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PCF Outline

General introduction

Theory background

» T-matrix methods
Experimental practice
Linear nanostructures

» Scaling, Binding & rotational dynamics

> Air and vacuum

Layered materials

SERS Tweezers




PCF  Light Moves Matter (m

> J Kepler (1610) ; : Radiatiqn Pressure
comet tails are the result et - Sl
of light pressure

- Hale-Bopp

J C Maxwell (1864)
light pressure is explained in electromagnetic theory
P Lebedev (1901) and Nichols & Hull (1901)
measures light pressure for the first time
A Ashkin, T Haensch & A Schawlow, V Lethokov (1970s)
first proposals to manipulate atoms and microparticles, laser cooling
A Ashkin & S Chu (1986)
at Bell Laboratories moves and traps latex spheres suspended in water
using a focused laser beam. Optical Tweezers are born!
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'HE NOBEL PRIZE
IN PHYSIC

Donna
Ashkin Mourou Strickland

“for groundbreaking inventions
in the field of laser physics”

THE ROYAL SWEDISH ACADEMY OF SCIENCES



Celebrations for Arthur
Ashkin’s Nobel prize 2018




ﬁjfpcp Optical Trapping at the Nanoscale @

Atom Trapping Nanotweezers Optical Tweezers Supramolecular
' Chiral particles

layered
Left-handed

nanowires and materials

nanotubes graphene ' Laser beam

Objective

CILL-:’ Optical Trapping
& SERS on
Plasmonic
v el \';’\";’:”g“”
plasmonic nanoparticles S A SES Right-handed

a

%:.%

NV centers quantum dots synthetic colloids

0y - E—
I I I |

10-! 1 10 102 103 104 nm
Marago, Jones, Gucciardi, Volpe, Ferrari. Nature Nanotechnology 8, 807-819 (2013)
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Sgper Optical Trapping Theory

Optical trapping of particles is a consequence of the radiation force that stems from
the conservation of electromagnetic momentum in light scattering.

Ray Optics, d/A >> 1

» Trapping forces from reflection and refraction of rays
»Forces proportional to gradient of intensity
(Ashkin, Biophys. J. 61, 569, 1992)

Dipole Approximation, d/A <<1

» Three parts: gradient force, scattering force
(Ashkin, et al. Optics Lett. 11, 288, 1986)

Complex Region, d/A ~ 1
» Full electromagnetic Theory (Maxwell ST)

» Make use of T-Matrix methods for force & torque
» Angular spectrum representation

Borghese, Denti, Saija, Springer (2007)
Borghese et al., Optics Express (2007)
Borghese et al., Phys Rev Lett (2008)

Saija et al., Opt. Express (2009) ...

Extension to complex

Nieminen&Rubinsztein-Dunlop,Gousbet,Neves,Hanna,Zemanek,...
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outgoing
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total
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,[ reflected
v light-ray
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Microsphere acts as a lens for
the refracted and reflected
rays

Linear momentum exchange
from light to particle, push
towards beam center

(n,>n,,)

Trapping Force is proportional
to the gradient of light

intensity

Scattering force is proportional
to light intensity and
directed as the Poynting
vector
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Sgper Dynamics of a spheroid in a
double trap
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Diffusion Matrix Modeling for complex particles using Hydro++

G. Volpe & G. Volpe American Journal of Physics 81, 224 (2013). By Magazzu Callegari
A. Callegari, M. Mijalkov, et al. JOSA B 32, B11-B19 (2015) ’

A. Stilgoe et al., Phys. Rev. Lett. 107, 248101 (2011). o COs




i‘jﬂ’CF Optical Tweezers — Dipole @]

Interaction of electric field of laser with induced dipole in dielectric [/ = —p.F = —0[‘ E‘z

. 1 .
Average force on particle ' —Re (Z aE;V E:‘) For a Gaussian beam breaks
2 in two contributions

1

The (harmonic) trapping potential is
defined by the incident light intensity

x-y plane

O. M. Marag0, Dphil Thesis, Oxford (2001)




Optical response of colloidal @]
metal nanoparticles |

For metal nanoparticles, the presence
of plasmon resonances leads to their
optical trapping with a wavelength in
the red side of the spectrum.

m— =25 M A
m— =36 NM
=50 NM
=77 NMm

r=98 nm |

d=30 nm
— Gold
Silver
| = Aluminum

o
—

Extinction Cross Sections (pmz)

