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Ultrafast spatiotemporal control of a surface plasmon polariton (SPP) launch direction is a prerequisite for ultra-
fast information processing in plasmonic nanocircuit components such as ultrafast on—off of plasmonic switching
and information recording. Here we realize for the first time, to the best of our knowledge, ultrafast spatiotem-
poral control of the preferential launch direction of an SPP at the nano-femtosecond scale via a plasmonic nano
directional coupler. The spatiotemporal switching of the SPP field was revealed using time-resolved photoemis-
sion electron microscopy (TR-PEEM). Experimental results show that the extinction ratio of the SPP directional
coupler can be substantially optimized by properly selecting the amplitude and time delay of the two incident
light pulses in the experiment. More importantly, we demonstrate a solution for the launch direction of the SPP
field, switched in a plasmonic nano directional coupler on the femtosecond timescale, by adjusting the instanta-
neous polarization state of the excitation light. The TR-PEEM images are supported by finite-difference time-
domain (FDTD) simulations. We believe the results of this study can be used to develop high-speed, miniaturized

signal processing systems.
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1. INTRODUCTION

The remarkable performance of a plasmonic functional element
has unique prospects for building high-speed, miniaturized sig-
nal processing systems [1]. In this regard, active control of the
directional launch of surface plasmon polaritons (SPPs) is a key
step for the construction of various plasmonic functional ele-
ments, such as switches [1-4], beam splitters [5], multiplexers
[5-71], and waveguides [1,8,9].

As the main candidate for engineering control of SPP direc-
tional launching in plasmonic nanocircuits, the polarization-
controlled scheme can easily achieve asymmetric momentum
matching conditions between the incident light and the SPP
along with different directions in the coupler [9—11]. This
scheme has been used to implement active control of SPP
propagation in diverse coupled structures, including carefully
designed nanoparticle chains [12], branched silver nanowires
[13], the plasmonic Y-splitter [7,14], single trench structures
[9,10,15,16], the complementary split-ring resonators milled
into thin metal film [17], and multilayered metal-dielectric—
metal Huygens’ nanoantennas [18]. Among these structures, a
single nano trench etched on a noble metal thin film supports
broadband coupling, is compatible with planar technology
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[19], and meets the needs of device miniaturization [20].
Those features of the trench have aroused great interest among
researchers.

Despite the above-mentioned progress, there are still many
challenges to achieve active control of directional launching of
SPPs to satisfy practical applications. On the one hand, all of
the above approaches to the construction of an SPP directional
coupler rely on the careful selection of the geometrical param-
eters of the coupled structure [12-18]. Previous theoretical
work confirmed that directional launching of an SPP near field
on a gold film by a circularly polarized dipole, and the extinc-
tion ratio of SPP propagation, both on gold film, can be opti-
mized by adjusting the polarization of the elliptically polarized
dipole [9]. However, there is a lack of experimental work with
active schemes to substantially optimize the extinction ratio of
an SPP directional launcher, except for changing the geometry
structure, as reported in Refs. [3,21]. In fact, this is urgently
needed in many practical plasmonic elements, such as plas-
monic beam splitters [5,22] and switches [1,9,10]. On the
other hand, with the increasing importance of ultrafast speed
data processing and transport, it is foreseeable that ultrafast spa-
tiotemporal control of directional launching of SPPs in plas-
monic nanodevices is essential. Applications include ultrafast
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on—off of plasmonic switching and ultrafast information re-
cording. The spatiotemporal control of localized surface plas-
mons in V-shaped [23] and solar-shaped [24] nanostructures
has been realized using femtosecond pulses with chirp and
polarization shaping, respectively. However, in terms of the di-
rectional launching of SPP, previous research has typically only
focused on manipulation of the spatial field distribution, and
there is a lack of ultrafast switching of the directional launching
of the SPP [7-11].

