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All-optical control of surface plasmon polaritons (SPPs) is theoretically demonstrated in arrays of metallic slits.
It is shown how the mixing of electromagnetic fields scattered by the slits from a weak beam at . wavelength,
with second-harmonic fields generated by a high-intensity 2A beam, creates a destructive interference of surface
plasmons in one of the two possible directions of emission from the slits, while these are enhanced along the
opposite direction. Our method enables spectrally broadband excitation and thus unidirectional launching of SPP
pulses as short as ~20 fs, all-optically controlled. Based on these findings, an ultranarrow bandwidth surface

plasmon frequency comb is designed.
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Shortly after the first experimental demonstration of a laser
device, Franken et al. reported that the high electromagnetic
(EM) fields released by lasers allowed the generation of
higher frequencies not present in the laser field [1]. The
first nonlinear harmonic discovered was second-harmonic
generation (SHG), a process through which two photons with
the same frequency generate a new photon with twice the
initial frequency. Harmonic generation is behind many of the
light technologies developed in the past for both research and
commercial purposes [2].

Surface plasmon polaritons (SPPs) are EM modes bound to
metal surfaces [3], and it is precisely this confinement which
makes them useful for light applications at the nanoscale,
mostly developed in the linear regime to date [4,5]. In the
last years, nonlinear plasmonics is providing new avenues
for the characterization and manipulation of optical signals,
sensing, frequency conversion at the nanoscale, and imaging
of nano-objects, among others [6]. The new functionalities
and applications realized are mainly based on multipolar non-
linear nanoantennas [7—10] or nonlinear optical metasurfaces
[11-13], which combine metals with different linear and
nonlinear materials.

In this Rapid Communication, we present a method for
actively controlling SPPs by means of SHG. We demonstrate
the unidirectional emission of SPPs and, based on this, we show
dynamical control on the SPP emission. To illustrate this ability
we design an ultranarrow bandwidth SPP frequency comb.

We illustrate our approach using a simple structure: a set of
slits perforating an opaque metal film. When illuminated from
one side by an external light beam, SPP waves are scattered
in the opposite side of the film, whenever its electric field
oscillates normal to the slit faces. The working principle of
our method is depicted in Fig. 1: The SPP fields created by two
different sources are coherently interfering on the metal surface
at the same wavelength A. One source of SPPs are the EM fields
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scattered by the slits from a signal beam (central wavelength
)). The second source of SPPs are the second-harmonic (SH)
fields generated in the metallic slits by a control beam (central
wavelength 2)). The EM fields generated at A have different
properties of symmetry whether they are linearly generated
by the signal beam or originate from SHG. The asymmetries
produced in the SPP field distribution can eventually lead to
unidirectional emission of SPPs, as shown later.

Other schemes have been reported based on structures
similar to the one studied here, where unidirectional launching
of SPPs is achieved by means of asymmetric structures [14,15]
or illuminating with different polarizations of light holey metal
films [16,17] (to name a few).

In general, the optical response of configurations which rely
on near-field interactions between different elements forming
the system (slits, holes, grooves, ...) are strongly wavelength
dependent and the SPP directionality cannot be actively tuned.
However, our approach allows us the use of normal incidence
illumination, linearly polarized light, and broadband frequency
sources (femtosecond lasers), as demonstrated next. In addi-
tion, we show that the coherent control of SPPs with SHG is
not limited to the investigated structures.

The induced polarization currents and optical near fields are
calculated using our homemade finite-difference time-domain
(FDTD) code [18,19]. The particular details of the nonlinear
numerical treatment can be found elsewhere [20] [see also
the Supplemental Material (SM) [21]]. Briefly, to calculate
the nonlinear response at the SH frequency, the undepleted
pump approximation is followed, assuming the intensity of
the fundamental-harmonic (FH) field is not affected by the SH
fields. The second-order polarization PS® is introduced as a
surfacelike contribution in the FDTD algorithm [22-26],
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where n and ¢ stand for normal and tangential to the metal sur-
face, respectively, and y; jx are the nonvanishing components of
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FIG. 1. All-optical control of SPPs by SHG. The simultaneously
occurring suppression and enhancement of SPP currents in opposite
directions is a consequence of the different symmetry of SPPs
generated by a signal beam at A and the SH field generated by a
2 control beam.

an effective second-order susceptibility tensor, which includes
both surface and bulk contributions [25,27,28]. The FH electric
field is taken at the metal surface, and from it P®™ is calculated
at the same location. We have taken the linear dielectric
constant of gold and its X(z) from Refs. [29,30] and Ref. [27],
respectively. We also assumed that x® is approximately
constant for metals in the spectral window of interest [31].
We have checked our FDTD program by comparing numerical
against analytical results of SHG efficiency in metal surfaces
[32], overall finding good agreement between methods (see
Sec. I of the SM [21]).

