Fano-Doppler Laser Cooling of Hybrid
Nanostructures

Alessandro Ridolfo,"* Rosalba Saija,* Salvatore Savasta,* Philip H. Jones,® Maria Antonia lati," and
Onofrio M. Marago™*

fIstituto per i Processi Chimico-Fisici, IPCF-CNR, 1-98158 Messina, Italy, *Dipartimento diFisica della Materia e Ingegneria Elettronica, Universita di Messina, Messina,
Italy, and *Department of Physics and Astronomy, University College London, WC1E 68T London, United Kingdom

n the last decades, laser cooling' ™ has

been at the heart of intense research in

atomic physics.” The ability to precisely
control the external degrees of freedom,
such as position and momentum, of atomic
systems has led to outstanding achievements
such as Bose—Einstein condensation of alkali
metal atoms,®” investigation of many-body
physics with ultracold gases,® and ion® and
molecule'® cooling for quantum information
processing.''? Moreover, optical forces are
the crucial enabling step in experiments and
protocols aimed at probing the quantum
regime of complex particles,'*'™ emerging
quantum phenomena at the macroscale,''®
and opto-mechanics.'” Despite this great
success, extending conventional laser cool-
ing to anything beyond an alkali-like atomic
species is challenging.

Quantum interference is ubiquitous in
physics.'®' Itis often evidence of the emer-
ging quantum nature of a system. Historically,
the interference between two transition am-
plitudes was independently pioneered by
Majorana®>?' and Fano*? in the context
of autoionization.'® Quantum interference
between discrete energy levels®*?* also plays
a special role in laser cooling of atoms where
the occurrence of coherent states uncoupled
with the light is responsible for sub-recoil*
and electromagnetic-induced transparency-
assisted cooling.2°~ % The so-called Fano line
shapes have now been shown to occur in a
huge variety of systems,'®?° 32 as a conse-
quence of the coupling of a system with a
discrete energy spectrum to a continuum or
quasi-continuum of states. Of particular inter-
est are hybrid nanostructures, that is, systems
composed of a quantum emitter (QE) and a
plasmonic nanoparticle, which have very re-
cently been shown to exhibit both extinction
and scattering cross sections with Fano reso-
nance line shapes®?~3° as the discrete levels
of the QE are coupled to the plasmonic quasi-
continuum.

RIDOLFO ET AL.

ABSTRACT Laser cooling the center-of-mass motion of systems that exhibit Fano resonances is
discussed. We find that cooling occurs for red or blue detuning of the laser frequency from resonance
depending on the Fano factor associated with the resonance. The combination of the Doppler effect
with the radiation cross-section quenching typical of quantum interference yields temperatures
below the conventional Doppler limit. This scheme opens perspectives for controlling the motion of
mesoscopic systems such as hybrid nanostructures at the quantum regime and the exploration of
motional nonclassical states at the nanoscale.
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electromagnetic scattering theory

Here we show how the variation of radia-
tion pressure cross section around a Fano
resonance can lead to a velocity-dependent
scattering force and hence optical cooling.
Surprisingly, this scheme which relies on the
Doppler effect is capable of producing cool-
ing below the conventional Doppler cooling
limit because of the unique features of the
Fano resonance line shape. We first describe
a general analysis of laser cooling on sys-
tems with scattering and absorption cross
sections exhibiting a Fano line shape and
identify a nonlinear cooling regime when
the laser wavelength is tuned in the vicinity
of the destructive interference region. Then
we focus on how this scheme can be ap-
plied to hybrid nanostructures and estimate
the ultimate temperature in the milli-Kelvin
range for exemplar structures consisting of
a quantum dot (QD) coupled to a silver
nanoparticle or dimer.