In this paper, we are, to the best of our knowledge, the first to
achieve ultrafast spatiotemporal control of the preferential launch
direction of SPP on the nano-femtosecond (nano-femto) scale
via a directional nano coupler (a single nano trench etched into
a gold thin film) and confirmed using time-resolved photoemis-
sion electron microscopy (TR-PEEM). Our results show that
preferential launching of an SPP directional coupler can be
achieved by using destructive and constructive interference of
the SPP modes excited by two orthogonally polarized incident
light pulses. The extinction ratios of the SPP directional coupler
can be substantially optimized by appropriately choosing the am-
plitude and initial phase of the incident light pulses.
Furthermore, we demonstrate a solution for the preferential
launch direction of SPP coupler switching on the femtosecond
time scale by adjusting the time delay of the two orthogonally
polarized incident light pulses. This result is attributed to the
instantaneous change of the incident light polarization state at
the femtosecond time scale. The TR-PEEM images are sup-
ported by finite-difference time-domain (FDTD) simulations.
We believe the results of this study can be used to construct ul-
trafast information processing systems in plasmonic nanocircuits.

2. METHODS

Sample Fabrication. A rectangular 20 pm x 0.2 pm trench
was milled into a 120 nm thick gold film by focused ion beam
lithography. The trench goes all the way through the gold film,
and the depth is approximately 120 nm. The gold film was
deposited on a glass substrate coated with an approximately
180 nm thick indium tin oxide (ITO) layer via sputtering.
A ~3 nm Ti adhesion layer was deposited between the gold
film and ITO.

Experiment Measurement. A Ti:sapphire laser oscillator
(Mira 900 Coherent Inc., Santa Clara, CA, USA) provided
~130 fs duration pulses at an 800 nm central wavelength with
a 76 MHz repetition rate and a tunable output wavelength in
the 700-900 nm range. The measured spectral width of the
output laser pulse is about 6 nm (FWHM). Laser power rang-
ing from 80 to 140 mW is used in the experiment.
Multiphoton photoemission from a superposition of SPP
and laser field is recorded using a photoemission electron mi-
croscope (PEEM, Focus GmbH, Hiinstetten, Germany). The
incident laser is focused onto the sample surface using a 20 cm
focal length lens at an incident angle of 65° from the surface
normal, which is determined by the PEEM instrument. Under
these conditions, elliptically shaped focused laser spots are ob-
served and feature major and minor axes of 50 pm and 25 pm,
respectively. For time-resolved PEEM experiments, the pulses
are split in a stabilized Mach—Zehnder interferometer with an
adjustable time delay. Specifically, an incident laser pulse is split
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into two laser pulses through a beam splitter. Then, the two
laser pulses are spatially combined through a beam combiner.
The time delay of the two laser pulses can be accurately ob-
tained by adjusting the optical path difference of the two arms
of the interferometer. Each arm has a separate polarization and
power control via half-wave or quarter-wave plate and a con-
tinuously adjustable attenuation plate.

Numerical Simulation. Numerical simulations were per-
formed using a commercial FDTD package (Lumerical, a unit
of Ansys, Inc., Vancouver, BC, Canada). The simulations em-
ploy a total field-scattered plane wave source that allows the
monitoring of pure instantaneous phase information of SPP (ex-
cluding the incident light electric field). The time evolution of
the SPP near field was captured by the time point monitor. The
monitor was placed 5 nm above the gold film. In the pump-
probe scheme, two laser pulses with relative time delays are used,
and the delay, as well as polarization direction of the two laser
pulses, can be flexibly adjusted in the FDTD simulation. The
incident light parameters (central wavelength, pulse duration, in-
cident angle, and polarization direction), the thickness of the
gold film, and the ITO layer in the simulation are set to be con-
sistent with the experiment. The thickness of the gold film
(~120 nm) used in the experiment is much larger than the skin
depth of the SPP electric field. The experimental results are do-
minated by the interference between the SPP excited on the
upper surface of the gold film and the incident light electric field.
Therefore, the influence of the ITO layer on the experimental
results can be ignored [25]. The dielectric permittivity of gold is
taken from the experimental data of Johnson and Christy [26].
The ITO-covered glass substrate was assumed to behave as a di-
electric with an average refractive index of » = 1.55. The sur-
rounding medium is a vacuum, whose refractive index is 1. The
boundary conditions of FDTD are set with perfectly matched
layers. To ensure an accurate description of the edges of the
trench, we used a 3D override mesh to calculate the near field
of the SPP with a unit size of 4 nm x 4 nm x 4 nm.