~ el
0.000 — e 0 600 800
100 200 300 400 500 600 700 A (nm)
Wavelength 1 (nm)
Amendola, V., et al. (2017). Surface Saija R et al. Optics Express (2009)

plasmon resonance in gold nanoparticles: a Jones et al., ACS Nano (2009) — Au Nanorods
review. J. Phys.: Cond. Matt., 29, 203002. Messina et al., Optics Express (2015) — Ag Platelets
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ij‘iPCF Optical trapping of plasmonic
particles (dipole picture)

Lorentz-Drude model for dielectric constant
using tabulated fit parameters that agrees well
with experimental data and exploit plasmon
resonance to enhance optical forces

O'bs=£1m{a(a))}; O = =

a scat 6 e,

scat (I") _ ext [(l")

_nRe {a(w)}
e )

Trap Stiffness proportional to Re{a(w)}

grad




Trapped resonant gain metal/dielectric nanoshell

Molecules Nanoshell
A
Energy
transfer
|
_ _ Plasmonic
Gain medium resonance
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Silver nanoshell with externally pumped
optical gain material on its core excited
by an external electric field.

P. Polimeno, A. Veltri, submitted

Steady State Gain dielectric permittivity

GA i
£ — Ep — : i ,T_
2(w —wpy) + iA z

g, dielectric host permittivity

2
nu 1o ~
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Brownian Dynamics Simulation

d 1 d
G. Volpe and G. Volpe, -
Am. J. Phys. (2013)
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P. Polimeno, A. Veltri, submitted
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ijtPCF OT & Light Scattering Theory (7 )

b~
Optical trapping of particles is a consequence of the conservation of
electromagnetic momentum and the spatial redistribution of photons in light

scattering.

Mesoscopic Region, d/A =~ 1
» Full electromagnetic Theory
» Vector character of laser field
» Make use of Transition-Matrix approach

> Extension to non-spherical particles! K 1.
- L 1T d/ir =~ 1
Conservation of linear momentum Incident field E; \/ A1)
(plane Wave) \ near-field /w far-field
dPMech _ § NE \
d ¢ Rad / ______ \
: E+=EitEs L :
Conservation of angular momentum Scattered field E, (spherical wave)

Averaged Maxwell stress tensor

dL . .
<TMh> r,, = —[ﬁn-(TM x NdS | 2
t 5 (T,,)= 2giRE®E+ B@B——\E\ \Bt\l

Nieminen, JQSRT (2003-2016); Singer et al., PR E (2006); Borghese, Opt. Express (2007); Borghese, Phys Rev Lett (2008);
Saija,et al., Opt. Express (2009); Bareil & Sheng, Opt. Express (2010); Simpson & Hanna, PR E (2010); Simpson, JQSRT (2016);...



ijiPCF Special case: Mie Scattering @

A(z) Boundary conditions on a sphere
@ = —— Only /-dependence :
W it T-matrix is diagonal
< ne
s.lm . g
by = -— D Radiation pressure (plane wave)
Wi
\ i,lm
|| ??1‘[] ]
Frad = = I [gext - .'S’i‘jsc.at] K;
Debye (1909), Mishchenko (2001)
27
Oext = k; Z(2I + 1)Re{a; + b}
m Observables can be
9 X obtained from the :
Toont = A-;‘ Z(gz +1) (Jai|* + |0a?) Mie coefficients
m
dr s (e, . . 2q+1
gi = Jscat;ﬂglRe - [M(C’E(‘Hl + b,{bi+1) S B MGIbI]

Jones, Marago, Volpe, “Optical Tweezers”, CUP (2015)
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CipCF T-matrix & Brownian dynamics [
Modelling feedback cooling

Cooling in phase-space (feedback on x)

Feedback off-on

PSD (nm2 sec)

o ’
7 l:’-r

(r) =0 <rU-r>..3:0

Frg=1 E,

“o-Gieseleretal. PRL(2012)l| - See also Levi et al. Cont. Phys. (2014)

-©-T-Matrix Simulation

10° : :
107 107 1072 10"

P (mbar) Extension to non-spherical particles




Mechanical effects on non-spherical particles

* J . s A T ~
Radiation Pressure } Conservation of Fl = %I-l [Cext — GiTscat] ki = fﬂg,ad k;
linear momentum A n x n X
Transverse Force Frad = _Tm i J10scat U1 — ij-l g2 Oscat U2
1 B0 osr . »
g = M § . ky dD
Radiation Torque —p Conservation of angular momentum Oscat Jo  df)

Saija et al, MNRAS, 2003

Radiation cross-sections yield
Total Video Time: 0:23, 15 fps the mechanical effects of Ilght

gee:rn Bumm:r 3& n';mb;ugam; up toward camera . .
m : 50 um -

e L e Wi on non-spherical particles
Particle Velocity: Transverse - 3.5 um/s , Vertical- 2.5 um/s

