[Ctpcr | @)
Optical Trapping of Nanostructures

Femtonewton Force Sensing and Ultra-sensitive
Spectroscopy

Onofrio M. MARAGO

CNR-IPCEF, Istituto per i Processi Chimico-Fisici (Messina, Italy)

marago@me.cnr.it

Laser On

NanoSpain
ConT © ©° 2012

Stable trap _Sum_

FEBRUARY 27 - MARCH 01, 2012
SANTANDER (SPAIN)



Outline

Optical Trapping & Force sensing
OT of Linear Nanostructures (SWNTs & SINW)

» Brownian motion & Force sensing
» Size-scaling

» Optical Binding

OT & Raman OT of Graphene

Plasmon-Enhanced Forces & Spectroscopy

> SERS Tweezers

» Optical Forces on Hybrid Nanostructures, Nanoswimmers

Conclusions




PCF L ight Moves Matter (ul

J Kepler (1610)
comet tails are the result

of light pressure

" Radiation Pressure | o

 Hale-Bopp

J C Maxwell (1864)
light pressure is explained in electromagnetic theory

P Lebedev (1901)

measures light pressure for the first time

A Ashkin, T Haensch & A Schawlow (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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Since the discovery of the optical gradient force in 1970 and the first use of laser beams to manipulate
microscopic and atomic systems in 1986, optical manipulation has proved to be a versatile optical tool
for uncovering mysteries throughout many fields of science.

Arthur Ashkin
Biological Applications -

Roadblock

Holographic Tweezers
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GaperF Theory of Optical Trapping

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

Rayleigh Regime, d/A <<1
» Force divides into two components: gradient
force and the scattering force

Ray Optics Regime, d/A >>1
»Microsphere acts like a lens
» Trapping forces from reflection and
refraction of rays
»Forces proportional to gradient of intensity

Complex Region, d/A ~ 1
» Full electromagnetic Theory
» Vector character of laser field
» Make use of Transition-Matrix approach Fraq = 1" / - (Ty) A
» Extension to non-spherical particles! '

Rohrbach, PRL (2005); Singer et al., PR E (2006); Borghese,Denti,Saija,lati, Opt. Express (2007); Borghese,Denti,Saija,lati,Marago, Phys Rev Lett (2008);
Saija,Denti,Borghese,Marago, lati, Opt. Express (2009); Bareil & Sheng, Opt. Express (2010); Simpson & Hanna, PR E (2010); ...




@i‘PCF Optical Tweezers & Force Sensing @

INlumination

S, =(Q1+Q3)-(Q2 + Q4) ) « Standard OT with QPD forward or back

Qpp  Lens Dichroic  detection
| Mirror _
= \  Multiwavelength: 830nm (150mW), 785nm

3 4 U
| 1 (80MW), 633nm (17mW), 417nm (30mW)

BFP .. ...
— » Radial Polarizer (arcoptics
Ccmdensercu> ( P )

» Piezostage (1nm resolution)

Trap T
Reoi .
FENR « Galvomirrors

Computer 100X, 1.3NA
Objective Back focal plane interferometry

combined with a QPD is sensitive

A2 . X
to Brownian fluctuations

o e Dichraic

830 nm 1:4 Beam BANIE . - -
Laser Diode Expander ~~=— Lens Brownian motion is a Kkey

T ingredient in Force Sensing with
CCD optical tweezers.




@i‘PCF Brownian Motion for a bead C@]

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

" ‘ ~(7) Trap

« The term £(t) describes random (uncorrelated) fluctuations in force with zero
mean, i.e. o
2.’2}3 A

)(7)

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

C..(7) = (&()x(t + 7))

« The solution to which is straightforward:

Cn(7) = O = 0) axp(—tor)




Lgper  Calibration for a bead

 QPD signal (V)

8

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

Cross-correlation XY

107

Lag time (s)

107

Autocorrelation:
Meiners&Quake, PRL (1999)
Meiners&Quake, PRL (2000)

Rohrbach, PRL (2005)
Volpeé&Petrov, PRL (2006)




SPCF Photonic Force Microscopy @)

Scanning Probe Technique based on Dual trap with actin filament
Force Sensing with Optical Tweezers Myosin steps along actin

|" Tather length »l

Distance (nm}

200 nm Latex Bead Time (s)

Data from: A. Pralle et al, Single Mol. 1 12 (2000) Data from: A. Mehta et al, Nature 400 590 (1999)




<eer OT of Linear Nanoprobes @)

