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Tunable topological charge vortex microlaser
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The orbital angular momentum (OAM) intrinsically carried by vortex light beams holds a promise for
multidimensional high-capacity data multiplexing, meeting the ever-increasing demands for information.
Development of a dynamically tunable OAM light source is a critical step in the realization of OAM
modulation and multiplexing. By harnessing the properties of total momentum conservation, spin-orbit
interaction, and optical non-Hermitian symmetry breaking, we demonstrate an OAM-tunable vortex
microlaser, providing chiral light states of variable topological charges at a single telecommunication
wavelength. The scheme of the non-Hermitian-controlled chiral light emission at room temperature
can be further scaled up for simultaneous multivortex emissions in a flexible manner. Our work provides
a route for the development of the next generation of multidimensional OAM-spin-wavelength division

multiplexing technology.

n the digital era of proliferating connec-

tions between pervasive endpoints, the

tremendously growing aggregated data

traffic motivates the development of inno-

vative optical communication technolo-
gies to sustain the required massive increase
in information capacity. The current informa-
tion infrastructure based on wavelength and
time division multiplexing—together with other
degrees of freedom of light, including the
amplitude, polarization, and phase—is never-
theless approaching a bottleneck. Fortunately,
the full-vector nature of light provides another
information dimension—namely, the angular
momentum—to ease the upcoming informa-
tion crunch. Whereas the spin angular mo-
mentum (SAM) associated with the circular
polarization of light is limited by two states
(o = 1), the orbital angular momentum (OAM)

Fig. 1. Schematic of non—-Hermitian-
controlled vortex microlaser. The
non-Hermitian interaction mediated

by the externally applied control pump
on the bus waveguide can flexibly be
switched for the emission of OAM
states with desirable chirality from

the spin-orbit engineered microring.
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of a vortex beam with an azimuthal phase
dependence (E ~ e”“’, where E is the complex
electric field distribution, characterized by the
topological integer [ = 0, +1, +2..., and ¢ is the
azimuthal angle) (7, 2) creates a dimension of
unlimited spatially distinguishable channels
for data transmission. In addition to their
potential for optical communication (3-6), op-
tical vortex beams carrying OAM have also re-
volutionized several applications in the fields
of optical manipulation (7, 8), imaging and
microscopy (9, 10), and quantum information
processing (11, 12).

Dynamically tunable vortex light sources
have become essential to bring into reality
these emerging photonic technologies based
on the OAM degree of freedom. Traditional
bulk optical components such as spiral phase
plates and forked holograms (2, 13)—or re-
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cently developed planar optical components,
including various metasurfaces (14-17) and
silicon resonators (I8), used for OAM beam
generation—require an external input beam
that originates from a separate light source.
Chip-scale microlasers offer a more compact
and robust solution to obtain highly pure co-
herent vortex modes and have been recently
investigated extensively (19-21). However, the
demonstrated miniaturized vortex lasers at
telecommunication wavelengths so far lack
reconfigurability, limited by their output of
a predefined polarized OAM state per wave-
length (19, 20). Nevertheless, the ongoing ef-
fort of OAM-SAM-wavelength (3-6) division
multiplexing for multidimensional high-capacity
information processing requires flexible gen-
eration and versatile manipulation of different
OAM and SAM states at the same wavelength,
which is not yet accessible by state-of-the-art
microscale devices.

We used the transverse spin and OAM inter-
action to precisely maneuver the chiral light
states in microring lasers. Additionally, total
angular momentum conservation allows fur-
ther tuning of the topological charge. The
ability to simultaneously and cohesively ma-
nipulate both the SAM and OAM degrees of
freedom can couple the local spin with orbital
oscillation of optical cavity modes, leveraging
richer functionalities in vortex light genera-
tion (22, 23). Spin-orbit coupling can enable
effective control of the OAM handedness aris-
ing from the chiral symmetry of £|I| wave
functions, featuring the ability to flexibly gen-
erate multivortex emissions of variable |I| OAMSs
in the full angular momentum space. Although
it is straightforward to switch the chirality de-
pending on the direction of input light in a
passive microring resonator (I8), a sophisti-
cated active, robust strategy is required to se-
lectively break the chiral symmetry that is
intrinsically associated with a microring laser,
yielding flexible control of spin-orbit interac-
tion. Optical control of spin-orbit interaction
and its induced chiral light emission have been
demonstrated through spin-polarized gain gen-
eration in a semiconductor polaritonic system
(21); however, in such a device a cryogenic en-
vironment is required, which is not suitable
for practical integration in current information
systems. To create a robust yet reconfigurable
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spin-orbit coupling in an ambient-temperature
environment, we developed a microlaser sys-
tem in which spin-orbit interaction is con-
trolled by an externally applied non-Hermitian
coupling between the cavity modes (Fig. 1).
Strategic non-Hermitian symmetry breaking
facilitates the lifting of degeneracy between
two spin-orbit coupled states, of which the
spin is locked to the orbit direction, in a con-
trollable manner and favors the lasing of an
OAM state of desirable chirality. The spin-orbit
interaction, together with the conservation of
the total angular momentum, is further ex-
ploited to alter the emitted OAM state by
converting the SAM into OAM, introducing ad-
ditional tunability with variable topological
charges at the same wavelength. This scheme
can be further scaled up to simultaneously gen-
erate multiple laser vortices with an imaginary
gauge (24, 25) conducted in the coupled sys-
tem (26).

