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Revealing the subfemtosecond
dynamics of orbital angular
momentum in nanoplasmonic vortices

G. Spektor,! D. Kilbane,>3 A. K. Mahro,> B. Frank,* S. Ristok,* L. Gal,! P. Kahl,”
D. Podbiel,” S. Mathias,>® H. Giessen,** F.-J. Meyer zu Heringdorf,**

M. Orenstein,’* M. Aeschlimann®*

The ability of light to carry and deliver orbital angular momentum (OAM) in the form

of optical vortices has attracted much interest. The physical properties of light with

a helical wavefront can be confined onto two-dimensional surfaces with subwavelength
dimensions in the form of plasmonic vortices, opening avenues for thus far unknown
light-matter interactions. Because of their extreme rotational velocity, the ultrafast
dynamics of such vortices remained unexplored. Here we show the detailed spatiotemporal
evolution of nanovortices using time-resolved two-photon photoemission electron
microscopy. We observe both long- and short-range plasmonic vortices confined to deep
subwavelength dimensions on the scale of 100 nanometers with nanometer spatial
resolution and subfemtosecond time-step resolution. Finally, by measuring the angular
velocity of the vortex, we directly extract the OAM magnitude of light.

ince the theoretical work of Poynting (1)
in 1909 and the experiments by Beth (2, 3)
from 1935-1936, it has been known that
light can carry angular momentum. For
almost a century, it was entirely attrib-
uted to the coordinate-independent “spin” an-
gular momentum (+A per photon, where 7 is
Planck’s constant 2 divided by 2r), associated
with right- and left-circularly polarized light. Fol-
lowing the pioneering work by Allen et al. (4), it
was realized that light can also carry orbital an-
gular momentum (OAM) in the circulating Poyn-
ting flow associated with helical wavefronts of an
optical vortex field. A number of demonstrations
and applications of light beams with OAM have
been brought forward (5). They range from op-
tical data storage (6, 7) and optical tweezers (8)
to quantum cryptography (9), communication
(10-12), and astronomy (13), among others.
Recently, plasmonics has entered the field of
OAM (14-18). Surface plasmon polaritons (SPPs)
are electromagnetic waves bound to interfaces
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related to the collective oscillations of nearly
free electrons in the conduction band (19, 20).
To control these waves, nanostructured metal
surfaces were introduced as spatial light sources,
generating structured optical fields in the near
and far field (21-23).

Particularly, SPPs have the potential of confin-
ing fields that carry OAM to subwavelength di-
mensions. Archimedean spirals (I4) and related
nanostructures (24-27) were demonstrated to gen-
erate and control OAM-carrying plasmonic vorti-
ces under different illuminations. These advances
provided many insights (28-31) into the nature
of OAM, opening the door toward several exciting
applications (32, 33). Yet, to date, the actual dy-
namics of the formation of field patterns that
carry OAM and their ultrafast revolution have re-
mained unseen.

Here we experimentally reveal and measure
the spatiotemporal dynamics of the formation
of plasmonic vortices and their dressing by OAM.
We image the evolution with subfemtosecond
time steps At on nanometer spatial scales using
time-resolved two-photon photoemission electron
microscopy (TR-PEEM) (34). Furthermore, we con-
fine the nanovortices to deep subwavelength scales
of about Ag,,/4. The measured short-range SPP
wavelength is 180 nm at vacuum wavelength of
Ao = 800 nm. We examine the detailed origin of
the field pattern formation, comparing our mea-
surements with theoretical predictions. By mea-
suring the angular velocity of the plasmonic
nanovortices, we provide direct access to the
value of the angular momentum of light. Our
work also provides the direct recording of vortex
fields rotating at optical frequencies (Fig. 1) and
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is of fundamental importance for the under-
standing of the dynamics of OAM generation,
evolution, and possible coupling to associated
atomic, molecular, and solid-state degrees of
freedom.