KNbO3 NW as Nano Light Source | Nanowires:

l I for Nano-Optics. Agarwal et al., Optics Express (2005)
Pauzauskie et al., Nat. Mat. (2006)

Optically Infrared [ Nakayama et al., Nature (2007)

iy b oot it S\ Borghese et al., Phys. Rev. Lett. (2008)

nancwire \ S 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: 4 Z4 Laser On
Tan et al., Nano Lett. (2004) ‘fc\.u-' ) g

N &

N7 RS

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)

Nanofibers:
Neves et al., Optics Express (2010) Stable irElﬂ 5 LM




OT theory

Radiation Force and Torque on non-spherical linear nanostructure
particles in the T-matrix formalism Xpp<<1l and x ,~1

FF{ad — TIQ/ - (Th,-*])de Pﬂad = —'i"'fg / f‘! . (Ty[> pe f'i de
0 Jar

where (T,,) is the time averaged Maxwell stress tensor

(@)
KNbO, '

: Zn0O L GaN
Latex ¢ ¥
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A . Polarization and Geometrical asimmetry ‘

A ) _1_ —
200 o, Kp=1-K,/x, K=(K, 1%, )/2K,

Ref?é%tive inde:;( 3.5
Singer et al., Phys Rev E (2006); Borghese et al., Optics Express, (2007); Borghese et al., Phys Rev Lett (2008);
Bareil & Sheng, Opt. Express (2010); Simpson & Hanna, Phys Rev E (2010);

S. Albaladejo, J.J. Saenz, M.l. Marqués Nano Lett., 2011, 11,4597-4600 (Nano Sail)




SpcF Hydrodynamics

Broersma, J.Chem.Phys. (1981);
Tirado et al. J. Phys Chem C(1984)

Hydrodynamics of a rod-like
nanostructure is anisotropic

r Inp+d. I In p+a,
- danl 7 | 2mnL

3 n p+da
Io J_Lrl

L

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

Se~ Be (X +0a0;); Sy~ 5, (Y +00,); 5. ~ .2

Small angle approximation
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Brownian Motion is more complex

{i}f}:;{[]‘t} L r.gl[f-) | éi[:]':}, 2 L, Y, 2
9,0;(t) (,0;(t) +&(t), ==y

From ci)rrelatri]onffunctionzI we can Cx,x,(7) = (Xi(8) Xi(t + 7))
extrapolate the force and torgue ; _ 5
constants on the SWNT bundle Gejej{T] = 'xE}j'if']Hj“ + 7))

we = ') “y T FJ"I"E"’ Wz = F”FL‘? Relaxation Frequencies for
ﬂ'I — 1“9;&9?! ﬂy — Ftélktély- Translational and Angular Motion

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




Swper  Correlation Functions @

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

Fast
fluctuations | ==

8
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3
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z

O oy
a b T Ill-'n
/ Simple Exp for

Slow /
| precession |/ [ Z and Cross

\
C,

\

Cross-correlation

‘W*“D%:HTM?%HW “WMWWZ?’"W o g Non-conservative forces:

2 [fj” 2 _ Simpson&Hanna, PR E (2010)
Lag time (s) Lag time (s)




PPCF Eoree and Torque Constants
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Force constants (pN/pm)
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Polarization and Geometrical asimmetry are
consistent with OT theory of linear nanostructures

FemtoNewton Regime!




S#PCF Brownian Motion of Nanotubes @)

SWNT bundle Latex Bead 2um

el
s 250

Angular fluctuations | Hystograms of
within 1-2 deg ' ﬁ ﬁ 3D CNTtracking

Ex10°

g 4x10°
3

2310°

0

=20 0 20 40 40 =20 0 20 40 -400 =200 0 200 400
Transverse fluctuations S, (nm) S, (nmy) S, {nm)

in the 10 nm range




Sweer Force sensing blue light

Trapping with 830nm Pushing with blue 417nm@ low power

'%, (,7/77) 250

Az=19+2 nm Az=44+3 nm
Foiue=K,Az=16+3 fN Foiue=45+9 fN

Uncertainty due to

Nanotube Length Poie=170 pW Ppiue=250 pW

C

=cF/nl,=1100£200 nm?

ext

FemtoNewton Regime!




