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Optical vortices (OVs) promise to greatly enhance optical information
capacity via orbital angular momentum multiplexing. The need for the

on-chipintegration of orbital angular momentum technologies has
prompted research into subwavelength-confined polaritonic OVs. However,
the topological order imprinted by the structure used for transduction from
free-space beams to surface polaritonsisinherently fixed after fabrication.
Here we overcome this limitation via dispersion-driven topological

charge multiplication. We switch the OV topological charge within a small
frequency range (-3%) by leveraging the strong sublinear dispersion of
low-loss surface phonon polaritons on silicon carbide membranes. Applying
the Huygens principle, we quantitatively evaluate the topological order of
experimental OVs detected by near-field imaging. We further explore the
deuterogenic effect, which predicts the coexistence of multiple topological
charges in higher-order polaritonic OVs. Our work demonstrates a viable
method to manipulate the topological charge of polaritonic OVs, paving the
way for the exploration of novel orbital-angular-momentum-enabled
light-matter interactions at mid-infrared frequencies.

Vortices with defined topological features are a ubiquitous phenom-
enon in physics, appearing in different systems including supercon-
ductors’, superfluids?, exciton polaritons® and magnetic materials®.
Recently, propagating vortex beams characterized by twisted helical
wavefronts carrying intrinsic orbital angular momentum (OAM) have
beenrealized with electrons’, neutrons® and heliumatoms’, providing
anew emerging tool for the investigation of fundamental particles
and interactions®. Optical vortices (OVs), the photon counterpart of
such beams, constitute a theoretically unbounded set of orthogonal
OAM modes, promising enhanced optical®® and quantum™* infor-
mation processing via OAM multiplexing. Pioneered by Allen et al.”?,
OVs are most usually generated by spiral phase plates™, spatial light
modulators’ and more recently with metasurfaces™". Regardless of
the method, the minimum size of free-space OVs is fundamentally

limited by the diffraction limit of light, whereas areduction in the OV
footprint is required for on-chip integration'*? and the unveiling of
new light-matter interaction regimes> .

A route for realizing subwavelength OVs is by coupling optical
beams into highly confined surface states such as surface plasmon
polaritons (SPPs)*~** and surface phonon polaritons (SPhPs)**
through spin-orbit interactions®. However, the topological charge
offered by the surface structure used for launching polaritonic OVsis
always a fixed quantity after device fabrication. The imprinted topo-
logical charge L dueto a propagation phase delay is proportional to the
polaritonmomentum L = k,and canbe then varied by the multiplication
of the wavevector by aninteger factor (Supplementary Note 1).

The required frequency variation to achieve a certain momen-
tum shift is governed by the dispersion—a general property of waves
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Fig.1| Topological vortex multiplication via sublinear SPhP dispersion.

a, Dispersion-driven tuning for free-space and polaritonic OVs based on
azimuthally varying phase delay. The strong sublinear dispersion of surface
polaritons results in asmaller frequency increase Awg, for the same Ak compared
with the linear case, Aw. b, Changing the excitation frequency so that the
momentum s increased by an integer number nkleads to OAM multiplication.
The three frequencies are chosen such that the polariton momentumis k,, 2k,
and 3k,. o = listhe spin state of the incident beam. ¢, Sketch of the transmission
sSNOM setup used to probe the near field of polaritonic OVs.d, Calculated
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dispersion of the anti-symmetric mode of a100-nm-thick SiC membrane. The
insets show the simulated near-field phase maps for an SPhP vortex at three
different frequencies launched by the same VG designed at w = 880 cm™ with L =1
and excited by LCP light. Scale bar, 2 um. e-g, Overlap integral at w =924 cm™,
=910 cm™and w =880 cm™ used to evaluate the vortex purity. The insets
show the zoomed-in views of the maps shown ind. Scale bar, 1 um. h-k, Overlap
integral for orders £ =4, ¢=3and £=2 as afunction of excitation frequency.
Aqindicates the SPhP wavelength used for VG design.