RESULTS AND DISCUSSION

Laser Cooling on a Fano Line Shape. We start
by considering the scattering force on a
particle at rest>*” (see also Methods):
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where n is the refractive index of the sur-  19.1021/nn2022364

rounding medium that in the following is

assumed to be vacuum (n = 1), | the light  ©2011 American Chemical Society
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Figure 1. (a) Sketch illustrating the laser cooling configuration for a number of hybrid nanostructures. Two counter-
propagating laser beams interact with hybrid metal (MNP)—quantum emitter (QE) nanoparticles, silica microparticles
sustaining whispering gallery modes (WGM) hybridized with plasmonic nanoparticles, graphene flakes hybridized with a QE.
The near-resonant excitation close to a Fano resonance is tuned by changing the incident light parameters (J,/) as well as the
coupling within the hybrid system (q,I') (see also refs 32—35). Radiation pressure cross section C(¢) (b) and Fano cooling force,
Frano(V) (). The Fano line shape and Fano factor, g, change with the coupling within the hybrid particle. The plots for a
Lorentzian, |g| = = (green dashed), and two Fano line shapes, g = 0.5 (blue dashed) and g = —1.5 (red solid), are shown. In the
region around v = 0, the force has a linear dependence demonstrating velocity damping for all three line shapes.

intensity, ¢ the velocity of light, and C,,q the radiation
pressure cross section. The latter can be expressed (see
Methods) in terms of the extinction and scattering
cross sections as®” % C.q = Coxe — gCsc, Where g is
the asymmetry parameter that depends on the shape
and optical properties of the particle (g = 0 for a
Rayleigh scatterer). For systems exhibiting sharp opti-
cal resonances, for example, atoms, molecules, quan-
tum emitters, or systems with whispering gallery
modes, both C.: and C,. exhibit a Lorentzian line
shape that determines the behavior of near-resonance
optical forces.”> Now consider a system with a radiation
pressure cross section exhibiting a Fano line shape
resonance such as the hybrid nanostructures discussed
above. In this case

r 2
(qE-i-w —a)o)
Cad = G——5+G

(@ — wo)? +

(2)

where g is the Fano factor, which characterizes the
interference of amplitudes for transitions involving the
discrete and continuum states'®'%?° (g regulates the
line profile that for |g| — < it becomes Lorentzian), T" is
the full width half-maximum (FWHM), w, is the Fano
resonance frequency, and C, and Cp, are the amplitudes
of the resonant and background cross sections,
respectively.

We now consider a particle with mass m moving
in one dimension at velocity v under the influence
of two counter-propagating laser beams (1D optical
molasses®) with wavevector k, and detuned from the
Fano resonance by anamountd = w — wq (see Figure 1a
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for a sketch). This results in Doppler shifts of Fkv from
the stationary particle resonance peak and thus a net
radiation force acting on the particle of Frano =
(I/0)(Cha — Craq), Where the + and — denote the cross
sections for the wavevectors parallel and antiparallel to

the velocity:
T 2
(q 3 +0F kV)

5 + G

G -
(0 F kv)? + T

(3)

In order to examine the general features of the Fano
radiation force and cooling process, it is useful to
define the reduced (dimensionless) quantities C =
(Craq — Cp)/C,, € =20/T, and v = v/v,, where v, =T/2k
is the velocity capture range of the cooling process
defining the range in which the force is linear with
velocity (see Figure 1c). Thus the reduced Fano radia-
tion cross section is (Figure 1b) C = (g + &)*/(*> + 1),
which yields a reduced Fano radiation force (Figure 1¢):

(@+e —N)? (g+e+v)?

€ —V2+1 (e+92+1

3 CFFano
Fano = Ic, =

(4)

For small velocities (v < 1), the force can be linearized
NV, Frano &~ —0U(q,€)V, With

4(q +¢)
241

& = _elg+ e)} 5)

(e24+1)

being the damping coefficient of the process. Cooling
of the center-of-mass motion of the particle occurs
when & > 0, while heating occurs for & < 0. In compar-
ison with conventional Doppler cooling on a Lorentzian
line shape resonance, we now have an additional
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Figure 2. (a) Density plot of damping a: in the regions | and
I, we have cooling; on the contrary, in the regions Il and IV,
laser heats specimen with the same Doppler mechanism.
The red dashed line represents the locus of points where

a = 0. (b) Damping a as a function of detuning for the
standard Lorentzian case, |g| = « (green dashed), and two
Fano factors g = 0.5 (blue dashed) and g = —1.5 (red solid).
For positive damping, the particles are cooled, while
negative damping is associated with heating.

