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ULTRAFAST MICROSCOPY

Ultrafast vector imaging of plasmonic skyrmion
dynamics with deep subwavelength resolution
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INTRODUCTION: Topology is the study of geo-
metric properties that are unaffected by con-
tinuous changes in shape and size. Skyrmions
are examples of topological defects in vec-
tor fields. Skyrmions exhibit a characteristic
vector structure. When excited by electro-
magnetic near fields on thin metal films, they
are called plasmonic skyrmions. These fields
exist at sub-100-nm scales and oscillate with
periods of a few femtoseconds and thus are
difficult to measure.

RATIONALE: Two-photon photoemission elec-
tron microscopy studies were previously able
to image the local plasmon fields with femto-
second time resolution, but the vector informa-
tion of the local electric fields was missing.
Here we introduce a new technique, time-
resolved vector microscopy, that enables us to
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compose entire movies on a subfemtosecond
time scale and a 10-nm spatial scale of the
electric field vectors of surface plasmon
polaritons (SPPs). We use this technique to
image complete time sequences of propagat-
ing surface plasmons, demonstrating their
spin-momentum locking, as well as plasmonic
skyrmions on atomically flat single-crystalline
gold films that have been patterned using gold
ion beam lithography.

RESULTS: The key technique to obtain vector
information is to take two sequences of the
entire process with two different probe beam
polarizations. Hence, the electric field vectors
will be projected onto the probing electric field
by the two-photon photoemission process. The
spatial dependence of the two in-plane vector
components coupled with Maxwell’s equations
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then permits the retrieval of the out-of-plane
component. This allows us to unambiguously
resolve all vector components of the electric
field as well as their time dynamics, enabling the
retrieval of the experimental time-dependent

skyrmion number and in-
dicating the periodic trans-
Read the full article

formation from skyrmion
at https://dx.doi. number +1 to —1 and back
org/10.1126/

on a time scale of a few
science.abab415 femtoseconds. Addition-
ally, all three magnetic
field vectors of the surface can be obtained from
the electric field vectors by using Maxwell’s
curl equation.

CONCLUSION: With our vector microscopy tech-
nique, we are able to image plasmonic spin-
momentum locking and plasmonic skyrmion
dynamics. In the future, other topological nano-
photonic systems should be in reach as well;
these include plasmonic merons or short-range
skyrmions, where the dispersion of plasmons
in extremely thin films is used. This research
will open the door to creating linear optical
features on the few-nanometer length scale.
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Reconstruction

Ultrafast time-resolved vector microscopy of plasmonic skyrmions. Femto-
second laser pump-probe techniques using polarized beams combined with two-
photon electron emission in an electron microscope enables the retrieval of all
vector components of the electric field of propagating SPPs as a function of time.
We used this technique to image the vectorial time dynamics of the plasmonic
skyrmion field. Hexagons are milled into single-crystalline gold flakes via ion beam
lithography. A circularly polarized femtosecond laser pulse excites surface plasmon
waves on the gold flakes that interfere to create an SPP skyrmion lattice. The
SPPs are detected by interference with a second laser pulse that is first polarized
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in the x direction to retrieve the E, component of the SPP wave and then is polarized in
the y direction to produce the £, component. These fields are combined to obtain
the characteristic in-plane pattern of the skyrmion lattice: £ Use of the measured field
components in Maxwell's equations enables the vertical field component £, to be
calculated. From these data, we reconstruct the vector field of the SPP skyrmion and,
by varying the laser pump-probe delay time (At), gain time-resolved information (top
right), allowing us to create vector movies that show plasmonic spin-momentum
locking and plasmonic skyrmions (bottom right). SEM, scanning electron microscopy;
TR-PEEM, time-resolved photoemission electron microscopy.
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Plasmonic skyrmions are an optical manifestation of topological defects in a continuous vector field.
Identifying them requires characterization of the vector structure of the electromagnetic near field

on thin metal films. Here we introduce time-resolved vector microscopy that creates movies of the
electric field vectors of surface plasmons with subfemtosecond time steps and a 10-nanometer spatial
scale. We image complete time sequences of propagating surface plasmons as well as plasmonic
skyrmions, resolving all vector components of the electric field and their time dynamics, thus
demonstrating dynamic spin-momentum coupling as well as the time-varying skyrmion number. The
ability to image linear optical effects in the spin and phase structures of light in the single-nanometer
range will allow for entirely novel microscopy and metrology applications.

