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INTRODUCTION

Over the past decades interaction of light with sub-wavelength structures
still excites the minds of many scientists all around the world. A particular
interest is attracted to resonant particles that posses relatively strong electric and
magnetic response in the range of visible light spectrum. Generally speaking, these
particles have unique properties to resonantly scatter incident light at a particular
wavelength, as a result, becoming a prospective platform for various applications
in nanophotonics [1; 2]. It is not surprising at all that there is side by side ongoing
theoretical research in this area, mostly motivated by the breakthrough theory
developed by Gustav Mie at the beginning of last century [3]. That being said, he
proposed an approach to describe electromagnetic fields via the multipole series,
as a result, explicitly connecting incident and scattered EM waves. Even more, one
can directly implement this theory to compute optical forces and torques acting on
a particle, as a result, motivating to investigate different optomechanical effects
emerged for resonant nanoparticles. Therefore, the following thesis is devoted to
the applications of resonant nanoparticles in optical trapping [4] and in non-linear
optics [5; 6].

The fascinating story of optical trapping experienced a huge boost around
fifty years ago starting from the pioneer works by Arthur Ashkin [7—9] that
allowed him to get the Nobel Prize in 2018. One of his breakthrough results defined
a condition for a nanoparticle to be trapped by a highly-focused single Gaussian
beam [10]. As illustrated in Fig. 1, a particle experiences two forces coming from
the laser radiation focused by the microscope objective. The scattering force Fica
represents the radiative pressure force that takes the particle out of the trap and
competes with the gradient force Fy,g that emerges due to the laser intensity
profile close to the beam focus center. Therefore, when the ratio of the backward-

gradient force to the forward-scattering force is greater than 1, the stable trapping



2 . . . .
at 2oq = % by single Gaussian beam with w, waist and wavelength A was

successfully demonstrated [10].
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Figure 1 — a) Schematic optical tweezer setup to trap a particle close to the beam

focus center. Laser light focused by a microscope objective creates an intensity

profile leading to the emergence of the gradient force. At equilibrium position, the

gradient and scattering forces cancel out. The Fig. is reproduced from the Nobel
Prize Lecture given by A. Ashkin in 2018 [11]

Today it is almost impossible to imagine any experimental setup for studying
and manipulating single nanoparticles or molecules without optical trapping
techniques. These days optical tweezers are actively used in biology [12; 13], for
instance, addressing the nature of interactions between DNA and proteins as well
as their mechanical properties [14]. Even more, optical traps are well-integrated
with commercially available microscopes, as a result, providing a platform for
efficient and robust cell-sorting methods [15; 16]. At the same time, optical
tweezers can be implemented to create arbitrary three-dimensional traps to localise
structured arrays of nanoparticles and perform dynamical computer control [18].
This approach is actively used in quantum computing [17] opening new directions

to study many-body physics as well as to use Rydberg atoms as single-qubits [19],
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Figure 2 — a) DNA molecule trapped by an optical tweezer and a micropipette
allows to measure mechanical extension associated with dSDNA and ssDNA [14].
b) Ultracold atoms trapped in tweezer system can form different optical lattice

configurations to simulate quantum many-body systems [17]

therefore, being one of the most crucial parts for prospective trapped-ion quantum
computers [20; 21].

Moreover, over the past years optical levitation has been actively developing
both theoretically and experimentally. For instance, the feedback cooling technique
was presented for optically levitated silica nanoparticle by measuring its position
via a SiN membrane, therefore, resulting in new methods to investigate short-range
interactions [22]. In addition, cooling of a levitated nanoparticle to its motional
quantum ground state was recently demonstrated [23], therefore, providing new
methods for sensing as well as for exploring fundamental questions in physics.
At the same time, conventional trapping at the Gaussian beam focus center has
several disadvantages that become extremely crucial for optical levitation. That
being said, high laser intensity can generate external noise, as a result, leading to
errors in delicate measurements, sensing and motional ground state cooling. Even
more, strong laser fields might damage or overheat living cells or nanoparticles.
Therefore, one could try to avoid high laser intensity and trap a nanoparticle
at low-intensity spot in order to decrease its internal temperature. Due to the
resonant behaviour of the Mie-particle polarizabilities, one can use a standing
wave trap and locate a particle at the node of the electric field [4]. However, since

at the same time, the magnetic field reaches its maximum value, external noise



and overheating still remain to be a problem. For these reasons, in our work we
address recently proposed bottle-beam trap formed by two destructively interfering
Gaussian beams, where there is a spot with no electric and magnetic fields at all

[24].
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Figure 3 — a) Optically levitated silica nanoparticle at a distance of 380 nm
from a SiN membrane provides a platform to achieve feedback cooling as well
as to characterize the particle’s position via the interferometric technique [22].
b) Spherical silica nanoparticle trapped by an optical tweezer. Stokes scattering
processes (heating) are suppressed, while Anti-Stokes (cooling) are enhanced, as

a result, cooling to the quantum motional ground state was demonstrated [23]