governing the propagation and light-matter interactions of electro-
magnetic fields. As the dispersion of light in free space is linear, dou-
bling the momentum requires an ~100% frequency increase, making
this approach impractical for most applications (Fig. 1a, blue line).
In contrast, the required frequency variation for polaritonic OVs is
substantially reduced due to the deeply sublinear dispersion (Fig. 1a,
red curve). This small frequency change enables the flexible manipula-
tion of the topological charge of polaritonic OVs. Even though the SPP
dispersion departs from the linear behaviour, this occurs only in the
region of high material losses?**”. SPhPs are characterized by low losses
even in the deeply sublinear dispersion regime due to the reduced
phonon-phononsscattering rate®. Assuch, SPhP vortices have recently
been realized inahexagonal boronnitride film on gold®; however, the
measured near-field profiles of the OVs were distorted due to tilted
illumination, obscuring a clear evaluation of their topological order.
Here we demonstrate dispersion-driven OAM multiplication in
highly confined SPhP vortices based on suspended 100-nm-thick sili-
con carbide (SiC) membranes®®. We realize the multiplication of polari-
tonic topological orders based on different surface structures with only
asmall (-3%) variationinexcitation frequency. The topological charges

imparted from three different polariton launchers at three distinct
frequenciesare highlighted inred in Fig. 1b, showing the multiplication
trend by aslightincrease in excitation frequencies. To precisely quan-
tify the topological order of the vortices, weintroduce aset of reference
functions that can be used to analyse the OAM polaritonic near-field
profiles by accounting for material losses. Artefact-free amplitude-and
phase-resolved near-field maps are obtained via normal-incidence
transmission-type near-field microscopy (Fig. 1c). With our approach,
we are able to precisely track the evolution of the experimental SPhP
OAM with high mode purity through a small frequency tuning. Fur-
thermore, we investigate the deuterogenic effect predicting the
coexistence of multiple OAM modes in surface structures producing
higher-order polaritonic OVs*. As aresult, our demonstration presents
aviable approach for the flexible manipulation of the topological
charge of polaritonic OVs, paving the way for the exploration of novel
OAM-enabled light-matter interactions at the subwavelength scale.
TheSiCmembranes weemployare fabricated withcomplementary-
metal-oxide-semiconductor-compatible processes, resulting in
large-area chips (edge length in millimetres) and precise thicknesses
determined by well-established silicon-etchingrecipes. The remarkable
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Fig.2|Experimental near-field mapping of £ = 2 SPhP vortex. a, In sSSNOM, the
pure SPhP field interferes with the bare material response. b, False-colour SEM
image of a VG with L =1excited by LCP light. Scale bar, 2.5 um. The dashed lines
indicate the region where experimental data are shown. ¢, Experimental near-
field amplitude |[sO2| and phase ®(sO2) maps (second order demodulation) from
theVGinbatw =913 cm™.d, Simulated corresponding vortex profile, where a
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constant complex background is added to the SPhP E, field. e, Removal of the
material contrast through FFT filtering. Only the region between the dashed lines
isretained. The rest of the map is shown multiplied by 0.03. The bright spot at the
centre represents the position-independent material contrast. Scale bar, 10k,.

f, Experimental maps obtained by the inverse FFT of the filtered data showninf.
g, Simulated corresponding SPhP £, field.

mechanical, thermal, optical and electrical characteristics of SiC has
established it asaversatile material with extensive applications, rang-
ing from power electronics to quantum optics®*.. This versatility
enhances the feasibility of implementing our approach in integrated
devices.

Results

In polar thin films, hybridization between individual SPhPs sup-
ported by the top and bottom interfaces occurs when the film thick-
ness becomes comparable with the material skin depth®. In this
regime, the splitting of the SPhP dispersion is observed, with the two
modes characterized by symmetric and anti-symmetric out-of plane
electric-field distributions E, (ref. 42). In this paper, we focus on the
anti-symmetric mode as it features lower losses and longer propaga-
tion lengths (Supplementary Note 2). The dispersion relation for the
anti-symmetric mode of a100 nm SiC membrane calculated through
the transfer-matrix approach* is shown in Fig. 1d.

