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Abstract
On-chip integrated laser sources of structured light carrying fractional orbital angular momentum (FOAM) are highly
desirable for the forefront development of optical communication and quantum information–processing technologies.
While integrated vortex beam generators have been previously demonstrated in different optical settings, ultrafast
control and sweep of FOAM light with low-power control, suitable for high-speed optical communication and
computing, remains challenging. Here we demonstrate fast control of the FOAM from a vortex semiconductor
microlaser based on fast transient mixing of integer laser vorticities induced by a control pulse. A continuous FOAM
sweep between charge 0 and charge +2 is demonstrated in a 100 ps time window, with the ultimate speed limit being
established by the carrier recombination time in the gain medium. Our results provide a new route to generating vortex
microlasers carrying FOAM that are switchable at GHz frequencies by an ultrafast control pulse.

Introduction
The vectorial nature of light empowers full control of

topological features with spatially phase-variant fields,
revealing vortex beams carrying orbital angular momen-
tum (OAM) and spin angular momentum (SAM) in
addition to the well-known linear momentum1. Owing to
the intriguing properties of optical vortices, OAM beams
have found numerous applications in particle guiding and
trapping, optical communication, quantum computation,
holography and high-precision imaging, and novel
light–matter interactions with topological materials2–8.
Only quite recently have optical beams carrying a frac-
tional orbital angular momentum (FOAM)9,10 attracted
considerable attention for their unusual properties and
potential applications11,12. FOAM beams display subtle
topological features13, and their propagation manifests
some unusual mathematics of transfinite numbers14.

The total angular momentum associated with electro-
magnetic (EM) fields in a homogeneous medium, such as
free space, is

J
!¼

Z
d r!ε0 r

!´ ð E!´ B
!Þ ð1Þ

where r is the position, ε0 is the dielectric permittivity of
free space, and E

!
and B

!
are the electric field and

magnetic flux density of the EM wave, respectively. In
the paraxial limit, the phase variation and polarization
state of an optical beam are uncoupled, featuring two
independent types of angular momenta: OAM (L) and
SAM (S):
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where E
!?

and A
!?

are the transverse components of the
electric field and vector potential, respectively, and i
denotes the order of the mode15. Note that any EM
wave or field can be described as a superposition on
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the eigenbasis of the Laguerre–Gaussian modes: E
!? ¼P

s;l Ps;l E
!?

s;l and A
!? ¼Ps;l Ps;l A

!?
s;l
16, each of which

carries the OAM of lħ depending on their azimuthal
order l (l must be an integer) regardless of their spin state
of ±ħ (s= ±1), where Ps,l represents the amplitude of each
eigenmode. Due to mode orthogonality, the interference
between different eigenmodes does not yield any addi-
tional OAM or spin, other than the intrinsic angular
momentum associated with each mode. In this scenario, it
is easily derived that the mean OAM and spin of an
optical beam are (see “Materials and methods”):

LZh i ¼
P

s;l Ps;l

�� ��2�hlP
s;l Ps;l

�� ��2 and SZh i ¼
P

s;l Ps;l

�� ��2�hsP
s;l Ps;l
�� ��2 ð3Þ

suggesting that the average OAM charge per photon in a
complex field can take fractional numbers, i.e. FOAM.
The ability of FOAM beams to carry any value between
two (or multiple) integer numbers of quanta, as a result
of superposition of two (or multiple) spatially variant
fields of different vorticities, makes them especially useful
in certain types of optical communications. For example,
this feature leads to an increase in the modulation
spectral efficiency, yielding higher bit rates for the same
total bandwidth, as it can enable M-ary modulations in
analogy to the well-established quadrature amplitude
modulation scheme17.
The generation of optical beams carrying FOAM is