At the same time, resonant nanoparticles open novel opportunities for optical
rotation as well rather than just for trapping. That being said, conventionally it is
impossible to rotate a perfect spherical nanoparticle without any losses due to the
angular momentum conservation between the incident and scattered light. In order
to overcome this problem, one can either break the rotational symmetry [25; 26]
or introduce the Ohmic losses [27; 28] for the particle. In other words, both these
approaches violate the conservation of total angular momentum, as a result, making
it possible to rotate a particle. Resonant nanoparticles allows us to propose a novel
approach to transfer angular momentum to a non-absorbing particle via the second-
harmonic generation. In other words, it is possible to induce rotation on a perfectly
spherical nanoparticle by exploiting its crystal structure symmetry leading to the
emergence of the second harmonic scattered field.

Finally, the main tasks we address in this thesis are the following:
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. Investigate a standing wave trap as the simplest platform to achieve
trapping of a resonant nanoparticle at minimum intensity spot.

. Compute the total force acting on the nanoparticle trapped at the node
of the electing field in the standing wave, analyse the contribution of the
different multipole terms, define the condition for the nanoparticle to be
stably trapped.

. Study the formation of the bottle-beam trap created by two Gaussian
beams, identify the position area where low-intensity trapping is desired.
. Calculate the total axial and transverse forces acting on the nanoparticle
at minimum intensity spot, distinguish the main multipole terms that
provide stable trapping.

. Investigate the emergence of optical torque acting on a resonant spherical
nanoparticle with negligible losses induced by the second harmonic

generation.
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1. OPTICAL TRAPPING. OVERVIEW

The following chapter is devoted to the review on the basic principles of
optical trapping. Namely, one can define a dimensionless parameter as a ratio
of a particle radius a and the wavelength of a trapping beam A. That being said,
when a/A > 1 one can use the principles of geometrical optics to explain optical
trapping as will be discussed below in Section 1.1. For a/A > 1, the Rayleigh
approximation provides a powerful tool to calculate the gradient and scattered
forces acting on a nanoparticle, as a result, defining the position of stable trapping.
Finally, to address the last missing case, in other words, a/A ~ 1, we discuss the
generalized Lorentz-Mie theory and the T-matrx approach as a quite robust method

to calculate an optical force beyond the geometrical and Rayleigh approximations.

1.1 Geometrical optics

The first approach to explain the effect of optical trapping is based on simple
geometrical optics principles. As was mentioned above, this method is particularly
useful when the particle radius a is much larger compared to the wavelength A of a
trapping Gaussian beam. For instance, if we assume A to lie in the range of visible
light, the size of a nanoparticle in this case should be around several microns to
fulfil the basic assumptions of ray optics. To be more precise, Fig. 1.1 shows a
nanoparticle placed close to the focus center of a single Gaussian beam. Naturally,
in order to achieve stable trapping in all directions, we can take into account the
axial symmetry of the beam and divide this question into two subparts, namely, in
horizontal and vertical trappings.

Both horizontal and vertical trappings can be explained in the limit of
geometrical optics based on the total momentum conservation. As schematically
illustrated in Fig.1.1 a), a particle shifted to the left (horizontally) from the
beam focus experiences recoil momentum transferred from the difference between
incident and scattered light rays. The direction of recoil momentum points towards

the beam focus center, as a result, returning the particle back to the trapping
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Figure 1.1 — a) Horizontally and b) vertically shifted particle experiences the recoil

force to the beam focus center coming from the difference in incident and scattered

light momenta. Dashed red lines represent the beam rays, green solid arrows stand
for the recoil force direction

position. At the same time, if one shifts the particle horizontally to the right, the
corresponding recoil force coming from transferred momentum acts in an opposite
way, that being said, pointing to the left. As a result, the particle returns back to
the beam focus and horizontal trapping is fulfilled.

Almost the same argument holds for vertical trapping as demonstrated
in Fig.1.1 b), where the particle is shifted above/below the beam focus center.
Therefore, one can easily check that the recoil force in this particular case coming
from transferred momentum will return the particle back to the focus spot. To be
more precise, two green arrows in Fig.1.1 b) represent the recoil force components
that, as in the horizontal trapping analysis discussed above, appear due to the
momenta difference. Combining these recoil forces together leads to the vertical
force pointing up/down for a shift below/up the focus spot, thus, providing vertical
trapping.

The reader might have a strong feeling that geometrical optics doesn’t sound
like a valid and solid way to explain the effect ot optical trapping. Even though
ray optics don’t contain any information regarding the spin or a phase of light,
we would like to reveal this concern. Despite of the restrictions coming from the

basic assumptions in geometrical optics, one can use this approach to confirm the

13



existence of negative optical forces [29], forces acting on absorbing particles [30]
as well as on Janus particles [31]. Therefore, this approach allows to obtain not

only qualitative, but also quantitative results.

