™ |

Check for
updates

Research Article Vol. 26, No. 2 | 22 Jan 2018 | OPTICS EXPRESS 905 I

Optics EXPRESS N Y

Spin-controlled twisted laser beams: intra-
cavity multi-tasking geometric phase
metasurfaces

RONEN CHRIKI,"® ELHANAN MAGUID,%>® CHENE TRADONSKY,' VLADIMIR
KLEINER,? ASHER A. FRIESEM,! NIR DAVIDSON,! AND EREZ HASMAN?

'Weizmann Institute of Science, Department of Physics of Complex Systems, Rehovot 7610001, Israel
’Micro and Nanooptics Laboratory, Faculty of Mechanical Engineering and Russell Berrie
Nanotechnology Institute, Technion — Israel Institute of Technology, Haifa 3200003, Israel

3‘T hese authors contributed equally

“mehasman@technion.ac.il

Abstract: Novel multi-tasking geometric phase metasurfaces were incorporated into a
modified degenerate cavity laser as an output coupler to efficiently generate spin-dependent
twisted light beams of different topologies. Multiple harmonic scalar vortex laser beams were
formed by replacing the laser output coupler with a shared-aperture metasurface. A variety of
distinct wave functions were obtained with an interleaving approach — random interspersing
of geometric phase profiles within shared-aperture metasurfaces. Utilizing the interleaved
metasurfaces, we generated vectorial vortices by coherently superposing of scalar vortices
with opposite topological charges and spin states. We also generated multiple partially
coherent vortices by incorporating harmonic response metasurfaces. The incorporation of the
metasurface platforms into a laser cavity opens a pathway to novel types of nanophotonic
functionalities and enhanced light-matter interactions, offering exciting new opportunities for
light manipulation.
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1. Introduction

Light manipulation devices for frequency, phase, amplitude, polarization and orbital angular
momentum (OAM) which are based on different physical phenomena, are generally limited in
the strength of the light-matter interaction, with conversion efficiency # [ 1 as depicted in Fig.
1(a). Incorporating such devices into a laser cavity, can effectively enhance their interaction
with light, and thus overcome this limitation. For example, low efficiency frequency
conversion elements have been integrated inside a laser cavity as an output coupler to achieve
effective efficiency of #.g=1, depicted in Fig. 1(b) [1]. Nanophotonic devices such as
metasurfaces — metamaterials of reduced dimensionality — offer exciting novel opportunities
for light manipulation, but often suffer from limited efficiency, especially for multifunctional
devices [2]. To overcome this limited efficiency we incorporated nanophotonic metasurfaces
into a laser cavity as an output coupler as illustrated in Fig. 1(c). By matching the conversion
efficiencies of these metasurfaces to the optimum reflectivity of our laser (see Methods for
details), we improved the effective efficiency of the elements, and achieved 7. =1.

Intra-cavity metasurfaces are good candidates to generate laser beams of different
topologies that can be controlled by the intrinsic angular momentum of light — photon spin
[3,4]. Moreover, shared-aperture multi-tasking metasurfaces can provide several independent
desired output beams simultaneously, yielding multifunctional laser cavities. Incorporating
metasurfaces inside laser cavities can also provide full control of the amplitude, phase,
polarization and even spatial coherence of the self-consistent laser modes with higher fidelity
and flexibility than the intra-cavity optical elements used so far [5—-17].
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Fig. 1. Schematic of an intra-cavity multifunctional GPM and the spin-dependent (o + ) output
beams of wavefronts with OAM. (a) Limited strength of light-matter interaction results in low
conversion efficiency #[] 1 when used outside a laser cavity. (b) After incorporation inside a
laser cavity the effective efficiency rises to 7.q=1. (c) Illustration of twisted laser beams of
opposite helicities and OAMs (red and blue helix) emerging from the output coupler GPM;
OAM values are of [ =-1,-2 foro, and /=1, 2 for o..

