
system to a desired optimal state by tailoring the phase of
an incident ultrashort laser pulse. A relevant process is the
two-photon–induced photoluminescence (TPPL) of nano-
antennas, as it constitutes a convenient route to map
plasmonic fields, and has important applications in bio-
logical imaging and sensing. Unfortunately, coherent
control of metallic nanoantennas is impeded by their ul-
trafast femtosecond dephasing times so far limiting control
to polarization and spectral optimization. Here, we report
that phase control of the TPPL in resonant gold nano-
antennas is possible. We show that, by compressing pulses
shorter than the localized surface plasmon dephasing time
(<20 fs), a very fast coherent regime develops, in which the

two-photon excitation is sensitive to the phase of the electric
field and can therefore be controlled. Instead, any phase con-
trol is gonewhen using longer pulses. Finally, we demonstrate
pure phase control by resorting to a highly sensitive closed-
loop strategy, which exploits the phase differences in the ul-
trafast coherent response of different nanoantennas, to selec-
tively excite a chosen antenna. These results underline the
direct and intimate relation between TPPL and coherence in
gold nanoantennas,whichmakes them interesting systems for
nanoscale nonlinear coherent control.

Keywords: closed-loop control; coherent control; hot spot;
nanoantenna; spectral phase control; ultrafast.

1 Introduction

In the field of optics, coherent control refers to the capa-
bility of precisely tailored laser fields to actively manipu-
late the outcome of certain light–matter interactions by
exploiting the coherent properties of the system under
study. One common experimental implementation of
coherent controlmakes use of broadband phase-controlled
laser pulses to generate interference phenomena [1–6]. By
inducing constructive interference between the pathways
that connect the initial state to the desired final state and
destructive interference among those leading to unwanted
final states, the laser pulse actively steers the investigated
system towards the desired target. However, because
interference is strictly related to phase, this approach to
coherent control is only applicable to systems that retain
the phase information for a sufficiently long time, i.e. for a
time longer than the pulse duration [3, 4, 6]. In the coherent
control formalism, the characteristic time after which the
system loses its phase memory is called dephasing or
coherence time and is indicated with T2. The condition for
coherent control to be effective is thus that T2 > δ, where δ
represents the pulse duration. Systemswith T2 shorter than
the pulse duration are elusive to coherent control.

Optical nanoantennas aremetallic nanostructures that
support localized surface plasmon resonances (LSPRs) in
the optical or near-infrared spectral region. Light couples
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to the nanoantennas driving a LSPR confined to the
nanoantenna surface, providing control of the near fields
at subwavelength spatial scales [7]. Optical nanoantennas
are used to direct light emission [8–10], to change excita-
tion and emission rates in molecules [11–13], to improve
nonlinear optical effects [14] and as active elements for
sensing [15, 16]. Two-photon–induced photoluminescence
(TPPL) microscopy, in which an ultrashort laser pulse in-
duces two-photon excitation (TPE), is one of the most
commonly used techniques to map surface plasmons in
optical nanoantennas [17–19]. In recent years, the TPPL
from gold nanoantennas emerged as a promising contrast
mechanism for biological imaging and even for cancer
therapy [20–22]. The perspective of coherent control stra-
tegies to manipulate TPPL in gold nanoantennas by tuning
the phase of the laser pulse is attractive for optimal contrast
control.

Stockman et al. [23] and Stockman [24] first linked the
field of coherent control to the study of optical nano-
antennas with the objective of simultaneously achieving
nanometre and femtosecond control of optical fields.
Experimental demonstrations of such control principle
include: the phase and polarization manipulation of
nanooptical fields in the incoherent regime [25, 26]; the
simultaneous high space and time resolution imaging of
surface plasmon dynamics in the coherent and incoherent
regimes [27–33]; and the phase-dependent control of the
propagation of LSPRs through nanoparticle arrays caused
by different amounts of dispersion acquired in different
propagation directions [34, 35].