Misc: Solution Contains Glycerol y

Incident (\z 0 - X .
plane k =~ J_ o (negative)
wave \_/

f

Wind sailing Solar sailing

Swartzlander, Optical lift, Nature Photonics 2010
Simpson et al, Opt Lett 37, 2012



Fazio et al, Light: Science & Applications (2016) ¢ i
Fazio et al. Nature Photonics (2017) \ ‘ r I

Astrophysics:
Interstellar dust

Scattering and light
Iati et al., MNRAS (2001) focalization in disordered
Saija et al., MNRAS (2003) systems
Iati et al., ApJ (2004)
Iati et al., MNRAS (2008)

| ASER
&PHOTONICS

Optical tweezers
Borghese et al., Optics

Plasmonics 5
Express (2007) »

Borghese et al., PRL (2008)

obiettivo

h - S -\
sfers dicletrien s L@ S | Review:Amendola et al. J Phys: Cond Matt (2017)
£ | : Moffa et al.,
¥ (um i . .
} Cacciola et al., JQSRT (2017) Laser & Photonics Reviews (2018)




IPCF  Force & Torque with T-matrix

Radiation force & torque from a general scattering process

Generalize Mishchenko, Borghese equations

JQSRT (2001)

scatterin extinction
} * :'"lr e
Z Z e IE('ilf'Ej;’ﬂI- ) [Aiﬁ?rn‘qi}?!’ﬂl WliL Aiﬁfj

IE.F

plm p

w) A“’}*} = E“IE me(m = Generalize

W W sfm

k> Marston&Crichton
S y PRA(1984)

o

scattering

+*Extension to chiral particles: See Patti,
et al., Sci. Rep. (2019).

*Extension to hybrid structures: See
Ridolfo et al. ACS Nano (2011)
+Extension to surfaces: See Denti et al.

JOSAA (1999).

See also Saija et al. (2005), Borghese et al. (2006), Borghese et al. (2007)




Size scaling for polystyrene spheres and nanowires

/

A =830 nm
E; E;
LRI NA=1.3 i
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By P. Polimeno, et al. JQSRT (2018)




Swper Size scaling for a sphere @)

—Dipole approx.
= T-matrix
—Ray optics

(R (%]
o o

(PN pm™ mw™)

K 1P

X
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—Dipole approx.
= T-matrix
—Ray optics
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By P. Polimeno, A. Magazzu, et al. JQSRT (2018)




Size scaling for polystyrene spheres and nanowires
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ecr Scaling of Force Constants

T-matrix calculations — Role of shape

S | - By P Ro!imeno_
“#®Nanowire d-1;
@ Sphere

! Sphere d°

A
o
o

Nanowire o« d

300 nm e
\!Nanowire ox d
i "

2
c
I=
3
pd
=t

=

Kk IP

N
<
N

2 3
10 10 A =830 nm

d (nm) NA = 1.3
Maximum in the axial (z) force constant 0~ 2™
Optimum overlap between wire and high intensity region (Rayleigh Range)

See also Simpson & Hanna, Nanotechnology (2012)




Experimental practice




E@EPGF Building an Optical Tweezers @]

G. Pesce, et al, Step-by-step guide to the realization of advanced optical tweezers, JOSA B (2015)
Special Issue Opex & JOSA B on Optical Cooling & Trapping




ffjl’PCF Holographic Optical Tweezers @

Laguerre-Gauss
Beams can transfer
Orbital Angular
Momentum

-
' Phase Mask Trapped particles
o

I
Ih

0 T 2w

Jones, Marago, Volpe, “Optical Tweezers”, CUP (2015) G. Pesce, et al, JOSA B (2015)




ijﬂ’CF Advanced Optical Tweezers @
(Speckle fields)

Optical sorting with speckle fields

High intensity traps large
particles, while small particles
move in the microfluidic flow

Jones, Marago, Volpe, “Optical Tweezers”, CUP (2015) G. Pesce, et al, JOSA B (2015)




Swper OT of Linear Nanostructures (@)

Nature Nanotech (2013)

Nanowires:

Agarwal et al., Optics Express (2005)
Pauzauskie et al., Nat. Mat. (2006)
Nakayama et al., Nature (2007)
Borghese et al., Phys. Rev. Lett. (2008)
Carberry et al., Nanotech. (2010)
Simpson&Hanna, JOSA A (2010)
Simpson&Hanna, PR E (2010)
Reece et al., Nano Lett. (2011)

Dutta et al., Nano Lett. (2011)

Irrera et al., Nano Lett. (2011)