We considered a microring resonator sup-
porting the two degenerate clockwise (U) and
counterclockwise (U) whispering gallery modes
(WGMs) on a ITI-V semiconductor platform with
a 200-nm-thick InGaAsP multiple quantum
well layer, coupled with an additional bus wave-
guide of InGaAsP with two control arms, which
enables the indirect coupling between the two
modes (Figs. 1 and 2). By finely tuning the
aspect ratio of the cross-section geometry of
the waveguide, the transverse spin in the eva-
nescent tail of guided light is engineered to
be 1, which is achieved with equal amplitudes
of the radial and azimuthal components of
the electric field (26). The absolute value of
transverse spin generated in this scheme
cannot exceed 1. The spin-orbit interaction
consequently couples the right-hand (|) and
left-hand (1) circular polarizations with the O
and O modes, respectively, leading to spin-
orbit locking for the light circulating in the
microring. The degeneracy between these two
countercirculating states is broken by intro-
ducing non-Hermitian mode coupling by means
of the bus waveguide. By optically pumping
one of the waveguide arms to create gain
(generated through pumping) and loss (intrin-
sic material loss without pumping) contrast,
an effective asymmetric coupling between
the counterpropagating WGMs in the micro-
ring is obtained. The Hamiltonian of the non-
Hermitian controlled microring resonator can
effectively be described as

Ho 0o ke et
eff Ke Vet o8}

(1)
where o, and wy are the eigen frequencies
of the two degenerate modes; k denotes the
coupling between the cavity modes without
any gain or loss in the bus waveguide; -y
describes the single pass attenuation due to
the intrinsic material loss; and +yg and +yg,
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Fig. 2. Scanning electron microscope images
of the tunable vortex microlaser. On an
InGaAsP multiple quantum well platform, the
microlaser consists of a main microring cavity
coupled to an external feedback loop that enables
the on-demand chiral control through selective
pumping and thus enforces the unidirectional
coupling between the two circulating modes

in the microring. The angular grating is
patterned on the inner sidewall of the microring
to produce the vortex laser emission of
variable topological charges.

Fig. 3. Non-Hermitian chiral interactions and experimental characterization of the lasing emission.

(A) In the absence of non-Hermitian interaction, both the cavity modes represented by ||/|, sgn(/),

o)—with

sgn(l) = 1 denoting the CCW (U) and CW (O) oscillations, respectively, and ¢ = +1 denoting the left (1)
and right (|) circularly polarized light—are favored for lasing action. (B) Corresponding experimentally
measured output emissions and off-center self-interference pattern of both the states. (C and D) Lasing
emission of left-chiral mode measured after the introduction of non-Hermitian interaction applied by the
right-side control pump. (E and F) Lasing emission of right-chiral mode measured after reversing the
non-Hermitian interaction applied by the left-side control pump. The shaded rectangular area at left denotes
the microring cavity, and the shaded elliptical areas indicate non-Hermitian control arms. The red and

gray arrows outside the cavity denote the gain and loss feedback, respectively, and the blue arrows represent
energy outcoupled from the cavity into the environment. Because of the unidirectional gain feedback, the red
cavity mode is selectively favored for chiral lasing action, whereas the blue cavity mode is suppressed.

represent the single pass amplification from
the optical pumping applied to the right and
left control arms, respectively. This effective
Hamiltonian can also be transformed into a
parity-time symmetric-like form (27) by using
the basis of oo, + iwo and wy, — iwy states
(26). In the absence of optical pumping on the
control arm (yr, = yg = 0), the overall coupling
strength between U and O modes approaches
zero because of the strong intrinsic material
loss of the InGaAsP multiple quantum well
(v » 1) (Fig. 3A). When the left (or right) con-

trol arm is selectively pumped, the intrinsic
material loss on the left (or right) is then
overcome by net optical gain, y;, >y (or yg > 7).
However, the unpumped right (or left) side of
the waveguide remains lossy. Because of spin-
orbit locking, selective pumping results in a
unidirectional coupling between the U and
O modes, breaking the chiral symmetry and
facilitating an effective means to controlling
the chirality of the mode (Fig. 3, C and E).
Under this condition, the microlaser effec-
tively operates at an exceptional point (19).