kyrmions (7, 2) in magnetic films were

predicted some time ago (3, 4) and were

observed recently in neutron scattering

experiments (5), with the topological

nature of the phase confirmed in subse-
quent Hall measurements (6). These phenome-
na have been observed in other magnetic
materials (7-11), and clusters of them have
been created in isolated regions in liquid crys-
tals (12). Images of skyrmion lattices and the
reconstruction of their spatial magnetization
distribution have been obtained using Lorentz-
force electron microscopy (I3). Skyrmion vector
fields in three-dimensional (3D) systems form
knotted structures that could, in principle, be
generated by light fields (74). In the field of
optics, artificial skyrmions in two dimensions
have been formed by interfering surface plas-
mon polaritons (SPPs) on gold metal films
(15-18). Such SPP skyrmions have potential as
a model system for increasing our understand-
ing of their dynamics. Skyrmions are inher-
ently vectorial in nature, as is evident in the
spin structure of magnetic skyrmions and in
the vector character of the electric fields in
SPP skyrmions. Complete identification and
analysis of skyrmions in experiments requires
a full determination of their vectorial fields,
and observing their dynamical behavior re-
quires temporal information. Such informa-
tion is usually not available, apart from the
results of some complex time-resolved scan-
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ning near-field optical microscopy experiments
(19-22). In this study, we use time-resolved
vector microscopy to retrieve the entire spatio-
temporal vector dynamics of SPP skyrmions
with nanometer spatial and femtosecond time
resolution.

Two-photon photoemission

The technique we use to measure the SPP
electric fields is based on a two-photon photo-
emission (2PPE) process (Fig. 1A). A pump
light pulse from a 16-fs Ti:sapphire laser source,
normally incident on a single-crystal gold sur-
face, excites SPPs from grooves etched by ion
beam milling (Fig. 1, B and C) to subsequently
generate a plasmonic skyrmion field. The SPPs
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propagate over the surface and interfere with
the electric field of a probe pulse that arrives
after a delay At. The interference between the
probe field and the surface plasmon field is
responsible for the position-dependent electron
emission via a two-photon process (Fig. 2A).
The experiment takes place in a photoemission
electron microscope (PEEM) that forms an
image of the emission points of the photo-
electrons, yielding a visualization of the sur-
face plasmon wave (23). The femtosecond
laser has a repetition rate of 80 MHz, result-
ing in a large number of repeated measure-
ments on the sample, thus enabling us to
obtain accurate image statistics of the electron
emission. Repeating this process for a series of
different pump-probe delays provides tempo-
ral information about the motion of the SPP
over the surface that allows the dynamics of
SPP propagation and interference to be studied
(24). Such 2PPE-PEEM techniques have been
used to investigate the orbital angular momen-
tum and focusing properties of SPPs (25, 26).
These normal-incidence pump-probe mea-
surements used to be performed with the same
polarization for the pump and the probe (23)—
e.g., right circular polarization (RCP) for the
pump and RCP for the probe. This method
yields only one in-plane component of the
SPP electric field. However, for vector micros-
copy, at least two linearly independent vector
components, such as E, and E,, are required.
We therefore record two independent pump-
probe sequences using two orthogonal probe
polarizations that measure the SPP field
strength in two orthogonal directions. Inter-
ference between the £, and the E . field
yields information about the @ vectorial
component by 2PPE. The same holds true for

10 um

Fig. 1. 2PPE-PEEM process used to obtain vector and time information from surface plasmons.

(A) The 2PPE-PEEM process involves a pump-probe excitation of surface plasmons from grooves etched in a
single-crystal gold flake, the interference of the propagating surface plasmon with a probe pulse, and the
subsequent imaging of the ejected photoelectrons in a photoemission electron microscope. The pulse
duration is typically 16 fs, and the delay time (Ar) is varied in steps of 0.16 fs. (B) Scanning electron
microscopy image showing examples of single-crystal gold flakes and the hexagonal boundary shapes
milled by an ion beam. (C) The hexagonal boundary milled into a single-crystal gold flake, as imaged in the
electron microscope. The arrow points to the side that is displaced by a half wavelength of the SPP (k) to

create the skyrmion lattice.
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Fig. 2. Method for extracting vector information from the 2PPE-PEEM experiment. (A) The excitation
of photoelectrons involves a two-photon process to overcome the work function of the metal film.

