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High-purity orbital angular momentum states
from a visible metasurface laser
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Orbital angular momentum (OAM) from lasers holds promise for compact, at-source solutions for applications ranging from
imaging to communications. However, conjugate symmetry between circular spin and opposite helicity OAM states (+7¢) from
conventional spin-orbit approaches has meant that complete control of light's angular momentum from lasers has remained
elusive. Here, we report a metasurface-enhanced laser that overcomes this limitation. We demonstrate new high-purity OAM
states with quantum numbers reaching #=100 and non-symmetric vector vortex beams that lase simultaneously on indepen-
dent OAM states as much as AZ=90 apart, an extreme violation of previous symmetric spin-orbit lasing devices. Our laser
conveniently outputs in the visible, producing new OAM states of light as well as all previously reported OAM modes from
lasers, offering a compact and power-scalable source that harnesses intracavity structured matter for the creation of arbitrary

chiral states of structured light.

nrecent years it has become possible to tailor light in what is com-

monly referred to as structured light', suppporting applications

including high-bandwidth optical communication*™, access to
high-dimensional quantum states®’, enhanced resolution in imag-
ing® and microscopy’ and control of matter by optical trapping and
tweezing'®"'. Foremost among the family of structured light fields are
those related to chiral light, which carries spin angular momentum
and orbital angular momentum (OAM)", the latter characterized
by a helical phase exp(if¢) about the azimuth (¢) with helicity £.
Driven by the many applications these beams have spurred, much
attention has been focused on their efficient creation.

Scalar OAM modes are easily created by dynamic phase
approaches', while geometric phase is a convenient mechanism for
creating vector combinations of spin and OAM"~*!, forming cylin-
drical vector vortex beams that are rotationally symmetric complex
states of light with an internal intensity null due to a polarization
singularity”. They are conveniently expressed on the higher-order
Poincaré sphere (HOPS)**, where the poles are combinations of
left- and right-circular spin angular momentum states (+0) com-
bined with symmetrical left- and right-helicity OAM states (+7).
This vector addition has opened many exciting possibilities for new
applications that exploit chiral control of both spin angular momen-
tum and OAM degrees of freedom of light**~>".

An ongoing challenge is to control light’s chirality, spin and
orbital at source’*='. So far, advances have been limited, in part due
to fundamental symmetry restrictions when using geometric phase
and topological photonics and in part due to implementation restric-
tions, for example, in regard to the physical size and spatial resolu-
tion of the optical elements. Such advances include the generation
of symmetric OAM states via the geometric phase’>*, as integrated
on-chip devices*, in organic lasers* and as fibre lasers*. Despite
these impressive advances, breaking the symmetry of the spin and
orbital states for arbitrary angular momentum control of light

at source has remained elusive. Arbitrary angular momentum con-
trol requires the ability to produce any desired spin—orbital chiral
state of light, including arbitrary, differing and non-symmetric
OAM values coupled to user-defined polarizations, an infinitely
larger set than the special case of symmetric OAM states, allow-
ing access to super-chiral light with high angular momentum. In
contrast, OAM lasers so far have been demonstrated with only
symmetric superpositions of +£ and +o, which add to a total
angular momentum of zero, and with modest OAM values of up
to |£|==10 (ref. *?). However, super-chiral light with high angu-
lar momentum is known to be important in many fundamental
and applied studies, for example, in quantum studies with Bose—
Einstein condensates, remote sensing with structured light, accurate
rotation measurements, metrology of chiral media and for larger
photon information capacity®.