We are interested in the SPP field distribution at A, which
depends on the local field generated at SH and the near field
scattered by the signal beam. In our proposal only the zeroth
diffraction order is allowed at A, which ensures the far-field
emission at SH is almost suppressed [20]. To do that, we have
chosen a finite slit array with period p = 300 nm. In addition,
we take the slit width w = 100 nm and metal thickness 7 =
300 nm, and the whole system is surrounded by air. The number
of slits chosen (N = 17) are enough to reproduce the main fea-
ture observed in the optical transmission spectrum calculated
for the infinite structure [see Fig. 2(a)] [33]. Transmittance is
normalized to the amount of light directly illuminating the area
of the apertures and the system is illuminated by a plane wave.

In nonlinear simulations the system is illuminated by a
low-intensity (real-valued) Gaussian beam at A = 600 nm (the
signal) and by a second high-intensity Gaussian beam at 2A
(the control), as illustrated in Fig. 1 [34]. The lateral size (x
direction) of the Gaussian beams is large enough to cover the
whole grating [see Fig. 2(d)], and being uniform, the intensity
impinging onto the slit array.

Figure 2(b) (top panel) shows a snapshot of the only nonzero
component of the magnetic field allowed by symmetry H,

when the array is illuminated by a continuous-wave (cw)
signal beam (cw illumination is used unless otherwise stated).
Superimposed to the color map the white line shows H, at
z = 0. Clearly, the magnetic field has reflection symmetry,
that is, H, is an even function regarding the central slit at
x = 0[H,(—|x], z) = Hy(|x], 2)] [35]. The field pattern in air
demonstrates we succeed in designing the structure because
only the zeroth diffraction order is seen in the scattered field
of the signal beam. In Fig. 2(b) (bottom panel) the system
is solely illuminated by the control beam (signal off). The
magnetic field at its SH present point symmetry so H, is an
odd function in this case and H, (—|x|, z) = —H,(|x|, z). This
is so because centrosymmetric metallic nanostructures have
a negligible dipole moment for the illumination chosen [36].
The EM fields at the metal surface “inherit” the symmetry
of the EM waveguide modes excited inside the slits, which
is different in each case [20]. It is worth mentioning that the
waveguide modes excited at SHG are inaccessible by a linearly
polarized light for all angles of incidence (see Sec. IV of
the SM [21]).

Therefore, by simultaneously switching on the signal and
control beams, the final EM field does not have definite
symmetry because it results from a sum of odd and even
functions. It is precisely the coherent interference of these EM
fields which gives rise to unidirectional propagation [37,38]. To
quantitatively characterize the optical response in terms of the
directionality of SPP emission we define the SPP power ratio,
for instance, to the right, as Rg = Pr/(Pg + Pr), where Pg
and P, are the SPP powers to the right and left and calculated on
the vertical surfaces represented with dashed lines in Fig. 2(b)
(top panel). These surfaces are located far from the slit array
and the area of integration has a subwavelength transverse size,
so the contribution of radiation from the slits to Pg and Py is
negligible.