1.2 Rayleigh approximation

When the size of a trapping particle is much smaller compared to the
wavelength A of a Gaussian beam that forms an optical trap, one can use the
Rayleigh approximation, in other words, the single dipole approximation. In this
case, the total force acting on the particle is formed by the gradient force as well
as by the scattering force as was demonstrated by A. Ashkin in his works [9; 10].
The gradient force is directly proportional to the particle’s polarizability and acts
like a recoil force that returns the particle back to the focus center of the beam.
At the same time, the scattering force associated with the imaginary part of the
polarizability acts in the opposite way, namely, taking the particle out of the beam
focus and competing with the gradient force. As a result, the equilibrium position
for the particle being trapped corresponds to the configuration when both these
forces cancel out and the total force is zero.

To proceed further, Fig. 1.2 shows a particle trapped in a single Gaussian
beam as well as the gradient Fg,q and scattering forces Fye,. Since the optical
forces are strongly related to the electric and magnetic fields, one can use the
paraxial approximation to represent EM-fields in the following way:

E(r,z) = Eyé, w(  exp ( %) exp ( (kz + kK "(Z) 11)(2)))

2

B(rz) = Boé, w()eXp( ) eXp( (kZH“ W 4’(2)))

where k =

, (L)

77‘ is the wavevector, r and z are radial and axial distances to the beam

focus center, respectively, wy corresponds to the beam waist at the focus center,

R(z) = = <1 + (%R)?> (12)

1s the curvature radius of the Gaussian beam wavefront,
2\ 2
w(z) =wo/1+ <—> (1.3)
ZR
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Figure 1.2 — Gaussian beam oriented along z-axis and focused at z = (0. The beam

waist at the focus center is equal to wy and changes along z direction as w(z). A

particle trapped by the beam experience competing gradient Fr,q and scattering
F'scat forces, that should have the same amplitude at z.q particle’s position
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is the beam waist when the field amplitude decreases by e times at z = zp =
distance along z-direction called the Rayleigh range. Here n is the refractive index

of the medium around, that for simplicity can be set to 1 (vacuum), while
P(z) = arctan z/zp (1.4)

is the Gouy phase at z-position.

Therefore, one can consider a lossless particle with radius a < A and the
refractive index n, placed into the Gaussian beam with peak intensity at = = 0
focus spot being equal to ;. In this case, the scattering force F,; acting on the

nanoparticle takes the following form [10]:

Pea  1y1287%5 (m? —1\°  k
Fscat = T seat - o 4a m2 DT (15)
c c 3A me + 2 k
where m = mn,/n being the relative refractive index between the particle

and surrounding medium, k represents the trapping beam wavevector. Next, as

was mentioned above, the gradient force Fyr,q can be written via the particle’s
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polarizability « in the dipole approximation as:

3,3 2
_ o Mpa” fm”—1 2

As a result, in order to achieve the axial trapping (along z-direction), the forces

acting on the particle at the equilibrium spot z.q must follow:
0 = FU(0,200) = F2(0,200) + FE™(0,7). (1.7)

Finally, one can show that at the equilibrium position 24 along z-axis the ratio
between axial scattering and gradient forces takes the following form:

FEet 64 m? — 1wja®
FE T 3y/3 m24 202N

(1.8)

therefore, recalling the limit a < A we are working with in this subsection, it
is clearly seen that the scattering force can be sufficiently suppressed. As a result,
due to the dominating contribution of the gradient force, the particle can be trapped

along z-direction. Almost the same arguments hold for radial trapping as well [10].

1.3 T-matrix approach

Up to the moment we have discussed two limits: a > A that corresponds to
the geometrical optics approach as well as a < A that can be resolved via the dipole
approximation following the Rayleigh formalism. Therefore, the last case we are
missing out is a =~ A. One of the ways to describe the effect of optical trapping in
this particular case is the generalized Lorenz—Mie theory (GLMT) [32]. While the
well-known Mie-Lorenz scattering theory [3] addresses scattering phenomena of
a spherical particle illuminated by an incident plane wave, the GLMT extends this
approach to an arbitrary incident wave, and, for instance, can be implemented for
a Gaussian beam one usually deals with for an optical trap. It is worth mentioning
that one can obtain the corrections for the paraxial approximation [33] we discussed
above, therefore, naturally connecting the dipole approximation with the a ~ A

casc.
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While the GLMT itself is rather analytical approach, its natural extension to
a direct numerical method that allows to investigate trapping at a =~ A is based on
the T-matrix formalism, generally speaking, by addressing the scattered EM fields.
Namely, one can decompose the incident and scattered electric fields into vector

spherical harmonics (VSH) [34] in the following way:

Einc — Z Z anm nm + bnm NS’L’/;L
n= 1 m=-n (1 9)
st = Z Z pnm nm + QHmNSTZL;

n=1m=-—n

where Mle,;?), N%lnf) are complex spherical vector harmonics based on the Hankel
spherical functions of the first and second kinds that correspond to the magnetic
and electric multipoles, respectively. Then, the T-matrix connects expansion
coefficients a,,, b,,, of an incident wave with the scattered ones p,,,, ¢nm 1n the

following way:

[ ()

pWLTL amn

A (1.10)

)

The key idea here is that the T-matrix itself depends only on the properties of

an object that scatters the light (such as, for instance, its shape, size, refractive
index) as well as on the wavelength of incident light. Therefore, if one manages to
compute ones the T-matrix elements, then it can be used for an arbitrary incident
field by defining a,,,,, b,,, expansion coefficients and computing p,,,,,, ¢, for the
scattered field just by simple matrix multiplication. Since we are mostly interested
in spherical particles for this thesis, then, following the GLMT the T-matrix will be
just diagonal and formed by the corresponding Mie-coefficients that can be easily

calculated numerically [34].
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Figure 1.3 — a) Transverse and b) axial trapping stiffnesses as a radius of an
optically active particle. {3 states for the chirality of the incident light polarization
and distinguish between left-hand circular polarization (blue curve), right-hand
circular polarization (red curve) and linear polarization (yellow curve). The Fig. is

reproduced from [35]

Finally, given the T-matrix one can express the total axial force acting on a

particle in the following way [36]:

F.=F +F, (1.11)
where -
p=2 >0 3 o R Gt~ piton) (1.12)
and
M e — m
F? = 7;,7;” Bomorn 1) ¥ (1.13)
<R (@@ 1. + Ounby 1. — PrimPiy1m — GG 1.m) - (1.14)

with the factor [3,,,, defined as:

Brm = (1.15)

1 nn+2)(n—m+1)(n+m+1)
o+l '

(2n +1)(2n 4 3)

That being said, the force F! is associated with interfering multipoles with the same

n,m numbers, while > represents the terms with the same m and different n. To
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obtain the F} and F}, components of the total force, one can rotate the coordinate
system by 90° such that z- or y-axis coincide with z-axis, use the expression
presented above and rotate the coordinate system back.

In order to provide a concrete example how the T-matrix approach can
be implemented in order to calculate the forces acting on a particle, we suggest
the following work [35]. To be more precise, the authors performed modelling
of optical tweezers based on the chiral incident beams to trap optically active
particles [37]. As a main result, they were able to develop the chiral T-matrix
method to compute transverse and axial trapping stiffnesses (we will discuss the
stiffness definition in Section 1.5) as illustrated in Fig. 1.3 for circularly and
linearly polarized incident light. It is worth mentioning that the proposed approach
can be extended to the modelling of optical forces acting on the optically active

living cells [35].
1.4 Multipole-based force calculation

In the following section we discuss the approach to calculate an optical force
based on the multipole decomposition. To start with, the time-averaged optical

force can be expressed in the following way:
1 .
(F) = §§R§I§ T -ndS, (1.16)
S

where the integration is performed over a surface S, and 7 is the Maxwell’s stress

tensor defined as:

| 1 .
T = §§R <££0E* QE 4+ pupoH* @ H — 5 (e€o|E]* + ppoH|?) I) . (1.17)

where E = E™ + E® and H = H™ + H* are the total electric and magnetic
fields, respectively, formed by incident and scattered light. Next, using the far-field
multipolar decomposition [38] one can represent the total force (F') as a sum of the

extinction force (F*') and the recoil force (F*') [39], namely:

(F) = (F) + (F°). (1.18)
19



Performing the integration over the Maxwell’s stress tensor presented above results
in the following expression for the extinction force, where incident and scattered
fields are mixed:

1 : k *
<F6Xt> = —- lim (80Einc : Escat + PLOHinc H

r—00 S scat

)dS, (1.19)

at the same time, following the same steps leads to the expression for the recoil

force where only scattered fields are involved:

1
<Frec> = —— lim i ((5OEscat Escat + poHgear - Hscat) )dS (1.20)

e s
To proceed further, one can decompose the forces presented above into
different multipoles. That being said, the extinction force F*' can be represented
as a sum of electric dipole (ED), magnetic dipole (MD), electric quadrupole (EQ)

and magnetic quadrupole(MQ) forces as follows:
(F) = (BFP) + (FMP) + (F) + (F19), (1.21)
where the expressions for each multipole force are presented below:

FEPy = 1R (pjviE;)

7

<
MDy _ L . RB*
<<FL ) = 3R (m;V,B;) (122)
(FF9) = IR (QViVLE))

¢

FMCy = 1R (QnV;V,B) .