Here, we report a laser with an intracavity metasurface for
control of light’s angular momentum at source. We design custom
metasurfaces for arbitrary OAM coupling to linear polarization
states, including a metasurface with an extreme imbued helicity of
up to £=100. By doing so, we are able to produce new chiral states
of light from a laser, including simultaneous lasing across vastly dif-
fering and non-symmetric OAM values that are up to AZ =90 apart,
an extreme violation of previous symmetric spin-orbit (SO) lasing
devices, and demonstrate some intriguing lasing phenomena, for
example, vortex splitting inside a laser medium and coherent lasing
across modes with no spatial overlap. By designing a cavity for mode
metamorphosis, our laser is able to generate ultrahigh-purity OAM
modes with orders of magnitude enhanced purity over their exter-
nally created counterparts, which we show with OAM modes up to
¢ =100. Importantly, the coupling to linear polarization states facili-
tates a compact design with a reduction in complexity and number
of optical elements over previous geometric phase lasers, the latter
of course restricted to only symmetric states. In addition to these
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Fig. 1| Metasurface design and characterization. a, Schematic of the central part of our metasurface, which imprints two kinds of helical phase profiles
for x- and y-incident polarization, resulting in output beams with OAM of #;A and #,h. The metasurface elements are rectangular nanopillars made of
amorphous TiO, with fixed height, =600 nm. By changing the width along the x and y directions, the nanoposts impart azimuthal phase delays given
by 6, and §,. b, Required phase delays for output beam OAM values of #;,=1and #,=5 (JP2). ¢, Optical micrograph of JP3 with OAM values of ;=10
and £,=100. d-f, Scanning electron micrographs of the central parts of JP1(d), JP2 (e) and JP3 (f). g, Tilted scanning electron micrograph showing the
nanoposts of JP2. All our J-plates were fabricated using the process detailed in ref. %,

advances, our laser conveniently operates in the visible, produces all
previous observed OAM states from lasers, while our metasurface
fabrication facilitates high damage threshold operation.

Results

Metasurface J-plates. In this work we design and fabricate meta-
surfaces to engineer a compact visible metasurface laser for general
states of super-chiral light. Our SO device, which we call a J-plate, is
a dielectric metasurface made of amorphous TiO, nanoposts (with
rectangular section) on a fused-silica substrate (Fig. 1a). Each post
has a height of 600 nm, while the width and length (W,, W)) change
so as to impart a different phase delay to the propagating visible
light at a wavelength of 532nm. More specifically, the J-plate can
impart different azimuthal phase delays 6, and 6, on the field polari-
zation components (horizontal and vertical) (Fig. 1b).

In the past, devices based on both liquid crystals and metasur-
faces have been proposed that use the Pancharatnam-Berry (PB)
phase to impart OAM to circularly polarized beams. In this case,
all the elements of the device, either liquid-crystal molecules or
nanoposts, are the same but azimuthally oriented to impose a heli-
cal wavefront to the propagating light. In such devices, the +h spin
momentum of the incident light is converted into the opposite spin
(opposite polarization handedness) and +¢h of OAM (while an
opposite angular momentum is transferred to the device itself). The
angular momentum of each component therefore cancels for zero
net angular momentum. Lasers based on this concept have been
demonstrated using liquid crystals with up to £ =+10 (ref. **) and
metasurfaces up to £ =43 (ref. **), and similar concepts have been
exploited for on-chip control of scalar OAM up to £ ==2 (ref. *°).

Table 1| Three metasurface designs (JP1, JP2 and JP3) for
arbitrary angular momentum control from our laser

Incident state |H, #=0) |V, €= 0)
JP1 |H, = —1) [V, e=1)
JP2 |H, € =1) |V, =75)
JP3 |H, ¢ =10) |V, £ =100)

The incident scalar Gaussian states are converted into arbitrary vector OAM states.

Our metasurface is more general than these devices and is
designed to convert any two orthogonal polarization states of the
incident light into helical modes with any arbitrary value of OAM,
¢, and ¢,, and not just opposite values. This is possible by control-
ling the PB phase, the overall phase and the form birefringence
of each element*". We designed and fabricated three such ele-
ments, JP1, JP2 and JP3, with the SO coupling described in Table 1.
JP1 allows us to replicate previous SO lasers that produce only
symmetric states, that is, £,=—2, (the linear polarization can be
flipped with a quarter-waveplate to produce cylindrical vector
vortex beams; see Supplementary Information) while JP2 and JP3
allow for the most general OAM states to be produced from a laser.