Swper  OT of Silicon Nanowires @)

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

We can now control the
length and the diameter

Length controls optical
forces and torques

Size-scaling with the
Size parameter xL=rnL/A

Similar behaviour as for nanotube bundles but controlled size




S CFSize-scaling in OT of SINWSs
A sdeorz o2 [d L
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Kretschmann configuration

Optical binding forces arise in the microscope

objective thin

presence of multiple particles. These coverslip

microparticles

particles scatter the incoming light . water 7=1064nm
and the scattered light induce optical . - laser

forces on the nearby particles. Xr P —e—_beam
|

dove prism
lens

mirror

* Nanotubes align end-to-end with k-vector of the evanescent
standing wave

» Polarization of evanescent field has no effect on alignment
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0 25
distance (um)

Novoseloy, K. S., et al.,Science (2004) A.H. Castro-Neto et al., Rev. Mod. Phys. (2009)
Applications to Photonics: F.Bonaccorso et al., Nature Photon. (2010)




gperE Graphene: Liquid P
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Sper Raman Tweezers Setup

g
+ HeNe 633nm, 10 mW Lamp ¢
' Excitation/trapping beam

» Edge filter@633nm = Raman signal Condenser
Illumination —

e Jobin-Yvon Triax 190 .
TG —
Pl Stage .

spectrometer
Beam

Expander Mirror
Interference

.
ilter —

Raman & Photoluminescence
inspection of trapped samples Edge

» Avalanche photodiode, SPC | LaserHeNe

(Perkin Elmer)

E.g., Inspection of Graphene flakes Vides Caiiiard

' — Tra;;ped Fla;<e -
D {exc. 633 nm) ?ldﬂ%r"{'ﬁ Spectrometer
G D - Avalanche [ I
Photodiode ; - 0_0><0_ )
. / i I Mirror

Pinhole

Beam Splitter

Intensity (arb. un.)

1200 1600 2000 2400 2800 3200

Raman shift (cni’) Marago, O.M., et al.,ACS Nano 4, 7515 (2010)




Swper OT & RT of Graphene @)

a 200 42 Low power (2 mW) for stable OT
- 7

y AND Raman@633nm

ot 4 -ii
i hdi
i / Yy

X/ ¢ : I.X'Hﬁ) o
21

Objective lens

—— Trapped Flake
D (exc. 633 nm)

G

NIR Light

Intensity (arb. un.)

Laser On
Stable trap

l::,l 1200 1600 2000 2400 2800 3200
Rarman shift (cmi")
==
Marago, O.M., et al.,ACS Nano (2010)
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gj‘pcp RT Spectroscopy on DGU Flakes (@

Intensity (arb. un.)

1200 1400 1600 2500 3000 T EEERERT T *We trap individual flakes and
Raman shift (cm™) ) ) ) )
' ' measure smaller FWHM than
micro-Raman on a substrate

FWHM (2D)

*Top fractions show up to 70%
monolayer flakes consistent
with TEM analysis

I(D)/I(G)
I(2D)/I(G)

11.0

r B micro-Raman @ 514.5nm
A Raman Tweezers @ 633nm

1.10 115 1.20 125 1.10 115 1.20 1.2%°

Buoyant density (g/cm®) Buovant densit $




nian Motion of Graphene (@)

Hydrodynamics Langevin

ol X(t) = Tk X(1)+&(t)

—Tyk, Y (1) + & (1)
= Tk, Z(t)+&(1)
= —T["kyo(t) + &4(2)
= —I"kef(t) + &(t)

QPD Signals and Correlations

Se~ e (X —agp+b0); S, ~8,Y +co); 5, ~ 3.2

ﬁg [C}.L v + 12 Cﬁﬁ + B2 ng]
ajz [C} Y + Cz Cq_jﬁ'_l}j|

af / _I ,.if Cyz

— I.':-lr. T I‘:aly .III\.\. C Cﬁf_}{[‘,{'}

I Ratatians

Lag time (s)




@PCF Brownian Motion of Graphene (@)

~ Latex bead b ~ SWNTs C Graphene
| — . i

s 09
ey 0.4

d Translations

Rotations ||

0.0 05 05 0.0 05 -10 05 0.0 05
SK (um) Sy (um) S, (1)

Angular fluctuations within 7 deg Torque 6 fN nm/rad

Transverse fluctuations 50 nm Transverse Force 1.5 PN/pm
Axial fluctuations 200 nm Axial Force 0.1 pN/pm
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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 NM 1
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Saija R et al. Optics Express (2009)




@‘PCF Plasmon

g(a))zgooJrZ >

Lorentz-Drude model for dielectric constant o O — O

using tabulated fit parameters that agrees well
with experimental data and exploit plasmon a(w) = 47Z808.3 &(w)-¢,

resonance to enhance optical forces

& (w)+2¢,

wIM{a(w)}; Cy =

k4 2
F (1) == 1(1)
| 67cn’€;

(Fyut ) = +Re{(@))V(I E I*)




tPeF  Polarization Orientation of @)
Nanorods (Shape Matters!)

c
9
2 os
x
LLJ

400 500 600 700 800 900 1000 1100
Wavelegth (nm)

Gold Nanorods align with
polarization in the trap and
they can be easily rotated.