similar to the simultaneous generation of at least two
copropagating OAM beams of different amplitudes,
mainly relying on carefully aligned tabletop optical set-
ups involving a noninteger spiral phase plate, a
geometric-phase-designed J plate, metasurfaces, or a
spatial light modulator18–24. The desired FOAM can be
generated by delicately tuning the weighting between
two distinguished OAM components. For example, a
reconfigurable FOAM transmitter has been recently
demonstrated based on metagratings by varying illumi-
nation areas via a controllable aperture25. However,
high-speed control and fast reconfigurability of FOAM,
which is demanding in optical communication and
computation applications, is challenging since the
existing approaches are either static or mechanically
slow despite several miniaturization efforts for on-chip
OAM sources26–28. Ultrafast control based on non-
resonant nonlinearities provides a viable route29,30;
however, this approach requires relatively high control
powers and shows relatively low switching efficiency.
Here we overcome such limitations and demonstrate
generation and fast all-optical control of FOAM light on
the picosecond time scale by exploiting the transient
carrier dynamics of the optical gain in a semiconductor
vortex microlaser. Using a tuneable vortex microlaser

platform we recently developed31 and a control laser
pulse, spatiotemporal modulation of the spin–orbit
interactions of counterpropagating longitudinal modes
results in transient FOAM light generation. Our
approach enables selective excitation and reconfigura-
tion of the weighting of different vortex OAM compo-
nents, leading to tuneable vector beams with a precise,
continuous FOAM sweep between charge 0 and charge
+2 within 100 ps.

Results
Integer OAM or FOAM beams are traditionally gen-

erated by the introduction of a phase variation into the
transverse plane of an incident beam using carefully
aligned optical elements, such as phase plates or
metasurfaces. Alternatively, in integrated semi-
conductor nanophotonic circuits, the generation of
vortex beams can rely on a different mechanism: robust
selection of chiral resonant modes and their free space
out-coupling with strategic phase matching conditions
to convert the in-plane chiral modes into OAM vortex
beams26–28,31–33. When the chiral modes are generated
in active semiconductors (microlasers), owing to the
relatively fast electron–carrier recombination dynamics
of the gain medium, a series of high-speed modulation
schemes can be applied to manoeuvre the in-plane
chiral modes, which further facilitates ultrafast tun-
ability and reconfigurability in OAM. To demonstrate
FOAM control on the picosecond time scale, we con-
sider our recently developed tuneable vortex micro-
laser31 consisting of a microring resonator and an
external coupling loop with two control arms, all made
of 200-nm-thick InGaAsP multiple quantum wells and
embedded in a Si3N4 substrate (Fig. 1). The microring
resonator supports two chiral modes: counterclockwise
(↺) and clockwise (↻) whispering gallery modes
(WGMs) that are indirectly coupled by the external
loop. The in-plane chiral modes are extracted and
converted to OAM emissions by an angular grating with
M equidistant scatters placed at the inner sidewall of
the microring. In this work, we designed a microring
resonator with a diameter of 7 μm and a width of 0.6 μm
(see the inset in Fig. 2a). For the wavelength of
approximately 1500 nm, the resonant order of the
WGMs is N= 34, which, along with the diffraction
order of the angular grating of M= 35, yields a total
angular momentum of J= ∓1 for emissions extracted
from the ↺ and ↻ modes (see “Materials and meth-
ods”). The polarization state of extracted fields is, in
general, a superposition of two transverse SAMs (i.e.
left-handed (s= 1) and right-handed (s=−1) circular
polarizations), with their amplitudes geometrically
dependent on the dimensions of the microring. There-
fore, the microlaser emissions contain 4 components

Zhang et al. Light: Science & Applications           (2020) 9:179 Page 2 of 9



corresponding to the 4 SAM–OAM combinations,
described as:

Iout ¼ IL;�2 þ IR;0 þ IL;0 þ IR;þ2

/ p↺σ2 þ p↺ 1� σ2ð Þ þ p↻ 1� σ2ð Þ þ p↻σ2

ð4Þ
where Iout is the total intensity of the microlaser emissions,
which is the sum of the intensities of 4 different spin–OAM
components, with L/R indicating left/right-handed circular
polarization and −2, 0, +2 denoting the associated OAM
charge. The four spin–OAM components correspond
to the out-couplings of the four combinations between the
↺/↻ mode and in-plane transverse spins, where p↺/p↻
denotes the power associated with the ↺/↻ mode inside the
cavity, respectively, and σ is the absolute value of the
transverse SAM charge to describe the purity of the transverse
spin. Equation (4) captures the central idea of this work—by
exciting and reconfiguring the weighting of different OAM
components, we demonstrate a precise, continuous FOAM
sweep between charge 0 and charge +2 within 100 ps. The
associated FOAM charge is calculated by integrating the
OAM flux across the entire vector beam (see the spatially
varying polarization state shown in the inset of Fig. 1)34,35,
according to Eq. (3), given no spin–orbit coupling at the
paraxial limit after the beam is emitted from the microlaser.

Ultrafast 
control

Pump

InGaAsP control arm

Si3N4InGaAsP ring laser

Fig. 1 Ultrafast control of fractional orbital angular momentum
(FOAM) by a tuneable vortex microlaser. An InGaAsP microlaser is
embedded in a Si3N4 substrate and coupled with an external control
arm, both pumped by ultrafast pulses, enabling the desired spin–orbit
interactions. By controlling the time delay between the control and
pump pulses, the FOAM of laser emissions can be temporally
modulated with a picosecond resolution. The inset indicates the
spatially varying electric field distribution showing the vectorial nature
of the FOAM emission (see Supplementary Information for
experimental measurements), assuming contributions from all four
spin–OAM components in Eq. (4)

a b

c

Fig. 2 Experimental realization and characterization of ultrafast-controlled FOAM laser emissions. a Schematic of the experimental set-up,
where two femtosecond pulses (i.e. pump and control) are projected onto the vortex microlaser using two microscope objectives (MOs), and the
excited laser emission is imaged onto a CCD camera. The inset shows a scanning electron microscopic image of the tuneable vortex microlaser,
where the angular grating is patterned at the inner sidewall to produce fractional OAM emission. b Spectrum of the FOAM emissions from the vortex
microlaser, showing single-mode lasing at 1494.6 nm. c Measured and fitted temporal evolution of laser emissions, showing ultrafast gain dynamics
in the applied InGaAsP multiple quantum wells with a carrier lifetime of 263.15 ± 1.41 ps (see Supplementary Information)
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The WGM microlaser emission is controlled by
exploiting indirect non-Hermitian mode coupling36–39 via
suitable external loops31; see Fig. 1. The effective mode
coupling can be turned from completely symmetric
(Hermitian) to unidirectional (exceptional point),
depending on the gain–loss contrast between the two
control arms. This enables active tuning of the weighting
between the two chiral modes (which is equivalent to the
power ratio between p↺ and p↻) (see “Materials and
methods”). To achieve ultrafast control, we apply two
synchronized femtosecond pulses from the same femto-
second laser (~140 fs) to pump the entire structure: a
main pump pulse above the lasing threshold at time T1 to
enable lasing oscillation in the microring resonator and a
control pulse below the lasing threshold at time T2 to
selectively excite gain carriers in one of the two arms. In
addition to control of the peak gain via the pump power,
here the transient carrier dynamics with a carrier lifetime
typically of hundreds of picoseconds are the key to
ultrafast control. As the excited carriers relax with time
after pulse pumping, the associated gain coefficient also
decays, as does the gain–loss contrast between the two
control arms. Consequently, the non-Hermitian-
controlled indirect coupling dynamically varies as a
function of time, from unidirectional to symmetric.
Hence, temporal overlap of the laser action in the
microring and the time-varying optical gain in the control
arm, precisely controlled by the time delay between the
two femtosecond pump pulses, facilitates ultrafast control
of the weighting between the two chiral modes in the
microring and thus the weighting between different
mode-converted OAM components in Eq. (4), yielding
dynamic tuning of the FOAM of microlaser emissions
with a picosecond resolution (Fig. 1).
In experiments, the emitted vortex beam was collected

