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We demonstrate complete all-optical and phase-stable control of the linear optical polarization and the

nonlinear coherent response (third-harmonic generation) of a hybrid nanoplasmonic-photonic system. A

few tens of femtoseconds after the excitation, we turn the response on and off at any given point in time

and probe its temporal evolution throughout the control process with a three-pulse nonlinear optical

technique. After being switched off, the polarization and the nonlinear radiation remain off permanently.

All experiments agree well with numerical simulations based on a damped harmonic oscillator model.
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Periodic plasmonic nanostructures possess unique
physical properties based on enhanced nanolocalized opti-
cal fields. Their numerous applications include the genera-
tion of high harmonics with EUV frequencies [1],
biosensing and detection [2,3], and nanoantennas for cou-
pling optical radiation to molecules and semiconductors
[4–6]. One of the most important challenges in nanoplas-
monic systems is the dynamic ultrafast control of optical
processes on a femtosecond time scale [7,8]. Plasmonic
control has previously been experimentally demonstrated
utilizing shaped laser pulses for excitation and two-photon
photoelectron emission microscopy (PEEM) for detection,
which is experimentally challenging [9–12]. Another
promising method for all-optical control of the ultrafast
dynamics has been reported previously in several systems,
such as quantum well excitons [13,14], quantum dot ex-
citons [15], exciton-phonon polaritons [16], and phonons
in photonic crystal fibers [17].

In this work, we transfer this all-optical control concept
to a plasmonic system. However, the associated wide po-
larizability spectra and the associated short dephasing
times on the order of 10 fs [18–20] are a disadvantage
for such control experiments. Especially on isolated parti-
cle plasmon polariton (PPP) modes in gold nanostructures,
such experiments are very difficult to carry out, even with
few-cycle optical laser pulses. To circumvent this problem,
the PPP is hybridized with a slowly dephasing photonic
waveguide mode in a metallic photonic crystal structure to
form a waveguide-plasmon-polariton (WPP) [21].
Preceding experiments have shown that the dephasing
time of these WPPs can easily exceed 50 fs [22,23], which
is sufficient for the desired all-optical control scheme. Our
metallic photonic crystals consist of a gold wire grating on
top of a dielectric hafnium dioxide (HfO2) slab waveguide
on a quartz substrate (see Fig. 1). The incident laser light
excites the PPP in the gold wire. Because of the periodic
arrangement of the wires, a fraction of the electromagnetic
energy is coupled into the dielectric slab waveguide, ex-

periencing relatively low losses. By carefully designing the
nanostructure, the PPP is coupled to the photonic wave-
guide mode and we observe a relatively narrow hybrid
WPP resonance at 820 nm, which very well overlaps
with the laser spectrum. This narrow spectrum implies
that the polarization relaxation time of the WPP mode is
much longer than that of the PPP mode. This is illustrated
by the simulation shown in Fig. 2(a) (dashed line) [18].
After the excitation with an 8 fs laser pulse, which is
resonant with only one WPP mode, the system undergoes
a long free-induction decay whose polarization relaxation
is on the order of 50 fs.
The additional simulations in Fig. 2 show the all-optical

control scheme of the linear polariton polarization in an
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FIG. 1. Linear extinction spectrum of the nanostructure show-
ing the two polariton modes. The laser spectrum is shown by a
gray profile. Inset: Schematic of the nanostructure. Gold wires
with a cross section of 100� 20 nm are fabricated by electron
beam lithography, spaced by a period of 530 nm atop of a
180 nm thick hafnium dioxide (HfO2) slab waveguide on a
quartz substrate.
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idealized system. A few tens of femtoseconds after the
excitation by the first laser pulse, the second collinear pulse
interferes with the slowly dephasing polarization.
Dependent on the exact phase delay with respect to the
first pulse, we distinguish between two extreme cases. In
the first case, the second pulse interferes destructively with
the polariton polarization and turns it completely off [see
Fig. 2(a)]. After the second pulse, no polarization oscilla-
tions are present. In the second case, the phase delay is
changed by � [a half of the oscillation period (1.33 fs)].
The second pulse now interferes constructively with the
polariton polarization and enhances the oscillations [see
Fig. 2(b)]. A precise choice of the amplitude of the second
pulse is critical for the complete suppression in the de-
structive case. Because of the free-induction decay of the
polarization, an oversized amplitude would lead to reexci-
tation and continuing oscillations of the polarization.