The array of slits is illuminated by both signal and control
beams and the results are shown in Figs. 2(c) and 2(d).
The interference between the two beams can be tuned by
adjusting the relative intensity and/or phase between them, thus
EZ ol = @B, Where @ = g exp (i87). The parameter g
gives the relative intensity between the control and signal
beams and § the relative phase between them. In Fig. 2(c)
the SPP power ratios to the right and left are shown for
different values of the relative phase §, calculated with FDTD
for cw illumination beams (solid symbols) and for 100-fs
laser pulses (open symbols). The trend in both cases is that
of a simple sinusoidal function demonstrating the possibility
of continuous coherent control of SPPs by SHG (solid and
dashed lines). This fact is made more evident in the snapshots
of the electric field amplitude calculated for different & values
and shown in Fig. 2(d) [those labeled with integer numbers and
capital letters in Fig. 2(c)]. The top and bottom panels visualize
the unidirectional launching of SPPs actively controlled by
SHG in each case. Note that all other parameters are kept the
same for both light sources (only the pulse duration changes).
In the Sec. III of the SM [21], we demonstrate the coherent
control of SPPs by SHG with pulses as short as 20 fs (spectral
bandwidths of 2370 and ~90 nm for the control and signal
beams).

The main result of this Rapid Communication is that there
exist phase conditions for the total suppression of SPPs in
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FIG. 2. (a) Linear transmittance (normalized to the amount of light directly illuminating the area of the apertures) through an infinite array
of slits (thick line) and different finite systems, for plane-wave illumination. In linear and nonlinear calculations the system is illuminated at
normal incidence, and the electric field polarized along the x axis. The geometrical parameters are p = 300 nm, w = 100 nm, and # = 300 nm.
The system is surrounded by air. (b) Top: Real part of the magnetic field component H,, scattered from the signal beam at A = 600 nm. Bottom:
H, at SH wavelength generated by a 2A control beam. The white lines show H, at z = 0. These calculations are obtained with continuous-wave
Gaussian beam illumination. (c) Coherent control of SPP directionality by the relative phase § between signal and control beams at > = 600 nm.
The power ratio to the right (black) and to the left (red) are calculated with FDTD for continuous waves (solid symbols) and for 100-fs pulses
(open symbols). The corresponding trends are fitted to sinusoidal functions (solid and dashed lines). (d) Snapshots of the electric field amplitude
for the values of § labeled with integer numbers and capital letters in (c), and both beams are switched on. Map scale: White (maximum) and
black (minimum). (See also the video of 100-fs-laser unidirectional launching SPPs given in the SM).

one direction from the slits, while they are simultaneously
enhanced along the opposite direction. The second important
message is that our method enables spectrally broadband
excitation and thus unidirectional launching and control of SPP
wave packets.

For the system and illumination chosen, oy = 83 487. This
value corresponds to peak intensities of 1. &~ 0.33 GW /cm?
and I, ~ 50 mW /cm? for the control and signal beams, which
are standard in SHG experiments with metallic nanostructures
[39,40]. These values provide similar SPP field amplitudes on
the metal surface through both processes at A. Assuming such
a condition, a simple relation between the intensities delivered
by the signal and control beams can be found, I; = 81, Cz’ where
B is a constant. This condition implies that « is also a function
of I, namely, g = O'/\/I_C, where o takes also a constant
value. Therefore the parameters 8 and ¢ do not depend on
the external light sources, but on the system geometry and the
materials through the dielectric constant and x ®. Therefore
our method is easily scalable in terms of signal and control
intensities (see Sec. III in the SM [21]).

In the following, we discuss the possibility to dynamically
change the relative phase between the signal and control beams.
As a proof of principle, we demonstrate the dynamical control
of SPPs by designing a SPP frequency comb. We believe our
method is promising to enable the precise control of SPP pulses
both in time and frequency domains and further applications
must be explored in the future [41,42]. In addition, it is worth
mentioning that the SPP frequency comb is generated on site,
which is very different from the typical way frequency combs
are obtained using mode-locked lasers [43]. To illustrate our
method, a single FDTD simulation is set, spanning Tgmutation ™~
10 ps in time. The relative phase between the signal and control
beams is periodically changed every T = 2 ps, producing a
SPP left current as shown in Fig. 3(a) with a blue line (EM
fields extracted from a point located 9 um from the central
slit). The values correspond to an enhancement-suppression
sequence in Py, in agreement with Figs. 2(c) and 2(d). The
Fourier transformation of this train of pulses into the frequency
domain produces a SPP frequency comb. The blue curve in
Fig. 3(b) shows its spectral response. The frequency comb
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FIG. 3. Demonstration of dynamical control of SPPs at the signal
wavelength A = 600 nm. During a single FDTD simulation spanning
Tsimutation ~ 10 ps, the relative phase between the signal and control
beams is periodically changed, producing a train of 1-ps SPP pulses
to the left, as shown in (a) with a blue line (EM fields from a point
located 9 pum to the left from the central slit). These values correspond
to an enhancement-suppression sequence in Py, in agreement with
Fig. 2(c). (b) Demonstration of a SPP frequency comb. The solid
blue line shows the spectral response from the EM fields in (a).
The frequency comb spacing fr = 1/T = 0.5 THz corresponds to a
pulse period T = 2 ps. The green dashed line represents the spectral
response of the 10-ps signal pulse (control beam switched off) and
the gray solid line the corresponding for a single 1-ps pulse. The inset
shows the same as that in the main figure but for a wider frequency
window (log scale). The spectral response of the square function
shown in (a) (red line) is included in the inset.