by a ×20 microscope objective and guided through a
quarter waveplate and a linear polarizer for the desired
polarization selection, and then its spatial profile was
imaged onto a charge-coupled device (CCD) camera
(Fig. 2a). The spectrum of the microlaser emissions con-
firms single-frequency laser action at the wavelength of
1494.6 nm with a sideband suppression ratio of >24 dB
(Fig. 2b). To experimentally validate the transient carrier
dynamics, we projected the control pulse to spatially
overlap with the main pulse on the microring. The power
of microlaser emissions, contributed by both pulses, was
continuously captured as a function of the time delay
between the two ultrafast pulses, i.e. T1− T2 (Fig. 2c). If
the two pulses are temporally far apart (i.e.
T1 � T2j j � 0), then the emitted power is equivalent to
the summation of the two individual laser actions/spon-
taneous emissions, as there is no temporal overlap of gain
carriers excited by the two pulses. When the two pulses
are close in time (not overlapped), the two pulses

collectively boost the emitted power: for example, if the
control pulse arrives first and a substantial amount of its
excited carriers survive until the arrival of the main pulse,
then the carriers excited by the two pulses augment each
other, leading to significant enhancement in the power of
the laser emissions. Nevertheless, the strongest enhance-
ment does not occur at zero time delay (i.e. T1− T2= 0).
In contrast, the first arrival of a strong pumping pulse
depletes the carriers in the ground state, causing reduced
absorption of the control pulse and thus leading to a
sudden drop in the output power of the microlaser
emissions40,41. The data afterwards exhibit a gain carrier
lifetime of τ= 263.15 ± 1.41 ps in the InGaAsP multiple
quantum wells, demonstrating the potential for ultrafast
dynamic control (see Supplementary Information).
As discussed above, a precise, continuous FOAM sweep

can be realized by exciting and reconfiguring the
weighting of different OAM components. Ultrafast tem-
poral control of the weighting between the two chiral
modes and thus of the ratio between their associated
powers (p↺/p↻), which is the key dynamic parameter to
reconfigure the fraction of each spin–OAM component in
the emitted vector beam [see Eq. (4)], is achieved by
tuning the temporal delay between the main pulse inci-
dent on the microring and the control pulse in the left
control arm. In particular, the modulation of the carriers,
facilitated by the precisely controlled temporal delay of
the pulses in both the microring and the left control arm,
enables ultrafast control of the fractional OAM charge.
Note that σ is geometrically defined and fixed after the
sample is fabricated. The power associated with all four
spin–OAM components in Eq. (4) can be evaluated
according to their spatial distributions and polarization
states. For instance, the R; 0j i and L; 0j i states are located
at the centre, as marked in the inset of Fig. 3a. By selec-
tively capturing the power of each polarization state, the
temporal response of lasing chirality, defined as
p↻ � p↺ð Þ= p↻ þ p↺ð Þ, is depicted in Fig. 3a (see Sup-
plementary Information). Similarly, the temporally vary-
ing power associated with R;þ2j i and L;� 2j i can be
measured: as the time delay approaches zero, the chirality
reaches 1 (i.e. p↻ � p↺), leading to the maximum
weighting of R;þ2j i and zero L;� 2j i (Fig. 3d, e). Alto-
gether, by counting the power weighted average of all 4
integer OAM components, we conducted dynamic
sweeping of the FOAM charge of the vector beam with a
picosecond resolution, where the fractional charge could
rapidly vary from 0.18 to 1.57 within 100 ps (Fig. 3b). The
upper bound of the tuning range can be expanded if
the cross-spin components are filtered. By selecting only
the right-handed polarized components ( R;þ 2j i and
R;0j i), the FOAM charge varies in the range from 1.68 to
2 (Fig. 3c). Figure 3d, e show the histograms of decom-
posed integer OAM orders at five different time delays,
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with and without filtering the cross-spin components,
respectively. Note that, because the R;þ 2j i and L; 0j i
states are both locked with the same ↻ mode, OAM
charge 0 cannot vanish without filtering out the cross-spin
components (Fig. 3d). The desired polarization selection
further promotes the upper bound of the FOAM tuning to
pure OAM charge +2, despite the generalized condition
of a nonunitary transverse spin in our design (Fig. 3e). It is
also worth noting that, due to the finite duration of the
laser output pulse (<20 ps), the measured results corre-
spond to the temporal average of the FOAM throughout
the duration of the output pulse.
The phase singularity, associated with zero intensity at