Here we use the induced electric p and magnetic m dipole moments defined via

the corresponding Mie-polarizablities app and o,/ p, respectively, as:

p = €0xgpEinc
, (1.23)

m = OCMD/IJOBinc

while the quadrupole moments for the electric and magnetic multipoles are the

following:
Qe — EO(XEQ vEinc'gEincv (1 24)

Binc Binc
Q™ = aprg/ o Rt Bt
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According to [34], the Mie-polarizabilities are directly related to the Mie-

coefficients {aq,as,b1,b2} as:

)

- 671
XEpp = ZFal

Xnp = 19501
(1.25)

- 407
XpQ = 17535 a2

| g = i47b,

A similar idea holds for the recoil force, namely, one can represent the total
force as a sum of electric dipole - magnetic dipole force (ED-MD), electric dipole
- electric quadrupole force (ED-EQ), magnetic dipole - magnetic quadrupole force

(MD-MQ) as well as electric quadrupole - magnetic quadrupole force (EQ-MQ):
pree — pED-MD 4 pED=EQ , pMD-MQ , pEQ-MQ (1.26)
The expressions for these interference forces are listed below and their names are

strongly connected with the corresponding dipole/quadrupole moments that are

involved in each particular force term:

4
FED MD> — #&)C% (Eijk:pij)

(1.27)

MD-MQ k®
F; ) = ~ TS (Qijmj)

(
(FP7 POy = — 407180 (prj>
{
| (£

_ kS *
> - 24071500% (Eijk‘pjmk)
Therefore, now we are able to compute the total force acting on a particle as
well as to perform analysis on what multipole force dominates in each particular

case. One can clearly notice that all the forces presented above strongly depends

on the corresponding Mie-polarizabilities.

1.5 Trap stiffness

In the previous sections we discussed several approaches how to calculate

the total optical force acting on a particle. Next, a quite natural question arises:
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how to define whether our particle is indeed trapped by an optical tweezer. The
first intuitive condition is that the total force must be equal to O at the trapping
spot. However, if we consider more realistic cases where positioning a particle
precisely at one desired spot is almost impossible, particular behaviour of the total
force at the trapping position seems to be a necessary requirement to achieve stable
trapping. In other words, if one focuses for the moment on the axial trapping at
z = 0, then for the particle’s position at z > 0 the total force should be negative,
while at z < 0 the force is required to be positive. As a result, in both cases the
total force returns the particle back to the trapping spot in the optical tweezers.
To generalize this statement and characterize the trapping stability as well
as its strength, one can use axial and radial trap stiffnesses k., and k.., respectively,

defined in the following way:
Ky = —5ze, Kr = _arFra (128)

where F, and F, represent for the axial and radial force components. In other

words, we have:
Fl _y~—k:2, F|_j~—x-r (1.29)

Finally, taking into account the argument on the total force signat 2z > O and z < 0,
we obtain stable trapping for positive stiffness k > 0, while for k < 0 trapping is

unstable even though the total force might be equal to zero.
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2. STANDING WAVE TRAP

The main purpose of the following chapter is to investigate an optical
trap formed by a standing wave. As was stated before, we want to trap a Mie-
resonant nanoparticle in minimum intensity spot, and, without loss of generality,
we consider trapping at the node of the electric field. By the end of this chapter we
want to answer the following question: what wavelength A of the standing wave
and particle’s radius R one could use to trap a Mie-resonant particle by the standing
wave. The corresponding condition to obtain stable trapping, as was presented in
Section 1.5, is defined via the trap stiffness k, namely, whether its value is positive

or negative.

2.1 Trap formation

To begin with, we consider a standing wave oriented along z-axis with
wavevector k = QT” For our further convenience, we assume the electric field
E to be polarized along x-axis, while the magnetic field B is oriented along y-axis
(as 1llustrated in Fig. 2.1). Next, since one can represent the E-components of the

forward (f) and backward (b) propagating waves in the following way:
El(zt) = % -cos (kz — wt) and E°(zt) = —% -cos (—kz — wt), (2.1)
then, the total electric field can be written as:
E.(z,t) = E(2,t) + E’(2,t) = Eysin kz sin wt. (2.2)

At the same time, the magnetic field components along y-direction for (f) and (b)

waves are equal to :
B B
Bl(zt) = 70 ccos (k2 — wt) and BY(zt) = 70 ccos (—kz — wt), (2.3)
as a result, the total magnetic field takes the following form:
By(z,t) = Bg(z,t) + BS(z,t) = By cos kz cos wt, (2.4)

and, as expected, experiences a 7t/2 shift with respect to the electric field £, (z,t).
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Figure 2.1 — The standing wave formed along z-axis, electric and magnetic fields
are polarized along z- and y- axes, respectively, and posses a relative 7t/2 shift.

Mie-nanoparticle (green circle) is trapped in the node of the electric field, z = 0

Next, we take into account the fact that in a standing wave the scattering
forces acting on a nanoparticle from the forward and backward propagating waves
just cancel out. Therefore, there is no recoil components of the total force acting

on the nanoparticle. As a result, the expression of the total force simplifies into:
(F) = (FEP) + (FMP) + (F7) + (FY9), (2.5)

where we consider the contribution of electric dipole (ED), magnetic dipole (MD),
electric quadrupole (EQ) as well as magnetic quadrupole (MQ). Overall, we need

to calculate explicitly the following terms:

FEP) = 5(R (p;ViE}))

FMP) = $(R (m;V;B;)) 2.6)
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2.2 Dipole forces

At first, we discuss the electric and magnetic dipole forces. Since only x-
component of the total electric field is non-zero (see Fig. 2.1 ) while its derivative
is only non-zero with respect to z (according to 2.2), the electric dipole force

(FEPY = (FEP) . e, in 2.6 can be written as:

FEP = (R (p,V-E2)). @)

z

Substituting into 2.7 the expression for the electric dipole moment equals p, =
eoxppEysin kzr sin wt (defined via the corresponding Mie-polarizability agp),

we have:

FED

1
Y = §<§R (epaxppEosinkzsin wt - k - Eycoskz sin wt)) =

1

::éeow(aED)kﬁgsh12kz (2.8)
Next, we compute the magnetic dipole force in a similar way, recalling

two facts: 1) only y-component of the total magnetic field is non-zero and 2)

its derivatives with respect to = and y vanish. As a result, we get the following

expression for the magnetic dipole force (FMP) = (FMD) . e .

