Forces and Heating in Plasmonic Particles
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Optical forces at plasmonic particles: geometrical

configurations
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Excitation plane wave field strength: |Eq| = 108 V/m




Optical force calculation

The optical force is obtained from the equation of conservation of

momentum
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is the Maxwell stress tensor.



Optical forces near a plasmonic particle

For time-harmonic fields
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Then, the mechanical force is obtained by
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and the trapping potential is
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Optical forces at plasmonic particles: far-field total

cross-sections (AQ)
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Optical forces at plasmonic particles: far-field total

cross-sections (Ag vs. Au)

L-conf. far- ﬁeld CrOSS sections: 1A rud+ 1A ssahere

L-cont. far field cross-sections: 1 Au rod + 1 Au sphere
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Optical forces at plasmonic particles: near-field (Ag)

freq(3)=2.939142e14 Surface: emw.normE/EO (1) freq(1)=2.997925e14 Surface: emw.normE/EO (1)
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Optical forces at plasmonic particles: MST force

components (Ag

Ag I-conf. force cumponenls (Maxwell slress lensor caJc;JIauun)
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Optical forces at plasmonic particles: MST force

components (Ag vs. Au)

Ag L-conf. force components: (Maxwell stress tensor calculation) Au L-conf. force componenls (Maxwell slress |ensor calculallon)
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Thermal plasmonics

Resistive losses in plasmonic particles generate heat @

m The temperature distribution close to the particle is governed by

oT
pcp— + V' (xgVT) = —q(r,t)

ot
m The transient time 7 required to reach the steady state is given by
R2
D

where D = «x/(pcp) is the thermal diffusivity. For a sphere of radius
R =100 nm in water (Dyater = 1.43 x 10-8m?s~1) 7 =~ 0.7ps.

m In the steay-state regime V- (xsVT) = —q(r). The total heating
power is @ = 0,,./0, and the maximal temperature for CW
illumination is

ATyp= ————
NP 4n Req Kwater



Thermal conductivity of materials

Material Thermal conductivity: x / (Wm~1K"1)
water 0.58

gold 314

silver 427

silicon (crist.) 149

silicon (amorph.) 1-4

quartz (fused silica) 1.38

SL graphene 4800 - 5300 (%)

(*) Balandin et al., “Superior Thermal Conductivity of Single-Layer Graphene”, Nano Lett. 8, 902 (2008).

For a gold sphere (7 = 30 nm) in water, illuminated by a plane wave
with an intensity of 2 m\W/um? (A =550 nm, CW) a maximum
temperature of AT = 115 K can be reached above the temperature of
the medium in thermal equilibrium.



Thermal effects on plasmonic particles

The maximum temperature increase is given by
UabsIO 2
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For the rod, g~ 1.1 and R,, =47.6 nm
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Figure 3. Universal dimensionless thermal-capacitance coefficient 3 for ellipsoids, rods with hemispherical caps, disks, and
rings as a function of their aspect ratio D/d (see insets). This coefficient relates the temperature increase of an irradiated nano-
particle to the absorption power and the thermal conductivity of the surrounding medium, according to eq 4. We show nu-
merical simulations (symbols) compared to the fitting functions of Table 1 (curves). The value of § is given for a particle of vol-
ume equal to that of a sphere of equivalent radius Req = (d?D/8)" for ellipsoids, Req = [(3D — d)d?/16]"* for rods, Req = (3D%d/
16)" for disks, and Req = (3md?D/16)"? for rings.

Baffou, Quidant, Garcia de Abajo, “Nanoscale control of optical heating in complex plasmonic systems”,

ACS Nano 4, 709 (2010).



m Ag and Ag NPs can trap other NPs, reaching optical forces of
several pN at intensities of ~2 mW/um?

m Au NPs can generate large temperature gradients, when excited
at the plasmon resonances

m Temperature simulations will be done to confirm the predicted
temperature increase

m COMSOL Multiphysics MST forces calculation work fine on v4.2a

m COMSOL Multiphysics MST forces calculation fail on v4.3a and
v4.3b



Acknowledgements

Taron Makaryan (Yerevan State University, University of Cambridge)
Hayk Minassian (Yerevan Physics Institute)
Armen Melikyan (Russian-Armenian (Slavonic) University, Yerevan)

Funding:
DFG, WoIkswagenStlftung

DFG Yy . VolkswagenStiftung




Thank you!