Nanotubes:

Tan et al., Nano Lett. (2004)

Plewa et al., Optics Express (2004)
Zhang et al., APL (2006)

O.M. Marago et al., Physica E (2008)
O.M. Marago et al., Nano Lett. (2008)
P.H. Jones, et al. ACS Nano (2009)
Pauzauskie et al, APL (2009)

Donato et al., Opt. Lett. (2012)

Nanofibers: .
Neves et al., Optics Express (2010) —L-




tPCF OT of Nanofibers

(a)
PDMS
chamber || }\ nanofiber '
piezou = £

a
sage { microscope d
objective

beamsplittery
\J
To reference< }*'%x_‘_% To quadrant
detector *% detector
z
(L y mudentlmear
polarized laser

Neves, Camposeo, Pisignano - Opt. Express 18, 822 (2010)




GpcF Hydrodynamics

Broersma, J.Chem.Phys. (1981);
Tirado et al. J. Phys Chem C(1984)
a) z
Hydrodynamics of a rod-like

nanostructure is anisotropic

1—- In EJ+r!|'_ F lﬂﬁ'_*ﬁ
— danl | 2mnL

EE In E+e‘.|"r4 |
F':'} L

The signals from the QPD are a
composition of center of mass Xi
and angular motion Oi.

Se~B3: (X 40a0;); S~ 03, (Y+00,); S, ~3.Z

Small angle approximation




Sgper  Correlation Function Analysis @

Correlation functions of the tracking
signals give information on torque
and force constants.

Fast
fluctuations |~ ===

;
:

Simple Exp for
Slow Z and Cross

rotation
III'-IL o - 2 e
\ -

C, N

\
"'““r\‘*'f’*ﬁ'ﬂ'ﬁ'wﬁﬂw *‘WME“W e e Non-conservative forces:
0.4 0.0 04

vz o0 02 ot Simpson&Hanna, PR E (2010)
Lag time (s) Lag time (s)

Cross-correlation




ij‘PCF Brownian Motion of Nanotubes/Nanowires @

Shape determines the effective potential

Latex bead {=0.01 s
2 um -

250 250
0 0
& &
o

250 & ! ?
- .

Transverse fluctuations in the 10 nm range

O. M. Marago, Nano Letters 8, 3211-3216 (2008); A. Irrera, Nano Letters 11, 4879-4884 (2011).




ijl‘PCF OT of Silicon Nanowires @

A. Irrera et al., Nano Letters 2011, 11, 4879
A. Irrera, A. Magazzu, et al., Nano Letters 2016.

We can now control the
length and the diameter

Length controls optical
forces and torques

Size-scaling with the
size parameter x.=rnL/)\

Optical trapping of SiINW with controlled size




Lgper Scaling of Force Constants

Experiment

Irrera et al., Nano Letters (2011)
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For long nanowires transverse force saturates, axial force drops.
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CMPCE High resolution photonic force microscopy C(r‘l

(F. Pedaci, CNRS, Montpellier)

. o Topography of soft materials
Nanofabricated birifrengent Membrane of living malaria-infected red
particles with nanometric needles blood cells presenting knobs

Accurate force calibration of
non-spherical probes

Correlation

105 104 103
Time (s)

Pedaci et al. Nat. Phys (2010); Desgarceaux et al. arXiv:2002.01533 (2020)




ijfpcp Silicon nanowires in 2-beam traps ISI

mj

A"S(R

QW QW
microscope
objective

Donato, Brzobohaty, Simpson, et al. Nano Letters 19, 342 (2019)




iijCF Silicon nanowires in 2-beam traps @

Rich scenario regulated by shape & polarization

Parallel linear polarization (PLP)

| | leads to several equilibrium
- configuration regulated by the
length of the NWs

k| |E
\ ‘jT—E The NW scatters “mainly” from end-

tips

Polarization can be used to
control orientation

From PLP to XLP (fringes
disappear) longitudinal torque
wins over polarization torque

150 200
time [ms]




ijIPCF Optical binding of nanowires in @
cross linear polarization

1.0

d, z, (um)

By changing the size, w,, of the laser beams we can
control the distance and binding interaction




__ Rich spin rotational dynamics A s C(-]
ijﬁ: CF
| regulated by shape s L

Imaging the XZ plane
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time [ms]

|b) QPD analysis
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Simulations by S. H. Simpson



Rich orbital rotational
= dynamics regulated by shape %!ussu! L

Imaging the XZ plane Sim. by S. H. Simpson XZ

A Time 0.02 (s)
4 ‘ :

z (microns)
o
T
i

0 1
% (microns)

- 2 o 2 Time 0.00 (s)

PV
]
[
[N

¥ (microns)
°

 (microns)

Time 0.01 (s)

. 1.03
d) time [s]

b3

05

y (microns)
o

05

'
N
s o
N

time [s]

Yy [ H m ] E i o 0 6 & ©

* (microns)




Layered materials




Liquid Phase Exfoliation )

Graphene 2d Materials

Ultrasonication

Ultracentrifugation

Ty

- 4

N’;;f’r
:b"- Je-" },

(A

2d Materials Inks
Flexible electronics
and textile




&t

* 561nm,633nm,785nm...