Figure 1c presents an optical microscope image of JP3, which
produces helical modes with OAM of #=10 and £ =100 for hori-
zontally and vertically polarized incident light, respectively. The
implemented azimuthal phase gradient is visible in the optical
image of the device as a colour variation (nanoposts with different
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Fig. 2 | Metasurface laser and modes. a, lllustration of laser cavity with an intracavity nonlinear crystal (KTP), polarizer (Pol) and metasurface (J-plate),
excited by an infrared pump (between mirror M1 and the back KTP crystal face), with the green light emerging from the output coupler (OC) mirror.

b, Replication of previous SO laser results showing symmetric states of |£]

=+1for three orientations of the fast axis of JP1 (red arrows).

¢, Creation of a

new angular momentum state with #,=1and #,=5. As 6 (J-plate orientation) is varied, the modal spectrum shifts from |H, 1) (red squares) to |V, 5) (blue
circles), in agreement with theory (curves). Insets: the OAM spectrum at different 6. Error bars show standard deviations. d, Creation of an arbitrary vector
superposition state of coherently mixed vortices showing five distinct phase singularities (indicated by white circles), in agreement with theory (shown in
the inset). All results were taken at an average pump energy of 230 mJ. For b and d, the colour bar shows normalized intensity plotted with a false colour

scaleof Oto 1.

shapes have different scattering resonance frequencies, resulting
in a colourful optical image). Note that it is easy to distinguish 10
sectors, each made of 10 inner sectors. This means that, for the
helical mode resulting from incident vertically polarized light, to
generate a beam with OAM £ =100, a 2n azimuthal phase varia-
tion must be accumulated in an angle of just 2n/100. Such a high
phase gradient has never been implemented into any metasurface
before. Figure 1d-f presents scanning electron microscopy (SEM)
images of the metasurface devices summarized in Table 1 (from left
to right: JP1, JP2 and JP3, respectively): the nanoposts have different
shapes and orientations to implement the necessary phase gradient
by combining the propagation phase, PB phase and form birefrin-
gence as described earlier. This is visualized in Fig. 1g, which shows
a tilted SEM image of a few typical nanoposts constituting one of
our devices.

Intracavity implementation. Our laser, shown schematically in
Fig. 2a, was constructed as a frequency-doubled cavity that converts
the infrared fundamental frequency of Nd:YAG (1=1,064nm) to
the second-harmonic green (4=532nm) through an intracavity
nonlinear crystal (KTP). The J-plate was placed in the resonant
green cavity to provide a geometry that represents the first visible
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metasurface-assisted laser. We will refer to this geometry as our
‘metasurface laser’.

The concept of the laser design exploits a unique feature of our
metasurfaces, namely OAM coupling to linear polarization states.
The resonant mode morphs from a linearly polarized Gaussian-like
enveloped beam at one end of the cavity to an arbitrary angular
momentum state at the other. Although a polarizer was required
for selection of the horizontal polarization state before the J-plate,
the polarization of the light traversing the J-plate was controlled by
simply rotating the J-plate itself. This relative rotation can be viewed
as the alignment of the polarization state to the optical fast axis of
the J-plate.

The intracavity light undergoes multiple passes backwards and
forwards through the metasurface (see Supplementary Information
and Supplementary Video 1). Starting as |H, 0) (horizontally polar-
ized and no OAM), it is converted to the desired combination
within the laser, say cos 0|H, £,) + sin 0|V, £,) (where 0 is the angle
of the fast axis of the J-plate with respect to the horizontal), the
most general OAM state possible and a state never previously cre-
ated from a laser cavity. As the SO effect couples OAM to linear
polarization states, mirror reflections do not result in any spin flip-
ping, and only the OAM handedness changes sign; conventional
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SO coupling lasers flip both the spin and OAM, which prohibits
a simple two-mirror cavity (see Supplementary Information). The
present design thus leads to a reduction in the number of optical ele-
ments and the cavity complexity compared with previous designs.
On reflection from the output coupler mirror back to the J-plate, the
state is cos O|H, —¢;) + sin 8|V, —{,). From the reciprocity of the
metasurface, the initial state |H, 0) is regained, which then returns
through the polarizer to the KTP crystal. Ordinarily, vastly differing
¢ modes would occupy different crystal gain regions and therefore
would lase independently; in our design, the modes overlap within
the crystal, ensuring spatial coherence even without any spatial
overlap at the output. The state cos O|H, £,) + sin 8|V, £,) is then a
repeating mode after each round trip and thus full angular momen-
tum control from the laser is possible.