dependence of the damping coefficient on the Fano
(line shape) factor, g. Figure 2a shows an intensity plot
of the damping coefficient as a function of the Fano
factor and detuning. Four regions can be identified
corresponding to either cooling, regions | and lll, or
heating, regions Il and IV. The light-particle interaction
in Il and Il presents similarities with the standard
cooling/heating process on a Lorentzian line shape;
for example, cooling occurs for red detuning, while
heating occurs for blue detuning. However, in regions
I and IV, the quantum interference giving rise to the
Fano profile is responsible for unconventional Doppler
cooling/heating. Not only can the cooling/heating
processes occur for blue/red detuning (conversely to
the Lorentzian case) but also the line defined by e = —q
is a dark line where damping and reduced radiation
cross section vanish. Examples of damping curves that
illustrate the occurrence of heating and cooling at
detunings where a Lorentzian line shape would ex-
perience the opposite effect are shown in Figure 2b for
values of the Fano factor g = 0.5 and —1.5. Thus, while
for a Lorentzian line shape there is a maximum for
£=—1,foraFano line shape, the detuning correspond-
ing to the maximum damping is dependent on q.

We now focus on parameters (¢,q) in regions land [l
where cooling occurs and calculate the cooling tem-
perature as a balance between the cooling process that
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damps the average energy of the particle in a char-
acteristic time 7 =m/2a and the heating by the random
momentum diffusion due to photon scattering with
rate R(e,q) = Fr,a/hk> The balance between these two
competing processes yields the equilibrium tempera-
ture that for laser cooling in 1D is written as® kgT =
(1 4+ nHKk*R/a. Here 17 is a geometrical factor that takes
into account the angular averaged redistribution of
scattered photons and for a Rayleigh particle (isotropic
scattering) is> 7 = 1/3. For a particle with a Lorentzian
resonance of width T, this yields the standard Doppler
limit temperature of kgTp = (1 + n)Al'/4 = AT/3. Thus,
following the same analysis and using eqgs 1, 2, and 5
for the Fano-Doppler cooling process we find that
Tr 2/- G
o a(C+C—a> (6)
We first consider the case with no background

contribution to the radiation cross section (C, = 0) for
which

T _(@+eE+1)

T~ 20 —eq) @)

Figure 3a shows an intensity plot of the Fano-Doppler
equilibrium temperature as a function of detuning and
Fano factor. In region lll, the cooling process is similar
to conventional Doppler cooling and occurs for red
detuning and negative Fano factors. The minimum
temperature in region lll is always larger than Tp and
depends on the specific value of g. In region |, however,
due to the quantum interference phenomena that
determine the Fano line shape and scattering cross
section, as ¢ — —q sub-Doppler temperatures can be
achieved. In the proximity of the dark line, e = —g, the
temperature of the process tends asymptotically (in an
infinite time) to zero, but in this proximity, the linear
Doppler theory cannot be applied. In fact, when e ~ —q
and v < g, the force in eq 4 is nonlinear with velocity,
Frano =~ —4q7*/(g*> + 1) Thus the corresponding
damping, &(q,V) ~ 4qv7*/(q* + 1)?, yields an asymptotic
nonlinear diffusion toward zero momentum. More
generally, close to the dark line where low tempera-
tures are achieved, the cooling process is non-ergodic
and a sub-recoil theory should be used.” This is parti-
cularly important when a narrow line width atomic or
molecular system is coupled to a plasmonic landscape
(e.g., such as occurs in the case of doped graphene®).

We now consider a small background in the radia-
tion cross section, C, # 0. Far from the dark line, the
effect of a small background on the cooling process
and equilibrium temperature is negligible because of
the counter-propagating configuration. However,
close to the dark line, the cooling process is now
regulated by the background rate R, = ICp/hw. In
particular, the equilibrium temperature is related to
the second term in eq 6, Te/Tp ~ 2C,/aC,, while the
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Figure 3. Density plot of the equilibrium temperature, T:(g,¢), achieved by the Fano cooling process normalized to the
conventional Doppler limit, Tp. Fano cooling resembles standard Doppler cooling in region I, while sub-Doppler
temperatures are achieved in region I. In the proximity of ¢ = —q, the temperature goes asymptotically to zero, but linear
Doppler theory fails. (b) Temperature plot for standard Doppler cooling (green solid line) on a Lorentzian line shape (green
dashed line), |g| = e=. The minimum temperature is Tp, obtained for ¢ = —1 (black dashed). (c) Fano cooling temperature (red
solid) on a line shape with g = —1.5 (red dashed). The left branch corresponds to region Ill and occurs only for red detuning.
The right branch corresponds to region I. Sub-Doppler temperatures are achieved when approaching ¢ ~ 1.5. In (d), we show
the temperature (blue solid) for g = 0.5 (blue dashed). Here there is no left branch, while only the right branch corresponding
to region | is present. Sub-Doppler temperature are achieved close to ¢ ~ —0.5.