We show the dispersion-driven multiplication of an SPhP OV topo-
logical order by simulating its out-of plane electric-field component
through the Huygens principle** (Supplementary Note 3). Multiple
point sources are arranged in the shape of a vortex generator (VG)
defined as

@

mod (L , 210
r(@) = Asprp X <M+ M),

21

where Ap,pis the SPhP wavelength and mod(a, b) indicates the remain-
der of the division of a by b. Here L is the topological order of the VG
determining the number of arms and Mis an integer number setting
its radius. A VG with L =1and M = 2 designed at 880 cm™ (where the
predicted SPhP wavelength is A, = 2.5 pm) is used for the simulations
showninFig.1d. Only the phase of the calculated electric field is shown.
We use the convention that anti-clockwise rotation is associated with
a‘+ sign, whereas clockwise rotation is indicated with a ‘=" sign. The
SPhP phase profile under circularly polarized excitation is shown in
Fig. 1d at 880, 910 and 924 cm™, where the SPhP wavelength is

AR, = Aq/2and AZ4 = Ag/3corresponding toamultiplication of ksppp

by afactor of 2 and 3, respectively. The total OAM € of the polaritonic
OV at the design wavelengthis givenby #=L + 0+ [, where/and 0= 1
are the OAM and spin states of the incident beam, respectively. In the
rest of the paper, we only consider cases where the excitation beam
carries no OAM; therefore, [ = 0. The SPhP vortex OAM is #5880 =2, 70 =3
and £°** = 4, as the geometrical phase delay imprinted by the VG changes
from2mat880 cm™to 6mat 924 cm™,

To quantitatively assess the purity of the obtained polaritonic
OVs, an overlap integral between the simulated or experimental data
with a set of reference functions is commonly used”*°. Although for
free-space OAM beams, Laguerre-Gaussian modes are employed as
the reference, these are not suitable to represent the characteristic
spiral phase pattern appearing in polaritonic OVs, which is a result of
material losses. From an integral approach, we calculate the E, value
of an SPhP vortex at various £ values, constituting a set of suitable
basis functions (Supplementary Note 4). The overlap integral can be
computed asafunctionofboth topological order £ and frequency (Sup-
plementary Note 4). InFig.1le-g, the overlap spectrafor the simulated
maps reported in Fig. 1d are shown. The spectrum in Fig. 1g shows
the high purity of the simulated € = 2 vortex. The purity decreases in
Fig.1f,e,butthe spectraclearly peakat £ =3 and ¢ = 4, asexpected. The
overlap integral evaluated at fixed £ as a function of frequency is shown
in Fig. 1h-j. A clear peak can be observed for =4 at 924 cm™, ¢=3at
910 cm™and =2 at 880 cm™. Intriguingly, these plots demonstrate
that from theoretical simulations, a single fixed VG can lead to the
creation of vortices with different topological orders. By leveraging
the strong sublinear SPhP dispersion, a slight tuning of the incident
frequency is sufficient to multiply the polaritonic vortex order.

To experimentally demonstrate the creation of SPhP vortexes,
we map the near-field pattern of the polaritonic OVs by employing
transmission scattering-type scanning near-field optical micros-
copy (sSNOM) (Fig. 1c). Transmission SSNOM has the advantage of
normal-incidence excitation and reduced tip-sample interaction,
and has been the method of choice to investigate complex SPP pat-
terns”*****and resonating plasmonic nanoantennas**®. In the transmis-
sion sSSNOM configuration employed for our near-field measurements,
additional pathways for SPhP scattering (such as tip launched)® are
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Fig.3 | Experimental realization of topological order multiplication viaSPhP
dispersion. a, Simulated overlap integral as a function of frequency foran L = -2
VG excited with RCP light designed at w = 880 cm™. The purple and orange lines
indicate overlap with £ = -3 and £ =-5modes, respectively. b, False-colour SEM
image of the L =-2 VG used for the experiments. Scale bar, 2.5 pm. ¢, Overlap

integral of the experimental data at different frequencies (top). The purple and
orange bars correspond to £ =-3 and £ = -5, respectively. Corresponding FFT-
filtered experimental phase maps (bottom). The arrows and Roman numbers
indicate the position of the predicted overlap integral at the corresponding
experimental frequencies.

