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leading to the formation of single-domain, elongated
needle-like superparticles with / = 11 £ 4 um
and d = 1.1 + 0.3 um (Fig. 4, B and C). These
single-domain superparticles have a different mor-
phology from those multidomain superparticles
made from identical nanorods without incubation
treatment (fig. S21, C to E).

The needle-like superparticles from unopti-
mized syntheses exhibit a PL quantum yield of
~40% and are indefinitely stable in solvents with
strong polarity, such as water or ethanol. However,
these particles can undergo intraparticle ripening
in lower-polarity solvents such as ethylene glycol,
demonstrating that the needle-like morphology is
not an equilibrium shape (fig. S23). The meso-
scopic sizes of these needle-like superparticles
allow them to be easily aligned into unidirec-
tional line patterns on SizN, substrates through
capillary forces (24) (fig. S24), which can be
readily transferred into uniform and removable
thin films of polydimethylsiloxane (PDMS) with
sizes as large as 5.0 cm x 5.0 cm (Fig. 4, D and E,
and fig. S25). The resulting thin films exhibit strong
linearly polarized PL at 579 nm with a typical
emission polarization ratio [p = (/, — I )/(], + 1),
where /; and /, are the intensities parallel () and
perpendicular (/,) to the nanorod long axis] of
0.88 (Fig. 4F and fig. S26), which is substantially
higher than that of individual single CdSe-CdS
nanorods [0.75 (25, 26)]. This PL anisotropy
enhancement can be attributed to a combination
of dielectric effect and collective electric dipole
coupling effects among the CdSe-CdS nanorods
inside the elongated needle-like superparticles
embedded in PDMS films (26-28). In addition,
we show that the superparticle-embedded PDMS
films can be used as energy downconversion phos-

phors to build polarized light-emitting diodes (Fig. 4,
G to J, and fig. S27).

Our results show that anisotropic interactions
of CdSe-CdS nanorods can be used to synthesize
colloidal superparticles with multiple well-defined
supercrystalline domains under thermodynamic
equilibrium. Functionality-based anisotropic inter-
actions between these nanorods can be kinetically
introduced during the superparticle synthesis, lead-
ing to the formation of single-domain, needle-like
particles. We anticipate that these findings can
be extended for the self-assembly of nano-objects
having other anisotropic shapes, as well as the
self-assembly of two or more types of anisotropic
nano-objects into well-defined mesoscopic and
macroscopic complex architectures (/—3).
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Integrated Compact Optical Vortex

Beam Emitters

Xinlun Cai,1 Jianwei Wang,2 Michael J. Strain,3 Benjamin ]ohnson-Morris,1 Jiangbo Zhu,“'5

Marc Sorel,® Jeremy L. O'Brien,? Mark G. Thompson,? Siyuan Yu

1,44

Emerging applications based on optical beams carrying orbital angular momentum (OAM) will probably
require photonic integrated devices and circuits for miniaturization, improved performance, and
enhanced functionality. We demonstrate silicon-integrated optical vortex emitters, using angular gratings
to extract light confined in whispering gallery modes with high OAM into free-space beams with
well-controlled amounts of OAM. The smallest device has a radius of 3.9 micrometers. Experimental
characterization confirms the theoretical prediction that the emitted beams carry exactly defined and
adjustable OAM. Fabrication of integrated arrays and demonstration of simultaneous emission of multiple
identical optical vortices provide the potential for large-scale integration of optical vortex emitters on
complementary metal-oxide—semiconductor compatible silicon chips for wide-ranging applications.

he discovery that photons in optical

I vortices—light beams with helical phase
fronts and an azimuthal component of the

wave vector—can carry orbital angular momentum
(OAM) (1) may lead to wide-ranging applications
in optical microscopy (2), micromanipulation (3),
free-space communication (4, 5), and quantum in-
formation (6, 7). Techniques for generating optical

www.sciencemag.org SCIENCE VOL 338

vortices involve passing free-space light beams
through optical elements, including computer-
generated holograms (4, §), spiral phase plates
(9), inhomogeneous birefringent elements (10),
subwavelength gratings (//), and nanoantennas (/2).