Metasurfaces consist of a dense assembly of resonant optical subwavelength
nanoantennas. The light-matter interaction of such subwavelength structures allow substantial
control of the local light scattering properties [2,18-32], and effective control of their
electromagnetic response can be achieved by a geometric phase mechanism — Pancharatnam
Berry phase, enabling spin-controlled phase modulation [19,20,33,34]. Geometric phase
metasurfaces (GPMs) are composed of anisotropic nanoantennas that generate a local
geometric phase delay, corresponding to the orientation function ¢, = 26¢0(x, y). Here, 0(x,
y) is the in-plane nanoantenna orientation angle and ¢ = + 1 denotes the polarization helicity,
i.e., right (o4) or left (¢.) circular polarization, respectively. With geometric phase that utilizes
spin-orbit interaction phenomenon [3,4], it is possible to obtain optical vortices with spin-
controlled topological charges. Shared-aperture GPMs can generate multiple structured
wavefronts, such as vortex beams carrying orbital angular momentum and optical vectorial
vortices, by exploiting interleaving and harmonic response (HR) approaches. The interleaved
metasurfaces are formed by randomly interspersing sub-arrays, resulting in a multi-tasking
device with high flexibility [2,35,36]. Each sub-array is associated with a specific phase
function, sparsely sampled at randomly chosen positions in the structure. Multiple distinct
wave functions can be achieved by using the interleaving approach within a single shared-
aperture, without reducing the numerical aperture of each sub-element. Additional shared-
aperture technology can utilize the HR approach in which the phase function is expanded into
harmonic orders [37,38].

2. Experimental results and discussion

Here we report on the incorporation of the shared-aperture GPM into a laser resonator to form
spin-controlled twisted light beams with various OAM, as illustrated in Fig. 1(c). The GPMs,
based on gap-plasmon resonance nanoantennas, were placed inside a modified degenerate
cavity (MDC) with a Nd:YAG gain medium, which was effectively used in various
applications and scientific investigations [39—41]. Such MDC laser allows flexibility for
handling our small-area elements, and control of the spatial coherence properties (see



Research Article Vol. 26, No. 2 | 22 Jan 2018 | OPTICS EXPRESS 909 I

Optics EXPRESS SN \ .

Methods for details). It consists of a back mirror, gain medium, two lenses in a 4f telescope
arrangement, and a GPM as an output coupler as presented in Figs. 2(a) and 2(b). The 4f
telescope arrangement assures that any field distribution is accurately imaged onto itself after
a single roundtrip, and therefore any field distribution is an eigenmode of the cavity. We
inserted a pinhole aperture at the Fourier plane between the two lenses inside the cavity, in
order to filter out higher spatial frequencies (spatial modes).

We chose a small ~Imm intra-cavity pinhole aperture to select the lowest intra-cavity
mode. To achieve spin-dependence, we added polarization control that enforced circular
polarization o .. (see schematic in Fig. 2(b)). The spin-controlled lasing modes, which build up
in the cavity were obtained by placing inside the cavity a polarizer, a Faraday rotator and a
quarter waveplate (QWP). The QWP was oriented at either + 45° or —45° angles with relation
to the direction of polarization of the incident beam, introducing high loss to the o or o..
Only part of the beam traveling in the cavity interacts with the output coupler GPM and
contributes to the spin-dependent laser output, while the rest of the beam is left unchanged
and is reflected back into the cavity, where it contributes to future buildup of the lasing mode
inside the cavity.

The GPM is based on gap-plasmon resonator (GPR) nanoantennas that consist of metal-
insulator-metal layers (see schematic in Fig. 2(a), inset), enabling high reflectivity by
increasing the coupling between the free-wave and the fundamental resonator mode.
Moreover, adjustment of the GPR nanoantenna dimensions enables the design of a half-wave
plate [25-26]. We fabricated a metasurface that is composed of a continuous SiO, film of
110nm sandwiched between a continuous gold substrate and gold nanobricks on top. The
nanobricks, with dimensions of 210x70x30nm’, are arranged in a square array with a lattice
constant of 250nm to form the metasurface of 50pum diameter.