A plasmonic vortex is generated when a pro-
trusion or a slit in a metallic plate—for example,
in the shape of an Archimedean spiral—is illu-
minated with circularly polarized light (75). The
radius of a spiral of geometrical order m is given
by 7 = 1o + mAspp0/2n (Fig. 2, A and B), where Agp,,
is the SPP wavelength and 6 is the azimuthal
coordinate. When illuminated, the slit edges pro-
vide the necessary momentum to excite SPPs on
the interface that propagate toward the interior
of the spiral. The azimuthally varying radius of
the two-dimensional (2D) slit profile provides a
varying propagation phase to the SPPs excited
along the profile. This geometrical phase together
with the angular momentum carried by the im-
pinging illumination ultimately determines the
amount of OAM of the excited plasmonic vortex
to be formed, which is related to the topological
charge of the vortex. When the impinging illu-
mination is circularly polarized, carrying photonic
spin angular momentum through helicity +7, its
translation to an additional unit of plasmonic
OAM is sometimes termed “spin-orbit coupling”
but more accurately is rather a spin-to-OAM trans-
formation process.

Exciting high-order vortices requires spirals
with high m, as depicted in Fig. 2B. This is prob-
lematic because of the large extent of the spiral-
ing wing, which is a source for azimuthally varying
losses that deteriorate the performance. To mit-
igate this, we used a plasmonic vortex generator
(24) of geometrical order m that utilizes the 2n
periodicity of the SPP propagation phase by seg-
menting an Archimedean spiral of order m into
m segments of the form 7,,(6) = r; + Agpp'mod
(m6,2n)/2n (Fig. 2C).

The time-averaged vortex field intensity has
already been retrieved by techniques such as
near-field scanning optical microscopy (14, 24, 27),
resolving the radial field dependence. This depen-
dence can be approximated as a Bessel function
Jof order [, J;(kyp7), Where kg, is the plasmonic
wave number, 7 is the radial coordinate, and 7 is
directly related to the OAM magnitude of the vor-
tex field (Fig. 2D and supplementary materials).
Complementarily interferometric techniques also
provided the steady-state azimuthal ¢/ phase
dependence of near- (27) and far-field (5, 35) op-
tical vortices (where j = v/=1).

We fabricate the plasmonic vortex generators
on atomically flat, single crystalline gold flakes
that were grown on a silicon substrate. In such
structures, we expect two different plasmonic
modes to be supported (Fig. 2E). Long-range
SPPs (shown in blue in Fig. 2E) are predom-
inantly localized at the gold-vacuum interface
and have a wavelength of Agpp 1ong ~ 780 nm, only
slightly shorter than that of the excitation source
with 4o = 800 nm. The short-range SPPs (shown
in red in Fig. 2E) are predominantly confined
to the gold-silicon interface and have a consid-
erably shorter wavelength, reaching down to
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Fig. 1. Experimental concept and direct OAM extraction results. (A to
C) Schematic experimental methodology. (A) Two circularly polarized ultra-
short pulses with temporal separation At are launched at a plasmonic vortex—
generating sample. (B) The pump pulse launches SPPs at the structure edges
on the sample. (C) The probe pulse interferes with the propagating SPPs and
liberates photoelectrons in a two-photon photoemission process, which are
then imaged with the PEEM setup. Experimental TR-PEEM snapshot sequence
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(D to G) of the rotating field of a plasmonic vortex in the revolution stage
within a single optical cycle of ~2.67 fs (movie S2). The 10 bright lobes
evident in the measurement are related to the magnitude of OAM of the
field. The red dot follows a specific lobe as it rotates around the center. The
yellow dashed-dotted lines serve as reference frames to emphasize the rota-
tion. The angle between the upper two yellow lines is 36° corresponding to
2n/10 rads.
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Fig. 2. Structure scheme and fabrication details. (A) Archimedean spiral slits of order m =1 and (B) m = 5, demonstrating the azimuthal difference between
different OAM-generating structures. (C) Scanning electron microscope image of a plasmonic vortex generator with geometrical order m = 10 milled into a gold
layer. (D) Simulation of a steady-state, time-averaged, vortex field intensity created by the m = 10 structure upon right-handed circularly polarized illumination
(white arrow). (E) Long-range (blue) and short-range (red) SPP dispersion curves. The inset depicts the long- and short-range SPPs formed on air-gold-silicon
interface with a 20-nm gold slab. The gray solid lines are the light lines in air and silicon.