The TPPL in gold nanoantennas was studied by
Biagioni et al. [18] as a function of increasing chirp
applied to an ultrashort pulse. The observed lack of
change in the TPPL for pulses shorter than 100 fs was
interpreted as stemming from a two-step single photon
absorption involving an intermediate state, as also
shown in other works [36, 37]. In contrast, phase
dependence of the TPPL on a rough gold film was re-
ported [38], and such dependence was used to deduce
the LSPRs of different gold nanoantennas [39]. These
early works point towards the necessity of a unique
model to clear out the origin of the phase dependence of
the TPPL in gold nanoantennas and to find under which
conditions coherent phase control in these systems can
be made to use.

Here, we show that the intrinsic nature of the TPE in
gold nanoantennas, in which an intermediate state (the
LSPR) mediates the process, leads to a very fast initial
coherent regime. This regime is only accessible by ultra-
short laser pulses, shorter than the coherence time T2
(<50 fs), for which the TPE is sensitive to the spectral phase

of the electric field. We then demonstrate that phase-only
coherent control is capable to manipulate the TPE in
different nanoantennas and obtain contrast in the emitted
TPPL. To achieve this, we used a newly developed closed-
loop phase control schemewith single-molecule sensitivity
[40] that adapts to the subtle differences in the coherent
response of different nanoantennas with detuned LSPRs to
selectively excite them.

2 The initial coherent regime

In order to unveil the coherent response of gold nano-
antennas, we first investigated the ultrafast dynamics of the
TPE by varying the excitation pulse duration in the range of
15 fs–1 ps and detecting the TPPL with a high-resolution
confocal microscope (see Methods). As sketched in Figure 1a,
we used a pulse shaper to actively control the spectral phase
φ(ω) of the laser field, which allowed us to change the pulse
duration by applying different amounts of linear chirp.

The time duration dependence of the TPPL from a
single resonant 90 nm gold nanorod antenna is plotted in
Figure 1b, together with that of the second harmonic (SH)
produced by a single nonresonant barium–titanate
(BaTiO3) nanoparticle that provides the reference for a pure
TPE process. As expected from theory [41], the SH intensity
scales as the inverse of the pulse duration δ, beingmaximal
for the shortest laser pulse. In contrast, the TPPL from the
gold nanoantenna presents a very different behaviour, and
three regimes can be identified: (i) for δ ≲ 50 fs, the TPPL
increases as the pulse duration decreases; (ii) for
100 ≲ δ ≲ 300 fs, the TPPL is almost constant; (iii) for
δ ≳ 300 fs, the dependence on the inverse of δ is recovered.
Regimes (ii) and (iii) were already studied in the study by
Biagioni et al. [18] and are consistent with the established
model in which the TPE process in gold involves two suc-
cessive single-photon absorptions, mediated by a real
transitionwith lifetime T1 in the fewhundreds to thousands
femtosecond range [18, 19, 32, 37]. For nanoantennas
resonant in the spectral region of the excitation spectrum,
the LSPR acts as the intermediate state, enhancing the TPE
process [32, 37]. In this model, a second photon can induce
TPE if it impinges on the system before the intermediate
state population excited by a first photon has decayed,
which explains the observed TPPL dependence in regimes
(ii) and (iii). This behaviour can be described mathemati-
cally as follows [18]:

TPEδ>100 ∝ ∫Eδ(t)dt ∫ Eδ(t − t1)e−t1/TLF dt1 (1)

where Eδ(t) represents the time-varying electric field as a
function of the pulse duration δ. A fit of the experimental
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TPPL data in Figure 1b using Eq. (1) produces the dark
green dot-dashed curve, which well reproduces the
experimental points for δ ≳ 100 fs, yielding a lifetime
T1 � 350 ± 50 fs, a bit shorter than the value of 650 fs
reported by Biagioni et al. [19]. The lifetime should be
compared to typical relaxation rates of the hot electron gas
in noble metals [42, 43]. The TPE in gold can be understood
on the basis of the gold band structure as follows [18, 36]:
the first photon induces an intraband transition that ex-
cites an electron to the sp conduction band above the Fermi
level, leaving a hole in the sp conduction band below the
Fermi level. The second photon successively induces an
interband transition, exciting an electron from the d band
to the sp band, which can recombine with the previously
created sp hole. The first photon in this picture creates a
nonequilibrium situation (hot electrons) that has to decay
to the thermal equilibrium. Typical internal thermalization
times of the hot electron gas in noble metals were deter-
mined to be in the range of 350 fs–3 ps [42–44]. Biagioni
et al. [19] reported on crystalline gold gap-antennas, while

we study amorphous gold nanorod antennas, which will
explain our shorter value of T1.