suppressed. Since the polarization of theincident lightis perpendicular
to the tip shaft, the excitation of SPhPs by the tip becomes very inef-
ficient, leaving only the edge-launched contributionto be collected. If
weinstead used reflection sSSNOM, where light is focused on the tip at
atilted angle, we would inevitably distort the OV pattern for multiple
reasons. First, the VG design assumes excitation withanormal-incident
plane wave; second, the edge-launched SPhP fringe periodicity in reflec-
tionsSNOM depends onthe relative angle between the incident-beam
kvector and the edge in-plane normal direction®**’, which varies along
the VGgeometry.Inthe experiments, right-circularly polarized (RCP)
orleft-circularly polarized (LCP) lightimpinges from below the sample
atnormalincidence. SPhPs are launched by a thin 20 nm chromium (Cr)
VG fabricated by standard electron-beam lithography on a SiC mem-
brane. The near field from the OVsis scattered by a metallic atomic force
microscopy (AFM) tip, which oscillates at Q = 280 kHz for background
suppression obtained by the demodulation of the signal at nQ, with
n>1.Thewidthofthe VGarmsischosentobe2.5 pm, which we confirm
isappropriate for efficient SPhP launching (Supplementary Note 6).

Due to the high transmissivity of the SiC membranes®® in the
mid-infrared (IR) region (100 nm thick, below the skin depth), an
sSNOM signal is present even without the SPhP field excited by scat-
tering froma Crridge. This uniform background field originates from
the direct scattering by the SSNOM tip of the light transmitted through
the membrane. As such, this contribution is usually referred to as
material contrast*®. As sketched in Fig. 2a, this material-dependent
transmitted field interferes with the SPhP field launched by the Crridge,
leading to the experimental SSNOM signal. The expected SPhP-only
vortex amplitude and phase profiles are then qualitatively different
from the experimental maps even though the material contribution
is simply a uniform offset. This is because the extraction of the ampli-
tude and phase of acomplex number is not alinear operation (that s,
|2+ 25| # |21] + |23]).

InFig.2b, wereport ascanning electron microscopy (SEM) image
ofaVGwithM=3and L =1, designed atw = 913 cm™and fabricated on
top of a100 nm SiC membrane. The VG is excited with LCP light at the
design frequency, and the measurements are shown for the circular
region indicated by the white dashed line. Experimental amplitude

and phase maps demodulated at 2Q are shown in Fig. 2c. The data are
clipped and corrected (Supplementary Note 7). The resulting vortex is
deeply subwavelength as = A,/Aqpp = 7 at this frequency. We demon-
strate amaximum SPhP vortex confinementof f=15.6 atw =930 cm™,
correspondingto g, = 0.7 um (Supplementary Note 9). The spiral pat-
terninthe vortexamplitude can be attributed to the interference with
the material background. At the same time, the phase jumps along the
SPhP propagation direction are expected to go from - to , whereas
we measure smaller oscillations. To reproduce the experimental maps,
itissufficienttoadd aconstant complex material background £, = A
exp (igma) to the simulated SPhP field. By choosing appropriate values
of A, and ¢,.,, we obtain good agreement with the experimental
maps (Fig. 2d).

The position-independent material contribution canbe removed
by filtering the two-dimensional fast Fourier transform (FFT) of the
experimental data (Fig. 2e). As the material backgroundis constantin
space, itappearsasabright dotin the centre of the FFT map, represent-
ing alow-spatial-frequency componentin Fourier space. Toisolate the
SPhP contribution, we multiply the FFT maps with aring-shaped binary
mask that is 1 inside the region determined by kgpp(w) = Ak (Fig. 2e,
white dashed lines) and O outside. The value of Ak is determined as the
one that better reproduces the theoretical SPhP maps. In Fig. 2e, the
regiontobe masked is multiplied by 0.03 to show the dominant central
peak associated with the material contrast. By inverse FFT, the bare
SPhP contribution canberetrieved (Fig. 2f). The corresponding simu-
lated SPhP field is shown in Fig. 2g, demonstrating good agreement
with the retrieved experimental maps. We evaluate the purity of the
filtered experimental datain Fig. 2f tobe >0.6 (Supplementary Note 4),
demonstrating the high accuracy of the generated and measured SPhP
OVs, allowing a clear evaluation of the topological charge.