nonlinear force leads to an anomalous diffusion regime
at small momenta. Note that if the ergodic time scale,
Ro', is much larger than a microscopic time scale for
non-ergodic diffusion, 7o = Aw(g® + 1)/IC,, a sub-recoil
regime is reached.” The fractional change of the mo-
mentum distribution width in this regime can be
estimated following sub-recoil laser cooling theory
as* op ~ ((* + 1)C/C) "%

Hybrid Nanostructures. We now focus on the Fano
cooling of hybrid nanostructures composed of a QD
coupled to a single silver nanoparticle (Figure 4a) or to
a silver nanoparticle dimer (Figure 4b). In these sys-
tems, the position and shape of the Fano resonances
can be varied by changing the interparticle distance
and the detuning A between the QD and the surface
plasmon mode resonances, thus different Fano factors
g can be engineered. In the first case, we consider a
silver nanosphere with radius r = 8 nm, whose fre-
quency-dependent dielectric permittivity is gathered
interpolating the experimental data of Johnson and
Christy,* and a QD with dipole moment /e = 0.7 nm.
The distance between the centers of the two nanopar-
ticles is 14 nm. The QD excitonic resonance is detuned
by A = 60 meV from the plasmon resonance peak (see
insets in Figure 4). The radiative cross sections C.q
displayed in Figure 4 are calculated through electro-
magnetic scattering theory in the transition matrix
formalism®* (see Methods). We consider a spherical
QD with radius rqp = 2 nm. Because of its symmetry, a
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spherical QD has three energy-degenerate bright ex-
citons with optical dipoles parallel to the three direc-
tion x, y, and z. Hence, the QD can be described in its
simplest way as an isotropic effective medium with a
single resonance at the energy Aw, of the lowest
energy exciton. The resulting frequency dependent
permittivity can be expressed as>*
A

glw) = & +m (8)
where y, is the total broadening of the excitonic
resonance, ¢, describes the background dielectric
constant, and A = 1*/(goV), with u being the dipole
moment and V the dot volume. In both cases, the
hybrid nanostructures are embedded in a dielectric
shell (e.g., a polymer) with refractive index**** nypo =
e, = 1.7 in order to bind the QD and MNP and fix their
distance in a core—shell structure. In the second case,
we employ a QD (u/e = 0.3 nm) in the center (hot spot*")
of a pair of silver spheres of radius r = 8 nm separated
by a gap of 8 nm with A = 60 meV. The strong field
enhancement in the dimer gap enables strong Fano
effects even for QDs with small dipole moments.

For a laser power of 10 mW focused on a spot size of
100 um, we obtain cooling times below 5 s. However,
the heating due to the nonradiative background, Cp,
limits the temperature to about half of the Doppler
limit, that is, T ~ 1.7 K (corresponding to a root-mean-
square velocity v,ms &~ 40 mm/s) for the single sphere
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Figure 4. Radiation pressure (blue) and scattering (green)
cross sections for hybrid nanostructures composed of (a) a
QD coupled to a single silver nanoparticle and (b) a QD in
the hot spot of a silver nanoparticle dimer. Insets show the
full radiation cross-section curves with the broad plasmon
resonance from the silver nanoparticles. From the fit (blue
and green lines) of the narrow profiles with a Fano line
shape, we get Fano factors g = 1.99 for the single sphere
(a) and g = 1.71 for the dimer. The equilibrium temperature
of the Fano cooling is plotted with a red dashed line when
considering only the radiative processes (scattering) and
with a solid red line when considering also the nonradiative
background. By tuning the laser to ¢ ~ —0.71, we estimate
temperatures of about 1.7 K for the single sphere and 450
mK for the dimer when considering the nonradiative back-
ground (red line). These correspond to velocities of 40 and
13 mm/s, respectively. When we consider only radiative
process, we obtain equilibrium temperatures that are

670 mK for the single sphere and 45 mK for the dimer.