Equation (1), however, completely fails to describe
the behaviour of the TPPL for δ ≲ 50 fs, exactly where our
experiment is most sensitive. Equation (1) was derived
under the explicit assumption that coherent (and thus
phase) effects can be neglected for sufficiently long laser
pulses [18]. The dephasing time T2 associated with LSPRs is
in the order T2 ∼ 20 fs and thus within the time resolution
achievable with our experiment [27–32, 45]. We therefore
attribute the deviation of the experimental points for
δ ≲ 50 fs from the prediction of Eq. (1) to the development
of a coherent regime in which the interaction of the two
successive single photons with the nanoantenna depends
on the relative phase of the two photons. In this regime,
Eq. (1) needs to be modified to account for phase effects.

The phase dependence of resonance-mediated TPE
processes was studied for the case of very narrow absorp-
tion lines in atoms [46] and for relatively broader absorp-
tions in rare Earth systems [47], in both cases under the

Figure 1: TPPL as a function of the pulse duration.
(a) Schematic of the experiment: a pulse shaper changes the time duration of a laser pulse in the range of 15 fs–1 ps. The TPPL from a resonant
nanoantenna and the SH from a nonresonant BaTiO3 are detected as a function of the pulse duration. (b) Experimental dependence of the
SH (blue circles) and the TPPL from a resonant 90-nm long gold nanoantenna (green stars) on the pulse length δ. The blue dashed curve is the
predicted behaviour of the SH, which agrees well with the experiment. The dark green dot-dashed curve corresponds to a fit to the TPPL for
δ > 100  fs using Eq. (1) from which we infer a lifetime of the intermediate state T 1 ≅ 350 ± 50 fs. For pulses shorter than ∼50 fs, a coherent
regimedevelops. (c) Sketch of the three different regimes involved in TPE as a function of the pulse length. (d) Effect of a spectral phase scan on
the TPPL from a resonant gold nanoantenna (green curve) and the SH from a BaTiO3 nanoparticle (blue curve). Note that the modulation depth
is substantially reduced for the TPPL response. TPPL, two-photon–induced photoluminescence; TPE, two-photon excitation; SH, second
harmonic.
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assumption of pulse durations much shorter than the
dephasing time of the intermediate state. None of those
cases is therefore directly applicable here. For δ ≲ 50 fs and
not considering other plasmonic resonances at the two-
photon energy, the TPE can be written as follows [47]:

TPEδ<50 ∝ ∫dωf

∣∣∣∣∣ ∫dωi A(ωi)EA(ωf − ωi)EA(ωi)
∣∣∣∣∣
2

(2)

where A(ω) is a real function corresponding to the LSPR
that mediates the excitation, and the term EA(ω) is the
complex electric field at the nanoantenna, consisting of an
amplitude and a spectral phase component φ(ω).
Following the formalism we used in a recent work [48] and
neglecting the small contribution from the intrinsic phase
response of the nanoantenna, EA(ω) can be written as
EA(ω) � E(ω)A(ω), where E(ω) is the complex laser field.
In this limit, the phase dependence in the TPE is recovered.
Moreover, considering that A(ω) is a real function, the
dependence on the spectral phase predicted by Eq. (2) is
similar to that of the SH from a broadband pulse (see, for
example, the study by Lozovoy et al. [41]). Indeed, for very
short pulse durations, the TPPL in Figure 1b almost
recovers a ∼δ−1 dependence, similar to the SH curve, which
strongly supports our interpretation.