We demonstrated control of spin and OAM by placing an intra-cavity GPM in the MDC
and generating a single OAM mode of [ = £ 1. In the design of such GPM, the GPR
nanoantennas were oriented according to the relation 26(x,y) = kx + lp, to obtain momentum
redirection o . k and topological charge o . /; ¢ is the azimuthal angle and / = 1. Figures 2(c)
and 2(f) show the output beams from the two output channels of the cavity, and demonstrate
that the laser can switch between the channels by changing the orientation of the QWP ( + 45°
or —45°). The corresponding OAMs were determined by measuring the interference of each
output beam with itself, using a Mach-Zehnder interferometer. The resultant fringe patterns at
both output channels reveal two “forks”, indicating a singularity of the field with topological
charge of / =+ 1 as shown in Figs. 2(g) and 2(h) where the direction of the forks indicates the
sign of the OAM. The spin-controlled OAM results from the spin to orbital angular
momentum conversion formed by the GPM.
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Fig. 2. Spin-controlled OAM output beams generated by intra-cavity GPM. (a) Scanning
electron microscope image of the fabricated HR-GPM composed of gap-plasmon
nanoantennas (inset). (b) Schematic of a twisted modified degenerate cavity laser. The output
coupler of the standard cavity is replaced with a GPM, which is used to manipulate the
properties of the laser output. The sign of the circular polarization of the mode that builds up
inside the cavity is controlled with a polarizer (pol), a Faraday rotator (FR) and a quarter wave
plate (QWP). Since the phase function of the GPM is spin-dependent, the output is switched
between right and left channels by changing the orientation of the QWP. (c-f) Measured OAM
outputs at the left (o+) and right (¢.) channels of the twisted MDC laser with two orientations of
the QWP(o -+ ). Red and blue squares correspond to helicity (o; or o, respectively) of the
buildup mode polarization inside the laser cavity. (g, h) Self interference pattern of the output
beam at the left and right channels, obtained with a Mach-Zehnder interferometer; the forks
indicate OAM of / = —1 in the left channel, and OAM of / = + 1 in the right channel, as
expected. (i-1) Measured multiple harmonic helical output beams, generated by placing a spin-
dependent HR-GPM of OAM with /=+1,+2,+ 3.

FR

lens.

Multiple harmonic output beams can be obtained by imprinting shared-aperture phase
function onto the GPM. Accordingly, we designed a shared-aperture GPM based on the HR
approach where the phase function is expanded according to exp[id,(x)] = 2, A,explimo .
(kx + @)], resulting in a finite number of dominant multiplexed OAM harmonic orders with
identical intensities and with the momentum redirection of the m™ order. We adopted an
optimized analytic solution [38] to realize a GPM that provides three spin-dependent
asymmetric OAM harmonic orders. By forming such structures and placing them as spin-
dependent output couplers in our MDC, Figs. 2(i)-2(1) show the obtained output beams with
OAM of / =+ 1, + 2, + 3 for intra-cavity spin state o, and / = —1,-2,-3 for intra-cavity spin
state o.. The output coupling of the twisted MDC was found to be ~10%, intended to match
the optimum output coupling of the Nd:YAG laser (see Methods for details). Accordingly, the
amount of energy from the shared-aperture GPM is nearly equal to the maximum that could
be generated by the laser. In our experiments, the measured effective efficiency of the shared-
aperture GPM was 94% (see Methods for details), significantly higher than the reported
efficiency of such elements, # = 62% [2]. The advantage of our method would be even more
pronounced for more sophisticated elements, which are expected to suffer from even lower
efficiencies.

By replacing the small intra-cavity pinhole aperture with a much larger one (10mm), we
enable the existence of higher order spatial modes in the cavity, thereby decreasing the degree
of spatial coherence [41] and generating partially coherent vortex beams [42,43]. Figure 3(a)
shows the measured intensity distribution of the partially coherent vortex beam generated by
the GPM of a single OAM of / = 1 (inset), and the experimental setup of a wavefront folding
interferometer that was used to measure the spatial coherence of the output beam [41]. Note
that no singularity is observed in the intensity distribution of the partially coherent vortex
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beam. The measured spatial coherence, which is shown in Fig. 3(b), obtained with the
wavefront folding interferometer indicates that the partially coherent vortex beam has a ring
dislocation [42, 44] corresponding to / = 1, in agreement with the predicted result shown in
Fig. 3(b) inset; see Methods for details. When placing the HR-GPM as an output coupler, we
generated multiple partially coherent vortex beams of / = 1,2,3 from the MDC as shown in
Fig. 3(c). In contrast to the results in Fig. 2(i) of multiple coherent vortices, the singularity in
the first harmonic order is absent and the dark spot in the higher harmonics is relatively small
due to the incoherency of the modes, Figs. 3(c)-3(e) shows the agreement with calculation.
The manipulation of the spatial coherence with the partially coherent twisted MDC laser
could be potentially exploited for speckle free stimulated emission depletion microscopy,
metrology, target acquisition and optical coherence tomography.