To experimentally confirm the dispersion-driven OAM multi-
plication, we quantitatively assess the topological order of an SPhP
vortex when changing the excitation frequency. In Fig. 3a, we report
the simulated integral overlap for a VG designed at w = 880 cm™ with
L=-2and M=2excited by 0 = -1RCP light. The OAM spectral analysis
is performed by evaluating the overlap integral of the SPhP fields
withrespect to the basis functions corresponding to the total angular
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Fig. 4| OAM multiplication for VG with different L values under LCP
excitation. a, Shape of VGs with L =1,2,3 and 7.b-e, Corresponding simulated
amplitude and phase SPhP profiles at w, =880 cm™ (b), w, =910 cm™ (c) and
;=924 cm™ (d). For each row, we calculate the overlap integral as a function

— 4
of frequency and OAM order, as shown in the mapsin e. The maximum overlap

isreached inall cases at frequencies of w,, w, and w,. The £ spacing between the
different frequencies is L, confirming the multiplication of OAM order.

momentum of ¢ = -3 (Fig. 3a, purple curve) and £ = -5 (orange curve)
for multiple frequencies (Supplementary Note 8).

A peak at the design frequency of w = 880 cm™ for £ = -3 is evi-
dentinFig.3a (labelled as (i)). The spectrum for £ = -5 instead shows a
peakatw =910 cm™ (indicated by (v)), where Agpnp = 14/2 (A4 is the SPhP
wavelength at the design frequency). InFig. 3b, we report a false-colour
SEMimage of the fabricated VG. We carry out experiments at five dif-
ferent frequencies, namely, =880 cm™, w =887 cm™, w =895 cm™?,
w=903 cm™and w =910 cm™, labelled from (i) to (v), respectively, in
Fig.3.Foreachwavelengthin Fig.3c, we report the FFT-filtered phase
map along with the experimental overlap integral. We indicate the
contribution at £=-3 (purple bars) and that at £ =-5 (orange bars).
Thesimulated values of the overlap integrals at the measured frequen-
cies are highlighted by purple and orange arrows for £=-3and £ =-5,
respectively. The trend of the experimental dataisin good agreement
withthe one from simulations, as we can track the gradual change from
¢=-3tof=-5aswellas quantify intermediate states given by asuper-
position of both vortex modes. At frequencies between w =880 cm™
and w =910 cm™, we expect the near-field profile to be a superposition
of multiple OAM states due to mismatch between the SPhP wavelength
andthe VGradius. The lower absolute values of the overlap integral for
the experimental results can be attributed toanumber of possible dis-
crepancies between the simulation and experimental conditions (finite
width of Cr ridges, fabrication imperfections, finite laser bandwidth,
slightly tilted illumination and differences between the modelled and
real dielectric function of the SiC).

In Fig. 3, we experimentally demonstrated the OAM multiplica-
tion for L = -2. By simulations, we explore the same phenomena for
different VGs excited by LCPlightwith L =1,2,3 and 7 (Fig. 4). We report
the data as a table, where the rows indicate the different investigated
VGs.InFig.4a, we show sketches of the VGs. InFig.4b-d, wereport the

simulated amplitude and phase maps at frequencies of w, =880 cm™,
w,=910 cm™and w, =924 cm™, at which the SPhP momentum is dou-
bled and tripled with respect to the one at w, = 880 cm™. For each VG,
we calculate the overlap integral as a function of both frequency and
topological order (Fig. 4e). The overlap integral peaks for all the VGs are
shownat three frequencies, namely, w;, ,and w;. The OAM multiplica-
tionoperation canbe observed by noticing thatin Fig. 4e, the adjacent
maximainarespacedexactlyby L. Therefore, the OAM multiplication
canbeapplied, in principle, for any value of L.

In Fig. 4, we show that very high OAM orders can be obtained
through the multiplication procedure; for L = 7, we obtain amaximum
order of £ =22 for w =924 cm™ We demonstrate that we can create and
effectively measure these high-order OVs. Inparticular, welookinto the
coexistence of multiple OAM orders in polariton OVs, which has been
recently shown to occur for SPPs*°. This phenomena has been referred
toasthe‘deuterogeniceffect’ toindicate the presence of secondary OVs
asaconsequence of the VG geometry used for vortex creation. Accord-
ing to this principle, the total OAM order of apolariton OV is given by>°