To verify the phase dependence of the TPPL, we
performed phase scans on a resonant gold nanoantenna
(detecting the TPPL) and compared it directly to the SH
trace measured from a BaTiO3 nanoparticle. Specifically,
we carried out a multiphoton intrapulse interference
phase scan (MIIPS), ramping a sinusoidal phase modu-
lation through the laser spectrum [49, 50]. The effect of
the spectral phase scanning on TPPL and SH is shown in
Figure 1d. Clearly, the two traces show an oscillatory
character, with maxima and minima located at different
positions. The TPPL does show phase response, yet the
total modulation depth is higher in the case of the SH
nanoparticle. This difference can be explained based on
the three-level model discussed above. As the pulse in
the MIIPS is in the range of 20–100 fs, the green curve in
Figure 1d is probing a regime in which the intermediate
state dynamics starts to kick in, decreasing the achiev-
able modulation depth. In fact, MIIPSs on gold nano-
antennas using pulses longer than 100 fs do not show any
modulation at all. Our current findings also explain
earlier MIIPSs on gold nanoantennas, detecting TPPL to
obtain information on their LSPRs [39]. In those scans, as
the phase was changed, the time duration of the pulse
also varied; as a result, the TPPL showed dependence on
the MIIPS, yet mixing phase dependence with time-
dependent signature of the intermediate state [39].

From the pulse length dependence, we conclude that,
the TPE process in gold nanoantennas is governed by two
different timescales: the dephasing time of the surface
plasmons T2 and the lifetime of the intermediate state T1
(see Figure 1c). For laser pulses with durations compa-
rable with T2, the TPE is sensitive to the spectral phase of
the electric field and pure coherent control becomes
possible [51].

3 Closed-loop coherent control of
pairs of nanoantennas

We then demonstrated such coherent control by resorting to
a closed-loopoptimization strategy, inwhich a deterministic
algorithm [40, 52] adjusts the phase of the laser field in order
to maximize the targeted signal. From Eq. (2), one can verify
that the TPE in a gold nanoantenna is maximized by the
shortest possible pulse (the Fourier limited pulse) [47].
Performing a blind maximization of the TPPL on a single
nanoantenna would therefore produce Fourier limited pul-
ses, which is a trivial control experiment. To test the control
efficiency on the ultrafast TPE, we simultaneously excited
two nanorod antennas of different but precisely defined
lengths, characterized by different LSPRs and A(ω) terms,
and used the ratio of their emitted TPPL as the feedback
variable for the maximization. The concept of the experi-
ment is sketched in Figure 2a (detail in Methods).

First, we acquired a two-dimensional TPPL image of an
array of nanoantennas in the sample (Figure 2b). The
nanoantennas were fabricated in lines of paired antennas.
The length of the lower nanoantennas in the pair was kept
constant at 90 nm, whereas the upper nanoantenna length
was swept from 100–190 nm. The TPPL image in Figure 2b
was taken using a Fourier limited excitation pulse. Based
on Figure 2b, nanoantennas of length in the range of 90–
120 nm produced the highest signals and therefore were
resonant with the excitation laser. Moreover, since the
spectral position of LSPRs depends on the length of the
nanoantennas (for a fixedwidth), from Figure 2b we expect
90 nm (120 nm) – long antennas to be resonant with the
blue (red) side of the laser spectrum (simulations shown in
Figure 3 confirm this). In order to obtain the best control,
understood as the highest obtainable contrast compatible
with our laser spectrum, we implemented the closed-loop
optimization on a pair of 90–120 nm nanoantenna. The
feedback variable for the search algorithmwas the quotient
A120nm/A90nm, which represents the ratio between the TPPL
from the 120 nm and the 90 nm nanoantenna in the pair.
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We performed two distinct coherent control experi-
ments: in the first one (called optimization experiment),
the algorithm maximized A120nm/A90nm and in the second
one (antioptimization) instead, minimized it. The results
of the two experiments are plotted in Figure 2c as a
function of the algorithm step. Experimental data are
normalized such that the initial A120nm/A90nm value (cor-
responding to the Fourier limited pulses) is one. As
Figure 2c clearly shows, in the optimization and the
antioptimization experiment, the ratio A120nm/A90nm