Photonic integration has been a major pro-
pellant for widespread application of photonic
technologies due to advantages in reliability,

miniaturization, and scalability compared with
bulk optics (/3). Compact, robust, and efficient
planar waveguide-based OAM emitters and re-
ceivers are critical elements, as they can be in-
tegrated in large numbers and interconnected via
waveguides with each other and with lasers and
detectors to form photonic integrated circuits
(PICs). Recently, a waveguide-based device has
been reported for multiplexing and demultiplex-
ing of OAM beams as a means of realizing multi-
channel optical communication (5, /4). However,
its large size (2.5 by 1.5 mm?) and phase-sensitive
arrayed waveguide structure do not yet support
large-scale integration. Here, we report micrometer-
sized silicon photonic waveguide OAM devices
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that emit vector optical vortices carrying well-
defined, quantized, and tunable OAM, as well as
integrated OAM emitter arrays that emit multiple
optical vortices simultaneously.

Circular optical resonators, such as micro-
rings or microdisks (/5), support whispering gal-
lery modes (WGMs) carrying high OAM (76, 17).
To extract the confined WGMs into free-space
emission, we embed angular grating structures
into the WGM resonator (Fig. 1A) with a pe-
riodic modulation of refractive index in the azi-
muthal direction.

The working principle of the angular grating
is analogous to that of second-order gratings wide-
ly used in straight waveguides as input/output
couplers (18), in which the guided wave is scat-
tered by the grating elements collectively and an
appreciable fraction of power is diverted in a cer-
tain direction ¢, in which constructive interfer-
ence occurs. The wavefront of the radiated light
is a plane tilted at angle @ (Fig. 1B). If the wave-
guide with grating is curved to form a loop so
that the guided wave forms WGMs, by way of
Huygens’ Principle, the wavefront of the radiated
light should skew in the azimuthal direction and
transform into a helix, suggesting the creation of
an OAM-carrying beam (Fig. 1C). Rigorous the-
oretical derivation shows that a WGM only emits
into a free-space beam when the following an-
gular phase-matching condition is satisfied (/6)

Vid =P — 4 (1)

where p is the azimuthal order of the WGM
involved, or the number of optical periods around
the resonator, and g is the number of grating el-
ements around the resonator. v,,q is the azimuthal
propagation constant (phase shift per unit azi-
muthal angle) of the radiated beam, which gives
rise to the azimuthal component of the wave vec-
tor and, hence, OAM. The z component of the
propagation constant of the radiation mode is

given by By, =1/ (2n/ }\)2 — (vmaR)?, where
L is the vacuum wavelength and R is the
resonator radius (Fig. 1A).

Because the state of polarization (SOP) of the
source WGMs and the angular grating structure
are both cylindrically symmetric, the radiated beams
should maintain this symmetry and should be
cylindrical vector (CV) beams (/9). In our de-
vices (Fig. 1A), for quasi-transverse electric (TE)
WGMs, the radiated near field is predominantly
azimuthally polarized (/6) with its Jones vector
Ecvy written as (20, 21)

—sin® .
Ecy = < cos6>eXp(lvrade)
—sin® .
= ( cose)exp[l(P 9)9]

= (T ) @)

where 0 is the azimuthal angle, and 7 is the unit
imaginary number (Fig. 1A). Following the

concept introduced in (20), we conclude that
the radiated beams are vector vortices with a
topological Pancharatnam charge of / = p — q.
The topological Pancharatnam charge, similar
to the topological charge in scalar vortices, is
directly related to the OAM of vector vortices:
The amount of OAM carried by the radiated
beam is /i per photon, where 7% is Planck’s
constant /2 divided by 2.

We therefore have a very simple yet robust
OAM emitter scheme, in which / can only take
integer values, being solely determined by the dif-
ference between integers p and g. Equation 1 in-
dicates that the angular grating diffracts the light
confined in a pth order WGM [carrying a OAM
of ph per photon (/6)] into a free-space beam,
changing the OAM by an amount of g/ per pho-
ton in the process. For a fabricated device, ¢ is a
structural constant, whereas the value of p can be
changed by exciting selected WGMs. Hence,
variable OAM can be generated by tuning the
injected laser wavelength to various cavity reso-
nances or, alternatively, by tuning cavity reso-
nances with respect to a fixed injection wavelength
by changing the cavity refractive index. The in-
teger p can also take negative values correspond-
ing to the opposite WGM propagating direction.

We designed and fabricated two types of mi-
croring devices (R=3.9 um, g =36 and R=7.5um,
q=72) on the same silicon-on-insulator chip (/6),

UL e

-1 = )
S la

Fig. 1. (A) Illustration of the device with an-
gular grating patterned along the inner wall
of a microring resonator that is coupled to an
access waveguide for optical input. (B) Illus-
tration of a linear waveguide with gratings

Incoming Wav

with their resonance associated with / = 0 to be
near the center of our tunable laser’s wavelength
range (1470 to 1580 nm). Figure 1, D and E,
shows scanning electron microscopy (SEM) im-
ages of the device with R = 3.9 pm.