Aspp,short ~ 120 nm depending on the thickness
of the gold layer, due to the high refractive index
of silicon and their more plasmonic nature. When
the gold layer thickness is below 30 to 40 nm,
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both modes can be excited and measured from
the top, and both are investigated within this work.

In our time-resolved photoemission experiment,
a circularly polarized ultrashort pulse (<23 fs) of

central wavelength 800 nm is divided into two
identical pulses in an actively stabilized Mach-
Zehnder interferometer (36), providing subfem-
tosecond sampling time steps. Both pulses are
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Fig. 3. Stages of vor-
tex evolution—
experiment and
modeling. (A to

C) Experimental TR-
PEEM snapshot
sequence from a
plasmonic-vortex
generator with m =10
upon right-handed
circularly polarized
light illumination
(indicated by the solid
white arrows in the
upper right). Showing
the formation (A),
revolution (B), and
decay (C) stages of a
plasmonic vortex at
specific pump-probe
time delays At.
Modeling of the
TR-PEEM signal (D to
F), illustrating the
corresponding stages.
The small dashed
arrows depict the
propagation of the vor-
tex wavefronts in each
stage. The handedness
of the spiraling wave-

fronts is reversed between the formation [(A) and (D)] and decay [(C) and (F)] stages. The white dashed arrow in (E) indicates the revolution direction of the

vortex pattern (movies S1 and S2).

directed toward a structured gold sample at nor-
mal incidence (Fig. 1A). First, the pump pulse
excites SPPs from the engraved edges on a gold
surface (Fig. 1B). Second, the probe pulse im-
pinges on the sample at subsequent time delays
(At > 0 fs), interferes with the propagating SPPs,
and liberates photoelectrons in a two-photon pho-
toemission process (Fig. 1C). The emitted photo-
electrons are then accelerated and focused by the
electron optical lens system of the electron micro-
scope (Fig. 1G), providing imaging with <30-nm
spatial resolution. Recording images of the elec-
tron emission pattern at consecutive time steps A¢
allows us to obtain suboptical-cycle time-resolved
snapshots of the SPP electromagnetic fields as
they propagate (Figs. 1, 3, and 4. In this way, we
capture the ultrafast spatiotemporal dynamics of
plasmonic vortices in a streakinglike fashion.
Here we measure and record the actual SPP
wavefronts as they dynamically evolve from the
boundaries to form a plasmonic vortex—namely,
we are able to track in real time the formation,
revolution, and decay of the OAM of plasmons.
The plasmons are excited by a plasmon vortex
generator of order m = 10 on a gold-vacuum
interface with a plasmonic wavelength of Agp;, ~
780 nm. We identify three stages in the lifetime
of the vortex: the formation, revolution, and
decay. The initial spin-orbit conversion of the
vortex is due to the annihilation of the photons
during the launching of SPPs from the bound-
aries of the Archimedean structure, forming
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converging spiraling wavefront threads (Fig. 3,
Ato D). This is followed by the concentration of
the SPPs into the central region, where inward
and outward counterpropagating SPPs interfere
to form the radially standing but azimuthally
rotating vortex field. This completes, by interfer-
ence, the spin-to-OAM conversion process (Fig. 3,
B to E). At this stage, we note the appearance of
10 rotating lobes, corresponding to the 10 azi-
muthal wavefronts of the steady-state ¢'*° phase
of the vortex. It should be emphasized that the
appearance of the rotating lobes is only observ-
able within a time-resolved measurement in the
subfemtosecond time domain. Otherwise, the
lobes are smeared out to result in a time-averaged
concentric-ring pattern with the dependence
Jio(ksppr) (Fig. 2D).

