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A Quick 
Zoom Tutorial

– Submit a question by clicking 
on “Q&A”

– Like a question that’s been 
submitted? 
Click the “thumbs up” icon to vote 
for it.

– Share your feedback in the survey.
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Group of 18 (Jan 2023). 

Several PDRA and PhD 
positions (incl joint with 
St Andrews) - please get 
in touch!

Secured over A$8M in funding 
since 2021 

500m2 lab and office space for 
20 people

TOPICS

IMAGING AT DEPTH
MANIPULATION AND LEVITATED OPTOMECHANICS
QUANTUM INSPIRED BIOPHOTONICS
HEALTH: IVF IMPROVEMENT, EARLY DIAGNOSIS



Rotation in optical traps



 The Tail of a Comet

http://
sohowww.nascom.nasa.g
ov/hotshots/

Kepler (1619): ‘The direct rays of the Sun strike upon it 
[the comet], penetrate its substance, draw away with 
them a portion of this matter, and issue thence to form 
the track of light we call the tail . . . In this manner the 
comet is consumed by breathing out is own tail.’







SINGLE BEAM GRADIENT TRAP:  Ashkin et 
al, Opt Lett 11, 288 (1986) 

Co-recipient of the Nobel Prize 2018 

scatteringF I∝

Optical Tweezers



Microscale to the Nanoscale 

€ 

Fgrad ∝α.∇I r( )

Care must be taken with heating! (trap light used from 700nm-1100nm)
Particle polarisability is key, as are field gradients

Reason why we go to plasmonics, 
nanoapertures, waveguides etc

Ag nanoparticles





Optical tweezers has revolutionised single molecule 
motion: e.g. kinesin steps on microtubules …8nm..

https://imgur.com/t/Science_and_Tech/s64ax



Two main methods:

Asymmetric 
Rotating light 
patterns that cause 
objects to align (e.g. 
form birefringence)

Transfer of optical 
angular momentum: 
spin and orbital

How do we cause particles to 
rotate in optical traps?





A microfluidic pump made from glass beads the size of a heart 
valve. (DM Marr et al. Science 2002)

(video in collaboration with I Poberaj group). 

Creating multiple traps: time sharing

Acousto-Optic Deflectors (AODs) can be 
scanned at hundreds of kHz

dual axis AOD



Light is a transverse electromagnetic wave

The E-field can oscillate up 
and down (linear polarization) 
or rotate (circular polarization – 
spin angular momentum)

±ħ per photon



lħ per photon

±ħ per photon

Allen et al Phys Rev A (1992)

Structured light can possess angular momentum: rotation

ũ = 1 ũ = 2

p = 0

p = 1

LG modes



Transfer of angular momentum to trapped particles

SPIN       ORBITAL



lħ per photon

±ħ per photon

Allen et al Phys Rev A (1992)

Structured light can possess angular momentum: rotation



Experimental proof of that theoretical prediction was done by R. Beth in 1936 
in Princeton. As Beth announces in his paper (R. A. Beth, Mechanical 
Detection and Measurement of the Angular Momentum of Light, Physical 
Review, v. 50, July 15, 1936) he had several discussions about the 
experiment with Einstein.  

In this experiment Beth showed that when linearly polarized light is converted 
to circularly polarized one by doubly refracting slab, the slab experiences a 
reaction torque.  

Experimental setup of Beth’s experiment 

Demonstration of spin angular momentum:  
   R. Beth, 1936, Princeton



Rotation using birefringence

Trapped birefringent 
microsphere (‘golf ball’)

Right handed circularly 
polarised light

Left handed circularly 
polarised light

Per photon 
transferred

Friese et al 
Nature 1998

and for a spherical particle:



1. Le TT, et al., . Cell 179(3):619–631.e615 (2019)  

As twist was introduced to a 
DNA molecule, torque increased 
essentially linearly until the 
DNA buckled to form a 
plectoneme, after which the 
torque plateaued. Vertical 
dashed lines: buckling 
transitions 



The nucleation and 
growth rate of the 
vaterite spheres is 
determined by the 
supersaturation level 
of the dissolved 
amorphous CaCO3.

Birefringent spheres: synthesis of vaterite and nanovaterite

SEM for 
nanovaterite at St 

Andrews

A key issue is avoidance of rapid 
recrystallisation into the calcite 
phase, which can occur due to the 
enhanced solubility of the particles 
as the particle size decreases.  

To avoid this, ethylene glycol was 
added to the water used as the 
solvent for this reaction.