Both types of devices have been characterized
by launching continuous-wave light from a tun-
able laser into the access waveguide to excite the
quasi-TE mode. The near-field intensity of the
radiated beam from the devices, with / = 0, is
annular with a dark center, as imaged on an in-
frared camera (Fig. 2A), and is predominantly
azimuthally polarized (Fig. 2, B to E).

The emission spectrum of the device with R =
7.5 um and g = 72 is shown in Fig. 3A. Each
resonance corresponds to a distinctive WGM
(p value). The emission efficiencies at various
resonances are measured to be 3 to 13% (/6) and
are higher at the longer wavelength side due to
the wavelength-dependent coupling between the
access waveguide and the resonator.

We used an interference scheme to character-
ize the wavefront structure. We observe that the
radiated CV vortex beam can be described as the
superposition of two orthogonal scalar vortices, as
Ecyin Eq. 2 can be further decomposed into (22)

1

x expli(/ — 1)8] (3)

sov =4 (! Yol vl - 5 (1)

P\ =

and the tilted wavefront of the radiated light. (C) Illustration of an angular grating together with the
helical wavefront of the radiated beam. (D and E) SEM images of a fabricated device (R = 3.9 um).

A B I 3 \|D —

Fig. 2. (A) Measured near-field intensity distribution of the radiated beam with [ = 0. (B to E) Measured
intensity distributions after a polarizer in the directions indicated by the arrows. A two-lobe intensity pattern
arranged orthogonal to the polarizer axis is obtained. When the polarizer is rotated, the two-lobe pattern
rotates in the same manner, confirming that the radiated beam is a CV beam with azimuthal polarization.
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which consists of a right-hand circularly polar-
ized (RHCP) beam with topological charge of
[+ 1 and a left-hand circularly polarized (LHCP)
beam with / — 1. This indicates a new scheme of
measuring the value of /: When the radiated beam
interferes with a copropagating circularly polar-
ized reference beam, spiral interference patterns
should be produced, with the number of arms
equal to either / — 1 or / + 1, depending on the
handedness of the reference beam SOP.

The measured interference patterns (Fig. 3, B
and C) have spiral arms equal to /— 1 (RHCP) or
[+ 1 (LHCP) as predicted in the aforementioned
scheme, and the sign of the topological charge is

indicated by the chirality of the pattern. Thus, the
nine resonances correspond to / =0, +1, £2, £3,
and +4. Similar results for the device with R =
3.9 um are given in the supplementary materials
(16). Moreover, the spiral patterns rotate when
the phase of the reference beam is changed con-
tinuously (movies S1 and S2). These results show
unambiguously that the wavefront of the radiated
beams is helical with /= p — g. Beams with larger
OAM quantum numbers / can be generated from
the device. However, the observable / is limited
by the tuning range of the tunable laser.

To demonstrate the potential of photonic in-
tegration, we fabricated OAM emitter arrays con-

A -5

R=7.5 pm I=+4

1=+2

=3

q=72

Normalized Power (dB)

25t

1500

Mode splitting

1=+1

=0 =1

1520 1540 1560 1580

Wavelength (nm)

=+1

Interference |
patterns with s
LHCP beam

Cc

Interference
patterns with|
RHCP beam

=0 /=-1 =2

Fig. 3. (A) Radiation spectrum for a device with R = 7.5 um measured by scanning input laser wave-
length. The [ = 0 wavelength is ~1525 nm. The doublets in the spectrum result from the mode splitting
caused by cross-coupling between the otherwise degenerate clockwise and counterclockwise WGMs. The
strongest cross-coupling occurs at the wavelength with [ = 0 due to Bragg reflection, which is therefore
associated with the largest split. (B and C) Interference patterns with LHCP and RHCP reference beams.
Each pattern in (B) has [ + 1 spiral arms, whereas each pattern in (C) has [ — 1 spiral arms.