(Figure 4a) and T ~ 450 mK (Vs ~ 13 mm/s) for the
dimer (Figure 4b). On the other hand, when only the
radiative processes are considered (Figure 4, green
lines), temperatures 1 order of magnitude lower are
achieved in few seconds (Figure 4, red dashed lines),
670 MK (v;ms = 4 mm/s) for the single sphere and
45 mK (Vims &~ 1.3 mm/s) for the dimer. Nonradiative
processes can be significantly reduced by employing
smaller metal particles or nanoshells,>®3'*? and there-
fore, the nonlinear regime could be reached.

Most of the ingredients needed for the application
of this Fano-Doppler laser cooling scheme are within
experimental reach with existing state-of-the-art technol-
ogy. Nanostructures with Fano line shapes have already
been produced using wet chemistry approaches.?>>'#
Optical trapping® of nanoparticles (e.g., graphene,*
nanotubes,* quantum dots*®) and nanoaggregates,*’
as well as ion trapping in vacuum of graphene,*® has
similarly been recently demonstrated. A possible experi-
mental configuration would then involve different
stages in a similar fashion as developed for the creation
of ultracold atomic samples." %7 A spray of hybrid
nanostructures dispersed in liquid environment could

RIDOLFO ET AL.

be used in vacuum,*® the capture of few particles in a
far-detuned (with infrared radiation) optical trap**~* or
ion trap*® can spatially limit and increase in time the
interaction with light, thus a near-resonant radiation
can be added to cool and detect the velocity distribu-
tion of nanoparticles as recently demonstrated at the
microscale.*

As the application of laser cooling is in vacuum, it is
now useful to discuss the role of the surrounding air
molecules and compare the effect of the viscous
damping during the cooling process of nanoparticles.
For a particle trapped in a confining potential (e.g., an
optical trap or an ion trap) with harmonic frequency w,,
the dynamics of the center-of-mass motion can be
described by a Langevin equation, that in one dimen-
sion is written as'*1>"'

— ma?x(t) — (o + y)x +£(t) 9

mx(t) =

where the total damping is now the sum of the viscous,
y,and laser cooling, o, damping coefficients and f(t) is a
stochastic uncorrelated force.*****° The viscous
damping coefficient for a particle of radius r in the free
molecular flow regime is>'*° y = (4/3 + 37/16)mpvr?,
where V is the root-mean-square velocity of air mol-
ecules (v ~ 500 m/s at room temperature) and p is their
density. Using the relation between density and pres-
sure of a gas, p = 3P/v%, and considering the exemplar
hybrid nanostructures discussed above, we thus obtain
that y ~ 2 x 1072°P[Torr] Ns/m. This is equal to the
Fano optical damping, o ~ 2 x 102" Ns/m (at ¢ ~
—0.71), of the dimer hybrid nanostructure at a pressure
of about 0.1 Torr. The laser cooling damping is 5 orders
of magnitude larger than that of the background gas at
a pressure of P ~ 107° Torr. Another effect of the
residual gas is to increase the momentum fluctuations
of the trapped particle motion through molecular
collisions resulting in an increase in its final tempera-
ture. The recoil kick received by the particle during a
collision with a gas molecule is about dpo ~ 2.5 X
1072 kg m/s, while the collisional rate can be esti-
mated as Reo ~ nrzP/épcou ~100s~ " ata pressure P ~
10"® Torr. At this pressure, the diffusion in momentum
space, (Opcon)*Reon due to collisions equals the diffusion
due to photon recoil calculated for the dimer hybrid
nanostructure, and the final temperature is 2 times
larger than when considering the optical cooling
only. However, at pressures of 108 Torr, easily achieved
in a standard ultrahigh vacuum (UHV) chamber, the
effect of background gas on the final temperature is
2 orders of magnitude smaller, ensuring optical cooling
to be the only relevant process in reasonable UHV
conditions.