2 of 4

020z ‘vT AeN uo /Blo Bewasuslds aoualds//:dny woly papeojumod


http://science.sciencemag.org/

RESEARCH | REPORT

(®“i/1) ndino pezijewioN

0.0
1450 1475 1500 1525 1550

Wavelength (nm)

Fig. 4. Experimental characterization of different OAM states at a fixed wavelength. (A) Simulated
phase distributions of OAMs of charges | = 0, +1, and +2, showing the helical phase winds 2/r around the
center. The OAMs of the lower three orders were achieved through spin-orbit locking, and higher-order
OAMs were obtained through the spin-to-orbit coupling: (o, I) = (1, £1) to (o, /) = (0, £2). In both cases,
the chiral symmetry was broken by controllable non-Hermitian mode coupling. (B) Corresponding
experimental results showing the off-center self-interference patterns (images are enhanced for better
visualization). Although no notable fringe mismatch was observed for the | = O state, a pair of inverted
forks were observed for nonzero OAMs. A single fringe splits into two or three, indicating a phase wind

of 2r or 4r around the center singularity point, confirming the OAM of |I| = 1,2, respectively. The forks
associated with opposite chirality were in opposite directions. (C) Measured lasing spectra show all five OAM
lasing peaks located at 1492.6 nm, implying that the vortex microlaser can generate single-frequency

vortex beams of variable OAMs simultaneously.

Unidirectional emission is robust against in-
stabilities induced by nonlinearities above
the laser threshold (28) and is essential to real-
ize our single-frequency microlaser with recon-
figurable OAM through spin-orbit coupling.
The non-Hermitian controlled microlaser
was designed so that the angular momentum
carried by the WGM inside the resonator is
extracted into free space by introducing pe-
riodic angular scatters on the inner sidewall
(Fig. 2). The angular scatters are located at 6, =
2nqg/M and carry a local phase of @igcay =
2nCq(N - M)/M, where g € {0, M - 1}; C = sgn(c)
for the U and O modes, respectively; and N is the
order of the WGM. By accounting for the ro-
tation of local coordinates with respect to the
global coordinate, the extracted global phase
can be expressed as Qgjobag = 2NCLgN - M) -
q1/M. Consequently, the linearly varying phase
distribution creates an OAM emission with a
topological charge of [ = CV - M - 1) and a
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total angular momentum of J = CNV - M). The
corresponding vortex emission, containing both
SAM and OAM as well as their associated
chirality, can be represented as||{|, sgn(l), o).
In our experiment, the microlaser cavity has
a diameter of 7 um and a width of 0.65 um,
which supports a WGM on the order of N =
34 and scatter number M = 32 for a total
angular momentum of |J| = 2.

To better configure the non-Hermitian-
controlled chirality and its resulting spin-
orbit interaction, two synchronized pump
beams from a nanosecond laser were pro-
jected: one onto the microlaser cavity to carry
out the lasing and the other to selectively
pump one of the control arms to manipu-
late the chirality of the lasing (26). The chiral
symmetry of the system was observed in the
absence of a control pump (Fig. 3A). The emis-
sion from the resonator showed right- and
left-handed circularly polarized components

