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Orbital angular momentum multiplication in

plasmonic vortex cavities

Grisha Spektor'>3*, Eva Prinz®, Michael Hartelt*, Anna-Katharina Mahro®,

Martin Aeschlimann®, Meir Orenstein’

Orbital angular momentum of light is a core feature in photonics. Its confinement to surfaces using plasmonics
has unlocked many phenomena and potential applications. Here, we introduce the reflection from structural
boundaries as a new degree of freedom to generate and control plasmonic orbital angular momentum. We experimen-
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tally demonstrate plasmonic vortex cavities, generating a succession of vortex pulses with increasing topological
charge as a function of time. We track the spatiotemporal dynamics of these angularly decelerating plasmon
pulse train within the cavities for over 300 femtoseconds using time-resolved photoemission electron microscopy,
showing that the angular momentum grows by multiples of the chiral order of the cavity. The introduction of this
degree of freedom to tame orbital angular momentum delivered by plasmonic vortices could miniaturize pump
probe-like quantum initialization schemes, increase the torque exerted by plasmonic tweezers, and potentially

achieve vortex lattice cavities with dynamically evolving topology.

INTRODUCTION

Orbital angular momentum (OAM) of light has been of wide inter-
est in recent years (1-6), laying the foundation for promising appli-
cations such as reshaping light-matter interactions (7, 8), optical
tweezing (9-12), optical communications (13-15), and quantum
information processing (16). The confinement of OAM to a surface
enabled access and control to new physical phenomena (17, 18)
including linear spin-orbit conversion (19-21), orbit-orbit conver-
sion (22), and nonlinear spin-orbit mixing (23). Recent experimen-
tal access to the subcycle surface plasmon polariton (SPP) dynamics
(24-26) enabled the study of the dynamical evolution of a vortex
(27) and direct determination of its angular momentum, as well as
revealed the dynamics of plasmonic nanofocusing (28, 29), thus
raising the possibility of temporal OAM control. In parallel, the
ability to generate vortex lattices (30-33) and the emergence of their
topological properties (34, 35) are of great current interest to the
scientific community (36, 37). Revealing and taming new degrees of
freedom for generating and controlling OAM are thus key to the
advancement of the field.

The generation and shaping of plasmonic fields are typically
achieved by engraving boundaries in a metal and exciting them
with a certain illumination (20, 21, 24, 25, 28, 29, 34, 35, 37-45). Be
it continuous engravings or local geometries forming meta-slits
(43,46-50), it is generally widely assumed that the generated fields are
set by the initial interaction with the static boundaries of the engraved
structures. Even more so, in the case of plasmonic OAM generation
and control, it has practically become a paradigm that the boundaries
defined by a conventional plasmonic vortex generator create a single
vortex, well described by a single Bessel distribution (19-21, 27, 28, 44).
This is not to be confused with more elaborate excitation structures
that allow for the generation of compound fields (51, 52).
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In this work, we challenge this paradigm. We experimentally
demonstrate that after the initial SPP vortex is excited by the bound-
aries, it subsequently interacts with the boundaries, resulting in
partial reflections. We show that these reflections form successive,
previously unobserved higher-order vortices, gaining additional
angular momentum at each reflection (Fig. 1, A to C). We demon-
strate that even a slit geometry has weak-yet-measurable contribu-
tions to these high-order vortices. To increase the reflected power,
we construct a plasmonic vortex cavity with ultraflat gold surfaces
and golden wall mirrors created by template stripping (53-57). Using
this cavity (Fig. 1, D to F), we produce a train of plasmonic vortices
with dynamically increasing large OAM and decelerating angular
velocity (see movies S1 to S3). Using a time-resolved normal-incidence
pump-probe scheme (Fig. 1F) in time-resolved photoemission electron
microscopy (TR-PEEM) (26), we resolve the complex dynamics within
the decelerating cavities, separating the successive vortex pulses in time
and space and quantifying the rules governing the OAM growth. The
flatness of our surface provides low scattering losses, allowing us to
record dynamics for the long duration of about 330 fs corresponding
to ~100 um of accumulated propagation inside the cavity.