» Edge/Notch filter

« Jobin-Yvon Triax 190
spectrometer

» Avalanche photodiode, SPC
(Perkin Elmer)

Raman Tweezers

Lamp = “"
Excitation/trapping beam

Condenser

—— Raman signal

lllumination
Sample &

Pl Stage ;
(i
Beam
Expander Mirror

o

Laser HeNe

Interference

Filter

Raman & Photoluminescence
inspection of trapped samples

E.g., Inspection of Graphene flakes

—— Trapped Flake 5

D (exc. 633 nm) %

G
2D

Intensity (arb. un.)

1200 1600 2000 2400 2800 3200
Raman shift (cmi™)

Video Camera

Spectrometer
@ I—h—

Pinhole

" I Beam Splitter

Avalanche
Photodiode

&

Marago, et al.,”Brownian Motion of Graphene”, ACS Nano 4, 7515 (2010)

Marago, et al. Nature Nanotechnology 8, 807—-819 (2013)




Mechanical effects of light

GoPCF

) A (o) on layered materials
1000 500 200
1000 +—+rrr—rr——r———— .

{— MoS, o4 — T T T T T T T 7T T ]
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RT of hBN flakes )
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hBN flakes trapped with 785 & 830 nm laser

Trapped flakes have a range of peak positions. The blue-shifted positions (4cm' ) of
some peaks (~1370cm1) suggests that monolayer flakes are present in the
sample. Presence of bi-layers (that should show a 2 cm' red shift) is also evident.

Donato et al., Nanoscale (2018)




iﬁfPCF Optical force calibration of hBN @]

Microscope stage calibration
combined with ACFs

Microscope stage oscillation yield a sinusoidal
modulation of the particle’s displacement

Tracking signal (V)

time

Stage oscillations Vx(t) =X, (t) +a, sin(a)mget)
Flake fluctuations
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ACFs full calibration enable flake size
estimates from a simple hydrodynamic model

Donato et al., Nanoscale (2018)




ﬁjﬁPCF Optical force scalingl onhBN

10°F

Two-dimensional scaling of
optical trapping forces

Polarizability depends on
the area of the layered
particle

Flattening for large flakes
(dipole approximatin
breaks down)

oc d?
_ 0.1 1
Donato et al., Nanoscale (2018) Lateral size (Lm)




ijiPCF Optical force positioning @
of MoS2 & WS2

Begin pushing LG-Beam (1=30) After few minutes

Use proteins (BSA) to glue the structures to a simple glass substrate




gijCF Time-evolution of optical
force aggregation of MoS2
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Donato et al., Nanoscale (2018)




@IPCF Raman Tweezers for Small Microplastics @

and Nanoplastics Identification in Seawater

Trapped
m Asiat R nanoplastics
) ) ) Microscope
JLIE JLH ' Objective
OUIGIILG Y

=

T R Tweezers Raman
g g%‘ ““ - Laser 250 500 750 1000 1250 1500 1750
— = - Raman Shift (cm™)

Raman intensity

Raman Tweezers permits one to assess
the size and shape of particles (beads,
fragments, and fibers), with spatial
resolution only limited by diffraction

Gillibert, R., et al. Env. Science & Technol. 53
(2019): 9003.

ACSPublications
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SERS Tweezers




gper  SERS phenomenology ©)

Molecules laying on metal nanoparticles and in their interstices experience an
enhanced excitation field due to localized plasmon resonances

Molecules will experience an enhancement of the scattered fields

HOT SPOTS

Extinction (a.u.)