of nearly balanced intensities without a net
spin angular momentum (Fig. 3B). This re-
veals the absence of net nonzero angular mo-
mentum resulting from the coexistence of the
two degenerate U and O modes. To probe the
vortex nature of laser radiations, the emitted
beam was split into two identical beams that
were subsequently interfered with a slight off-
set in the horizontal direction. The acquired
interferogram shows no notable fringe mis-
match or discontinuity, indicating no phase
winding near the center of the beam, which
confirms a net-zero OAM charge (Fig. 3B). By
contrast, when the control beam was switched
on while illuminating only the right control
arm (Fig. 3C), unidirectional laser oscillation
arose in the O mode. The emission of nearly
perfect left-handed circular polarization was
consequently observed, revealing the unidi-
rectional power circulation of the O mode
inside the microring and spin-orbit locking.
Because of phase singularity, the phase dis-
tribution changes drastically near the center
of the emitted laser beam while maintaining
relatively uniform distribution at outer regions.
Therefore, the corresponding self-interference
pattern shows a pair of inverted forks, ver-
ifying the topological charge of OAM laser
emissions. In each fork, a single fringe splits
into two, corresponding to an OAM charge
of +1 (Fig. 3D). Similarly, when the control
beam was only applied onto the left control
arm (Fig. 3E), a nearly perfect right-handed
circularly polarized emission was observed
instead, demonstrating the non-Hermitian-
controlled switching of chirality through spin-
orbit locking. The orientations of the forks
were reversed compared with the previous
condition, in which the single fringe still splits
into two but in the opposite direction, verify-
ing an OAM charge of -1 (Fig. 3F).
Additional tunability of the OAM charge
through the conservation of the total angular
momentum in the spin-to-orbit conversion
was demonstrated with the vortex microlaser
by using a radial polarizer that preserves the
rotational symmetry of the emitted laser beam
(26). The radial polarizer allows the transmis-
sion of only radially polarized light and thus
converts circularly polarized light into a linear-
ly polarized beam in a polar coordinate. Be-
cause the radial polarizer does not break the
rotational symmetry, the total angular mo-
mentum, J = [ + o, of light must remain
conserved. For a given J, [ can therefore be
controlled through the manipulation of . The
new OAM states with [ = +2 were achieved
after the transfer of ¢ = +1 SAMs into the
demonstrated / = +1 OAMs, respectively, when
the laser beam was passed through the polar-
izer. The self-interference interferograms were
captured to analyze the vortex reconfiguration
of the emitted beams. A pair of inverted forks
with three fringes were observed, revealing a
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phase winding of 4n at the center, which
confirmed the OAM charge [ = +2 (Fig. 4, A
and B, top and bottom). Altogether, the non-
Hermitian-controlled vortex microlaser is ca-
pable of producing five different OAM states
ranging in [ = -2, -1, 0, +1, +2 in a recon-
figurable manner. The lasing of all these OAM
states occurred at a “single” wavelength at
1492.6 nm (Fig. 4C), potentially providing five
spatial channels for information modulation
and communication (26). The switching time
of spin-orbit coupling is in principle limited
by the semiconductor optical response, with
the potential to reach ultrafast OAM switch-
ing in the picosecond scale (29), so that our
reconfigurable OAM microlaser, besides emit-
ting at a fixed wavelength, is much faster than
those based on thermo-optic control of WGM
resonances (microsecond to millisecond time
scales). Further, our non-Hermitian spin-orbit
mode control scheme is scalable by applying
an imaginary gauge (24, 25) to cascade se-
quential microrings to simultaneously gen-
erate multiple laser vortices; experimental
results are given in (26).

Our tunable OAM microlaser is capable of
emitting vortex beams of five different topo-
logical charges at room temperature. The non-
Hermitian manipulation of chiral spin-orbit
interaction offers fundamentally new func-
tionality of controllable vortex light emission
in a scalable way. The non-Hermitian control
of spin-orbit interactions and thus OAM emis-
sions is general and compatible with conven-
tional electrical pumping schemes in which

Zhang et al., Science 368, 760-763 (2020)
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standard p-i-n semiconductor configurations
are exploited for current injection to excite
optical gain (30). The toolbox of generating
various vortex light at a single wavelength
holds the promise for future development of
multidimensional OAM-SAM-wavelength di-
vision multiplexing for high-density data trans-
mission in classical and quantum regimes.
Additionally, dynamic switching between dif-
ferent OAM modes in time can further increase
the security of wired and wireless communica-
tion networks (26).
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Optical vortices on demand

Light has several degrees of freedom (wavelength, polarization, pulse length, and so on) that can be used to
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Supplementary Text

1. Theoretical model and simulations of non-Hermitian controlled tunable chiral
wWGM

A microring resonator possesses degenerate clockwise (U), CW, and counter
clockwise (U), CCW, modes that usually coexist in pairs and circulate in opposite
directions. Due to chiral symmetry, the two-paired modes share identical lasing
properties such as frequency, threshold and intensity. Consequently, the continuous phase
information carried by the two modes cancel each other resulting in zero net OAM. It is
therefore essential to create a unidirectional power flow in the microring cavity to extract
the non-trivial phase information.