3. RESULTS AND DISCUSSION

As a prelude to the spatiotemporal control of SPP directional
launching at the nano-femto scale, we first implement a spatial
manipulation experiment by adjusting the polarization state of
the incident light. Figure 1(a) shows a schematic diagram of
the polarization-controlled SPP directional coupler. Here, the in-
cident light illuminates the trench along the y axis direction at an
incidence angle of 65° with respect to the surface normal, and the
light is converted to an SPP that propagates along the upper or
underside of the directional coupler. The extinction ratio r
(r = Ipown/Iup) of the SPP directional coupler is extracted to
represent the directionality of the SPP launching. Namely,
SPP is preferentially launched from the underside (upper side)
of the trench if the ratio is greater (less) than one, and it varies
with the line polarization angle @ [15]. The wave vectors of the
incident light in-plane (#;) and SPP () are displayed in Fig. 1(a).
The PEEM image of the rectangular 20 pm x 0.2 pm trench
illuminated by a mercury lamp is captured and shows the
morphologies of the coupler. A double-logarithmic plot of the
integrated photoemission signal versus the laser power yielding
a slope of 3.5, is shown in the inset of Fig. 1(a). The result shows
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Fig. 1. (a) Schematic diagram of the polarization-controlled SPP
directional coupler. The PEEM image of the rectangular
20pum x 0.2 pm trench is illuminated by a mercury lamp source
(one-photon photoemission), and a double-logarithmic plot of the in-
tegrated photoemission signal versus the laser power yielding a slope of
3.5 in a linear fitting, is shown in the inset of (a). (b) PEEM images of
SPPs launching with a 750 nm femtosecond laser under different
polarization states. The black dotted frame shows the position of
the trench. (c) Near-field distributions (£,)?* of the SPP directional
coupler (the rectangular 10 pm x 0.2 pm trench) following irradiation
with different polarization states (+45° polarized and -45° polarized;
right- and left-handed circularly polarized). The wave vectors of the
incident light in-plane (#;) and SPP (k,) are displayed in (a). 4, is
directed toward +y. a is the polarization angle of the incident light.

that the photoemission in the PEEM image for the laser wave-
length of 750 nm (1.6 ¢V) is a nonlinear process.

Figure 1(b) shows the PEEM images after irradiation with
linear (4-45° polarized and -45° polarized) and circular polari-
zation (right- and left-handed circularly polarized) femtosecond
pulses (A = 750 nm, 1.6 ¢V) on the trench. The systematic
simulation results show that when the incident light wave-
length is 750 nm and the width of the trench is 200 nm,
the SPP coupler (the trench) has optimal directivity when ex-
cited by circularly polarized light (not shown). An interference
pattern is induced by the interaction of the incident femtosec-
ond laser with the laser-induced SPP. This result suggests that
the SPP field has good coherence with the incident light’s elec-
tric field under the experimental conditions, indicating the SPP
near field is excited by resonance and its resonance frequency
overlaps the incident laser light spectrum. Asymmetric photo-
emission distributions can be observed for the different polar-
izations. Specifically, the interference patterns mainly appeared
on the upper side of the trench under 45° linear polarization or
right-handed circular polarization, and correspondingly, the
extinction ratio » = 0.65 and 0.53, respectively, indicating
SPP is preferentially excited on the upper side of the trench.
Inversely, when the polarization angle is -45° or for left-handed

circular polarization, the intensity ratio 7 of the PEEM images is
about 1.2 and 1.4, respectively (i.e., the preferential launch di-
rection of the SPP shift to the underside of the trench). Note
that due to strong localized surface plasmon resonance,
extremely bright hot spots appeared on the trench edges and
corners during laser illumination, and those hotspots will easily
cause CCD saturation and affect the observation of the rela-
tively weak SPP field [15]. Therefore, for clear presentation
of the propagation of SPPs, we removed the trench from
the PEEM field of view. The black dotted frame in Fig. 1(b)
indicates the position of the trench. The extinction ratio of the
directional coupler is extracted by integrating the photoemis-
sion (PE) signal and subtracting the PE signal background
generated by the incident light in the PEEM image.

Figure 1(c) shows the near-field distributions (£,)? of the
SPP directional coupler following irradiation under corre-
sponding polarization conditions. Conventional photoemission
experiments show that the measured multiphoton signal is pre-
dominantly governed by the £, component of the near field.
The extinction ratios of +45° and -45° linear polarization
(right and left-handed circular polarization) are reciprocal to
each other, and are equal to 0.24 and 4.1 (0.63 and 1.59), re-
spectively. The results show that the preferentially directional
launch of the simulated SPP is consistent with the experimental
results under the excitation conditions.