400 450 500 550 B00 650 700 750 800 859 R | Enhancement Enhanced
il Factors
Wavelength (nm) \ > W7l 2

Excitation field

E/oc =T (ﬂ“L )Eo

exc

» Fleischman et al., Chem Phys Lett, 26 (1974), p. 123 E — F ( Z ) E
> Albrecht MG, Creighton JA, J. Am. Chem Soc., 99 (1977), p. 5215 SERS rad \”*R/=—Raman
»Jeanmaire DL and Duyne RPV, J. Electroanal. Chem, 84 (1977), p.1
»E.C. Le Ru, P.G. Etchegoin, Phys. Chem. Chem. Phys., 10 (2008), p. 6079




ﬁjl’PCF OT of Au NanoAggregates
LASIS
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Messina et al., ACS Nano 5, 905 (2011)



Surface-Enhanced Raman @

Tweezers BOVINE SERUM

. , ALBUMIN (BSA)
Use the SAME light to trap and excite SERS
Trapping wavelength 785nm > 695nm MNP Aggregate SPR

Laser beam a 10000

Objective

Optical Trapping
& SERS on
Plasmonic
Nanoaggregates

2
5
g
<
2
2
E

600 800 1000 1200 1400 1600 1800
Raman Shift (cm”)
The huge electromagnetic field enhancement

enables dramatic increase of the vibrational
signal of molecules located in the hot spots.

Messina et al., J Phys Chem C 115, 5115 (2011)
Messina et al., ACS Nano 5, 905 (2011)




i?‘PCFA biosensor based on optical forces @

Optical forces aggregates plasmonic
particles and create “hot spots”’on demand

BOVINE SERUM
ALBUMIN (BSA)

Use the SAME light to push and excite SERS, Pushing Wavelehgth 633nm < 687nm Nanorods SPR

Proteins (BSA) are detected directly in their natural (PH) liquid environment with high sensitivity
B. Fazio, et al., Scientific Reports 6 (2016): 26952




iijCF Time evo!

a. Phe ring breathing
b. Aromatic aminoacids and Amide |
c. CH stretching region = 4

ution of SERS spectra Cﬁi )

ra Phe
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&@fPCF SERS Detection at low molar (=
concentration —

Creation of HOT SPOT region 1n liquid environment for
high sensitive spectroscopy

10s, 4 acq, 50X after 30 " of laser power at 7 mW

SERS épectra from

BSA 310'7 M in Pés :
f f aggregate of Au NRs

BSA 310'6 M inPBS
| Bsa §1o'4M in PBS

*Detection of BSA at
concentrations as low as
10"M
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— Raman scattering by 5
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B. Fazio, et al., Scientific Reports (2016)




@PCF Wavelength dependence @

P=4 mW, after 500 s S. Bernatova, et al., J. Phys. Chem C (2019)
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Average velocity of aggregation is estimated in the linear regime (before
saturation) as the size of the aggregate divided by the aggregation time




Power dependence of
aggregation velocity
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StpCF Controlled patterning for in
situ SERS detection

A. Foti et al., Materials 11, 440 (2018)




CPCF Outlook
/ Optical forces /

Callbratlon . = Raman
,'_' e 2 Tweezers Graphene, Nanotubes -
; } metrology in LP i R

SERS Tweezers
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CHPCF SPACE Tweezers @

Optical forces were “born” in SPACE .
s Bring them back “home”

Trap and investigate nanoparticulate
matter in space or planetary atmospheres

Nanomaterials and

nanophotonic design

T weezers

Spa clle IsTITUT S 4 i s
@ Nalians ,‘_”ﬁ' Edited by A. Magazzit

Atwater et al. Nat Mater. (2018)
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‘wper  SPACE Tweezers &

Optical forces were “born” in SPACE -

Bring them back “home”

Trap and investigate nanoparticulate
matter in space or planetary atmospheres
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Nanomaterials and
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Localised surface plasmon

electric field

electron

=> Collective oscillation of the electrons inside the nanoparticle

=> Interaction with light

Amendola, V., Pilot, R., Frasconi, M., Marago, O. M., & lati, M. A. (2017). Surface plasmon
resonance in gold nanoparticles: a review. J. Phys.: Cond. Matt., 29, 203002.




ijﬂ’CF Plasmonic Tweezers (ﬂ
/ Juan et al., Nat. Photon. 5,349 (2011); Marago et al., Nat. Nano. 8, 807 (2013)

Surface Plasmon Polaritons Localized Plasmon Polaritons
Plasmonic landscape (microscale) Nanoantennas (hot spot trapping, nanoscale)

Volpe, PRL 96,

B00 4
238101 (2006). | .10 Grigo;erélé%, z\lz?)t(.)g’)hoton.
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ﬁiPCF BSA+Nanorods Extinction @

NRs are aggregated by optical forces
and glued by plasmonic heating at the
surface of the sample chamber

In solution UV spectra
do not change

— . 0.03 -
' s b ?“As
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| )
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= = 0.00F 527 nm b
Ll ~ : ©
ni 40.02
i 40.01
2 = 3 & § 2 h- i " l . [ 4 3 0
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Wavelength (nm)

v' Broadening and red-shift of the plasmon
resonance, nanorods are coupled. This
leads to enhanced fields, and then, SERS
amplification of biomolecules spectra.