changed, with a final contrast being approximately 2. The
spectral phases obtained at the end of the coherent con-
trol experiment are called φ(ω)OPT and φ(ω)AOPT and
correspond to the optimization and antioptimization
case, respectively. Imaging the two nanoantennas using
these phases produced the images shown in Figure 2d and
e from which one can see that the TPPL maximum
switched from one nanoantenna to the other. To make the
contrast even more apparent, in Figure 2f, we plot the
ratio between Figure 2d and e. To produce this image (and
equivalently Figure 3a), we discarded any pixel in which
the signal was lower than 200 counts s−1, as they corre-
spond to areas inwhich no nanoantennawas present, and
the signal was only generated by random dark counts in
the avalanche photodiodes (APDs).

These results prove that closed-loop coherent control
of the TPE in single nanoantennas is possible. To
emphasize the role of coherence, wewish to stress that the
algorithm acted purely on the spectral phase of the laser
pulse, while the laser intensities over the full spectrum
were kept constant. Therefore, during an optimization,
the laser always resonantly excited the LSPRs of each
nanoantennas in the same way, keeping the populations
of the intermediate states constant. The control derives
from an interference process occurring purely among
photons at the energy of the final state, which results in
the modulation of the final state populations. This is in
contrast to experiments in which the delay between two
pulses is varied, as, for instance, in the studies by Kubo
et al. [27], Sun et al. [28] and Nishiyama et al. [32]. Scan-
ning the delay between two pulses effectively changes the
excitation spectrum and therefore modulates the popu-
lation of the intermediate state, which is reflected in the
population of the final state. At the same time, the results
shown here could not be obtained by using longer pulses
[25, 26], as these would not interact coherently with the
nanoantennas.

We next checked the robustness of the found solutions
for nanoantennas of the same type. The upper image in
Figure 3a is a contrast image (obtained with the same

Figure 2: Closed-loop control experiment.
(a) The pulse shaper controls the spectral
phase of the laser pulse, which
simultaneously excites two resonant
nanoantennas, characterized by detuned
plasmon resonances ω1 and ω2, inducing
TPE. The TPPL generated by the
nanoantennas is sent to two different
single-photon avalanche photodiodes
(APD1 and APD2), and the ratio between the
two signals (APD1/APD2) is maximized in a
feedback loop optimization. The search
algorithm determines the spectral phase
that enhances the ratio of the two-photon
excitation in the nanoantennas. (b) Two-
photon–inducedphotoluminescence image
of an array of nanoantennas showing the
arrangement of the nanoantennas in the
sample: fixed length of 90 nm alternating
with increasing length (100–190 nm) from
bottom to top and the same length for each
row. Note that the nanoantennas giving the
highest signal (90–120 nm) are the ones
that are resonant with the laser spectrum.
(c) Plot of the A120nm/A90nm ratio as a

function of the algorithm step for both the optimization and antioptimization case. (d, e) TPPL images of the two nanoantennas taken with the
optimization (φ(ω)OPT) and antioptimization phase (φ(ω)AOPT), respectively. Note that the maximum of the two-photon–induced
photoluminescence switches from the 120 nm to the 90 nm antenna. (f) Ratio between images d and e emphasizing the contrast between the
two nanoantennas. TPPL, two-photon–induced photoluminescence; TPE, two-photon excitation.
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procedure as for Figure 2f) of one array of paired 90 and
120 nm nanoantennas, obtained under excitation with
φ(ω)OPT and φ(ω)AOPT. From this image, one can see that
changing from φ(ω)OPT to φ(ω)AOPT produced the same
overall effect in most of the 90–120 nm nanoantenna
pairs. Statistical analysis is given in the histogram of
Figure 3a, which helps visualizing this trend. The dis-
tribution of the ratios is clearly shifted, as confirmed by
fits to the data presented in the histogram assuming a
normal distribution function. The width of the distribu-
tions is caused by the intrinsic variability of fabrication,
which is always present for e-beam nanofabricated an-
tennas. It must also be noted that a higher level of con-
trol could be obtained for the 90 nm nanoantennas. By
changing the spectral phase from φ(ω)AOPT to φ(ω)OPT,
the TPPL from the 120 nm nanoantennas increased on
average by ∼1.12, whereas that from 90 nm nano-
antennas decreased by ∼1.76, with a total contrast of ∼2.