Further FDTD simulation results (not shown) indicate that
the polarization dependence of the extinction ratios of the SPP
coupler can be attributed to destructive and constructive inter-
ference of SPP modes excited by the two orthogonally polarized
incident light pulses as the linearly and circularly polarized light
beam can be decomposed into the superposition of two
orthogonal components. Specifically, when the two SPP modes
excited by the two orthogonally polarized incident light pulses
are superimposed, constructive interference occurs on the
upper side (or underside) of the trench and destructive inter-
ference occurs on the underside (or upper side) of the trench;
this results in the SPP being preferentially excited on one side of
the trench. Furthermore, the extinction ratios of the SPP direc-
tional coupler can be improved by appropriately adjusting the
amplitude ratio of the two incident laser pulses.

We consider proofing the scheme to optimize the extinction
ratio of the SPP directional coupler when the incident light is
45° polarized and -45° polarized with the initial phase 6 (0°,
-90°) (left-handed light case). Figure 2(a) shows the temporal
evolution of the SPP near field under the above conditions at
position S1 (upper side of the trench). Here, the intensity ratio
between the two incident beams is A_4s-/A45- = 2.7. The aver-
age intensity ratios £_gs-/E s of the SPP near field is about
1.08, and the extinction ratio of the SPP directional coupler
can be optimized from 1.59:1 [in Fig. 1(c)] to 8.5:1, as shown
in Fig. 2(b). Considering the nonlinear process [z = 3.5 in
Fig. 1(a)], the extinction ratio of the SPP directional coupler
in the PEEM image is (8.5) 3.5:1 = 1790:1 (approximately
1:0) under the conditions above. The results demonstrate that
the extinction ratios of the SPP directional coupler can be
actively optimized by adjusting the ratio of the amplitude
and the initial phase of the two incident light pulses with
perpendicular polarization directions.
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Fig. 2. (a) Optimized temporal evolution of SPP near field at S1.
(b) Interference field distribution of the incident light and SPP field
recorded following irradiation with two perpendicular polarization di-
rections (45° polarized and -45° polarized). (c) TR-PEEM experimen-
tal schematic illustration of the incident light with two polarization
states perpendicular to the long axis of the trench. (d) The optimized
PEEM images of SPPs launching using the 750 nm femtosecond laser
with 45° polarized and -45° polarized. (¢) Cross-sectional profiles of
the interference pattern from the green dotted line in (d) obtained by
subtracting the PE signal background.

An experimental configuration for actively optimizing the
extinction ratio of the SPP directional coupler is displayed
in Fig. 2(c). Here, the femtosecond laser pulse is split into a
pump-probe pulse pair; the time delay could be controlled by
a Mach—Zehnder interferometer setup, where the 45° and -45°
polarized directions could be obtained by rotating a half-wave
plate. Figure 2(d) displays the optimized PEEM image of the
time delay A7 = -7/4 (corresponds to a phase delay of
-0.57) using the excitation of 45° polarized and -45° polarized
pulses. The average power is 80 mW and 190 mW (the ratio is
about 2.4) for the 45° polarized and -45° polarized femtosec-
ond pulses (A = 750 nm, 1.6 ¢V) on the trench, respectively.
Cross-sectional profiles of the interference patterns before and
after optimization from the green dotted line in Fig. 2(d) are
obtained by subtracting the PE signal background. It is found
that the average intensity ratio Pp: Py of the photoemission
signal of the SPP directional coupler is optimized from 1.9:1
to 10.6:1, as shown in Fig. 2(e). Here, Pp and Py, refer to the
average intensity of the photoemission signal on the lower and
upper sides of the SPP directional coupler, respectively.

We have demonstrated that the launch direction of SPP on
the trench strongly depends on the polarization state of the
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incident light pulses. Based on this, it is foreseeable that
manipulation of the instantaneous polarization state of the in-
cident light at the femtosecond time scale will ultimately
realize active control of the directional launch of SPP at the
nano-femto scale.