¢=nlL+0+]|, )

wheren=0,+1,+2...,and/and 0 = t1are the OAM and spin states of the
excitationbeam, respectively. InFig.5a-c, wereport theamplitude and
phase near-field maps for vortices of order £ = -10,¢ =-15and £ = -20,
respectively. The measurements are performed at 900 cm™ with RCP
excitation. As the footprint of the higher-order vorticesis larger, we use
here M = 5for the definition of VGs. In Fig. 5d-f, we report the filtered
amplitude and phase maps, together with the corresponding simula-
tionsshownin Fig. 5g-i.In the experimental maps, we observe anumber
ofamplitude and phase discontinuities, which are associated with the
SPhP fields launched from the combination of all the edges and sides
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Fig. 5| Deuterogenic effect in high-order SPhP vortexatw = 900 cm™. a-c,
Amplitude and phase transmission SSNOM maps at w = 900 cm™ for VG of L =-9
(a),L =-14 (b) and L =-19 (c) excited by RCP light. d-f, Experimental maps after
FFT filtering. g-i, Corresponding simulated SPhP vortex where emission from
allthe edges of the VGis considered. j-1, Overlap integrals evaluated for the

experimental data (top) and simulated data (bottom). The orange bars indicate
the expected £=-10 (j), £=-15 (k) and £=-20 (I). The grey bars indicate the
values of £ at which we detect the coexistence of additional modes predicted
from the deuterogenic effect. The insets show the false-colour SEM of the
fabricated VG used in the experiments. Scale bar, 5 um.

ofthe Crridge. Toreproduce the observed discontinuities, we carried
outsimulations based on the Huygens principle by including the con-
tributions from spherical sources positioned at the outer edges and
sides of the fabricated Crridge structure (Fig. 5g—i and Supplementary
Note 10). Although this effect is not pronounced for low-order SPhP
vortices, it becomes apparent for higher-order SPhP vortices (Fig. 5)
duetothehigher number of jumpsinthe VG. We show the experimental
(top) and simulated (bottom) overlap integralsin Fig. 5j-1together with
false-colour SEMimages of the Cr ridges used for SPhP launching. The
overlapintegrals for both simulated and experimental data present the
rising of side peaksat £ =-1and £ =-L -1, as consistently predicted from
the deuterogenic effect. The modes associated with the deuterogenic
effect are indicated by grey bars (Fig. 5j-1). We also observe that for
higher ¢, the mode purity decreases due to the presence of multiple
discontinuities in the VG structure. In Fig. 5j,k, we detect the coexist-
ence of modes £=-10 and € =-15 with the £=-1order, as predicted
from equation (2) for n=0 and o= -1. For the £ =-20 vortex, we can
alsoobserve astrong peak atorder £ =18, whichis again expected from
equation (2) for n=-1,0=-1and L =-19. Although the deuterogenic
effect for n=0and 1 has been observed for SPP*°, we report here the

first experimental detection of an n = -1 contribution, indicating that
further termsin equation (2) have tobe considered to properly describe
the generated polaritonic OVs.

Intuitively, the generation of the central £ = -1 vortex can be asso-
ciated with the SPhP launched by the corners of the VG arms, which
overall constitute a circle of emitting dipoles. In this case, there is no
additional phase delay from the structure, and the vortex £is equal to
the sum of the spin angular momentum and OAM of theincident beam.
This effect can be attenuated by reducing the number of arms of the
VG andincreasing the phase delay imprinted by each section of the VG
(Supplementary Note 12). A balance between the attenuation of the
central lobe and the azimuthal distortion due to propagation losses
has to be found depending on the application.

Discussion

We leveraged the strong sublinear SPhP dispersion to obtain vortices
with multiplied topological orders by asmallincrease of around ~3%in
theincidentfrequency. This value canbe further reduced by operating
athigher frequencies where the group velocity is smaller. In compari-
son, an approximately 100% increase in the operation frequency for
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free-space beams and SPPs* is required. As SPPs are sufficiently low
loss only when the dispersionis close to the light line, the smaller SPhP
dissipation is a necessary ingredient to exploit the dispersion-driven
OAM multiplication mechanismin a practical way. We experimentally
demonstrated this tuning mechanism through the near-field map-
ping of mid-IRSPhP vortexin SiC-suspended membranes by transmis-
sion sSSNOM. Although reconfigurable polaritonic OVs can always be
obtained by tuning the OAM order of the excitation beam, spatial light
modulatorsare notreadily available at mid-IR frequencies*’, making our
result particularly relevant for mid-IR technologies. Moreover, varying
theincident-beam OAM inevitably results in areduced SPhP-launching
efficiency due to the diminished overlap between the surface structure
and high-intensity part of the beam, which can be optimized only fora
specific OAM value. The SiC membranes employed in this work are com-
mercially available as millimetre-scale chips and are obtained through
complementary-metal-oxide-semiconductor-compatible fabrica-
tion, making this platform readily available for different applications.
We envision that our SiC membrane platform could be implemented
as asource of free-space OAM beams by the far-field outcoupling of
SPhPs, especially useful for long-range communication applications
asthe SiC operational frequency matches with the 10 pm atmospheric
transparency region. A high-speed all-optical modulation of the OAM
order could then beimplemented by switching the driving frequency.