We realize a tunable chiral OAM microlaser by utilizing the unidirectional power
flow enabled by the non-Hermitian coupling control between the WGMs (Fig. 1A). The
Hamiltonian of the system in the linear regime can be described as:

Ho = wy, ke YetvL
eff = \ke Vetrr Wy

where wy, s is the eigen frequency of the two degenerate modes, k denotes the coupling
between the cavity modes without any gain/loss, —y describes the single pass attenuation
due to the intrinsic material loss, and +yz(+y,) represents the single pass amplification
from the optical pumping applied to the right (left) control arm, respectively. k is
designed to be 28 GHz through numerical simulations. Due to the high intrinsic material
loss of InGaAsP multiple quantum wells (> 300cm™? at the working wavelength of the
microlaser), single pass attenuation —y is calculated to be < —9. Therefore, without
external pumping (i.e. ¥, = yg = 0), the coupling between two modes is ke ™9 < 3 MHz
which is effectively zero. Consequently, the two degenerated CW and CCW modes
coexist with equal amplitudes as a standing wave (as shown in Fig. S1A). When the right
side control arm is pumped, the optical gain overcomes the intrinsic material loss and
introduces a net gain around 50 cm™! (i.e. ke 7Ye*YL = 125.5 GHz). As a result, the
coupling from O mode to U mode (125.5 GHz) is much greater than the coupling from U
mode to O mode (~0 Hz). The eigen vector of the Hamiltonian becomes [U  U]T =
[1 0]7, predicting a unidirectional U mode (Fig. S1B). In contrast, when the left side
control arm is pumped, the coupling from O to U mode (~0 Hz) is much weaker than the
coupling from U mode to O mode (125.5 GHz). In this case, the eigen vector of the
Hamiltonian becomes [ U] = [0 1]7, leading to an opposite unidirectional J mode
(Fig. SIC). When considering laser emission above threshold, semiconductor laser rate
equations for coupled WGM modes and carrier density (which include the o linewidth
enhancement factor as well as self- and cross-saturation effects (28)) show that the
unidirectional power flow solution is stable, i.e. self-oscillations induced by Hopf
instabilities are avoided when the microlaser is operated in the non-Hermitian controlled
unidirectional coupling scheme.

Interestingly, although our system is not parity-time symmetric (27), the
Hamiltonian Hegs can be transformed into a parity-time symmetric-like form by changing
the basis from wy,/wy to wy, + iwy and wy, — wy states via the transformation matrix

T = \/% G —11) The resulting Hamiltonian Hegg, = THegeT ! takes the form:
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where, I is the identity matrix, @ = wy, + Wy, B =wy, —wy =0, 0 =ke Vet +
ke Ve*VR and i = ke YeVL — ke YeYR. The eigenvalues can be written as 14 =
%(a + /602 + B2 —1?). When only one arm is pumped, the microlaser operates at an
exceptional point, which is similar to previous work (79).

Figure S1. Full wave numerical simulation results of chiral cavity modes. (A) Electric
field distribution in the microring resonator without any control pumping. Interference
patterns can be seen clearly due to the coexistence of both U and O modes. (B) Electric field
distribution with left-side control arm pumped, leading to unidirectional U mode lasing. (C)
Electric field distribution with right-side control arm pumped, leading to unidirectional O
mode lasing.

2. Transverse spin design and spin-orbit coupling of light

The transverse spin, in which the electric field rotates around the axis
perpendicular to the propagation direction of light, is designed by inspecting the value of
(E|L)

|E|
circular polarization (22, 23). From full-wave numerical simulations, we optimized the
microring geometric parameters to be 200 nm in height and 650 nm in width, respectively.

It is evidently demonstrated that % is 0 at the inner sidewall and 1 at the outer

sidewall in Fig. S2A. Therefore, the light scattered at the inner sidewall carries the same

, where E denotes the electric field vector and L denotes the unit vector of left-hand
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Figure S2. Design of transverse spin in the evanescent field. (A) Numerically calculated
transverse spin distribution (E|L)/|E| across the cross-section of the resonator. (B) Simulated
electric field intensity distribution. The resulting local spin is locked with the orbital motion
of the cavity mode. Bold black arrow denotes the powerflow direction and arrowed circles
denote the local spin directions.



spin angular momentum (i.e. right circular polarization) that is locked with the
corresponding orbital angular momentum of guided light (i.e. CW mode) as shown in Fig.
S2B.

3. Conservation of total angular momentum and spin-to-orbit conversion

Unless rotational symmetry is broken, the total angular momentum of light
remains unperturbed. Therefore, it is possible to transfer non-zero SAM into OAM to
extend the tunability of the OAM generation from the microlaser. The light emitted out
from the OAM microlaser carries [ = C(N —M — 1) and C = sgn(o) with a total
angular momentum J = C(N — M). Consequently, by transferring SAM into OAM, new
OAM states characterized by | = C(N — M) and o = 0 can be generated.