the singularity point, is a unique topological feature of the
vortex beam. The ultrafast control enables novel
space–time photonic transitions with dynamically evol-
ving beam characteristics, as revealed by the splitting and
merging of singularity points in the vector beam on the
picosecond scale (Figs. 4 and 5). In the case without
polarization selection (Fig. 4), all 4 spin–OAM compo-
nents spatially superpose: R;þ 2j i and L;� 2j i spatially
overlap, but their opposite azimuthal phase variations
cancel each other, while the two OAM charge 0

components ( R; 0j i and L; 0j i) carry planar phase fronts
with a bright spot at the centre of the vortex beam at
T1 � T2j j � 80 ps. Therefore, the microlaser emissions are
nonchiral, and the simulated phase map does not indicate
any pronounced phase singularity, consistent with the
continuous interference fringes experimentally observed
via the off-centre self-interference of the emitted vector
beam. Note that the beam is in general elliptically polar-
ized when including all four spin–OAM components. The
phase of the beam in Fig. 4a is defined as φ ¼ arg ETSð Þ,
where E is the electric field vector and S is the unit

elliptical polarization vector: S ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Exj j2þ Eyj j2

q Exj j
Ey
�� ��e�iα

� �
,

where Ex and Ey are the x and y components of the electric
field and α is the phase delay between them. As p↻ pre-
vails when the time delay between the two pulses
approaches zero, R;þ 2j i and L;0j i become dominant,
leading to a dynamically increased FOAM charge. In a
very short duration, two charge +1 singularity points
emerge from the bright doughnut area and move towards
the centre, as evidently shown in the measured inter-
ferograms: two forks are formed due to phase
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Fig. 3 Temporal control of FOAM laser emissions. a Measured chirality of laser emissions as a function of the time delay between the pump and
control pulses. The inset shows a snapshot of the vortex beam, where the dashed white circle area at the centre is used to analyse the chirality (see
Supplementary Information). b Measured FOAM charge of laser emissions, which can be continuously tuned between 0.18 and 1.57 on a temporal
scale of ~100 ps. cMeasured FOAM charge of laser emissions after filtering out the cross-spin component, which can be continuously tuned between
1.68 and 2 on the same temporal scale. d OAM spectra of FOAM laser emissions at different time delays corresponding to the five points marked in
b. The OAM charge −2/+2 component decreases/increases as the time delay approaches zero. e OAM spectra of FOAM laser emissions at different
time delays corresponding to the five points marked in c. All cross-spin components (i.e. L;� 2j i and L;0j i) are filtered out, and pure OAM charge 2
(i.e. R;þ2j i) can be achieved at zero time delay
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Time delayT1–T2

0 ps–80 ps –40 ps 40 ps 80 ps

l = 0.18 l = 0.55 l = 1.57 l = 0.82 l = 0.23
a

b

c

Fig. 4 Temporal evolution of the FOAM laser emissions without filtering out the cross-spin components. a Simulated phase distribution φ of
the elliptically polarized FOAMs at 5 different time delays between the pump and control pulses, carrying a fractional charge of l= 0.18, 0.55, 1.57,
0.82, and 0.23. Two singularity points associated with the FOAM vortex field emerge from the edges and move towards the centre as the delay time
approaches zero. b Measured off-centre self-interferences of FOAM vortex fields at the five time delays. The images are cropped to show the fine
details (see Supplementary Information). As the time delay approaches zero, forks arise from the two singularity points of the FOAM field and move
towards the centre. Forks are marked with white dashed lines for better visibility. c Measured intensity maps of the FOAM field, featuring dark holes
around a bright centre that arises from OAM charge 0 components (i.e. R;0j i and L;0j i). The two dark holes become less visible when the delay time
approaches zero, as they become spatially overlapped with only the L;0j i component