RESULTS

The formation of a plasmonic vortex is achieved when an azi-
muthally varying boundary in the form of an Archimedean spiral,
r(8) = r; + Aepp'm0/2m, is illuminated with properly polarized light
(19, 21). Here, r is the distance of the boundary from the center, r; is
the minimal distance, Agpp is the plasmonic wavelength, m is the
chiral order of the spiral structure, and 6 is the azimuthal coordi-
nate. To excite high-order vortices with an Archimedean spiral, a
large m is required. This causes significant propagation distance
differences between plasmons originating from different locations
along the slit, resulting in angularly dependent losses that distort
the vortex. To mitigate this, the spiral is segmented to the form
m(0) = 7; + Apprmod(m0, 21)/2m, resulting in a maximal path differ-
ence of A, within each segment while still providing the necessary
phase, allowing the formation of high-order vortices. In a typical
setting, a spiral structure of order m is illuminated by circularly
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Fig. 1. Concept of plasmonic vortex cavities. Experimental results (A to C) within a plasmonic vortex cavity of order m=5, showing the revolution stages (27) of the
initial vortex of order /=5 + 1 (A) and subsequent first (B) and second (C) reflections of the wave packet, forming vortices of orders /=15 + 1 and /=25 + 1, respectively.
The snapshots show 5, 15, and 25 azimuthal lobes imprinted into the photoemitted electrons due to the nonlinear mechanism of our technique (23). The bottom
insets show azimuthal and radial fitting of the diameter and the number of lobes in the main vortex signal. (D) Schematic of the template stripping process used to
fabricate plasmonic vortex cavities with ridge mirrors; © focused ion beam milling of the inverse cavity in silicon, @ thermal oxide growth, ® Au sputtering, and @ strip-
ping. (E) Scanning electron microscopy image of a template stripped vortex cavity of order m = 5. Scale bar (inset), 500 nm. (F) Pump-probe setup schematic showing
two ~23-fs pulses with a center wavelength of 800 nm (red) impinging on the sample at normal incidence with interferometrically controlled time delay At used in

the TR-PEEM setup.

polarized light with 6 = + 1. One can describe an SPP pulse forming
the vortex in the time domain by extending the schematic represent-
ation established by (Fig. 2) (43). The excitation of SPPs takes place
at the boundaries while imprinting an azimuthal phase delay, which
can be envisioned on an imaginary line equidistant from the center
(Fig. 2A). Then, the still inward-propagating SPPs interfere with the
already-outward propagating SPPs, forming the revolution stage of
the vortex (Fig. 2B). Subsequently, the vortex dissolves when the
wave packet becomes predominantly outward-propagating, leaving
the center of the structure while maintaining its azimuthal phase
(Fig. 2C). The experiments reported to date show great agreement
with this description. It is accepted that in a sufficiently large struc-
ture, the electric field components at the vortex revolution stage/phase
are very well approximated by a Bessel functional form given by,
E; = Ji(ksppr) x exp(il®), E, = Ji'(ksppr) x exp(ilB), and Eg = Ji(keppt)
x exp(il@) (see the Supplementary Materials), where J; is the Bessel
function of order J; J/' is its first derivative; , 0, and z are the cylin-
drical coordinates; kg, is the plasmonic wave number; and i = V=1
The vortex is then said to be of order I and in the case of circularly
polarized illumination I = m + c. Historically, the out-of-plane field
component is the one mainly discussed in the literature due to its
accessibility using scanning near-field optical microscopy tech-
niques. For continuity, we follow this practice here as well. It should
be noted that our time-resolved normal-incidence PEEM measure-
ments are only sensitive to the in-plane field components of the
SPPs, except for a static contribution from the out-of-plane plasmon
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field (a more detailed description is given in the Supplementary
Materials). Except for its amplitude, the Ey field is identical to E,,
and E, has a different vortex radius but the same number of lobes.