Generation of symmetric OAM and HOPS states. We first repli-
cate previous geometric phase lasers by creating linear HOPS
beams with conjugate OAM states, that is |£,|=—|7,|. Figure 2b
presents example output modes at different angles (shown as inset
red arrows) of the JP1 metasurface. As expected, the output modes
are annular-shaped intensity profiles that remain invariant during
rotation of the metasurface (all states on the HOPS have the same
intensity profile) while modal analysis confirmed the expected
OAM structure (see Supplementary Information).

Arbitrary angular momentum control. To demonstrate arbitrary
angular momentum control we used JP2 to create laser modes with
asymmetric OAM states described by cos0|H, 1) + sinf|V,5). As
JP2 is rotated, the output mode shifts in weighting from an OAM of
¢,=1to an OAM of £,=5, with arbitrary vector superpositions in
between (shown in Fig. 2¢, with insets showing the measured OAM
spectrum at the different rotation angles). At intermediate JP2 rota-
tions a superposition of the two OAM modes is present, including
the special case of an equal OAM fraction. When added coher-
ently, the prediction is a non-trivial superposition of vortices with
a central vortex of charge £, surrounded by |£, — Z,| single-charged
peripheral vortices of sign £,/|Z,| (ref. *). In our case, this translates
to a central vortex of charge +1 with four surrounding vortices of
charge +1 (the sum does not add to 6, contrary to what one might
have expected). This was observed experimentally and is shown in
Fig. 2d (the inset shows the theoretical prediction). The singularities
are highlighted by white circles. This demonstrates that our laser
can not only reproduce all previous SO results with a simpler cavity
configuration, but is also able to produce more exotic states of light.

Having demonstrated arbitrary angular momentum control
within a laser, we now demonstrate extreme SO asymmetric
coupling using JP3 in a metasurface laser for an output state of
cos8|H, 10) + sin 0|V, 100). Here, the difference in helicity is
A?=1|¢,—¢,|=90. The successful generation of this general OAM
state is shown in Fig. 3. As the weighting of the states is altered
through JP3 rotation (control of ), the superposition state changes
from |H,10) on one pole to |V,100) on the other. Intermediate
states show the progression from lasing on one mode to the other:
contrary to the previous asymmetric case (£,=1 and ¢,=5), here
the composite-vortex beams are found to possess a structure that
contains two superimposed concentric rings. This can be under-
stood as £, < ¢, and thus each state is simultaneously lasing but
occupying completely different spatial regions after the metasurface
(but overlapping in the crystal for coherence).

Modal purity. In Fig. 4 we compare the purity of the OAM laser
modes (blue) to the corresponding externally generated modes with
the same J-plate (red) for £ =10 and £ =100 using modal decompo-
sition, allowing the modal power contribution to each mode in the
Laguerre-Gaussian (LG) basis to be measured and calculated (see
Supplementary Information). The LG basis has both azimuthal (¢)

[100)|V)

Fig. 3 | Extreme SO lasing. Various measured states from the laser,
displayed on a generalized OAM sphere. Here, the poles are asymmetric
with OAM order ;=10 (north pole) and #,=100 (south pole). The
transition from one to the other allows visualization of lasing across vastly
differing OAM values as superpositions with two concentric rings. The
operating pump energy was 315mJ. The colour bar shows normalized
intensity plotted with a false colour scale of O to 1.

and radial (p) terms, the former responsible for the OAM content.
Ideally, a pure OAM mode would have high power content in the
desired £ and p=0 mode. Figure 4a reports the results for £=10
modes: we see that generation of the modes from inside the laser
cavity yields a high OAM purity of 92% (compared to only 72% for
external generation using the same metasurface). More telling is the
fact that the 92% is contained entirely in the desired p=0 mode,
whereas the 72% for external generation is spread across numerous
radial modes. The bottom panel of Fig. 4a shows a more detailed
view, with the measured and calculated radial mode expansion,
confirming that the laser produces ultrahigh-purity OAM modes
in comparison to externally generated modes (the interesting
damped oscillatory nature of the p-mode weightings is predicted
by theory; see Supplementary Information). This is echoed in the
beam structures shown in Fig. 4b,c for the internally and externally
generated modes, respectively, with the former showing the telltale
signs of a radial ring structure rather than the single ring of the
desired vortex state.