Time delay T1–T2

0 ps–80 ps –40 ps 40 ps 80 ps

l = 1.68 l = 1.80 l = 2.00 l = 1.86 l = 1.71
a

b

c

Fig. 5 Temporal evolution of the FOAM laser emissions after filtering out the cross-spin components. a Simulated phase distribution φ of the
right-handed circularly polarized FOAMs at 5 different time delays between the pump and control pulses, carrying a fractional charge of l= 1.68, 1.8,
2, 1.86, and 1.71. Two charge +1 singularity points associated with the FOAM vortex field move towards the centre and finally merge at zero time
delay. b Measured off-centre self-interferences of FOAM vortex fields at the five time delays. The images are cropped to show the fine details (see
Supplementary Information). Two separated charge +1 forks merge at zero time delay, where a single fringe splits into three, indicating an OAM
charge of +2. Forks are marked with white dashed lines for better visibility. c Measured intensity maps of the FOAM field, where the bright centre
arises from the same-spin OAM charge 0 component (i.e. R;0j i). As the two singularity points merge at the centre at zero time delay, the bright centre
(i.e. R;0j i) vanishes, featuring a pure OAM charge of +2 (i.e. R;þ2j i)
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discontinuities at the two singularity points, where the
fringe at each fork splits from one to two, indicating two
charge 1 singularity points. The two charge +1 singularity
points cannot touch because of the existence of L;0j i
arising from the geometrically defined σ associated with
the nonunitary transverse spin. However, with successful
filtering out of the cross-spin components L (Fig. 5), only
R;þ 2j i survives at T1− T2= 0, so the two charge 1 sin-
gularity points merge to form a charge +2 singularity,
manifested by a perfect doughnut with a 4π phase varia-
tion in the azimuthal direction. Since only the right-
handed circularly polarized components remain, the
phase of the beam in Fig. 5a is defined as φ ¼ arg ETRð Þ,
where E is the electric field vector and R is the unit
vector of the right-handed circular polarization,

R ¼ 1ffiffi
2

p 1
e�iπ=2

� �
. In the off-centre self-interference of the

emitted beam, the fork-like fringe splits from 1 to 3,
confirming a topological charge of +2. When the two
pump pulses do not temporally overlap (i.e. T1− T2 ≠ 0),
R;þ 2j i and R;0j i coexist, also leading to a dynamically
tuned FOAM charge with two charge +1 singularity
points. In this case, the dynamic FOAM tuning ranges
from 1.68 to 2, where the lower bound is mainly deter-
mined by the parameter σ given comparable p↻ and p↺ at
|T1− T2 | ≥ 80 ps.

Discussion
We have experimentally demonstrated ultrafast FOAM

modulation in a continuously tuneable vortex microlaser,
harnessing the fast transient carrier dynamics of the
semiconductor optical gain in conjunction with non-
Hermitian-controlled spin–orbital interactions of light.
Notably, the switching speed of the FOAM vortex emis-
sion is in principle limited by the semiconductor optical
response, with the potential to achieve sub-ps switching
on other material platforms, such as perovskites42. The
demonstrated FOAM tuning ranges from charge 0 to +2.
However, our set-up can be easily modified to temporally
coordinate ultrafast pumping on both control arms so
that the vortex microlaser can in principle emit any
FOAM state from charge −2 to +2, dynamically con-
trolled with a picosecond resolution. Our scheme with
ultrafast control of continuously tuneable FOAM, com-
patible with other modulation schemes in polarization,
amplitude, frequency, etc., could be of potential relevance
for the next generation of ultrahigh-speed optical com-
munication systems, offering a feasible route to further
enhancing the communication bandwidth based on mul-
tilevel OAM keying in coherent optical communication.
Additionally, it could be exploited to reveal novel topo-
logical space–time features associated with pulsed vector
beams43,44.