spacing fr = 0.5 THz corresponds to a pulse period T = 2
ps. The spectral response of the 10-ps signal pulse (control
beam switched off) and the corresponding for a 1-ps single
pulse are shown with a green dashed line and a gray solid
line, respectively. The inset shows the same but for a wider
frequency window. In the inset, the spectral response of the
square function represented in Fig. 3(a) with a red line shows
the same spectral pattern of the SPP frequency comb, as
expected.

Regarding the experimental feasibility of our proposal,
our ideas can be experimentally verified using pump-probe
spectroscopy. The light sources involved have different fre-
quencies and their phases need to be locked, as in experiments
for terahertz wave generation [44]. In these experiments the
control beam is focused onto a SHG crystal to generate enough
output (signal) with a fixed phase relation between them. In
addition, the fine control of the relative phase required for

the coherent control of SPPs by SHG, especially when using
fs pulses, could be achieved using a fused silica wedge pair
(small angle) to finely control the delay and so the relative
phase between signal and control beams. Attosecond phase-
control accuracy has been reported using this kind of phase
compensator [45], a short enough time resolution to cover a
complete relative phase change of 7 in our notation, which
means going from point 1 to 3 in Fig. 2(d).

The pulse duration and the switching rate of the phase
delay in the frequency comb simulations are 10 and 2 ps,
respectively. These values have been chosen to reduce the
computational burden, thus other pump-probe configurations
are possible from picosecond to cw operating lasers. There-
fore our proposal should be also scalable in terms of pulse
duration. We think the best way to experimentally achieve
such high switching rates of the phase is by acting on the
optical path of the laser beams with the technique explained
above [45].

The use of SHG for coherently controlling radiation has
been recently suggested using isolated metallic wires [46].
Several drawbacks are inherent in the study of SHG from
single nanoparticles, but even for flat metal surfaces there
is still some controversy given the subtle nature of SHG
processes in metals [28,47,48]. Even though most of the basic
research on SHG from metals was initially focused on metal
nanoparticles [7,28,49,50] (to name a few), note that only
recently the optical characterization of SHG emission from
a single nanoparticle has been experimentally attained [51].
Complex setups are needed to investigate far-field SHG from
single metallic nanoparticles as compared to extended systems
such as arrays of symmetric nanoparticles [52] or holey metal
films [53].

Our approach to all-optical control of SPPs based on SHG is
feasible in metallic structures supporting different plasmonic
modes. As an example, unidirectional emission of long-range
SPPs [54] is demonstrated with a single metallic nanowire
located over an optically thin metal film (akin to patch antennas
[55]) in Sec. V of the SM [21].

In addition to the active control of confined modes such as
SPPs being attainable using our method, the coherent control
of radiation from the corrugated metal surface is also feasible,
as shown in Sec. II of the SM [21].

In conclusion, we have theoretically demonstrated the
possibility of building spectrally broadband unidirectional SPP
sources with pulses as short as ~20 fs and actively controlled
by an external beam. Our theoretical proposal can be experi-
mentally verified using standard pump-probe spectroscopy. We
envisage nonlinear nanodevices for the control and generation
of light based on coherently combining multipolar modes
excited by SHG. As a proof of principle of such a nanodevice,
we have designed a SPP frequency comb following our method.
Our proposal is of a general application and would work in
different plasmonic platforms and frequency regimes.

We acknowledge support from the Spanish Ministry
of Science, Innovation and Universities under Project No.
MAT2017-88358-C3-2-R (AEI/FEDER,UE).
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