In this manner, the linear polariton polarization is con-
trolled by the second laser pulse in the series. To read out
the evolution of the polarization, we need a method to
coherently probe the polarization during the control pro-
cess at any desired time. This is done by utilizing a third

laser pulse (probe pulse), whose time delay with respect to
the start pulse �p can be tuned over a wide range. In a

nonlinear optical four-photon process (third-harmonic gen-
eration, THG), the electric field of the probe pulse is mixed
with the local electric field generated in the nanostructure
by start and control pulse. By changing the time delay �p,

we obtain temporally resolved information about the
present polariton polarization. We note that the control is
achieved by using a linear one-photon process. Because of
interference with multiple pulses, the third pulse together
with the nonlinear process (THG) is required to unambig-
uously identify the excitation and deexcitation of the polar-
iton polarization. Note that it is this nonlinearity that makes
the generated pulse integral energy be dependent on the
phase of the excitation cf. Refs. [7–12].
The experimental setup is illustrated in Fig. 3(a) [24].

The first pulse (start pulse) excites the polariton polariza-
tion in the sample and defines the 0 fs position. It is
followed by the second, properly attenuated control pulse,
whose time delay �c can be set with a resolution as high as
40 as. In addition to the two pulses, we use a probe pulse,
which overlaps spatially with the other pulses at the nano-
structure and which is aligned at a small angle (� ¼ 3�)
with respect to start and control pulse. Because of the high
pulse energies, nonlinear effects occur. Since the central
symmetry of the nanostructure is not broken, second-
harmonic generation is negligible; thus, third-harmonic
generation is the first nonlinear order that can be detected.
The oblique incidence of the probe leads to several com-
ponents of the nonlinear light, which can be spatially
separated behind the sample [see Fig. 3(b)]. The start and
the control pulse (with the same wave vector k1) as well as
the probe pulse (wave vector k2) generate the third-
harmonic radiation in their respective forward directions
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FIG. 2. Simulation of the local polariton polarization excited
by a first 8 fs laser pulse and controlled by a second delayed
pulse. (a) The second pulse interferes destructively with the
polarization, and turns it off (destructive case). Therefore, the
polarization is well below the free-induction decay (dashed line).
(b) The second pulse interferes constructively with the polariza-
tion and reexcites it.

FIG. 3. (a) Schematic of the control setup. The start pulse
excites the polariton polarization, and the control pulse interferes
with it after the delay �c. The pulses are aligned with normal
incidence to the sample and the electric field is polarized
perpendicular to the wires. (b) In the third-harmonic regime,
photons of each pulse (wave vector k1 and k2) generate higher
harmonic photons in their forward directions (3k1 and 3k2) and
mixed photons in the directions 2k1 þ k2 and 2k2 þ k1).
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(wave vectors 3k1 and 3k2). If the probe pulse overlaps
temporally with the start or control pulse or with the fields
left by them due to the polariton polarization in the system,
we obtain additional background-free components in the
directions 2k1 þ k2 and 2k2 þ k1 (sum THG). These sum
THG signals will vanish for delays larger than �c if the
control pulse coherently destroys the polariton polariza-
tion. They will increase in the constructive case, where the
control pulse reexcites the polariton polarization.
Therefore, the sum THG components deliver the necessary
information about the time evolution of the polariton po-
larization throughout the control process. In this way, be-
sides the linear polariton polarization, also the nonlinear
optical responses in the directions 2k1 þ k2 and 2k2 þ k1
are coherently turned on and off by the control pulse on a
10 fs time scale. In the experiment, we measure therefore
the third-harmonic light generated in the direction 2k2 þ
k1, time integrated with a photomultiplier, as a function of
the time delay �p between start and probe pulse.