4.4um vaterite (see later)



Optical forces and torques can direct the growth of neurons

original paper:



Optical trapping and rotation of nanovaterite particles
Nanovaterite trapped by a 532nm circularly polarised beam in D2O.  
➔ No heating to the medium 

See also Schmidt group work, e.g. 8mK/mW (1064nm) – dominated by fluid 
Biophysical Journal 84, 1308 (2002) using normal water 

Previous vaterite study: Parkin, S. J. et al., Phys. Rev. E 2007, 76, 041507: For vaterite crystals, 
a temperature increase of 66 CW-1 was inferred @ 1064nm

Our study isolates thermal effects in the microsphere



absorption coefficient of  
1:59 x  10-5  for 
nanovaterite 

i.e. for an incident beam with a power of 
1W, the nanoparticle dissipates 15.9 µW, 
which leads to the surface temperature of 
25:6 C.

Determining properties of nanovaterite

A laminar Navier-Stokes model is used which can then 
deliver the overall drag torque or force for the 
rotational and translational motion of the 
nanoparticle. 

Finite element method (implemented in COMSOL) to 
calculate the overall drag torque or drag force for 
different residual optical absorption powers.



Optical trapping and rotation of nanovaterite 
particles

Temperature dependent dynamic 
viscosity correction factor.  

(a) Radial temperature 
profile and the corresponding dynamic 
viscosity of heavy water surrounding a 
nanoparticle 
dissipating 100 µW.  

(b) Viscosity correction factors for 
rotational (blue solid line) and 
translational (green solid line) motion 
of the nanoparticle 
(radius of 423nm) as a function of its 
surface temperature.

Arita et al., ACS Nano 10, 11505 (2016)

rotational/translational motion differs





Advantage over translational motion: microrheology centred on one particle. Potential reduction of boundary effects



lħ per photon

±ħ per photon

Allen et al Phys Rev A (1992)

Structured light can possess angular momentum: rotation





Laguerre-Gaussian modes

– radial mode index p        (determines radial structure)
– azimuthal mode index l       (determines helicity)

 p = 0, l = 0  p = 0, l = 1  p = 0, l = 4

 p = 1, l = 1

L. Allen et al., Physical Review A 45, 8185 (1992)

 p = 0, l = 1 p = 0, l = 0  p = 0, l = 3

Hermite-Gaussian modes



Laguerre-Gaussian modes have orbital angular momentum 
– due to inclined wavefronts

Laguerre-Gaussian (LG) beams 
Allen et al., Phys Rev A 1992



ũ=10

ũ=-10

Silica 
(3μm)

Light for rotation: orbital angular momentum transfer

LG beam 
(ũ=1, p=0)

Orbital angular momentum 
(OAM ) transfer by inclined 
wavefronts via light 
scattering
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This video from Kosta Ladavac and David Grier, "Microoptomechanical 
pumps assembled and driven by holographic optical vortex arrays," Opt. 
Express 12, 1144-1149 (2004)

see also related work by other groups, including: 

Ristch-Marte group, Innsbruck, Austria
Padgett Group, University of Glasgow, UK
Rubensztein-Dunlop group,Brisbane (did first work on rotation - based 
on absorption of CuO particles (He et al PRL, 1995)

Garces-Chavez et al., Physical Review Letters (2003) 
O’Neil et al., Physical Review Letters (2002)

Chen et al. Optics Letters (2013)

Orbital angular momentum transfer to trapped particles

New concepts to look at 
spin-orbit coupling
negative torque



Rotation in optical traps in vacuum



Trap in vacuum? Why?

Optical levitation of a trapped sphere offers:  
high vibrational frequencies, record rotational speeds, and mechanical Q factors 
exceeding 1012 suggested.  
Geraci group: zeptonewton force sensing. St Andrews has shown Q ~108 
(Science Advances,(2020))





• Rotation adds a new degree of freedom/stability 
• Particle in vacuum: Classical-quantum boundary; test 

for quantum friction

Rotational levitated optomechanics: all in a spin

Figure adapted from: Pendry J B, Quantum friction- fact or 
fiction?, New J. Phys.,(2010)



Photo diode

Circularly polarised (CP)  
trapping beam (1070nm)

Vacuum 
chamber

Experiment: trap and rotate in air or vacuum

Vaterite crystal 
d = 4.4µm

x

z

Ωrot Ωxy

Ωz

Birefringent

ω1

ω2 = ω1 ± 2Ωrot

ω1

CP



    Rotation versus pressure for the microgryoscope

d > mfpd < mfp

frot = Ωrot/2π

a ≈ 109g 
m/s2

d: particle 
diameter 
mfp: mean free 
path

Arita et al. Nature Comm 
4, 2374 (2013)



Common influenza viruses, with a 
size of ∼ 100 nm, can be stored for 
several weeks in vacuum down to 
10−4 torr.

Due to their structure (e.g. lipid 
bilayer, nucleocapsid protein and 
DNA), viruses present a 
transparency window at the optical 
wavelength which yields relatively 
low bulk temperatures
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