Fig. 4. (A) lllustration of an array
consisting of three identical emitters.
The three-dimensional emission pat-
tern is calculated with the use of a
dipole-emission—based semianalyt-
ical model (16). (B) Micrograph of a
fabricated array. (C) Near-field intensity patterns emitted from the array. The difference in their brightness
is attributed to slight differences in their resonance peaks due to fabrication variations. (D) Example of an
interference pattern between the emitted beams from the array and the copropagating RHCP Gaussian
beam. All beams have four arms and, therefore, the same OAM order [ =—3. The uneven brightness is due
to the Gaussian distribution of the reference beam, which is only coaxial with the middle vortex. The two
side vortices are somewhat deformed due to lens aberration causing phase-front distortion.
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sisting of three identical emitters (R =7.5 um, ¢ =
72) coupled to the same access waveguide (Fig. 4,
A and B). Simultaneous emission of identical
vortices has been verified, as shown in Fig. 4, C
and D. The spiral patterns rotate synchronously
when the phase of the reference beam is changed
(movie S3).

Our OAM emitters based on complementary
metal oxide semiconductor compatible silicon
PICs produce optical vortex beams with distinc-
tive and variable OAM values from a very simple
and small device, with no need for any fine ad-
justment of optical phase. While we have al-
ready achieved useful emission efficiency of up
to 13%, efficiency can be maximized by engineer-
ing the coupling ratio between the resonator and
the access waveguide to the critical coupling point
(23), at which all of the input power enters the
resonator. As demonstrated by the integrated ar-
rays, integration of a large number of devices can
be realized with the use of standard integrated cir-
cuit technology to form complicated formations
on silicon wafers.

Such scalable integration could open up truly
large-scale integrated applications opportunities.
For example, it is possible to build OAM quan-
tum communications channels between two chips,
each containing the same integrated OAM PICs—
one as the OAM transmitter and the other as the
OAM receiver (according to the principle of rec-
iprocity, the device emitting a specific vortex
beam will selectively receive the same beam).
Though it has been shown that OAM multiplex-
ing and demultiplexing can be achieved with the
use of PICs (/4), our device enables rapid switch-
ing among OAM states, as semiconductor tun-
able lasers can already switch wavelengths in
nanoseconds (24), and silicon microrings have
been shown to tune at frequencies up to 40 GHz
(25). Therefore, our device provides an approach
for an integrated OAM switch or modulator. An-
other application area could be micromanipu-
lation of particles (26). By selectively lighting
groups of integrated emitter arrays, controllable
and reconfigurable drivers can be configured for
microfluidic and nanoparticle manipulation ma-
chines, such as lab-on-a-chip, optical tweezers,
and optical spanners.
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Lethally Hot Temperatures During the
Early Triassic Greenhouse

Yadong Sun,*?* Michael M. Joachimski,> Paul B. Wignall,? Chunbo Yan,* Yanlong Chen,”

Haishui Jiang, Lina Wang," Xulong Lai®

Global warming is widely regarded to have played a contributing role in numerous past biotic crises.
Here, we show that the end-Permian mass extinction coincided with a rapid temperature rise to
exceptionally high values in the Early Triassic that were inimical to life in equatorial latitudes and
suppressed ecosystem recovery. This was manifested in the loss of calcareous algae, the near-absence
of fish in equatorial Tethys, and the dominance of small taxa of invertebrates during the thermal
maxima. High temperatures drove most Early Triassic plants and animals out of equatorial terrestrial
ecosystems and probably were a major cause of the end-Smithian crisis.

nthropogenic global warming likely is
contributing to the rapid loss of biolog-
ical diversity currently occurring (7). Cli-
mate warming also has been implicated in severe
biotic crises in the geological past, but only as a
corollary to more direct causes of death such as

Fig. 1. Early Triassic pa-
leogeography showing

reported occurrences of (=252247Ma)

Early Triassic World

the spread of marine anoxia (2). Here, we show
that lethally hot temperatures exerted a direct
control on extinction and recovery during and
in the aftermath of the end-Permian mass ex-
tinction. As well as the scale of the losses, the
aftermath of this event is remarkable for several

reasons, such as the prolonged delay in recov-
ery (3), the prevalence of small taxa (4), and the
absence of coal deposits throughout the Early
Triassic (5). These and several facets of low-
latitude fossil records shown below, including
fish, marine reptile, and tetrapod distributions,
can be related to extreme temperatures in excess
of tolerable thermal thresholds.

Climate warming long has been implicated
as one cause of the end-Permian crisis (2, 6), with
carbon dioxide release from Siberian eruptions
and related processes providing a potential trig-
ger for it (7, 8). Conodont apatite oxygen isotope
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