In the final stage, namely the decay of the
vortex, it dissolves (Fig. 3, C and F), forming
outward-propagating spiraling wavefronts. Nota-
bly, this decay stage is characterized by a flip in
the handedness of the spiraling wavefronts as
compared to the formation stage (Fig. 3, A and D,
and Fig. 3, C and F).

Several details of this observation include
that the PEEM pattern in the vicinity of the cut-out
nanoslits shows practically no dynamics within
the formation phase of the vortex because it is
predominantly the result of self-probing, which
is photoemission of the probe (pump) pulse inter-
ference with the SPPs it generates (34). The radial
extent of this static pattern is directly related
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to the pump and the probe pulse width (~23 fs),
which amounts 10 7gatic ~ 7 um from the perim-
eter of the structure. The plasmonic vortex gen-
erator in Fig. 3 has an internal radius of r; =
18 um (Fig. 2C), asserting that for radii below
7j - Tstatic ~ 11 um, the signal is dominated by the
desired dynamic photoemission emanated by the
interference of the probe pulse with the pump-
generated SPPs. In addition, the central region of
the vortex generator features a static bright ring
throughout the whole measurement as an addi-
tional static pattern. The generator concentrates
SPPs from the perimeter toward the central region,
there providing sufficient intensity of the plas-
monic field for probe-independent plasmoemis-
sion (37) to occur regardless of the delay At
(fig. S3).

Our experimental observations are supported
by detailed modeling of the TR-PEEM signal.
Figure 3, D to F, depicts the contribution to the
PEEM signal of the expected dynamics resulting
solely from the pump-excited SPPs sampled by the
probe pulse. The exclusion of other photoemission
contributions (e.g., the static pattern) from the
model allows us to clearly identify the lifetime
phases of the SPP vortex and interpret the ob-
tained experimental results of the dynamic be-
havior of the plasmonic spin-orbit conversion.

The measurement of the angular velocity of
the vortex rotation (wg) is indeed a direct measure
of its integral angular momentum magnitude
with the relation OAM per photon = Aw/mg, where
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Fig. 4. Short-range
plasmonic vortex.
(A) Experimental TR-
PEEM snapshots of
short-range SPPs on a
plasmonic-vortex
generator of order

m = 4. Short-range
SPPs are excited at
the edges of the
structure and propa-
gate to the center,
where they form a
rotating four-lobe
pattern. The four
images (B to E) are
snapshots at four
different time steps
(0.665 fs apart),
completing one full
optical cycle (movie
S3). The scale bars in
images (B) to (E) are

500 nm, one order of magnitude smaller than in the images in Fig. 3.

 is the light angular frequency. Concentrating
on the second stage of the vortex evolution,
where the vortex is fully evolved and predom-
inantly only rotating, the series of suboptical-
cycle snapshots in Fig. 1, D to G, clearly reveals the
revolution of the SPP fields capturing the ro-
tation of the fields around the center. We can
clearly measure the dynamic pattern of 10 lobes
encircling the dark center of the vortex. These
lobes correspond to the azimuthal wavefronts of
the vortex and were measured to exhibit angular
velocity of 21/10 rads per optical cycle corres-
ponding to 10 units of angular momentum.

The measurement sequence depicted in Fig. 1,
D to G, is taken starting 58.6 fs after the launch-
ing of the SPPs by the pump pulse. This time
delay corresponds to SPPs propagating a distance
of ~17.5 um away from the perimeter to within the
dynamic region. In the recorded time sequence,
the pump-excited SPPs have already reached the
central region from all locations on the perimeter
and begin to propagate back toward the perime-
ter. Thus, the central pattern consists of the inter-
ference of inward and outward counterpropagating
SPPs, and, therefore, the azimuthal dynamics can
be approximated at this time interval by cos (16 - ot)
without any radial motion, thus corroborating
the observed experimental behavior as a function
of the OAM magnitude .. The complete TR-PEEM
movies, with 100-as (attosecond) time steps, are
presented in the supplementary materials.