Figure 3(a) shows selected time-resolved PEEM images of
the trench under different time delays and between 0° (p) po-
larized and 90° (s) polarized pulses. We find that when the time
delay is -74/2, 0, and 7'y/2 (delay time is -1.25 fs, 0, and
1.25 fs, the optical period is 7y = 2.5 fs for the 750 nm carrier
wave of the laser pulse), the preferential launch direction of the
SPP turns from the underside to the upper side of the trench
and then switches back to the upper side.

This phenomenon is attributed to the change in the polari-
zation state of the incident light and under the time delay
above, the corresponding incident light polarization state after
superposition is -45°, 45°, and -45°. Similarly, the preferential
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Fig. 3. (a) Time-resolved PEEM images under different time delays
captured using two 0° polarized and 90° polarized pulses.
(b) Simulated temporal evolution of the SPP near field at positions
S1 and S2 and (c) the instantaneous near-field distribution of the
SPP directional coupler at different moments. The vector diagram
of the instantaneous polarization direction of the incident light is
at the bottom in (c). The blue shaded area represents the time range
of SPP excitation by the overlapped region of the two laser pulses.
Positions S1 (black dot) and S2 (red dot) are symmetrical about
the trench, as shown in (c). The black dotted frame in (a) shows
the position of the trench.
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launch direction of the SPP switching phenomenon can also be
found when the time delay is 527" and 527, + 7'y/2 (delay
time is 130 fs and 131.25 fs). Nevertheless, the superposition of
p polarized and s polarized light transforms incident light to a
complex instantaneous polarization state under the time delays
above. Therefore, the PEEM images are the result of integra-
tion following irradiation with a complex instantaneous polari-
zation state. The ultrafast switching process of SPP preferential
launch direction contained therein will be revealed by the
numerical simulation below. At a time delay longer than 807,
the switching phenomenon of the SPP preferential launch
direction almost disappeared because the p polarized and s po-
larized pulses are completely separated in time and only the
photoemission signal of the PEEM image is induced by the
p polarized and s polarized beams independently. These results
demonstrate that the preferential launch direction of the SPP
on the trench can be actively controlled with femtosecond
accuracy (1.25 fs) by adjusting the time delay of the p polarized
and the s polarized beams.

Figure 3(b) displays the simulated temporal evolution of
SPP near field at positions S1 and S2 following irradiation with
incident light with 0° (p) polarized and 90° (s) polarized pulses
and the time delay of 527 (delay time is 130 fs). In the entire
evolution process, the intensity of SPP near field at position S1
is greater than or equal to that of the near field at S2, which
results in an integrated photoemission electron signal intensity
on the upper side of the trench that is greater than that of the
underside, as shown in Fig. 3(a). To more intuitively present
the instantaneous change of the preferential launch direction of
the SPP on the trench, we simulated three typical instantaneous
near-field distributions of the SPP directional coupler at
T =150 fs, 330 fs, and 480 fs, respectively, in Fig. 3(c).
We found that when 7" = 150 fs and 7 = 480 fs, the SPP
launched on both sides of the trench is symmetrically distrib-
uted. When 7" = 330 fs, it is in the overlapping area of two
incident light pulses in time, and the preferential launch direc-
tion of the SPP is the upper side of the trench.

The above phenomenon can be explained by the instanta-
neous change in the polarization direction of the incident light
field at the femtosecond time scale or by the interaction of the
SPP fields induced by the p polarized and s polarized laser
pulses [27,28]. Specifically, when the incident light irradiates
the trench, the process of the SPP launched by the laser pulses
can be divided into three parts, as shown in Fig. 3(b): (i) the
SPP near field is excited by the first half of the first laser pulse
and the corresponding time range is about 0-200 fs; (ii) the
overlapping part of the two beams of light is converted to
the SPP near field, which corresponds to the time range roughly
from 200 to 480 fs; and (iii) the second half of the second laser
pulse into the SPP near field with the time after 480 fs. Parts (i)
and (iii) correspond to p and s polarized light, respectively,
wherein the SPP near-field intensity is symmetrically distrib-
uted on both sides of the trench. Due to the different intensities
of the two femtosecond laser pulses in the overlap period
(ii) indicated by the blue shaded area in Fig. 3(b), the polari-
zation direction a of the incident light in (ii) changes between
0° and 90° based on the principle of electric field superposition.
Previous studies have shown that the SPP near field is preferen-