@

Laser output

B/

®) (&) “\
— —— incoherent ik
g 1.0k coherent :
=
g
(=
205
£
0.0

Fig. 3. Generation of partially coherent vortex beams. (a) The experimental setup of a
wavefront folding interferometer for spatial coherence measurement; RAP — right angle prism
(acts as a Dove prism); BS — beam splitter. Insets depict the intensity distribution of a partially
coherent vortex beam generated by a GPM of / = 1 (lower inset, laser output), and the
corresponding interference pattern (upper inset). (b) The resultant experimental spatial
coherence function. Inset depicts the corresponding calculated coherence function. (c)
Experimental intensity distribution of the laser output of multiple partially coherent harmonic
vortex beams and (d) the corresponding calculation. (e) Cross sections of the experimental (red
line) and calculated (black) intensity distributions of partially coherent vortices, and for fully
coherent vortices (blue, taken from Fig. 2(i)).

An additional attractive feature of metasurfaces is based on space-variant polarization
manipulation, which encompasses a broader class of wavefronts, particularly vectorial
singular optics. Singularities in a scalar vortex, OAM wavefront, occur where the phase of the
scalar wave has a spiral structure around a singular point in the field [45-47]. However, a
space varying polarization enables the generation of vectorial vortices, which appear around
the point where the polarization is either undefined or changes abruptly [48]. The formation
of vectorial vortices is enabled by the coherent superposition of scalar vortices with opposite
topological charges and spin states. Vectorial vortices are of great interest for optical
communications, super-resolution, optical tweezers and laser beam shaping [6, 49-51].

The shared-aperture interleaved GPM enables superposition of twisted light beams via
interleaving sparse antenna sub-arrays (see Fig. 4). These sub-arrays are randomly dispersed
across the shared area of the GPM, so as to provide equal weight to each phase function and
minimize diffractive artifacts. In order to achieve a phase profile for generating a vectorial
vortex, we spatially multiplexed two phase functions generating opposite scalar vortices. In
particular, for interleaved geometric phase profiles of ¢g(1) (x,y) =0 . (kx + lp) and ¢g(2) x =
0+ (-kx + I + A¢), the resulting vectorial field for incident light of linear polarization has the
form expli(kx + [@p)] |os) + expli(kx-lp-49)] |o.), where |o . ) is the spin state, and A¢ is a
constant geometric phase. For example, a superposition of in-phase (4¢ = 0) and out-of-phase
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(4¢ = m) scalar vortex beams with / = £ 1 results in radial and azimuthal polarizations,

respectively.
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Fig. 4. Interleaved GPM concept. (a-c) Sub-array structures of 26(x, y) = kx + lp (a) 20(x, y) =
-kx + lp (b) and the resultant interleaved GPM (c) for the generation of a radial vortex beam; &
= (2#/2)sin(10), A = 1064 nm. The inset depicts the orientation angle 6. (d-e) The
corresponding sparse geometric phase profiles for illumination with o. (d) and o. (e), and the
resultant interleaved geometric phase under linear polarization illumination (f); the color bar
denotes the geometric phase from 0 to 2z.