When the outward-propagating SPPs meet the boundaries that
launched them, they are partially back-reflected and go back toward
the center of the structure (Fig. 2D). Notably, at each azimuthal
location, the SPPs traverse the region enclosed between the imagi-
nary dashed circular line and the physical boundaries of the struc-
ture twice, once before the reflection and once after. The reflected
SPPs thus obtain an additional azimuthal phase equal to twice the
order of the structure that results in the formation of a new vortex
of the form

E, = ]l+2-m(ksppr) ' e—i(l+2m)6 (1)

This reflected vortex has different radial and azimuthal spatial dis-
tributions compared to the initial vortex, and in a steady-state mea-
surement, their fields are overlaid. The azimuthal wave number of
this reflected vortex, or its topological charge, is given by kg =1+ 2m
and is increased by twice the order of the structure, while its angular
velocity wg = 2m/kg is respectively decelerated.

So far, neither such a reflected vortex nor any other subse-
quent vortices have been experimentally observed. As we show in
Fig. 3 (A and B), the predominantly explored slit geometry has poor
reflectance (Fig. 3B) of up to a maximum of 16%. Moreover, the slit
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Fig. 2. Schematic description of a round trip within a plasmonic vortex cavity. (A) A vortex generator of order m = 2 illuminated by radially polarized light (solid black
arrows) generates counterpropagating SPPs with azimuthally varying phase delay (colored arrows) as depicted at the imaginary dashed circle concentric with the gener-
ator. (B) The plasmonic vortex is generated when the inward-propagating SPP wave packets combine at the center and form a phase singularity. (C) After passing through
the center, the outgoing wave packets keep the relative phase differences until they reach the imaginary dashed circle. (D) The SPPs propagate up to the cavity bound-
aries where they are partially reflected and propagate inward toward the center again, thus accumulating azimuthally varying relative phases corresponding to twice the
geometric phase of the cavity [following the schematic representation established by (43)].

Coupling = Reflection

500

450

H (nm)

600 800 1000

H (nm)

400
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Fig. 3. Efficiency Simulations. Finite-difference time-domain calculations of coupling efficiency (A and C) and reflection (B and D) of a slit/ridge as a function of height
and width. It can be seen that a ridge structure can function simultaneously as an efficient coupler and nearly perfect reflector, whereas the slit cannot. The blue crosshairs
show our fabricated slit structure having W= 500 nm and H= 160 nm, while the ridge structure has W=1110nm and H=550 nm, resulting in ~85% reflection at nearly
maximal coupling strength accessible by the fabrication method.

reflectance maxima are not aligned with the coupling efficiency = diminish the SPP power in the reflected plasmons by the time they
maxima in the structural parameter space, and therefore, slits do  reach the center to the formation of reflected vortices. The last two
not perform as simultaneously good couplers and reflectors. Last,in  reasons and the lack of time resolution in previous experimental
addition to the poor reflectance, plasmonic propagation losses further =~ work practically eliminated the reflections from the experiments
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and solidified the notion of obtaining a single vortex from spiral-
shaped vortex generators within the community.

In the following, we experimentally demonstrate that using the
time-resolved signal obtained by TR-PEEM and a proper slit or
ridge design, the generation of higher-order vortices (Fig. 4) by
reflection can be enhanced and made detectable. For our study, we
use a 160-nm gold layer sputtered onto a silicon substrate and mill
500-nm-wide slits using a focused ion beam, forming a plasmonic
vortex generator of order m = 5. The measurement was performed
by TR-PEEM. To detect the weak slit-reflected vortex, we used the
time-delay Fourier filtering technique of the TR-PEEM signal that
increases the signal-to-noise ratio of the desired contribution. In this
process, the raw PEEM data are pixel wise-filtered in the time
delay-conjugated domain to contain only the dynamic contributions
that oscillate with o, where o = 2rc/A, is the frequency of light at
Ao = 800 nm (see the Supplementary Materials for details) (23).