This difference could be due to distinct coherence time
for the two antenna species, as explained below.

Now, we can use this coherent selectivity in nonlinear
microscopy, as shown for ensembles of molecules and
quantum dots [53–56], and extend the control to the field of
nanoplasmonics. Figure 3b demonstrates this concept at
the level of individual nanoantennas. We fabricated an
array of mixed 120 and 90 nm nanoantennas. The 120 nm
nanoantennas were arranged such to form an encoded
message, in this case the letter ‘X’, on a background of
90 nm ones. We acquired two different two-dimensional
TPPL images of such array using φ(ω)OPT and φ(ω)AOPT,
respectively. As Figure 3b demonstrates, by using pure
coherent control, we could deterministically reveal or
completely hide the encoded message. In this case, com-
plete switch of the TPPL maximum from 120 to 90 nm
nanoantennas did not occur (as in the case of Figure 2d and
f) as the 120 nm ones always emittedmore TPPL. Still, clear

Figure 3: Coherent control of nanoantenna arrays.
(a) The upper image is the ratio between the TPPL images of an array of nanoantenna pairs obtained with φ(ω)OPT and φ(ω)AOPT, respectively.
Nanoantennas of 120 nm are brighter when usingφ(ω)OPT, whereas the 90 nmones are brighter when excited withφ(ω)AOPT. The histogram on
the bottom quantitatively analyses the ratio of all the 90 nm antennas and 120 nm nanoantennas with the two different phases. The cyan and
orange curves superimposed on the histogram are fits to the data assuming a normal distribution. Note that, in the histogram, a full array of
nanoantennas is considered for the statistics (23 pairs), whereas in the upper image, a zoom on 17 pairs of nanoantennas is shown. We also
note that for some of the 90 nm antennas, the TPPL intensity emitted with φ(ω)OPT is so low that it is not taken into account in the histogram
graph. (b) Two-photon–induced photoluminescence images of an array of mixed 120 and 90 nm antennas using φ(ω)AOPT or φ(ω)OPT. The
encoded message clearly appears when using φ(ω)OPT and is erased by φ(ω)AOPT. (c) Laser spectrum (shaded region), φ(ω)OPT (green curve)
and φ(ω)AOPT (violet curve) as measured with the multiphoton intrapulse interference phase scan (see Methods). The red and blue dashed
curves are the resonance response of the 90 nm and the 120 nm nanoantennas as obtained by Finite-Difference Time-Domain (FDTD)
simulations. (d) Time–frequency Wigner representation of the pulses corresponding to the optimization (right) and antioptimization (left)
case. TPPL, two-photon–induced photoluminescence.
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contrast between the two images is visible, confirming that
coherent control can extract sensitive microscopic infor-
mation about different resonant species.

We are now in the position to give a solid interpretation
to the coherent control experiment, as illustrated in the
bottom panel of Figure 3. In Figure 3c, we plot the excita-
tion laser spectrum, together with the spectral phases
φ(ω)OPT and φ(ω)AOPT obtained after the optimization. The
blue and red dashed curves correspond to the LSPR profiles
for the 90 and 120 nm nanoantennas, respectively, as ob-
tained from Finite-Difference Time-Domain (FDTD) simu-
lations (see Methods). As anticipated above, the LSPR
corresponding to the 90 nm antennas is resonant on the
blue side and that of the 120 nm one on the red side of the
laser spectrum. These curves represent the intermediate
states in the TPE process, namely the terms A(ω) in Eq. (1).
From this plot, it is apparent that the two spectral phases
φ(ω)OPT and φ(ω)AOPT have symmetric behaviours with
respect to the positions of the LSPRs.