We investigated vectorial vortices generated with an intra-cavity interleaved GPM, where
the state of the output beams is controlled by the polarization of the mode in the MDC. By
placing the GPMs inside a degenerate cavity with linearly polarized laser mode, we obtained
radially and azimuthally polarized beams as shown in Fig. 5(a) and 5(b). In addition Fig. 5(c)
shows the obtained vectorial vortex of winding number / = 2. The images of vectorial vortices
which show the space-variant polarization states were obtained after a linear polarizer rotated
in eight representative orientations. The polarization vector fields at the outputs were derived
from the measurement of the Stokes parameters of the vectorial vortices (see upper insets in
Fig. 5). The calculated deviation from the desired polarization orientation was 15°, and the
average ellipticity angle was found to be 18°. Therefore, the overall polarization purity
(percentage of power which is linearly vectorial vortex) was determined to be ~92%. The
transformation from vectorial to scalar vortex beams can be obtained by modifying the
polarization of the MDC mode to be purely circular instead of linear polarization (see
Methods for details).

=
500mm

Fig. 5. Vectorial vortex output beams with different topologies. (a-c) Illustrations of the
twisted output beams emerging from the intra-cavity GPM and the far-field measurements of
radial polarization (a), azimuthal polarization (b), and vectorial vortex of winding number / = 2
(c), generated by a coherent superposition of wavefronts with opposite OAMs (red and blue
helixes) and helicities o (red arrow) and o. (blue arrow); schematic (a) and SEM images (b, ¢)
of the corresponding GPMs. Experimental polarization distributions were obtained by placing
an external linear polarizer at eight different orientations, where the white arrows denote the
space-variant polarization. Upper insets show the polarization vector fields of the output beams
that were derived from the measurement of the Stokes parameters.
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3. Concluding remarks

The incorporation of a multi-tasking metasurface based on the Pancharatnam-Berry phase
mechanism, into a laser cavity enables control of the topology of the output beam in a spin-
dependent manner and with enhanced efficiency. Intra-cavity GPM elements, composed of
sub-wavelength phase modulating building-blocks, currently offer greater flexibility in
manipulating multiple concurrent optical tasks than other intra-cavity elements, such as
diffractive, phase and q-plate elements [7,12-13]. Specifically, they can serve as
multifunctional intra-cavity elements, and can generate OAM beams with controlled spatial
coherence. In addition, intra-cavity GPM elements can be naturally incorporated into micro-
lasers, and can be easily integrated in nanophotonic devices. Our configuration where we
incorporate metasurfaces into laser cavities can also be exploited with nonlinear nanophotonic
devices, reconfigurable metasurfaces and graphene nanostructures [32, 52-56]. The shared-
aperture intra-cavity GPM paves the way for the generation of multimodal singular
wavefronts — twisted light beams having OAM and polarization singularity. We believe that
the unique combination of novel intra-cavity GPMs with new configurations of laser cavities
could lead to new and exciting applications that require arbitrary control of the properties of
laser output light beams, and that are currently not possible.

4. Methods
A. Fabrication of GPM based on GPR nanoantennas

The GPR-based metasurfaces were fabricated using electron-beam lithography and a lift-off
technique. On a SiO, substrate titanium adhesive thin film of 2nm, gold film of 300nm, and
additional titanium film of 2nm were deposited by e-beam evaporation. Then a SiO, film of
110nm was grown above using a PECVD system. The e-beam lithography of the metasurface
pattern using PMMA 950 A3 photoresist was performed, followed by e-beam evaporation of
2nm titanium and 30nm gold film, and subsequent lift-off procedure.

B. Modified degenerate cavity arrangement

The MDC consisted of two lenses with focal lengths of = 150mm, a Nd:YAG gain medium
of 10cm length and 4mm in diameter, a high reflective back mirror and the GPM as an output
coupler (see Fig. 6). The diameter of the GPM elements was 50pum. The lasing area of the
gain was limited by an aperture of 100um in diameter. A pinhole aperture placed at the focal
plane between the lenses serves as a spatial filter. Pinhole diameters varied between 0.4 mm
to 10 mm. The 4f telescope arrangement assures that any field distribution is accurately
imaged onto itself after a single roundtrip, and therefore any field distribution is an
eigenmode of the cavity. Since the cavity supports many different eigenmodes, the cavity can
lase in many different modes simultaneously, despite mode competition. The operating output
power of the laser in our experiments was ~200mW.