1 R(oun)

kBj sin 2kz, (2.9)
Ho

(FMP) = (R (m, . E2)) =

where we substitute the magnetic dipole moment as m,, = %Eo sin kx sin wt.
Finally, the total force generated by the electric and magnetic dipoles can be written

as:

1 1
<FZD> = <FZED> + <FZMD> = §€O§R<“ED)]€E3 sin 2kz — ngBg sin 2k z.

Ho
(2.10)

2.3 Quadrupole forces

Now we want to compute the forces coming from the electric and magnetic

quadrupoles. Recalling the expressions presented in 2.6, only z-component of the
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electric quadrupole force is nonzero and equals:

(FF9) = LR (QLV.V.E), @1

where (since £, = 0):

V.E; +V,E; V.E?

> = ot (2.12)

Q5. = €0XEQ

As a result, after some trivial math operations, we obtain the following EQ-force:

1
(FFQ) = —1—6503%(o<EQ)k3E§ sin 2k z. (2.13)

To proceed further, one could repeat the same steps to compute the magnetic

quadrupole force given as:
1 m *

and get the following expression:

(FMQy = %Mk?’zag sin 2k 2. (2.15)

Ho

Overall, the total force formed by the electric and magnetic quadrupoles can be

written as:

1 1R
——¢oR(opg)k’ ES sin 2k:z+EMk3B§ sin 2kz.

(F2) = (FEO+(F2"®) = — i
(2.16)

z

2.4 Trapping analysis

Since we have the expressions for the dipole and quadrupole forces derived

in the two previous subsections, we can write the total force being equal to:

1 1R
(F,) = (FP) + (FQ) = qEoR(app)kEG sin 2kz — §%k33 sin 2k 2
0
1 1
— —eoR(apo)k>E? sin 2kz + —Mkﬁng sin 2kz. (2.17)
Q 0 0
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As was mentioned above, we are interested in trapping of a nanoparticle at E-

field minimum intensity spot, namely, at z = 0. To fulfil the trapping condition,

we should have:

F.=—k-2Kk>0, (2.18)

where k is the stiffness of the trap. When k < 0, we have anti-trapping case and
the total force will take the particle out of the spot z = 0. Therefore, given the
expression 2.17 for the total force F’,, we can write:

1

E2k? 1
—80 0 r (OCED — XM D — —(XEQk2 + —OCMQ]{2> . (219)

4

KZ_aZFZ‘z:OZ 9 9

It is clearly seen that the sign of the total stiffness k we get in 2.19 strongly
depends on the competition between the Mie-polarizabilities of the corresponding
multipole terms. To proceed, we consider a Mie-nanoparticle with radius R = 150
nm and refractive index n = 3.6. Fig. 2.2 a) shows the absolute values of the Mie-

coefficient as a function of the wavelength A of the standing wave we have. In

a b -17
) 1779nm 847 nm 1123 nm ) 3><10 .
g t % g
U “ L =MD
0.8 n! \ ;o EQ T 2r
o) iy ' P —emQ £
c 1! \ = 'l
206 :|’ % : < J
£ :i' N : & A
- [} \ . "
8 "y \\ s % =
S 04F n N Q gl---
) |l: \ﬂl E P —
= Ve N E o
0.2t I 1 \\~ (@p)] =
. ~an AL e Trapping]
?’ ‘.‘ T ©
O ‘_4__— N L R e L Y -..; I: l{
700 800 900 1000 1100 1200 1300 -2 L

700 800 900 1000 1100 1200 1300

Wavelength A, nm
Wavelength A, nm

Figure 2.2 — a) Absolute values of Mie-coefficients for electric dipole (ED),
magnetic dipole (MD), electric quadrupole (EQ) and magnetic quadrupole (MQ)
as a function of the standing wave wavelength A. b) Total stiffness k for trapping
of a nanoparticle at z = 0 position and its decomposition into multipole terms.
Green area represents the case when trapping condition (k > 0) is full-filled, while
orange area defines k < 0 - no trapping. Particle parameters: radius R = 150 nm,