Figure 4 shows snapshots of the propagating vortex taken with
the probe pulse at a time delay At after the launching of the vortex
by the pump pulse at the boundaries. Note that because of the
nonlinear subtractive spin-orbit coupling between the circularly po-
larized light of the probe pulse and the propagating plasmonic vor-
tex, inherent to the TR-PEEM imaging process (23), the number of
lobes in the experimentally resolved image differs from the propa-
gating plasmonic vortex (I) by =6 (lexp = I — 6), which means that the
helicity of the probe pulse has to be subtracted. Figure 4A shows the
first vortex of order 6 measured with right-handed circularly polar-
ized light (¢ = 1) resulting in I, = 6 — 1 = 5 azimuthal lobes. The
snapshot is taken 58.5 fs after the launching of the plasmonic pulse
by the boundaries. Figure 4B is taken 79 fs later, 137.5 fs after the
launching of the pulse. It shows 15 azimuthal lobes corresponding
to a plasmonic vortex of order [ = 16. During 137.5 fs, the plasmons
propagate dprop ~ 41.25 um, and in a vortex generator with a radius
of 12 pm, this corresponds to slightly more than one and a half
round trips within the structure. We thus observe a fully developed
vortex of order [ = 16 within the plasmonic vortex generator of
order [ = 5, corresponding to a vortex that is created because of the
reflections of the plasmons from the slits defining the structure.

The propagation loss associated with the distance traveled by the
plasmons is given by Lrop = exp(=J (kspp ) ‘dprop)> Where J(kqpp) is the
imaginary part of the plasmonic wave number. The reflectance of
the slit with our parameters shown in Fig. 3B is gt = 0.1. The slit-
reflected vortex is, therefore, [prop % (1 — rgt) times weaker than
the original vortex, to the extent that it is not visible in the raw
TR-PEEM signal.

To truly use and control the reflection-generated high-order
vortices, one must increase their relative intensity. We achieve that
by augmenting the conventional plasmonic vortex generator and
forming a plasmonic vortex cavity with boundaries consisting of
golden walls (ridge structure) instead of slits. As shown in Fig. 3
(C and D), although golden ridges couple 45% less energy from the
impinging light pulse into the plasmons than slits do, they can
achieve almost perfect reflectance. As opposed to slits, golden ridges
can serve both as good couplers and nearly perfect reflectors as the
two efficiency maxima are aligned. Our ridge design facilitates ~85%
reflectivity for a wide range of incidence angles, enabling the vortex
generation within the cavity. This contrasts with Bragg gratings that
while achieving similar reflectivity and improved coupling using
many grating periods (58), do so only for a narrow range of incident
plasmonic wave vector angles and wavelengths.
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Fig. 4. Experimental result of a cavity of order m = 5 made with a slit reflector.
(A) Formation stage of the initial vortex of order /=5+ 1 and the subsequent first
(B) reflection of the wave packet, forming a vortex of order /=15 + 1. The snapshots
show 5 and 15 azimuthal lobes imprinted into the photoemitted electrons due to
the nonlinear mechanism of our technique (23). The bottom insets show azimuthal
and radial fitting of the diameter and the number of lobes in the main vortex sig-
nal. The vortices are elliptically deformed because of a slight tilt misalignment of
the ion beam stage during the sample fabrication (see fig. S10).

The results in Fig. 1 (A to C) show a cavity of order 5, which is
excited with right-hand circularly polarized light (¢ = 1), resulting
in a vortex of order 6 (Fig. 1A) and two subsequent vortices of
orders ] = 16 and I = 26 upon two consecutive reflections. The vortices
show 5, 15, and 25 azimuthal lobes due to the nonlinear interaction
with the probe pulse as discussed above, and the radial distributions
correspond well to the theory (see the Supplementary Materials).
The first and second reflections are imaged at subsequent time
delays of 125.9 and 131.5 fs and correspond to ~37.77 and ~ 39.45 um
traveled by the plasmons, respectively. This distance is within the
pulse duration correspondence to a round trip (from the center and
back) within the cavity having r; = 18 um. The limiting factor
for observing the higher-order reflections is the maximal physical
retardation of our delay stage.