It is convenient to describe the modes near the mirror of the degenerate cavity as an
incoherent sum of plane waves propagating in different angular directions. Each plane wave
is then focused to a diffraction limited spot at the Fourier plane. By inserting a pinhole
aperture at the Fourier plane between the two lenses inside the cavity, it is possible to limit
the range of angles, and therefore filter out higher modes. Accordingly, increasing the size of
the aperture is therefore equivalent to reducing the degree of spatial coherence of the MDC
laser. Since the mode filtering is at the Fourier plane far from the gain medium, there is
practically no reduction of the output power from the laser [40].
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Fig. 6. Modified degenerate cavity (MDC) laser arrangements. The number of lasing modes is
controlled by changing the size of an intra-cavity pinhole aperture.

C. Comparing intra-cavity to external GPM elements

The GPM elements placed outside a laser cavity have been extensively investigated in the
past [2]. In this section we compare the results of the past investigations to the results
obtained with GPM elements that are placed inside the laser cavity. For the comparison, we
consider results with the multi-tasking shared-aperture GPM elements.

(a)

0.7 0.8 0.9
Output coupler reflectivity [%]

Fig. 7. Intracavity GPM and external GPM elements. (a) Experimental intensity distributions
of the multi-tasking elements, when placed inside (top) and outside (bottom) a laser cavity. (b)
Experimental output power as a function of output coupler transmittance. The total conversion
efficiency of the GPM element was designed to match the optimum transmittance of the laser,
around 12%. Due to fabrication and technical issues, the actual total conversion efficiency of
the elements was 10%, closely matching the optimum output coupler transmittance.

We found that all orders of the shared-aperture GPM elements are excited, regardless of
whether the GPM elements are placed outside or inside the twisted MDC laser as shown in
Fig. 7(a). The intensity distribution and mode purity of the output beams are similar, in both
cases. When placed outside the laser cavity, the purity of the Laguerre Gauss beams — defined
as the normalized intensity overlap integral between the actual intensity distribution and
expected intensity distribution — was measured to be 95.8%, 90.8% and 79.3% for 1 =1, 2, 3,
respectively, and when placed inside the laser cavity it was 95.5%, 89.5% and 87.8%, for 1 =
1, 2, 3, respectively. The dominant difference between the elements placed outside or inside
the laser cavity is their effective efficiency. The efficiency of the HR GPM outside of the
cavity was found to be # = 62% [2]. In order to achieve the optimum output coupling of the
Nd:YAG laser of ~10% as depicted in Fig. 7(b), we designed the waist diameter (D;) of the
intra-cavity Gaussian mode that impinges the back reflector of the resonator to match the
output coupler GPM of diameter D, according to the ratio (D, /D,)*~10z . Here the back
reflector was fabricated as a metasurface surrounded by a gold film. Consequently, when the
multifunctional GPM was placed inside the laser cavity, its effective efficiency increased to
94%, indicating that the total power from GPM is close to the maximum power that could be
generated by the laser cavity without the GPM element.

D. Measurement of the spatial coherence

The degree of spatial coherence is described by the complex coherence factor u, defined as
ux, v, x, ) =(E, y)E*(x,y’)), where E(x, y) denotes the field at point (x, y) and (*), time
averaging [57]. Generally, the complex coherence factor is a four dimensional function, u =
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u(x, y; x’, y'). However, for an incoherent source the Van Cittert-Zernike theorem predicts
that the complex coherence factor is really just a two dimensional function that depends only
on the difference in coordinates, u = u(x-x’, y-y’). Consequently, for an incoherent source, it
is sufficient to measure the complex coherence factor only as a function of the difference in
coordinates, and still obtain all information of the spatial coherence.

Figure 3 shows the experimental setup of a modified Mach-Zehnder interferometer
(wavefront folding interferometer), which was used to measure the spatial coherence. There,
the output image from the laser was split by a beam splitter and directed into the two arms of
the interferometer. The image in each of the two arms was then flipped so that the relative
orientation between the two images was rotated by 180° around the optical axis. The beams
were recombined with a second beam splitter. A slight angle was introduced to the second
beam splitter, so as to form a fringe pattern of the interference of the fields E(x, -y) and E(-x,
y), which was detected by a CMOS camera. The visibility of the interference pattern v(x, y) is
equal to the absolute value of the complex coherence factor 4 = u(x, y, x’,y’), according to
the relation v(x, y) = |u(-x, y; x, -y)| = |u(-2x, 2y)|; and the relative location of the fringes
indicates the phase of the complex coherence factor [57].