This external purity degradation becomes more pronounced
at higher OAM values”. In Fig. 4d,e we show the £=100 exter-
nally generated mode and the laser mode, respectively. The visual
effect is striking: distinct spatial ring structures and a radial out-
ward spread in intensity can be observed in the externally gener-
ated mode, compared to the well-defined annular ring structure
for the laser generated mode. For the #=100 mode shown in
Fig. 4d, the experimentally measured 71% OAM purity has only
~13% (Supplementary Table I) in the desired £=100, p=0 mode,
while the laser mode shown in Fig. 4e has a purity of ~90% in the
p=0 mode. This is shown quantitatively in Fig. 4f, with the OAM
mode spectrum shown for the laser mode (blue bars) and the exter-
nally created mode (red lollipops). There is a slight decrease in
purity relative to the £ =10 mode, but the purity remains very high.

In our comparative analysis, all decompositions of the laser
generated modes were performed at a common scale of w, (the
embedded Gaussian radius), while the scale for the external modes
was optimally adjusted for each mode to wop = wo/+/|¢| + 1, an
optimal scale to maximize the power content of the p=0 mode.
Figure 4g shows a comparison of the laser mode purity measured
at the scale w, versus the external generated beams measured at the
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Fig. 4 | Ultrapure OAM lasing modes. a, Measured modal spectrum for #=10, both internal (blue) and external (red) to the laser. |c, ¢
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power in the pth radial mode and /th OAM mode. b,¢, The corresponding beam intensities are shown for the internal modes (b) and external modes

(). The bottom inset in a shows an enlarged version with experimental data (lollipop bars) and theoretical predictions (solid line). d,e, The same analysis,
performed on the #=100 modes, showing intensity profiles created external (d) and internal (e) to the laser. The colour bar shows normalized intensity
plotted with a false colour scale of O to 1. f, OAM distribution of external (red lollipops) and laser (blue bars) modes, where |c,|? represents the total OAM
modal power (summed over all p modes). g, Comparison of the p=0 mode weightings for the externally generated beams (red lollipops) versus cavity
modes (blue bars). The operating pump energy was 315mJ for all measurements.

scale w,,, for all modes generated in this study (see Supplementary
Table I for full measurement values). Although the scale for the
external beam decomposition changes drastically across the £ spec-
trum, our laser produces much higher purity for all £ at the same
intuitive scale, w,.

There are several mechanisms that give rise to this enhanced
purity. Recall that, external to the laser, the radial modes appear
because of a missing amplitude term; in the laser the lowest loss
mode has the required amplitude by cavity diffraction, while the
radial modes that are created are suppressed. For example, diffrac-
tion results in a resonant mode that has a Gaussian-like envelope
(but is not Gaussian) at the KTP crystal for all OAM modes, while the
output OAM scale is fixed by the radius of curvature of the output
mirror and the cavity length. The resonant mode inside the cavity
differs from plane to plane: at the plane of the J-plate it has the
required (missing) amplitude term to produce a high-purity LG
p =0 at the output coupler. Furthermore, the multiple passes in the
green cavity ensure radial mode suppression by gain-assisted filter-
ing, by virtue of the overlap of the resonant mode and the infra-
red pump mode. The radial modes are similarly suppressed by
the mode-dependent resonant frequencies of the cavity, enhanced
further by the limited excitation of radial modes through nonlin-
ear modal coupling inside the crystal®. Together then, the cavity
suppresses radial modes by a combination of diffraction-induced
filtering, resonance-induced filtering and gain-assisted filtering. All
these mechanisms prevail to allow high-purity OAM lasing.

Discussion and conclusion

The concept of the laser exploits our metasurface’s extraordinary
feature of coupling arbitrary OAM to arbitrary spin states, which
we have demonstrated with OAM up to £ =100 and with a large
OAM (differential between modes of up to AZ£=90, represent-
ing intracavity SO symmetry-breaking for super-chiral light. The
metasurface approach has the additional benefits of a high damage
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threshold® and spatial resolution down to the nanometre scale for
a well-defined singularity with low loss. Our approach has allowed
the demonstration of an order-of-magnitude higher OAM than pre-
viously reported from geometric phase lasers, a high total angular
momentum in our vector states (symmetric lasers have zero total
angular momentum), all in ultrahigh-purity modes in the visible.