Figures 4(a)–4(c) show the experimental results for three
different time delays �c between start and control pulse. In
a first step, we measure the nonlinear signal without the
control pulse (blue curves, printed dark gray). The polar-
ization is excited by the start pulse at 0 fs and not influ-
enced afterwards. Therefore, the coherent free-induction

decay is visible, as the oscillation amplitude decreases for
larger probe pulse delays �p. The oscillations with a period

of 2.66 fs are closely related to the polariton polarization
oscillating in the nanostructure [24]. Now we turn on the
control pulse (marked by the arrows) and choose the phase
delay for the destructive case. The red curves (printed gray)
show that the coherent nonlinear signal is again present
after the start pulse but is indeed suppressed after the
control pulse. No oscillations are visible for larger time
delays and the signal is well below the blue curve. This
clearly proves that the polariton polarization has been
significantly turned off by the control pulse, and it stays
off afterwards. If we shift the control pulse by another half
wave period (1.33 fs), we set the phase delay for the
constructive case. Now the polariton polarization is reex-
cited by the control pulse (green curves, printed light gray).
We obtain large oscillations in the sum THG signal after
the control pulse, which are well above the free-induction
decay. The three data sets prove that we are able to impose
the control on the system at any time within its coherence
time. Additionally, the nonlinear signals are superimposed
by a beating with a period of approximately 20 fs, which
arises from the slight excitation of the second WPP mode
at 690 nm. Since the probe pulse is not instantaneous in
time and also interacts with the WPP mode, we obtain a
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FIG. 4 (color online). (a)–(c) Experimental results of the coherent nonlinear signal in the direction 2k2 þ k1 as a function of the time
delay �p between start and probe pulse for three different delays of the control pulse (�c � 24, 35, and 48 fs, marked by the arrows).

For the blue line (printed dark gray), the control pulse is switched off, and the free-induction decay of the hybrid mode is visible. The
red line (printed gray) always indicates the destructive case. The polariton polarization is turned off after the control pulse and stays
off. The green lines (printed light gray) show the constructive case. Here, the polariton polarization is reexcited. (d)–(f) Theoretical
results for the coherent nonlinear signal corresponding to panels (a)–(c).
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signal at negative time delays. Figure 4(c) shows that the
contrast between the destructive case and the free-
induction decay is not as high as for the smaller control
pulse delays since the polariton polarization has already
nearly completely dephased after 48 fs. For a control pulse
delay of �c ¼ 35 fs [Fig. 4(b)], we measure a high contrast
of about 20:1 between the constructive and the destructive
case at around 67 fs after the excitation. This makes the
system suitable for ultrafast plasmonic switching, with
mechanisms different from Ref. [25].

We are also able to simulate the coherent nonlinear
signal utilizing numerical calculations, which are based
on a harmonic oscillator model [22,24]. Figures 4(d)–4(f)
show the theoretical results for the three different time
delays �c. We find an excellent agreement with the experi-
mental data for all time delays �p and �c. In the destructive

cases, the oscillations are always present after the start
pulse but completely suppressed after the control pulse
and stay well below the free-induction decay for all times
�p > �c. In the constructive cases, we observe reinforced

oscillations. Even the beating is well reproduced.
In conclusion, this work shows for the first time com-

plete ultrafast control of a nanoplasmonic-photonic system
and its nonlinear optical response on a femtosecond time
scale utilizing a coherent nonlinear four-photon effect. It
proves that the plasmonic polaritonic polarization and the
third-harmonic radiation can be turned off completely at
any time after the excitation, remaining off afterwards. The
high contrast between the reexcited and the suppressed
polarization makes this concept suitable for ultrafast plas-
monic switching and memory.
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