Materials and methods
Angular momentum associated with an EM wave
In the derivation, we apply the Coulomb gauge: ∇ � A!¼

0 and ϕ= 0 under the source-free condition. The vector
potential of light radiated by our device can be expressed
as45:

A
!? ¼ P

s;l
�jl�1 PM

R3
k2
2ωzΦ ρ; zð ÞJl�1 �k ρ

z

� �
exp j l � 1ð Þϕ½ � e!s

¼ P
s;l

Ps;l A
!?

s;l;

where P is the radiation intensity of each scatter, M is the
number of scatters, R is the radius of the ring resonator,

Ps;l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0
R

�jl�1PM
R3

k2
2zΦ ρ;zð ÞJl�1 �kρzð Þ exp j l�1ð Þϕ½ � e!s

�� ��2dV
�hω

r
is the

amplitude of each mode with normalization condition46

ε0
R

A
!?

s;l

��� ���2dV ¼ �h
ω, k is the wavevector, ω is the angular

frequency, Φ ρ; zð Þ ¼ exp jk z þ ρ2þ1
2z

� 	h i
is a phase factor,

s represents spin as aforementioned, and e!�1 ¼ ð e!x �
i e!yÞ=

ffiffiffi
2

p
and e!þ1 ¼ e!x þ i e!y

� �
=
ffiffiffi
2

p
are the unit

vectors of right and left circular polarization, respectively.
Correspondingly, the electric field can be expressed as45:

E
!? ¼ P

s;l
�jl k

2

2zΦ ρ; zð ÞJl�1 �k ρ
z

� �
exp j l � 1ð Þϕ½ � e!s

¼ P
s;l

Ps;l E
!?

s;l:

To calculate the mean value of OAM and spin, note that:

ε0

Z
d r!E?

s1;l1;i
�

r!´∇
� �

A?
s2;l2;i /Z 2π

0
ej l2�l1ð Þϕdϕ e!�

s1 � e!s2 ¼ 2πδl1l2δs1s2;

ε0

Z
d r!E

!?
s1;l1

�
´ A
!?

s2;l2 /Z 2π

0
ej l2�l1ð Þϕdϕ e!�

s1 ´ e!s2 ¼ 2πjs1δl1l2δs1s2 e
!

z:

With the OAM and spin associated with each individual
mode:

ε0
X
i

Z
d r!E?

s1;l1;i
�

r!´∇
� �

A?
s1;l1;i þ h:c:

 !
z

¼ �hl1;

ε0

Z
d~r E
!?

s1;l1

�
´ A
!?

s1;l1 þ h:c:


 �
z

¼ �hs1;

we find the mean OAM and mean spin of the field as
described in Eq. (3).
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Ultrafast non-Hermitian chiral control
In the case of pumping the main microring and the left

control arm as implemented in our experiment (Fig. 1),
the ultrafast chiral response of our tuneable vortex
microlaser can be described by the following coupled
mode equations when T1− T2 ≥ 0 by assuming a fast
response of carriers:

dE↻

dt
¼ iωE↻ þ ðκ0 þ κe�γeγLe

�ðT1�T2Þ=τ ÞE↺;

dE↺

dt
¼ iωE↺ þ κ0 þ κe�γð ÞE↻;

where E↻/E↺ denotes the electric field amplitude of the
↻/↺ mode, respectively; κ is the coupling between ↻
and ↺ modes without gain or loss; κ0 corresponds to the
coupling arising from the nonlinear effects and fabrication
imperfections; −γ is the single pass attenuation through
the control waveguide; γL indicates the single pass
amplification through the control waveguide at the time
of pulse incidence; and τ is the lifetime of gain carriers in
the control waveguide. The power ratio between the two
chiral modes circulating in the microring can be roughly
estimated from the steady-state linear supermode analysis
and reads as:

P↻

P↺
¼ E↻

E↺


 �2

¼ κ0 þ κe�γeγLe
� T1�T2ð Þ=τ

κ0 þ κe�γ
:

Note that the carrier dynamics are assumed to have an
instantaneous and linear impact on the chiral ratio because
the pump pulse duration is several orders of magnitude
shorter than the carrier lifetime, while the lasing pulse
duration is shorter than τ. Numerical analysis of laser pulse
dynamics, based on semiconductor rate equations36 with
spontaneous emission noise, shows that the ratio of pulse
energies between the two chiral modes circulating in the
ring is well described by the above equation.