refractive index n = 3.6
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Fig. 2.1 we plot total stiffness k defined in 2.19 depending on the trap wavelength
A. It is clearly seen that for A > 1123 nm, we have k > 0 provided by the MD
force (dashed red line) that keeps the particle at z = 0. Even though there is a
negative contribution from MQ (purple dashed curve) and ED (blue dashed curve)
forces, their total contribution seems to be weaker compared to the MD force. If
we consider 847 nm < A < 1123 nm, there is no trapping since kK < 0 and the
reason is a strong contribution of the electric and magnetic dipole forces taking the
particle out of z = 0 spot. Stable trapping appears again only when we cross the
wavelength of the MQ resonance, that being said, when A < 779 nm. Overall, we
can make the following statement: if the wavelength of the standing wave is higher
than the resonant wavelength of the ED or EQ multipoles, the corresponding forces
would take out particle out of z = 0, while for the wavelengths lower than the
resonant ones, therefore, keeping the particle trapped. Completely opposite effect
is provided by the magnetic multipoles. Namely, above the resonant wavelength the
corresponding force will keep particle at z = 0, as a result, guaranteeing trapping,
while below the resonant wavelength it leads to no trapping at all.

To generalize the statement discussed in the paragraph above, we study trap
stiffness depending on the particle radius R and the wavelength A of the standing
wave and, as a result, plot the phase map in Fig. 2.3 a) . One can clearly observe
that there are regions on the phase map where k > 0, therefore, stable trapping
is obtained, as well as the cases when k < 0 - no trapping. In Fig. 2.3 b) we
demonstrate trapping stiffness as a binary phase map, where we define the regions
with k > 0 (greed areas), provided by the magnetic dipole or magnetic quadrupole
forces, respectively.

Finally, we can conclude that a standing wave can be used as a prospective
trapping platform for Mie-resonant nanoparticle. By correctly choosing the particle
radius as well as the wavelength A of the standing wave, one can enhance the
influence of the magnetic multipoles to achieve stable trapping. At the same time,
one can trap a nanoparticle at the node of the magnetic field via the electric

dipole and quadrupole forces in a similar way. Since at this particular position the
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Figure 2.3 — a) Trap stiffness at z = 0 as a function of the wavelength A of the

standing wave and particle’s radius R. b) Trap stiffness binary map. Green area

corresponds to k > 0 - trapping, orange area represents k < (0 - no trapping.

Stable trapping areas for particle radius and wavelength A are provided by magnetic

dipole and quadrupole forces, respectively. Numerical parameters: refractive index
n = 3.6

electric field intensity achieves its maximum value, one just needs to choose the
wavelength to be blue-detuned with respect to the corresponding electric multipole
resonances. However, since in the standing wave trap we would always have the
strong intensity coming from either electric or magnetic field, the overheating
as well as the presence of external noise still exist. Therefore, as we discussed
in Introduction, we naturally proceed to the bottle-beam trap and address the
possibility of optical trapping at a position where both intensities of electric and

magnetic fields can be minimized.
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3. BOTTLE-BEAM TRAP

In the following chapter we discuss the bottle-beam trap as a platform to
achieve resonant nanoparticle’s trapping. We start from the general description of
the bottle-beam trap formation. Next, we proceed to the calculation of the force
acting on the particle in minimum intensity spot. Finally, we analyse the stiffness
behaviour as a function of the beam wavelength and particule’s radius to identify

configurations when stable trapping can be obtained.

3.1 Trap formation

As was briefly mentioned in Introduction, the bottle-beam trap is formed by
the two destructively interfering Gaussian beams. That being said, as illustrated in
Fig. 3.1 a), one can consider two beams oriented along z-direction with relative 7t-
phase difference. Next, we focus on axial trapping, therefore, the radial dependency
just vanishes, and for further convenience we can assume without loss of generality
the electric field to be polarized along z-axis while the magnetic field is oriented
along y-direction. As a result, one can rewrite the paraxial approximation of the

electric field components for both beams in the following way:

Ei(z) = By, ity exp (—i (kz — i(2)))

: (3.1
Es(2) = Epé, o ( ) exp (—i (m+ kz —Pa(2)))
as well as the magnetic fields:
B Bye exp kz — (2
1(2) = Boé, 2% exp (—i (k2 — $1(2))) .
By (2) = By €y 5.ty exp (—i (1 + kz — o(2)))
Finally, the total electric and magnetic fields can be written as:
Etotal = EO éx exp (_Zkz) ’ (ww(z) em)l(Z) - If—(ieiq)Q(Z))
' ? (3.3)

Biotal = By €, exp (—ikz) - ( W1

w1 (2)

eilbl(z) . %eiﬂ)ﬂz))

Fig. 3.1 b) shows the schematic intensity profile for the electric field in the xz

plane. It is worth mentioning that the intensity profile for the magnetic field has the
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same structure in the yz-plane. That being said, at the focus center of the Gaussian
beams that form the bottle-beam trap we want to achieve minimum intensity. This
is the reason why we choose the amplitudes of the electric and magnetic fields to
be equal for both beams. As a result, destructive interference between the beams
leads to the absence of both electric and magnetic fields, the dark blue dot in
Fig. 3.1 b) shows exactly this particular position. At the same time, there are two
spots along z-direction with the maximum total intensity (the red points in Fig. 3.1
b)). Finally, the name ’bottle-beam’ was mostly motivated by the corresponding
intensity profile: according to Fig. 3.1 b), the minimum intensity area (dark-blue

region) is surrounded by the higher intensity area (green/yellow regions).