To generate truly deep subwavelength vortices,
it is necessary to investigate short-range surface
plasmons at the silicon-gold interface. We there-
fore discuss the dynamical behavior of these
short-range plasmons, which form much more
confined vortices, with typical spatial extent of
tens of nanometers. To achieve this goal, we
fabricated monocrystalline gold flakes electro-
chemically grown on a silicon substrate. The
~20-nm thin flakes support both long- and short-
range SPPs (Fig. 2E), with the latter arising pre-
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dominantly from the silicon-gold interface. We
fabricated a double-slit plasmonic vortex-generator
configuration, where the spacing of the concentric
slits is half the long-range SPP wavelength (Fig.
4A). Thus, the long-range SPPs destructively in-
terfere, and effectively are not excited, allowing
the excitation of only the short-range SPPs (fig.
S1). The measured short-range SPPs have a wave-
length of A,, = 180 nm, which is the expected
value considering the presence of a thin native-
oxide layer on the silicon, reducing the effective
refractive index (fig. S1). This results in a fourfold
wavelength shortening compared to the 800-nm
excitation wavelength. The sample was measured
using a different PEEM setup (fig. S2 and sup-
plementary methods) featuring ~15-fs pulses cen-
tered at the same 800-nm wavelength.

Figure 4 depicts the dynamics of a short-
range plasmonic vortex within a plasmonic vor-
tex generator of geometrical order m = 4 with
7; = 1 um. As in the long-range SPP case, the mea-
sured pattern features static and dynamic regions.
Because of the fourfold reduction of the phase
velocity of the short-range SPPs, compared to the
free-space propagation, the spatial extent of the
static pattern is substantially shorter and com-
prises a static pattern radius of 7t ~ 600 nm
toward the interior of the lens. The dynamic re-
gion of the vortex field shows four lobes that re-
volve around the center with a velocity of 2r/4
rads per optical cycle. Starting at ,, a given lobe
completes a t/2-rad revolution around the center
of the vortex in 0.665-fs steps, illustrating the
OAM of the short-range SPPs (movie S3).

Our observation and investigation on an ultra-
fast subfemtosecond time scale and nanometer
lateral scale offer progress toward a better under-
standing and manipulation of the angular mo-
mentum degree of freedom of nanoplasmonic
fields. The study reveals the nature of the plas-
monic OAM and vortex formation and elucidate
the process of light spin-to-plasmonic orbit trans-
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t,+1.995 fs

500 nm 500 nm

500 nm 500 nm

formation. Furthermore, these observations open
new avenues for designing and directly measuring
exciting applications of OAM in the nanoworld.
Highly localized and surface-confined plasmonic
vortices may become an important investigation
tool for studying 2D materials with material
angular momentum degrees of freedom such
as topological insulators and thin-film magnetic
and magneto-optic materials, as well as spin-
tronic and valleytronic media. Additional appli-
cations may include enantiomer discrimination,
realizations of higher-order qubits for chip-size
quantum information, the rotation of nano-
particles in plasmonic tweezers (33, 38), and
the potential for dark-field nanofluorescent mi-
croscopic imaging. Finally, reducing the size of
the vortex toward dimensions compatible with
molecular wave functions may lead toward
nondipolar transitions in quantum dots and
molecules.
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Putting plasmons in a spin

The ability of light to carry angular momentum provides an additional degree of freedom for applications such as
optical tweezing and optical communication. Spektor et al. show that the optical angular momentum modes of light can
be shrunk down to the nanometer scale through plasmonic transfer. They patterned spiral-like structures into an

atomically smooth layer of gold, which allowed them to launch plasmons with controlled amounts of angular momentum.
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