Design of transverse spin
The transverse spin, in which the electric field rotates

around the axis perpendicular to the propagation direction

of light47,48, is designed by inspecting the value of EjRh i
Ej j

through full-wave numerical simulations, where E denotes
the electric field vector and R denotes the unit vector of
right-hand circular polarization. With the geometric con-
figuration of the microring, 200 nm in height and 600 nm

in width, EjRh i
Ej j is 0.9, which is equivalent to σ= 0.9, indi-

cating the purity of the transverse spin.

Extraction of OAM
An angular grating of order M is placed at the inner

sidewall of the microring to extract the Nth order WGMs.

The local phase at the qth scatter position can be written
as φq;local ¼ 2πCq N �Mð Þ=M, where q 2 0; M � 1f g and
C= ±1 for the ↺ and ↻ modes. Due to the nonunitary
transverse spin, the extracted global phases experience
opposite coordinate rotation and can be expressed as
φglobal;q ¼ 2πC q N �Mð Þ � q½ �=M for the left-handed spin
(s= 1) component and φglobal;q ¼ 2πC q N �Mð Þ � q½ �=M
for the right-handed spin (s=−1) component. Therefore,
the linearly varying phase distribution creates an emission
with two integer OAM modes with topological charges of
C N �M � 1ð Þ and C N �M þ 1ð Þ with orthogonal spin
states and a total angular momentum |J|= |N−M|.

Sample fabrication and characterization
The tuneable vortex microlaser was fabricated using

electron-beam lithography, inductively coupled plasma
etching (ICP), plasma-enhanced chemical vapour
deposition (PECVD), and substrate transfer techniques.
Hydrogen silsesquioxane (HSQ) in methyl isobutyl ketone
(MIBK) solution was used for patterning. The con-
centration ratio of HSQ (FOX15) to MIBK was adjusted
such that an adequately thick layer of resist was formed
for etching after exposure and development. The pat-
terned wafer was then immersed and slightly stirred in
tetramethylammonium hydroxide solution (MFCD-26)
and rinsed in deionized water. The chip was subsequently
processed by ICP dry etching with BCl3 and Ar, followed
by removal of HSQ resist using buffered oxide etchant.
Next, a Si3N4 cladding was deposited by PECVD. The
wafer was then bonded to a glass slide, which functioned
as a base. Finally, the InP substrate was removed by wet
etching with a mixture of HCl and H3PO4.
The fabricated tuneable vortex microlaser was pumped

on the front side by a femtosecond pulsed laser with an
80MHz repetition rate and a 140 fs pulse duration at a
wavelength of 800 nm. The pump power was controlled
with a variable neutral density filter, monitored by a
power meter. The pump pulse was reflected by a 50:50
beam splitter and focussed onto the microring cavity
using a Mitutoyo ×20 near-infrared long-working-
distance objective (NA= 0.4). The additional control
pump pulse was tuned with a half waveplate together with
a polarization beam splitter and projected onto the con-
trol arms through a Mitutoyo ×10 long-working-distance
objective (NA= 0.28) from the backside (through the SiN
substrate). The delay time between these two pulses was
controlled by a motorized linear translation stage. The
laser emission from the front side was collected by the
aforementioned ×20 microscope objective, guided
through a quarter waveplate and a linear polarizer for the
desired polarization selection, and then recorded on a
CCD camera. A Michelson interferometer was built to
measure the off-centre self-interference of the beam to
analyse the beam characteristics.
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