We thus obtain theoretically and experimentally that, for a
continuous-wave experiment, the steady-state field distribution
within plasmonic vortex generators and vortex cavities, in particular,
is actually given by

E = ; ap * ]l+2-n-m(kspp 7‘) : e—i(1+2nm)9 (2)

where a,, is a proportionality coefficient convoluting the reflection
coefficient and the losses accumulated by propagation within the
cavity between each subsequent reflection. This is in contrast to
the widely assumed single term Ji(ksppr) - e ™ Our finding shows
that the nth generated vortex pulse carries OAM of the order
I, =1+ 2-n-m, indicating that each subsequent interaction with the
boundaries of a vortex cavity of order m decelerates the angular
velocity by providing additional 2-m units of OAM.
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DISCUSSION

From a physics standpoint, we have here an interesting cavity that
has chiral mirrors that are nonlocal with respect to angular momen-
tum. While regular mirrors of a cavity are local, reflecting the
impinging field uniformly, reflection from a photonic crystal or a
transverse grating is nonlocal (59), transferring linear momentum
to the reflected fields. Here, we have a chiral mirror that is nonlocal
with regard to angular momentum. The chirality breaks the sym-
metry so that any reflection always increases the angular momen-
tum. This contrasts with reflection from typical gratings, which are
nonlocal with respect to linear momentum and provide both an
increase and decrease in the linear momentum by the reciprocal
vector of the grating.

Our results provide an experimental glance into a decelerating
cavity, revealing how the boundary conditions of the cavity produce
temporally increasing topological charge producing higher OAM
modes with each reflection. By quantifying the rule governing the
progression of the OAM pulse train within these cavities, we thus
introduce a new degree of freedom—the reflection from structural
boundaries—as a tool to tame surface-confined OAM. Besides the
fundamental interest posed by nonlocal cavities and going beyond
the paradigms established in the plasmonic community, we believe
that plasmonic vortex cavities could be used to miniaturize
time-windowing techniques such as pump probe-like quantum
initialization schemes, and the torque exerted by the vortex train
may be used to increase the rotational power of plasmonic tweezers
and enable the study of new phenomena as the breakdown of
plasmonic vortices when the reflection-generated vortices become
larger than the cavity. By combining the presented cavities with a
spatially distributed gain medium, they could potentially be used as
tunable generators of high-order OAM. Last, future studies of
vortex lattice cavities could reveal how the cavity is populated with
lattices having a temporally evolving topology.

MATERIALS AND METHODS

To construct a ridge-based plasmonic cavity, we used the process of
template stripping (Fig. 1D) (53, 55-57). We began with patterning
a single crystalline silicon substrate with the negative image of the
desired cavity. After native oxide removal, we grew a 50-nm-thick
thermal oxide layer and sputtered a 700-nm layer of gold without
any adhesion layer. In the final stage, the top surface of the gold was
glued onto a glass substrate and peeled off the silicon template (see
full recipe in the Supplementary Materials). The resulting structure
provides a flat golden surface and the desired ridges (Fig. 1E). A
summary of all structure parameters can be found in the Supple-
mentary Materials.

All time-resolved two-photon photoemission experiments were
performed at a normal-incidence photoemission electron micro-
scope from Focus GmbH at the University of Kaiserslautern,
providing up to 40-nm spatial resolution. A Ti:sapphire oscillator
(Tsunami from Newport Spectra Physics) was used to create ultra-
short (<30 fs) laser pulses at a central wavelength of 800 nm with a
repetition rate of 75 MHz. In the pump-probe experiments, each
laser pulse was split into two pulses, which were time-delayed with
respect to each other in an actively phase-stabilized Mach-Zehnder
interferometer (60) that provides temporal stability of less than 100 as.
Time traces of the full experiment are available in the Supplementary
Materials.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/33/eabg5571/DC1
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