Wavelength (nm)

v" Protein-Nanorods complexes in
solution are composed by individual
NRs surrounded by protein layer.

B. Fazio, et al., Scientific Reports (2016)



ijiPCF Optical Tweezers & Force Sensing @

Mumination « Standard OT with QPD forward or back
[S,=(Q1+Q3)-(Q2+Qd) -

QPD Lens Dichroic
Mirror  Multiwavelength: 830nm, 785nm, 633nm,

detection

Q1 _Q2 2 n

o V| 417nm, White Light Source

 Radial Polarizer (arcoptics)

Cond _ _ .
ondenser - Piezostage (1nm resolution)

Trap
Region % » LC waveplate

710 760 810 860
Wavelength (nm)

Computer 100X, 1.3NA - Galvomirrors

Objective

Back focal plane interferometry
combined with a QPD is sensitive

_+CD =.__Zymchmic to Brownian fluctuations

830 nm 1:4 Beam WL . - -
Laser Diode Expander ~<— Lens Brownian motion is a key

s ingredient in Force Sensing with
CCD optical tweezers.

NIR light ensures very low water absorption




Liper How do we measure forces? ()

We measure the interference pattern
between scattered and unscattered
light in the back focal plane on a QPD.
Time evolution is proportional to the
particle positional fluctuations.

L0 @lnl

« S.=(Q1 +Q3)-(Q2 + Q4)

Brownian motion is the key
ingredient to calibrate
Optical Tweezers.




ijiPCF Brownian Motion for a bead Cﬁi]

« Equation of motion of a damped harmonic oscillator subject to a randomly
fluctuating force: 12, Stokes

e

dt (1) Trap

« The term £(t) describes random (uncorrelated) fluctuations in force with zero
mean, i.e. R
21{}.1}_)’1 .

(&(t)) =0 (E(t+T)E(L)) = A7)

' ¥
f -

« Equation of motion in the overdamped regime:
voix(t) = —kx(t) + E(F)
« Calculate the autocorrelation of position fluctuations:

Cor(7) = (&(t)z(t + 7))

« The solution to which is straightforward:

Coz(T) = Coo(T = 0) exp(—wr)




Sgper  Calibration for a bead @)

GPD signal (V)

From QPD tracking signals we get
Autocorrelation Functions and
eventually the Force Constants

Cross-correlation XY

10™

Lag time (s)
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Con(T) = (Va(t)Vi(t + 7)) = B2Cza(T)
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Calibration factor
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&,@EPCF Different Analysis for the same data Cﬁz
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Magazzu et al., Rendiconti Lincei 26S2, 203-218 (2015) But different methods yield different information on the
particle dynamics




iijCF Optical trap potential analysis @

Dynamics m)  Probability

1 d

ydr

. ) ) U(x)
x(t) = ———Ul(x) + V2DW,(1) p(x) = po exp [_ EnT

20 10 0 10
Bin Center (nm)

=)

U(x) = —kgT log [p(z)] + Uy

x potential well [U/k;T]

Potential

From each signal we
can reconstruct the
effective trapping
potential in 3D




e =

Brownian Motion is more complex

{:}f}:i[:]‘:} L - r.g{f-:] | fgi[ﬂ}, 1
0:9;(t) = —8;0;() + &(1), J

From correlation 1:functions we can Cx,x, (1) = (Xi(t) Xi(t + 7))
extrapolate the force and torque ; _ 5
constants on the SWNT bundle Cej 'Bj'iﬂ = (0;(1)0;(t + 7))

Wy = Flkm, Wy = FJ_rICy,_, W, = F”Fx}

Relaxation Frequencies for
E’EI — FBF':'BTg ﬂy — FE] k-'té]y _ Translational and Angular Motion

Hydrodynamics of a rod-like nanostructure
is embedded in the relaxation frequencies




@PCF Surface Plasmon Polaritons and @

Localized Surface Plasmons

Bulk plasmon

Amendola, V., Pilot, R., Frasconi, M., Marago, O. M., & lati, M. A. (2017). Surface plasmon
resonance in gold nanoparticles: a review. J. Phys.: Cond. Matt., 29(20), 203002.
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:ﬁjfpcp Plasmonic Mesocapsules . "2

w
Mesocapsule: external porous Silica shell 30nm, internal AuNPs with diameters ™"
11nm. Capsule diameter 1.4 microns

b |
Silica

Au

SERS Tweezers
[ 5cN-c)) Methylene Blue 10°M

v(C-C) ring
v(C-N)

N

(&)}

o

o
T

Intensity (counts)

activated to release specific molecules in-situ 'v ‘
O kit i o st Yot
400 600 800 1000 1200 1400 1600

Spadaro et al. J Phys Chem C (2017) Raman shift (cm”)

Cargo mesocapsules can be manipulated and

SERS enhancement due to AuUNPs in the inner walls of Mesocapsule, that can
be reached by MB molecules thanks to the porosity of the shell.