CONCLUSIONS

In conclusion, we have shown how a system exhibit-
ing a Fano line shape can be laser cooled below the
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conventional Doppler cooling limit within a Doppler
cooling scheme. The intrinsic quantum interference,
i.e., the hybridization of the quantum emitter with
the larger particle providing the quasi-continuum of
states, is responsible for the lower temperatures.
Nonlinear laser cooling regimes are found when the
laser wavelength is tuned close to the dark region of
the extinction spectrum. Here the nonlinear diffusion
in momentum space drives the particles toward zero
momentum, while the equilibrium temperature is set
by the background radiation cross section. We applied

METHODS

Radiation Pressure Cross Section. The dynamical behavior of a
particle under the effect of an electromagnetic field and other
mechanical forces Fech, SUCh as a trapping external force and
resistance of the surrounding medium, is governed by the
equation®”

d ' .
—- (Pmech + Pfietd) = f Ty x nds + Frnech (10)

dt s

where P e is the mechanical momentum of the particle and

:L/(Exs)dv
4mc |y

is the momentum of the electromagnetic field. The integral in
eq 11 is performed over the volume V, bounded by a regular
surface S, of unit outward normal n, surrounding the particle.
The integral on the right-hand side of eq 10 is the vector flux
across the surface S of the Maxwell stress tensor

Pfield (11)

1 1
Tv = —|EQE+B®B ——(E-E+B-B)I (12)
4 2
that represents the force that the electromagnetic field exerts
on the particle. In eq 12, ® denotes dyadic product and / is the
unitdyad. Thus the time averaged radiation force on the particle

i552,53

Fod = 7 [ #(Tude (13)
Q

where the integration is over the full solid angle, ris the radius of

the surface S surrounding the particle, and () denotes time

averaging.

Equations 10—12 are quite general and apply to particles
of any shape for whatever form of the electromagnetic field.
In the following, we assume that the particle under study is
embedded into a homogeneous medium of (real) refractive
index n, that the fields depend on time through the factor
exp[—iwt] that is omitted throughout, and define the propa-
gation constants in vacuo k, = w/c and in the surrounding
medium k = nk,. The field impinging on the particle is the
polarized plane wave

E = Eoéexp[ikpr] (14)

where e is the (unit) polarization vector and k; = inh while Eg
denotes the field scattered by the particle. The surface S can
be assumed to be a sphere whose center lies within the
particle, with a unit outward normal n = . The radius of the
sphere is large enough that the scattered field can be
evaluated in the far-field as
eikr R
Es = Eon(ks, k)

(15)
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this model to hybrid nanostructures made of a quan-
tum emitter and a plasmonic nanoparticle, estimating
temperatures in the milli-Kelvin range for cooling times
of few seconds that could be probed experimentally in
combination with optical** or electric ion*® traps. The
scheme is general and can be applied to any large
system hybridized with a quantum emitter exhibiting
a Fano line shape, for example, a molecule coupled to
a plasmonic landscape,** a bead with whispering
gallery mode®' hybridized with plasmonic particles,
or a doped graphene flake >

where f(ks k) is the scattering amplitude of the particle.3”3°

We now define the differential scattering cross section:
dCsc
aQ

and by means of the optical theorem®’ for the extinction cross
section

= [flks, k)| (16)

4 . AP
~imifes = k,k)-€]
it has been shown by Mishchenko®® that the integral on the
right-hand side of eq 10, that is, the radiation force, yields

i - dCyc
Frad = E|:Cextk| _Ldfs;ksdg]

where [ is the incident intensity. Although the first term on the
right-hand side of eq 18 is a force in the direction of the incident
wave ki, generally speaking, the direction of the total radiation
force is different from the direction of propagation of the
incident beam and depends on its polarization state, due to
the second term in the equation.54 In general, this should be
taken into account when studying the dynamical behavior of a
particle.>® The projection of the force along k turns out to be

Cext = (17)

(18)

- / /
Frad = Frad 'kl = E[Cext - ngc] = Z_Crad (19)
where denoting by @ the angle of scattering
1 dCyc
= — [ aQ 20
9= ¢ )] “%aa (20)

is the asymmetry parameter.
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