We find that the measured SPhP OVs agree with simulations, find-
ingamode purity of >0.6 for a vortex with £ = 2. Owing to the high qual-
ity of the measured SPhP vortices, we are able to investigate high-OAM
states with || up to 20. We also detect the coexistence of multiple OAM
states for high-order vortices, as predicted by the deuterogenic effect™.
The generation and precise control of highly pure SPhP vortices with
high topological order paves the way for applications in structured
thermal emission® and explorations of dipolar-forbidden transitions
by highly confined electromagnetic fields carrying OAM>**,

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41566-024-01410-5.
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Methods

Sample fabrication

The suspended SiC films were purchased from Silson. The spiral
ridges were fabricated with standard electron-beam lithography
followed by electron-beam deposition. First, the substrates were
cleaned with O, plasma and spin coated with 120 nm of 950K polym-
ethyl methacrylate. Subsequently, the masks were fabricated under
electron-beam exposure. After the post-exposure development of
the masks, the substrate was descummed with O, plasma before the
electron-beam deposition of 30 nm Cr. The structures were finally
realized by lifting off the polymethyl methacrylate masks in acetone for
several hours.

Transmission SSNOM

Near-field maps are obtained with a commercial sSSNOM setup
(Neaspec) equipped with a pseudo-heterodyne interferometer to
obtain amplitude- and phase-resolved images. The light source
used in the experiments is an optical parametric oscillator laser
(Stuttgart Instruments) powered by a pump laser at A=1,035 nm
with 40 MHz repetition rate and -500 fs pulses. The mid-IR output
is obtained by difference-frequency generation in a nonlinear crys-
tal between the signal and idler outputs of the optical parametric
oscillator and its frequency bandwidth (around 100 cm™ at 11 um)
is reduced using a monochromator (below 3 cm™, limited by the
interferometer we use for the measurement). A quarter-wave plate
(Optogama) specifically designed to cover the SiC Reststrahlen band
(-800-950 cm™ or ~12.5-10.5 um) is used to convert the linear polar-
ized output of the mid-IR laser source (Stuttgart Instruments) to
RCP and LCP light. The beamis loosely focused at normal incidence
by a parabolic mirror positioned below the sample. The near-field
signal is scattered by a metal-coated (Pt/Ir) AFM tip (Arrow-NCPt,
NanoWorld) oscillating at a frequency of Q=280 kHz, and col-
lected by a second off-axis parabolic mirror positioned above the
sample. The tapping amplitude was set to ~-80 nm and the signal
demodulated at the second harmonic (2Q) for background sup-
pression. Before focusing, half of the light is redirected towards a
pseudo-heterodyne interferometer used to retrieve both amplitude
and phase of the signal. The light scattered by the tip is recombined
with the interferometer reference arm by a second beamsplitter
and directed towards a nitrogen-cooled mercury cadmium telluride
infrared detector.

Simulations

The simulated vortex maps are obtained with a custom-written MAT-
LAB (v.R2023a) code by using the Huygens principle (Supplementary
Note 3). For each simulation, at least N=300 individual sources are
used. The dielectric function of SiC is modelled as follows:

2 _ 2
Wio ~— W19 )
— Q|-

e(w)=8m<l+ > .
Wiy — W2 —iyw

3

where w;, =797 cm™, w,,=973cm™, .= 6.6andy = 6.6 cm™. The value
of yissomewhat higher than what has beenrecently estimated for SiC
membranes®, but we use it as it better reproduces the experimen-
tal data. The SPhP wavevector in the SiC membranes is numerically

calculated from the implicit equation for the anti-symmetric modein
polaritonicisotropic thin films*®.
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