In order to calculate u, we model the output of the twisted MDC as an incoherent sum of
plane waves with OAM propagating in different angular directions, E,,, = 2,3 Eir, ¢) expl[-
iky (arcos@ + prsing)] where k&, is the wavenumber, E; ~A(r)exp(ilp) and (o, f) determine the
angular directions of the plane waves, the range of which depends on the pinhole aperture
size, assuming small angles. Therefore, the intensity fringe pattern as detected by the camera
is [ = 3 |Eou(r, ) + Eou(r, ¢ + m)-exp(ikgyrcosp)’, where y is the angle introduced by the
second beam splitter of the wavefront folding interferometer.

Figure 8 shows the experimental and calculated spatial coherence for a single vortex beam
using a GPM of a single OAM of / = /. The interference pattern of a partially coherent vortex
beam as shown in Fig. 8(a) and, after applying straightforward Fourier analysis, the absolute
value and the phase of the complex coherence factor as seen in Fig. 8(b). As evident, there is
good agreement between the calculated and the experimental results.
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Fig. 8. Spatial coherence for a vortex beam using a GPM of a single OAM of = 1. (a)
Calculated and measured intensity distributions at the output from the wavefront folding
interferometer. (b) The calculated and measured amplitude and phase of the complex

coherence factor (spatial coherence). The experimental results are in good agreement with
calculated results.

The coherence length L. of the partially coherent vortex can be calculated by L. =
0.614f/r, where 4 is the lasing wavelength, f'is the focal length of the collimating lens after the
laser cavity (see Fig. 2(b)) and r is the ring dislocation radius of |u| [58]. The experimental
coherence length, derived from Fig. 8(b), was found to be L~20um, which is close to the
calculated coherence length [40].
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E. Wavefront folding interferometer arrangement

The output of the MDC laser was collimated with a lens of /= 40mm focal length. The
collimated beam was spilt into two arms of the interferometer, and inverted by right angled
prisms, x— -x in one arm and y — -y in the other, and then recombined to form an
interference pattern which was imaged onto a CMOS camera with a 4fimaging telescope (f; =
150mm, f> = 100mm).

F. Spin-controlled transformation from vectorial to scalar vortex

The peculiarity of the geometric phase is based on its geometric nature. Unlike diffractive and
refractive elements, it does not arise from optical path differences but from a space-variant
manipulation of the light polarization state [19-21, 33]. The GPMs are formed by tiling a
metasurface with anisotropic nanoantennas, arranged according to a desired space-variant
orientation profile 8(x, y). A GPM transforms an incident circularly polarized light into a
beam of opposite helicity, imprinted with a geometric phase ¢, = 26 . @d(x, y). Consequently,
for an arbitrary incident polarization state |E;,), the field emerging from a space-variant half-
wave plate is |E,,,) < exp[i20(x, )] (o |E;)|o+) + exp[-i20(x, y)] {o+|Ei)|0.), where |o .. ) stands
for the spin state, and (a|f) denotes the inner product (46). Figure 5 in the main text shows the
generation of vectorial vortices from interleaved GPMs under linear polarization illumination
|Ei) = (o) + |a_))/\/2, which result from the coherent superposition of wavefronts with
opposite OAMs and spin states: |E,,;) o< exp(ilp) |o.) + exp(-ilp) |o.). The transformation from
vectorial to scalar vortex beams is obtained by illuminating the interleaved GPM (see Fig. 5)
with circularly polarized light via the spin-dependent MDC as depicted in Fig. 2(b), resulting
in |E,,) o exp(ilp) |os) or |E,,) o exp(ilp)lo.) for incident |0.) or |o.), respectively.
Verification of the circular polarization state of the emerged beams is established by
projecting these scalar vortices on linear polarizers at different orientations resulting in
similar intensity profiles (see Fig. 9).

0 45 90 135

Fig. 9. Polarization analysis of the detected transformation from vectorial to scalar vortex. The
numbers above each measurement denote the angular orientations of the linear polarizer.
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