tially excited on the upper side of the trench [11,15] when the
excitation laser polarization direction is between 0° and 90°. As a
result, the integrated photoemission electron signal intensity
on the upper side of the trench is larger than that of the under-
side, as shown in Fig. 3(a), when the time delay of the two beams
is 527, showing that the preferential launch direction of the
SPP is on the upper side of the trench. Vector diagrams of
the instantaneous polarization state of the incident light corre-
sponding to the three parts of the ultrafast SPP field evolution are
displayed at the bottom of Fig. 3(c). The results above show that
during the entire electric field evolution process (at the hundreds
of femtosecond scale), the SPP near field on the underside of
the trench undergoes an ultrafast process of on—off—on, while
there is always SPP excited on the upper side of the trench.
Figure 4(a) shows selected time-resolved PEEM images
under different time delays captured with 45° polarized and
-45° polarized pulses. In detail, when the time delay A7 =
-Ty/4, 0, and 7 /4 (the delay time is -0.63 fs, 0, and
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Fig. 4. (a) Time-resolved PEEM images under different time delays
captured with two perpendicular polarization pulses (45° polarized and
-45° polarized). (b) Simulated temporal evolution of the SPP near field
at positions S1 and S2 and (c) the instantaneous near-field distribution
of the SPP directional coupler at different moments. The vector dia-
gram of the instantaneous polarization state of the incident light is at
the bottom in (c). The blue shaded area represents the time range of
the SPP excitation by the overlapped region of the two laser pulses.
Positions S1 and S2 are symmetrical about the trench as shown in
(c). The black dotted frame in (a) shows the position of the trench.
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0.63 fs), the polarization states of the incident light after super-
position correspond to left-handed circular polarization, p
polarization, and right-handed circular polarization, respec-
tively. Similarly, the phenomenon of the preferential launch
direction switching of SPP can be observed. When A7 =
52T+ Ty/4 (the delay time is 130.63 fs), the preferential
launch direction of SPP is consistent with A7 = 527 (delay
time is 130 fs), which is shown in Fig. 3(a). However, under the
two TR-PEEM schemes, the initial polarization direction of the
incident light is different and the two beams of light partially
overlap in time; the instantaneous polarization of the incident
field varies as a function of the time delay. Therefore, in this
case, an ultrafast process excited by completely different instan-
taneous polarization states is involved, as shown in Fig. 4(b).

Figure 4(b) shows the temporal evolution of the SPP near
field at positions SI and S2 following irradiation with the in-
cident light with 45° polarized and -45° polarized pulses and a
time delay A7 = 527y + Ty/4 (130.63 fs). The blue shaded
area represents the time range of SPP excitation by the over-
lapped region of the two laser pulses. For instance, before
T = 300 fs, the intensity of the SPP near field is suppressed
at position S2 and it is smaller than the electric field at S1. After
T = 385 fs, the intensity of the SPP near field at position S2 is
larger than at S1. The intuitively instantaneous near-field dis-
tribution of the SPP directional coupler at 7 = 150 fs, 300 fs,
and 430 fs is displayed, respectively, in Fig. 4(c). Different from
Fig. 3(b), the SPP near fields that are excited on both sides of
the trench are distributed asymmetrically during the entire evo-
lution process; for 7" € (300 fs, 430 fs), the preferential
launch direction switches from the upper to the lower side
of the trench. The significant difference in the instantaneous
distribution of the SPP near field in Figs. 4(c) and 3(c) stems
from the fact that the incident light has completely different
instantaneous polarization states under the two excitation
schemes. The results show that ultrafast switching (about
130 fs) of the preferential direction of the SPP launched from
the upper side of the trench to the underside can be achieved.
The vector diagram of the instantaneous polarization state of
the incident light is shown at the bottom of Fig. 4(c). We be-
lieve the results above provide a solution for switching the pref-
erential launch direction of the SPP by the coupler at the
femtosecond time scale.

4. CONCLUSION

In summary, we performed spatiotemporal control of the pref-
erential launch direction of an SPP directional coupler at a
nano-femto scale using TR-PEEM schemes. We demonstrated
a solution to switch the preferential launch direction of the SPP
by the coupler at the femtosecond time scale by adjusting the
time delay of the two orthogonally polarized incident light
pulses. We believe this study can be used to develop high-
speed, miniaturized signal processing systems.
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