In order to implement the spin-to-orbit conversion in experiments, we have
designed and fabricated a rotationally symmetric metallic concentric ring polarizer as
shown in Fig. S3. The periodicity A of the metallic rings in the radial direction was
optimized to be 600 nm, which is less than half of the OAM microlaser emission
wavelength. In addition, the gap size of the polarizer wire grating was optimized to be
300 nm, which is narrow enough to transmit only radially polarized light but reflect the
azimuthally polarized light. Without breaking rotational symmetry, transmitted light
carries zero SAM after passing through the radial polarizer. The resultant beam therefore
carries an OAM charge of C(N — M) as ¢ = 0 and J = 0 .This result can be verified with
the Jones matrices. The emitted light of the microlaser can be described as

\/2—5 [ gl] e!C(N=M-1) " which can be decomposed into two orthogonal components
VZ[COSPY icn—my | V2 : [T SINQ] icov—m)

z[simp € +za cos @ €
radially (azimuthally) polarized component with an OAM charge of C(N — M). When
the light illuminates upon the radial polarizer, the azimuthal component is reflected and
only the radial component passes through, leading to the change in the OAM charge.

. The first (second) term represents the

A 0 b B

Figure S3. Radial polarizer. (A) Cross section schematic of the metallic ring radial
polarizer. The periodicity A of the metallic rings in the radial direction is optimized to be 600
nm with duty cycle of 300 nm and h of 200 nm. (B) SEM image of the radial polarizer.

4. Fabrication of chiral laser devices and radial polarizers

The OAM microlaser was fabricated using electron-beam lithography and plasma
etching techniques, following the fabrication flow shown in Fig. S4. A negative electron
beam lithography resist hydrogen silsesquioxane (HSQ) in the methyl isobutyl ketone
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(MIBK) solution was used for patterning. The concentration ratio of HSQ (FOX15) to
MIBK was adjusted such that an adequately thick layer of resist is formed for etching
after exposure and developing. The resist was then soft baked and patterned by electron
beam exposure, where incident electrons made HSQ structurally amorphous. The
patterned wafer was then immersed and slightly stirred in tetramethylammonium
hydroxide (TMAH) solution (MFCD-26) and rinsed in deionized water for 60 seconds.
The remaining HSQ served as a mask for the subsequent inductively coupled plasma dry
etching process, with BCI3 and Ar. After etching, HSQ resist was removed using
buffered oxide etchant (BOE). Next, a Si3sN4 (silicon nitride) coating was deposited by
means of plasma-enhanced chemical vapor deposition (PECVD). The wafer was then
bonded to a glass slide, which functions as a base. Finally, the InP substrate was removed
by wet etching with a mixture of HC1 and H3POa.

E-beam patterning Dry etching

|

!
= == - EE.

InP
substrate

Wet etching
PECVD I

Figure S4. Fabrication flow of the OAM microlaser.

The radial polarizer was fabricated via a standard lift-off process shown in Fig. S5.
ZEP-520A was used as a positive electron beam lithography resist and spin-coated onto a
glass slide. After baking, a thin layer of anti-charging agent was spin coated onto the
resist. The structure was then patterned by electron beam lithography, and metals (10nm
Cr and 200nm Al) were deposited afterwards by physical vapor deposition (PVD).
Finally, the chip was soaked in acetone for lift-off.

E-beam patterning Metal deposition Lift-off

A l

glass slide

Figure S5. Fabrication flow of the radial polarizer.

5. Optical measurement of chiral single vortex emission




Figure S6 shows the measurement setup used to obtain the laser spectral
characteristics and to confirm the vortex nature of the emitted radiation.
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Figure S6. Optical measurement setup of the OAM microlaser.

The fabricated OAM laser was pumped on the front side by a nanosecond pulsed
laser with a 50 kHz repetition rate and 8 ns pulse duration at a wavelength of 1064 nm.
The pump power was controlled with a variable neutral density (ND) filter, monitored by
a power meter. The pump beam was selectively reflected by a long-pass dichroic mirror
(with 1180 nm cutoff wavelength) and focused onto the microring cavity using a
Mitutoyo 20X near infrared (NIR) long-working distance objective (NA = 0.4).
Additional control pumping beam was projected onto the control arms through a
Mitutoyo 10X NIR long-working distance objective (NA = 0.28) from the backside
(through the SiN substrate). The laser emission from the front side was collected by the
aforementioned 20X microscope objective, passed through the radial polarizer on
demand and guided into a monochromator for spectral analysis in the 1450 to 1550 nm
range. The beam was also passed through combinations of quarter waveplate and linear
polarizers into an imaging system for polarization characterization. Finally, the self-
interference of the beam was utilized to characterize OAM nature through a Michelson
interferometer. To accomplish this, the emitted beam was split into two, and recombined
with an off-center, quasi-parallel beam alignment to form an interference pattern recorded
by a CCD camera. Because of the nanosecond pulsed optical pumping, the lasing
duration is also in the nanosecond range. In order to ensure a time overlap between the
split beams, the optical path of one arm of the interferometer was adjusted with a delay
line.