A submonolayer of cesium is deposited on the gold surface to reduce the work function below 3 eV to
facilitate the two-photon absorption. The polarization direction of the probe pulse determines the
component of the SPP electric field that is measured. (B) Vector fields in the plane of the SPP are
obtained from the interference between the orthogonal probe fields during two separate measurements.
From the spatial dependence of these two vectors, we derive the out-of-plane vector.

the respective y vectorial components of £
with the E ;. (Fig. 2A). See fig. S1 for a de-
piction of the optical setup with different
polarizers and waveplates. The experimental
data hence enable us to reconstruct the 2D
vector structure Egpp of the SPP as a function
of time with a spatial resolution of 10 nm, as
determined by the microscope electron optics,
and a time resolution better than 0.2 fs, set by
the short-term stability of the pump-probe
laser system. The two-photon emission pro-
cess depends on the square of the total electric
field intensity at the surface, which consists of
the vectorial sum of the light field Epqhe Of the
probe and the surface plasmon electric field
E,,(r). When the probe field uniformly illu-
minates the metal surface, the spatial depen-
dence of the electron emission arises only
from the SPP field. When the SPP electric
field is much weaker than that of the probe,
the two-photon absorption depends on

I (l‘) = |Epr0be + ESpD (1‘)|4 = Isrobe +
4lproneRe (E;robe “Egpp(T) )

which is linear in the SPP field. Here, I? is
the intensity (squared) of the electric field,
Irobe 1S the intensity of the probe pulse, and
E},obe 1s the complex conjugate of the probe
electric field. For such weak SPP fields, the
nonlinear emission is dominated by the pro-
jection of the SPP field vector on the probe
light field vector, which is oriented within the
surface plane (27-29) (Fig. 2B). Having re-
trieved Eg,, and EY,, as described, the final
unknown component perpendicular to the
surface is calculated from Maxwell’s equations.
Just above the metal surface, there are no free
charges and the divergence of the SPP field is
zero:V - Egy, = 0. From this relation, we obtain
the gradient of the vector field component
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OE;,,/0z = —OEg,,/Ox — OEY, /Oy out of
the plane, as the position dependence of both
EZ,,(r) and EY, (r) is known from the experi-
ment. The SPP electric field decays exponen-
tially with distance above the metal surface,
approximately as exp(—yg), where vy is a known
parameter that depends on the incident light
central wavelength (800 nm) and the electric
permittivity of the metal (29). With this position
dependence, we obtain £, = —(1/y) OEZ,, /02
Once we have the three vector components of
the electric field and their time variation, we
can deduce many other properties of the SPP
field. All vector components of the SPP mag-
netic field (B) can be found from the relation
Vx E=—0B/0t and integrating over time
(t). The SPP surface charge is proportional to
the normal component EZ, of the electric field
Ospp (T, ) = (€0 — €m)EG,, (T, £), which depends
on the difference between the electric permit-
tivity of the vacuum ¢y and that of the metal €,,,.
Therefore, the normal component Ej’pp gives a
representation of the SPP surface charge as a
function of position and time. The rotation of
the SPP electric field in time represents clas-
sical spin s, which is a vector normal to the
polarization ellipse swept out by the electric
field vector (30). For time-dependent real fields,
the classical spin has a direction s = (E(r, ¢) x
JE(r,t)/0t) /o|E|*, where o is the center fre-
quency of the light pulses (as derived in the fig.
S4 and egs. S11 to S16). Thus, from our exper-
imental measurements we obtain almost com-
plete information about the SPP surface charge,
including the spatial and temporal properties
of the electric and magnetic fields it produces,
lacking only the overall magnitude of the field.

Experimental results

We first test our vector measurement technique
on a plane-wave SPP (Fig. 3). A single-crystal
gold flake, which is 80 to 100 um wide, is
chemically grown on silicon (3I). The flake is
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Fig. 3. 2PPE-PEEM measurement of the time
evolution of the electric field vectors of an SPP
traveling wave. (A) An image of the wave taken at
one pump-probe delay time. The arrow shows the
wave propagation direction. A time-invariant
background signal has been removed using a
differencing procedure described in the supplemen-
tary text (section Il). (B) Full vectorial reconstruc-
tion of the SPP electric field at the pump-probe time
delay t = 58.29 fs. The image beneath the vectors
shows the vertical component of the SPP electric
field that is proportional to the SPP surface charge
(white, positive; black, negative), whereas the PEEM
image (A) probes the in-plane component of the
plasmon field. See Movie 1. (C) Four profiles through
the experimental wavefront depicting the SPP vector
configurations at different relative time delays. The
sloped dashed line and gray arrows highlight the
propagation of the wavefront with time associated
with the SPP traveling wave. The vertical dashed line
and blue, cyan, and yellow arrows highlight the
rotation of the SPP electric field vector at one
position in space that gives rise to transverse spin.