Jones et al., ACS Nano (2009) 3, 3077-3084




#PCF OT of Au NanoAggregates (@)
LASIS

I1)

pyridine

T[T

Messina et al., ACS Nano 5, 905 (2011)

Also used for Magneto-Plasmonic (Au-Fe) Nanostructures!




i}iPCF Enhanced Forces on Aggregates

b
§E1di

=
g
-

d

107

10%¢

SR T W PR W

—
—
—
o
9\
~
LO
o
(@]
Te)
o
(-
(4v]
=
V)
@)
<
©
+—
(¢D)
qv]
£
wn
(7p)
D
=

107 ' ‘ 107 10
r(nm) r(nm)

Force on a sphere has volumetric scaling, while for an Aggregate
Scaling reflects its Fractal structure




G#PeF  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

I}
=
5
<
2
2
E

"G00 800 1000 1200 1400 1600 1800
Raman Shift (cm”)

Messina et al., J Phys Chem C 115, 5115 (2011)




LPCF Active Plasmonic Nanoswimmers (@)

Collaboration with F. Priolo (Catania) & G. Volpe (Bilkent)

ilicon Nw ; Length:800 nm

Si Nanowires with a Gold NP
Width= 100 nm

Interesting for optical trapping,
probing, spectroscopy, ...

Green Laser off Green Laser on
Sad nanoswmmer| Happy nanoswmmerI

Tunable & Directional
Brownian Motion
Self-Diffusionphoresis in a
critical mixture
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Can we apply Laser Cooling
to Nanostructures?

Graphene

Hybdridization of Nanostructures plays a crucial role in getting
Quantum resonances that can help the Laser Cooling.

A. Ridolfo, et al. ACS Nano 2011, 5, 7354




5P uantum Plasmonics: Quantum '
E@lPCF Q Q Cﬂ
Interference In the Contmuum
A. Ridolfo et al., PRL (2010); Tra-2x102mev N\
S. Savasta et al., ACS Nano (2010) A somey

— |E-":}

T T
Jh A =-30meV

g
sP-QD | coupling
9>

Scattered Intensity

2900 | _ 2800 2900
Energy (meV) Energy (meV)

E

inter-band

The MNP-QD molecule is a
saturable scatterer

Koppens et al., Nano Lett., 2011, 11, 3370—3377'

intra-band |
Ke 2k k,




g?ﬂ’q’ Sub-Doppler Temperature @

T=1.7 K, q=1.99

a) " Dgt””'“ﬂ Fuy 8 Temperature from the diffusion process in
. : - momentum space. Balance between
2 0.4/ @ U > cooling and scattering processes.
E i <
= 2 e 2
-ﬁ 02l 1 ,' a7 zf;'ﬂ'r zfiﬂ 30 1% TF (q + E) (E + 1)
X ] oy | e T —
g : | E Tp 2(1—eq)
5 ; % - - ’ 2.0
- o ——
00 534 2.936 2938 °
b 5 0 5 10 o
) m — . : — 4.0 P 15
o 10} @@ | &
c =
= O
E 2 o 1.0t
2 05} o
3 8
W)
g |d_:' 0.5
) 0
"2.795 2.796 2797
Energy (eV) -

T=450 mK, q=1.71 Detuning ¢




SipCF Conclusions

Optical Trapping of Linear Nanostructures (Nanotubes & Nanowires)

* Brownian Motion — Role of 1D Geometry
* Force Sensing with Nanotubes (Nanotube-PFM)
* Raman & PL Tweezers (Individual bundle spectroscopy)

* Size-Scaling in OT of Linear Nanostructures

Plasmon-enhanced Optical Trapping of MNPs

* Measure of Optical Forces & Rotations

Objective

* Force Calculations and Scaling Laws | Optica Trapping
on

Plasmonic
Nanoaggregates

*SERS with Trapped Nanoaggregates

T T / T T
D ‘ Raman Tweezers@633nm I

Optical Trapping of Graphene

* Brownian Motion — Role of 2D Geometry

Intensity (arb. un.)

* Light forces on Graphene flakes

1200 1400 1600 2500 3000 * Raman Tweezers (Individual flake spectroscopy)
Raman shift (cm™)
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