Measurement results of circularly polarized OAM emissions can be found in Fig.
3. After the beam transmitted through the fabricated radial polarizer, the corresponding
polarization state became radial polarization, which was verified by applying a linear
polarizer in the optical path and analyzing the polarization of the beam after the linear
polarizer (Fig. S7). The full donut became a two-lobe pattern which rotates according to



the direction of the linear polarizer, confirming that the fabricated polarizer radially
polarizes the beam effectively.

Figure S7. Polarization states after passing through the radial polarizer. White
arrows represent here the direction of the linear polarizer.

The light-light curve of the vortex microlaser reveals the lasing threshold as
shown in Fig. S8. The kink in the curve corresponds to the lasing threshold of the
microlaser, confirming the laser action.
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Figure S8. Light-light curve of the single OAM microlaser.

6. Highly scalable non-Hermitian-controlled multi-vortex generation based on an
imaginary gauge

Here, we demonstrate that the strategy of non-Hermitian controlled single chiral
vortex lasing can be generalized for multiple vortex generation in a scalable way by
harnessing the concept of imaginary gauge fields (24, 25). For demonstration, we have
designed and experimentally characterized integrated microring laser system capable of
emitting two vortices of desirable chirality. We consider the two-microring system with
two control waveguides between them shown in Fig. S9. This coupled system in the
linear regime of operation is governed by the following Hamiltonian:



o= 0 wk 0 ke VetrT
ke VetrT 0 wy 0
0 ke VetV 0 whk

where wé//ﬁ denotes the U/O resonance of WGM mode in left/right ring respectively, k

denotes the coupling of modes between two different rings without any gain or loss
control, —y is the single-pass attenuation from the intrinsic material loss, and +y;/+yp
are the optical amplification from the top/bottom waveguides, respectively. An
unbalanced amplification in the upper and bottom arms provides asymmetric coupling
between either clock-wise or counter-clock-wise modes in the two rings, corresponding
to an effective imaginary gauge field h = @ (25). The dual ring system is designed

with the same ring/waveguide geometrical parameters as the single ring system.

A B

Figure S9. Schematic design and SEM pictures of a two microring OAM lasers. (A)
Two microrings coupled with each other through two waveguide control arms that
implement a synthetic imaginary gauge field, i.e. asymmetric mode coupling. Modes in
the two rings with equal oscillation directions can couple with each other (i.e. the U/U
modes couple with U/O modes, respectively). Unbalanced gain in upper and lower
control waveguide arms yields asymmetric mode coupling. (B) SEM pictures of a
fabricated laser system. Microring radius is 3.5 pm, width is 0.65 pm and height is 200
nm. M = 32 periodic scatters are patterned at the inner sidewall of the microring and
WGM order N = 32.

Without external pumping, i.e. for yr=yp=0, the coupling strength of the modes
between different rings is again negligible due to the high intrinsic material loss y. As
such, U and O modes can coexist with equal amplitude in both microring resonators,
resulting in a zero net OAM charge as shown in Fig. SI0A. When the upper control
waveguide is pumped (y+>0, y5=0), an effective non-vanishing imaginary gauge % is
realized and optical gain overcomes the intrinsic material loss and introduces a net gain
around 50 cm™?! (i.e. ke Ye?¥T = 125.5 GHz). As a result, the coupling from the U
mode to the UR mode (125.5 GHz) is much greater than the back coupling (~0 Hz).



Simultaneously, the coupling from the O mode to the Gtmode (125.5 GHz) is much
greater than the back coupling (~0Hz). The eigenvector of the Hamiltonian is
therefore [ O ©OR ORIT=[0 1 1 0]7, which corresponds to unidirectional
lasing of O/U modes in left/right ring resonators [Fig. SI0B]. In contrast, when the
bottom control waveguide is pumped the gauge field / is reversed, resulting in lasing
with opposite chirality shown in Fig. S10C.