What we find particularly exciting is that our approach lends
itself to many laser architectures. For example, one could increase
the gain volume and metasurface size to produce a bulk laser for
high power or one could shrink the system down to a microchip
using a monolithic metasurface design. Although we have con-
trolled the intracavity polarization and rotated the J-plate for mode
control, the lasing mode could be controlled by manipulating the
polarization of the pump beam with a judiciously chosen nonlinear
crystal™ for a dynamically switchable laser output. Thus, our work
represents an important step towards merging the research in bulk
OAM lasers and that of on-chip devices.

In summary, we have demonstrated a laser that produces all
OAM states previously observed from lasers as well as new forms of
chiral light not observed from lasers until now. The demonstrated
performance, versatility in design and power-handling capabilities
of our approach point to an exciting route to control lights angular
momentum at the source.
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Methods

Our metasurface laser comprised a nonlinear crystal inside its own cavity,

which itself was placed inside an infrared cavity, to achieve a resonant optical
parametric oscillator configuration. The infrared gain medium was a 1.1% doped
Nd:YAG crystal rod with dimensions of 76 mm (length) by 6.35 mm (diameter).
The crystal was flash-lamp side-pumped. For second-harmonic generation, a
nonlinear KTP crystal (type 0, 3 X 3 X 5mm?®) was used to convert the intracavity
infrared light (1=1,064 nm) of the Nd:YAG to second-harmonic green light

at A=>532nm. The input face of the KTP crystal was antireflection-coated for
A=1,064 nm and high-reflection-coated for =532 nm, while the output face
was highly transmissive at the second-harmonic wavelength (1=532nm) and
was high-reflection-coated at 1=1,064 nm. The back reflector mirror M1 was a
concave mirror with radius of curvature (ROC) of 400 mm and had a reflectivity of
98%, whereas the output coupler mirror (ROC =200 mm) was highly reflective at
4=1,064 nm while coupling 0.8% of the intracavity green light outside the cavity.
The KTP crystal was placed at the infrared beam waist position while the J-plate
was placed adjacent to the output coupler mirror. Both theory and experiment
have shown that the cavity length is far more critical than the position of the
J-plate inside the cavity. This can be understood from the fact that the mode
discrimination is dependent on the size of the resonant mode at the crystal and
the resonant frequencies, both influenced by cavity length, whereas the position of
the J-plate merely impacts the spectrum of modes created, finally to be removed
by the cavity after many round trips by the discrimination process. The resonant
mirrors were spaced by an effective distance of ~600 mm. The empty (with no
J-plate) cavity length was adjusted so that the spot size of the 1=1,064 nm beam
at the crystal input surface was measured to be 81 pm (close to the calculated
value of 82.3 pm), while the spot size of the output green beam was 62 pm (close
to the calculated value of 64.4 pm) at the KTP crystal. This ensured that the green
cavity would have excellent gain overlap for only low radial modes.The laser

was gain-switched with the =1,064 nm output pulse duration of 40 ns. The
conversion efficiency of the KTP was 18% under the single-pass configuration
and increased to ~61% once the output coupler mirror was in place to form the
green resonant cavity. The isolation of the =532 nm output from the cavity
output coupler mirror was confirmed by measuring the emission spectra of the
output (see Supplementary Information) using a spectrometer (Ocean Optics).
We quantitatively confirmed the advantages of our intracavity approach versus
an equivalent extracavity generation approach using the modal decomposition
technique. The output beam was directed toward a spatial light modulator, which
was digitally encoded with a match filter in the LG basis. The resultant field was
transformed in the Fourier plane using a Fourier lens (f=300 mm), which was
positioned a focal length from the plane of the spatial light modulator. The on-axis

NATURE PHOTONICS | www.nature.com/naturephotonics

intensities at the Fourier plane after the lens were recorded using a charge-coupled
device camera. After subtracting any noise from the system, the modal weightings
were evaluated by normalizing the on-axis intensities.
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