then placed in an ion beam lithography sys-
tem where a groove is milled using Au>* ions. A
pump pulse with an 800-nm center wavelength
and a 16-fs pulse duration that is linearly po-
larized perpendicular to the groove uniformly
illuminates the gold flake and excites a long-
range surface plasmon of wavelength 780 nm
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Fig. 4. Vector and time measurement of the SPP skyrmions. (A and B) Two images taken at the same
pump-probe delay times but with orthogonal polarization states of the probe field. A time-stationary

background has been removed, as described in the supplementary text (section II). (C and D) The in-plane
El = \ES + E{Z and out-of-plane ££ components of the SPP skyrmion field extracted from the experimental
data. (E) Experimentally derived vectors along the dashed line in (D) for three relative time delays. The
vertical dashed line highlights the standing wave nature of the SPP field at this location. (F) Time dependence
of the SPP skyrmion lattice, as obtained from experiment (Movie 2). The background image is scaled to
the normal component, which provides a representation of the SPP surface charge (white, positive; black,

negative; gray, zero).

that propagates from the boundary (Fig.
3A). For the first series of measurements, the
electron emission image is obtained at each
time delay with the probe pulse linearly po-
larized in the direction of SPP propagation.
We obtain a vector representation of the SPP
field as in Fig. 3B. Four profiles of the field
through the wavefront at different pump-probe
delay times are shown in Fig. 3C. The experi-
mentally measured SPP vectors exhibit the
well-known in-plane rotation of the plane wave
SPP field associated with transverse spin
(32-34). The time-dependent vector field is
shown in Movie 1 and in the supplementary
materials (movies S1 to S3).

In the second experiment, a plasmonic vec-
tor skyrmion field is created using grooves
milled into the gold flake (Fig. 1C), forming a
hexagon boundary where SPPs are excited.
One side of the hexagon is displaced by 390 nm,
half of an SPP wavelength, which is necessary
to generate a hexagonal lattice of SPP skyrmions
(16). Two image frames at the same delay time
but orthogonal polarizations are shown in Fig. 4.,
A and B. A constant background has been
removed by subtracting images from the same

Davis et al., Science 368, eaba6415 (2020)

time sequence but delayed by a half cycle
(1.33 fs), as discussed in supplementary text
section II. To reduce the noise associated with
the detection of the electrons in the experiment,
the images are smoothed with a low-pass filter.
This filtering improves the numerical calcula-
tion of the derivatives required to obtain the
normal component of the SPP field but reduces
the spatial resolution to ~1/10 of the SPP wave-
length. Once the # and y components of the
field and their spatial variations are measured,
it is straightforward to extract the in-plane
component E! (Fig. 4C) and the vertical com-
ponent EZ (Fig. 4D) of the SPP skyrmion field.

With the vector data, we create a 3D ren-
dering of the SPP vectors (Fig. 4F) that shows
the distinctive skyrmion field evolving in time,
owing to the standing wave pattern of the
SPPs from the six grooves in the metal flake.
In Movie 2 and the supplementary materials
(movies S4 to S6), we show a complete time
sequence of the experimentally measured
vectors. The lengths of the vectors correspond
to the magnitude of the electric field, and the
color codes the direction out of the plane.
Figure 4E depicts sections through the SPP

24 April 2020

Movie 2. Vector dynamics of the spinning
plasmonic skyrmion electric field vectors.

skyrmions at three different pump-probe
delay times. The SPP field vector rotates out
of the plane of the metal surface (dashed line
in Fig. 4E) close to the skyrmion center. This
rotation leads to two distinct patterns at time
delays equal to a half-wave cycle, correspond-
ing to pump-probe delay times of At = 63.39
and 64.72 fs; these patterns are associated
with skyrmion numbers of opposite sign. One
might think that these two configurations of
vectors represent a skyrmion-antiskyrmion
pair (35); however, in our case, we believe
that the configurations simply indicate the
electric field reversal after half of an optical
cycle. The magnetic flux associated with the
SPP skyrmion can be retrieved from the electric
field (as shown in fig. S3) and is similar to that
observed in a skyrmion lattice in Fey5Cog 5Si
using electron holography (36).