A

M
11K

Figure S10. Characterization of chirality tuning of two OAM microlaser system. (A)
None of the two control arms were pumped (i.e. h = 0), and emission was captured from
the left-side ring laser only. The right hand circular polarized component is about equal to
the left hand circular polarized component. Off-center self-interference shows no fork. (B)
The upper control arm was pumped (i.e. h < 0) and caused lasing with O mode in the
left-side ring and U mode in the right-side ring. The left-hand circularly polarized
component was dominant in the left-side ring emission. Off-center self-interference
shows a pair of forks where one fringe split into two. (C) The lower control arm was
pumped (i.e. h > 0) and caused lasing that has opposite chirality to panel (B) behavior.
The right-hand circular polarized component is dominant in the left-side ring emission.
Off-center self-interference also shows a pair of forks where one fringe split into two but
in the opposite direction of (B) forks.

7. Dynamically tunable OAM laser for enhanced, secure communications

There are different ways to exploit OAM in wired and wireless communications
system. In the simplest form, OAM can be defined as a modulation scheme, in which
different symbols are mapped to different OAM modes. For example, in a binary (M=2)
OAM modulation, symbol or bit 0 corresponds to mode /o and symbol or bit 1
corresponds to an orthogonal mode /;. Higher order modulations, e.g., M=4, can similarly
be defined by assigning different symbols (e.g., 00, 01, 11, 10) to different modes (/o to /3
or [3, L1, l1, and [35). The achievable data-rate of M-OAM modulation depends on the
modulation order M and the duration of the symbol, the latter being related to the time
needed for the OAM mode to be established at the transmitter and the required
integration time at the receiver to recover it. Therefore, a device able to dynamically and
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quickly change between modes is needed, such as the first- and one-of-a-kind tunable
OAM laser reported in this work. As we discussed in the main text, the switching time in
our structure is mainly determined by the carrier lifetime of the semiconductor material,
which leads to very short times and, thus, potentially very high modulation bandwidths.
As suggested in (6), beam splitters, OAM mode sorters or even integrated photonic
circuits can be utilized to combine different OAM modes at the transmitter and,
correspondingly, split them at the receiver.

Orbital angular momentum (OAM) is more commonly exploited in conjunction
with other modulation schemes. At the very least, each OAM source can be modulated
following on/off keying. Alternatively, different modulations (such as coherent
quadrature and phase), can be applied after laser emission. Moreover, by leveraging
thermal modulation to control the resonance of individual resonators coupled with the
imaginary gauge (Section 6 in the Supplementary Materials), we can design our OAM
source at different wavelengths and integrate them into arrays. The fact that for a given
source all the OAM modes occur at the exact same wavelength enables simultaneous
OAM multiplexing and WDM for high-capacity applications. Then, once again, by
means of beam splitters & OAM mode sorters or integrated photonic circuits, the beams
can be combined. The resulting multiplexed beam can be intended for a single user to
process the aggregated information, or for a group of users who process only the
information carried by a specific mode. Due to its intrinsic space-time dependent nature
and many times misleadingly motivated by the way OAM is generated in lower
frequency communication systems (namely, through phased antenna arrays), OAM
multiplexing and Multiple-Input Multiple-Output (MIMO) communications have been
often discussed together (37). While physically different, from the communication
perspective they are conceptually equivalent and, thus, share the same fundamental limits
(32). Increasing the number of orthogonal modes leads to a proportional increase in
capacity, but not without an increasing complexity at the receiver, whose ability to
separate orthogonal OAM modes ultimately bottlenecks the achievable capacity. As with
any other communication technique, OAM and MIMO can also be utilized
complementarily together (33). In all these cases, a tunable OAM laser is needed to
support time-varying scenarios (e.g., mobile networks) that require dynamic resource
allocation strategies.

Last but not least, OAM can also be leveraged to increase the security of wired
and wireless communication networks. First, the strict requirements on the placement of
the receiver to properly recover the OAM mode and its susceptibility to multi-path
propagation would require an eavesdropper to be perfectly aligned with the transmitter
and most likely blocking the receiver itself. While it has been shown (34) that even
miniature metallic obstacles, which would not fully block the receiver, can be used to
create a replica of the signal at an off-line direction, the OAM information would be lost.
Other ways in which OAM can increase the security of communications systems is
through the concept of OAM orthogonal mode hopping (35). Similar to the way in which
orthogonal frequency-hopping operates, in OAM hoping, the transmitter and the receiver
dynamically change their OAM mode following a pseudo-random sequence only known
to them as data is being transmitted. Within each mode, the source can be on/off
modulated or different modulations can be applied after emission. The resulting beam is
only decipherable by a receiver that has simultaneously and accordingly changed. To
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enable such secure communication scheme, a transmitter able to dynamically change its
OAM mode at high speed and during transmission is needed, which is the contribution of
this work.
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