As both the time and the frequency information is
relevant for the interpretation of the current experiment, in
Figure 3d, we report the time–frequency representation
(details in the study by Paye [57]) for the two electric
fields corresponding to the optimization (right) and anti-
optimization (left) case, respectively. In the spectral
domain (vertical axis of the plots), one can see that in the
optimization case, the red part of the laser spectrum is only
slightly distorted (it is almost a straight line at time zero),
whereas the blue part of it is chirped. A flat spectral phase
drives the 120 nm antenna, whereas a dispersed spectral
phase drives the 90 nm antenna. The opposite situation is
found for the antioptimization case, and the respective
time–frequency Wigner representations are almost inver-
ted along their time development. The effect of coherent
control is therefore to distort the pulse in the spectral re-
gion of the unwanted LSPR and make TPE through the
desired plasmon resonance more favourable. This is
consistent with our findings that φ(ω)OPT optimizes the
TPPL ratio between 120 and90nmantennas and vice versa.
However, as explained above, the phase control is only
effective for short enough pulses (within the coherent
regime of Figure 1b),whereas for longer pulses, the spectral
phase has no effect. Indeed, the pulses represented in
Figure 3d are still very short, with a total duration of
less than 50 fs and therefore can interact coherently with
the nanoantennas. Note that our algorithm optimizes on
the differences between the nanoantennas, without any
assumption on coherent or incoherent regimes. The algo-
rithm, in the configuration used [40], has the capability to
stretch the pulse beyond 200 fs and could have ended up in
pulses longer than the coherence time. Instead, the

algorithmchoses to exploit the phase and chirp the pulse in
a selected spectral regime. This again confirms the validity
of the three-level model discussed above.

As a final confirmation that the interpretation given
here is correct, we calculated the contrast in the TPE
probability in the two nanoantennas using Eq. (2), which is
approximately valid in the very short pulse regime. To do
so, we considered the resonant curves of Figure 3c as the
excitation lineshapes (the A(ω) terms) of the nano-
antennas and calculated the laser electric field based on
the measurements of the laser spectrum and the spectral
phases φ(ω)OPT and φ(ω)AOPT. The calculated TPE proba-
bilities are in good agreement with the experiment,
yielding a contrast of ∼2.0 for the 90 nm nanoantenna and
of ∼1.3 for the 120 nm one, with a total contrast of ∼2.6. The
spectral width of the LSPR is wider for the 120 nm nano-
antenna, i.e. the longer antenna is more lossy and the
coherence time T2 is shorter. The algorithm changes the
phase and therefore the time duration of the laser pulse
and reachesfirst the incoherent regime of the 120 nmbefore
the 90 nm nanoantenna. As a result, the algorithm has a
larger time–frequency parameter space to distort the
pulse in the case of the shorter 90 nm nanoantenna, as in
fact shown by the time–frequency representations in
Figure 3d, and higher contrast is obtainable for the 90 nm
nanoantennas.

4 Conclusions

In this work, we have presented a detailed and comprehen-
sive study of the TPE process and its dependence on the
phase of an ultrashort laser pulse in gold nanoantennas. We
have shown that two relevant timescales govern the
dynamics of the two-step excitation process: the dephasing
time of the localized surface plasmons and the lifetime of
the intermediate state involved. For very short pulses with
duration shorter than or comparable to the plasmon
dephasing time, the TPE in resonant gold nanoantennas is
sensitive to the spectral phase of the laser pulse and coherent
control becomes possible. For longer pulses (longer than
100 fs), no phase control of the gold nanoantennas is
possible. The less lossy high-index semiconductor antennas
might be interesting for control at longer timescales [58].

We have subsequently demonstrated pure coherent
phase control by using a closed-loop optimization strategy
that actively manipulates the coherence of surface plas-
mons to selectively excite two different nanoantennas
solely by shaping the laser spectral phase. This is a
conclusive demonstration of highly sensitive closed-loop
coherent control on the nanoscale.
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5 Methods

The laser source used in the experiment was a broadband titanium
sapphire laser (Octavius 85 M, Menlo System, Menlo Systems GmbH,
Am Klopferspitz 19a, D-82152 Martinsried, Germany) with a spectrum
centred at 800 nm and with bandwidth of ∼150 nm. The pulse shaper
was arranged in a 4-f configuration, and the active element was a
spatial light modulator composed by two 640-pixel liquid crystal
masks. The pulse shaper was used exclusively for phase shaping, and
no amplitude shaping was performed.