Optical Trapping in Dipole Approximation
Particle size parameter is small, x = k,,a < 1

Interaction of electric field of laser with induced dipole in dielectric p(r,t) = ap,E(r, 1)

The (harmonic) trapping potential is defined by the incident light intensity

(F)pa =| =R {a,} VI(r)

2 ce m

‘{"T(lip = —P- E
Egrad X KI(?) — —R;T;

Gradient force

J. R. Arias-Gonzalez and M. Nieto-Vesperinas, JOSA A (2003)

%103
05 =15
o —gii} fo L Bl 050N § ;
P Cm W .
g 6
R{a,} 1 73
.c.p. P ¢ ol _,Q ‘_2 0 L 4
B = '—1—1 (2 — 2kmzo + LmHU) —5 b=2P/twe? %
Ny 2 . ,
O. Brzobohaty et. al. Opt. Exp. (2015) 05

0.5 0 0.5
z - displacement (zm)
Paolo Polimeno



Resonant gain metal/dielectric nanoshell

Under a pumping

aNUM(Ela €2,£3, p) =

threshold, nano- p= E
shell shows a stable apen(€1, €2,€3,p)
dipolar field.

a

o L : €5 water
a> G (g0 — e3)(e1 + 223) + p°(e1 — £2)(e3 + 225) C(isollvent)

. _ = =5 ielectric

a, int. radius (2 + 2e3)(e1 + 222) + 2p3(e2 — £3)(e1 — €2) permittivity

a, ext. radius *

Steady State Gain dielectric permittivity

GA
£ —Ep —
% : 2(LU — wzl) + i
g, dielectric host permittivity
Nty -

G = S[e1(wa)] =

B 3ﬁ€0

2

T =

2

Single metallic nanoparticle permittivity
(Drude model)

w?

w(w + 2ivy)

A. Veltri and A. Aradian, Phy. Rev. B (2012); A. Veltri et al., Sci. Rep. (2016)

In our calculation,

p =0,77 and a, = 20 nm




i?iPCF The Scattering Problem — Multipole Expansion (—d

Helmholtz equations

(V4 HQ!;E)E = , aks nzlf 1B =0

Boundary conditions E,=E.+E E,=E,

AX(EQ—El):G. ﬁX(Bg—Bl):U

Expansion of the incident field _ Expansion

'* I :E Z Z TT:(IIT)Ir]‘]{l )_’_”1??)71'];22( )

T = 5 (k) Xy (7) ﬂg_—vXJ“

Im Ilm

coefficients

Vector spherical harmonics

Magnetic multipole Electric multipole X = (1 + 1)]_1’1214}'}??1

F. Borghese, P. Denti, and R. Saija, Scattering from model non-spherical particles (Springer, 2007)



gj‘PCF The Scattering Problem — Transition Matrix (—

Expansion of the scattered wave

=B 3 AN+ AZHE

=0 m=-—1

Expansion of the internal field

(1 (2) 1(2)
’* I' :E Z Z UpImJIm +”plm'] ( )

=0 m=—1

Boundary conditions By imposing the Boundary conditions at the

particle surface it is possible to find the
nx(E,—FE;{)=0 = relation between the A and W coefficients

co 1 EH — TEI
Al =202 - T- Matrix

Borghese et al., J. Math. Phys. (1980); Borghese et al. Aerosol Sci. & Tech. (1984)




e £nO nanowires in 2-beam traps in air IS]
and vacuum e

Commercial samples
L=1 micron, d=70 nm

NA=0.5, wy = 2.8 um beam waist




ﬁjﬁ’CF QPD detection of rotational dynamics
vs Pressure

- b) , x10°

a) 10° ¢

1000 mbar
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Translations (background) Rotations
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- [ " [ | T |
rans rot,?
PSD(€2) = 2 [(QE —Qt2)24:r2 Q2+Zz’ (e ;— %)% 4T 2, ,L.Q2]

e transl transl rot,%

Damping decreases with pressure, hence rotational frequency increases
Length controls both transferred torque and damping