Identifying skyrmion type

Three basic skyrmion types have been observed
experimentally in solid-state systems, revealing
the different ways that the field vector rotates
with position through the center of the skyrmion.
The vector formation is either Néel type (37)
or Bloch type (13, 38), which in solid-state sys-
tems depends on the boundary and symmetry
conditions. Néel skyrmions reveal a cycloidic
vector rotation, whereas Bloch skyrmions are
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Fig. 5. Skyrmion number density. (A and B) Regions of the SPP skyrmion lattice at extrema of the SPP
wave cycle, at times equivalent to a = phase shift. (C) The skyrmion number density A/ is calculated from
the data in (A) and compared with a theoretical calculation. The color codes the density and is slightly
negative in the red regions (=~0.05 um™2) and peaks just above 5 um™ in the blue regions. (D) The skyrmion
winding number W per skyrmion for the regions in (C) is obtained from the experiment for two complete
SPP wave periods. At the extrema, the winding number is +1, with the minus sign indicating that the SPP
skyrmion vector rotates over a complete sphere but in the opposite sense. The theoretical curve is calculated
from an analytical model of interfering SPP waves (see supplementary text section V for details).

characterized by a helical flip inverting their
field vectors. Antiskyrmions with a quadru-
polar field orientation were observed (39) in
tetragonal Heusler materials. In this case, the
cylindrical symmetry is broken and the anti-
skyrmion field displays a combination of
cycloidic and helical vector behavior. It is
clear that the SPP skyrmions in Fig. 4 are of
the Néel type.

The topological nature of skyrmion vector
fields is characterized by integer skyrmion
numbers derived from the skyrmion number

density (2)
1, (00 0
4m ox Oy

This density depends on the unit vectors
e(r,t) = E(r,t)/E(r,t) of the electric fields,
which are functions of time. Figure 5, A and B,
shows the SPP skyrmions at times At = 63.39
and 64.72 fs, separated by half of a time cycle.
The skyrmion number density for the lattice in
Fig. 5A is depicted in Fig. 5C. The theoretical
number density is calculated using a simple
wave model of the fields in the lattice, as dis-
cussed in supplementary text section V. The
skyrmion number density obtained from exper-
iment at the maximum of the SPP wave cycle
(Fig. 5A) corresponds closely to the theoretical
values. The skyrmion number or winding num-
ber W = JsNsdA is the integral of the number
density over the surface (here, A4 is the area of
the unit cell). This number equals the num-

Ns(r) =
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ber of times the direction of the vector field
rotates around a whole sphere (2) as we traverse
the gold surface. In our case, the skyrmion ar-
ray is finite and decays with increasing dis-
tance from the center of the pattern, which
requires us to match the boundary of the in-
tegration area S to the hexagonal lattice. For
the number density of Fig. 5C, the experi-
mental skyrmion number is W = 6.93, which
is close to the theoretical value of ¥V = 7, cor-
responding to seven skyrmions in the inte-
gration region. Our time-resolved technique
allows us to extract the skyrmion number
W/17 for this area as a function of time delay
(Fig. 5D) for two cycles of the SPP standing
wave. For an appreciable fraction of the first
half of the SPP wave cycle, W/7 = 1 as ex-
pected. During the second half of the cycle,
W/7 = —1, corresponding to a reverse winding
of the SPP vectors across the surface.

Outlook

Our time-resolved vector microscope should
be able to reveal many phenomena associated
with spin-photon coupling, the photonic spin-
Hall effect, and orbital angular momentum
physics. Furthermore, it should be possible to
use plasmons with strongly reduced wave-
lengths in 20-nm-thick gold films (26) to ob-
tain short-range skyrmions. Such structures
would allow for extremely small spin and
phase structures of the light fields (7) down
to the single-nanometer range and might be
used for novel microscopy and metrology ap-
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plications (40, 41). The intense fields created
by femtosecond laser pulses have the potential
to induce nonlinear behavior in optical mate-
rials supporting surface plasmons, such as
thin graphene films or metals overcoated with
materials exhibiting Kerr nonlinearities. SPP
skyrmions in such materials could exhibit
solitonic properties and might interact with
other SPP waves, through the nonlinearity of
the material. Such systems could, in principle,
enable scattering of SPPs and SPP skyrmions
on each other and trigger a plethora of non-
linear nanooptical effects. Finally, such nano-
structures could be used in photon-induced
near-field electron microscopy (42, 43) and
electron energy-loss spectroscopy (44) experi-
ments, in which electrons and light fields take
on different roles.
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Ultrafast vector imaging of plasmonic skyrmion dynamics with deep subwavelength
resolution
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Watching plasmonic skyrmions

Skyrmions are stable topological textures that arise from solutions of the electromagnetic field. Because these
"hedgehog"-like textures are robust, can be manipulated, and can interact, there is an interest in pursuing them for
memory and logic applications. Skyrmions can also be generated in thin metal layers under optical excitation, but
detailed information about the vectorial dynamics of these surface plasmon polariton skyrmions is so far lacking. Davis
et al. used a time-resolved photoelectron vector microscope to image their spatiotemporal dynamics, piecing together
movies as the skyrmions propagated across the surface of a perfect gold crystal. Access to dynamics with such high
spatial and temporal resolution could help in controlling other nanophotonic systems.
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