In the pulse duration dependence experiment, the laser beam
was sent to a confocal microscope and focused on the sample from the
bottom by a 1.4 numerical aperture (NA) objective. The sample was
mounted on a nanometre precision piezoelectric scanner for two-
dimensional imaging. The nonlinear signals generated at the sample
were collected through the same objective, spectrally filtered to cut the
reflected laser light and sent to the photodetector: a Si APD in counting
mode. The pulse shaper was used to change the pulse duration by
applying different amounts of linear chirp.

The BaTiO3 nanoparticles were purchased from Sigma-Aldrich:
Sigma-Aldrich, Inc., nanopowder (cubic crystalline phase), <100 nm
particle size, ≥99% trace metals basis, dispersed in ethanol, and
deposited onto a microscope coverslip, following a previously devel-
oped procedure [49].

In the closed-loop coherent control experiment, the laser was
focused from the top of the sample by a 0.15 NA objective on the
sample containing the gold nanoantennas. The lateral size of the
excitation spot at the sample position was about 8 µm and, together
with the arrangement of the nanoantennas in the sample, was chosen
such that two different nanoantennas could be excited at the same
time. The excitation polarization was kept circular in the experiment.
The TPPL was collected in transmission through the 1.4 NA objective
and sent to twodifferentAPDs after being separatedby abeamsplitter.
The combination of the 1.4 NA objective, the system of lenses that
focused the light on the APDs and the physical size of the active area of
the APDs was such that the APDs receive light form a much smaller
area than the excitation spot, being roughly of 1 µm. This allowedus to
spatially distinguish between one and the other nanoantenna and to
change the actual detection area by spatially displacing the APDs. By
slightly moving the two APDs in different directions, we could align
them on the TPPL emitted by the two different nanoantennas.

The nanoantennas studied were gold nanorods of length varying
between 90 and 190 nm, fabricated using electron beam lithography
on a glass coverslip coated with a 10 nm-thin layer of indium tin oxide
(ITO). The width and height of the nanoantennas were both fixed at
50 nm, and they were fabricated to be resonant with different portions
of the laser spectrum. In order to study two nanoantennas character-
ized by different LSPRs at the same time, theywere arranged in pairs of
different lengths separated by 2 μm.

The spectral phases shown in Figure 3c were measured using the
MIIPS described in the studies by Xu et al. [50] and Galvan-Sosa et al.
[52] combined with SH nanoparticles, following a method we previ-
ously developed [49].

The extinction spectra of the nanoantennas were calculated us-
ing FDTD Solutions (Lumerical Inc.): www.Lumerical.com, Lumeri-
cal Inc., 1700–1095 West Pender Street, Vancouver, BCV6E 2M6,
Canada. The nanoantennas themselves were 130 × 40 × 40 and
100 × 40 × 40 nm3, with the top corners rounded (radius = 10 nm) to
approximate the fabricated nanoantennas. The nanoantenna lied on a

10 nm layer of ITO,whichwas itself on silicondioxide. The permittivity
of Auwas taken using a fit of Palik’s data, and the ITO data were taken
from in-house measurements and also fitted, in both cases using their
multicoefficient model of the experimental data. The mesh size was
2 nm and encompassed the entire nanoantenna. The source was a
total field scattered field (TFSF) plane wave at normal incidence to
the glass surface, injected from within the air side. To measure the
absorbed and scattered powers, plane monitors were arranged to
form two boxes around the nanoantenna, one inside and one outside
of the TFSF source volume, and each monitor recorded the power
transmitted through its planar surface. Given the nature of the TFSF
source (i.e. it subtracts the source fields at the edge of its defined
volume), the power box outside was used to calculate the scattering
spectrum and the one inside to calculate the absorption. An identical
simulation without nanoantenna was also realized to calculate the
ITO absorption, which is then subtracted from each nanoantenna’s
absorption spectrum.
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