a) X b)

Gaussian beam 1
oo \%
A
z
Gaussian beam 2

1 phase
sz

Figure 3.1 — a) Two destructively interfering Gaussian beams oriented along z-

Intensity profile

direction with 7t-phase difference. The focus center for both beams is located at

z = 0, while w; and wy are the beam waists at the focus spot. b) Intensity profile of

the electric field in xz-plane. The dark-blue dot represents the spot with minimum

intensity where trapping is desired. The red dots correspond to the maximum
intensity spots where conventional trapping is usually observed

Our main goal here is to achieve stable trapping of a resonant nanoparticle
in the minimum intensity area. It is worth to highlight one more time the difference
between the standing wave and the bottle-beam traps. While for a standing wave
one always has the maximum intensity of the magnetic field at the node of the
electric field and vice versa, the bottle-beam trap provides a platform where there
exists a spot with no electric and magnetic fields at all. In our case, that corresponds

to z = 0 position.
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3.2 Total axial force

X
Gaussian beam 1
0 phase \%

@ :
Gaussian beam 2 /

f
0"

Figure 3.2 — A particle is shifted to the right along z-direction from the focus beam

spot at z = (. To provide stable trapping, the total force must point backwards (to
the left) towards the equilibrium position. Green transparent area represents stable

trapping at minimum intensity spot

Before we address the explicit calculation of the total axial force acting on
a resonant nanoparticle placed in the beam focus at z = 0, we want to provide an
intuitive picture regarding what total axial force profile one could expect along z-
direction . First of all, one can imagine the scattering force to be so strong, that
there 1s no trapping at all. In other words, the total force might be completely
positive along z such that it always takes the particle out of the trap. The second
case 1s shown in Fig. 3.3 a), where there are two positions at which the total force is
zero. To be more precise, the red dot corresponds to the high intensity spot shown
in Fig. 3.1 b). At this particular position, trapping is stable, in other words, the
associated stiffness k is positive. However, at the minimum intensity spot, where
we actually want to trap the particle, the corresponding stiffness is negative, as a
result, trapping is unstable. At the same time, Fig. 3.3 b) shows the last case on
how the total force might change along z-axis. In contrast to the case illustrated in
Fig. 3.3 a) and discussed above, now the trapping at z ~ 0 is stable, that being said,
the corresponding stiffness is positive, while the second trapping spot is unstable.

Therefore, this is exactly the case we would like to achieve.
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a) Trapping in high-intensity spot b) Trapping in low-intensity spot

Force Force

Trapping distance

Z Trapping distance
> >
stable unstable stable O unstable
trapping trapping trapping trapping
F=—kz,k<0 F=—kzk>0

Figure 3.3 — a) Schematic total axial force acting on a nanoparticle when trapping

at high intensity spot is observed. The red dot represents the stable trapping out

of z = 0 position where the total field intensity is minimum. While the blue dot

correspond to the unstable trapping since the stiffness k is negative. b) The total

axial force profile when stable trapping at minimum intensity spot is observed,
namely, the stiffness kK > 0

Next, we recall the method presented in Section 1.4 to calculate the total axial
force acting on a nanoparticle based on contributions from different multipoles.

That being said, we start from the expression of the extinction force as a sum:
(F) = (FFP) + (FM7) + (FP9) + (FM9), (3-4)
where the explicit multipole forces takes the following form:

FEP) = 5(R (. V.E}))

F219) = 10 (10,9.5) -

{
{
(FFQ) = 1R (Q5.VIED))
(FM9) = ;(R(Q)LVEB;)).

z

As one can easily check, according to the system configuration presented in Fig.

3.1, only the terms mentioned above are non-zero.
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Following the similar steps, one can calculate the total recoil force as:

ED—E ED-M MD—M EQ-M
(Fre) = (PEPTEQ) 4 (PPP7HQ) 4 (RMPTHQ) 4 (FPOTNQ) - (3.6)
where the multipole-multipole force terms can be written as:
( D K
ED—EQ\ _ x
<Fz Q> - _127ISOC§R (pxmy)
ED-MQ\ _ _ _k° (e n*
) <Fz >_ 407‘[50‘S( zxpx) (37)
MD-M K
<Fz Q> - _40715002% ( iym?j)
EQ-MQ\ _ _ __ kS
(FEOMO) = kR (Qn.Q1).
x10° , MQ ED VD
35 trapping trapping trapping
3.0 f A :
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Figure 3.4 — The total axial stiffness k as a function of the trapping wavelength

A. Green stripes represent stable trapping, k > 0, provided by MQ, ED or MD

forces, respectively. For orange stripes trapping condition is not fulfilled. Blue

range stands for the conventional trapping at maximum intensity spot. Particle

parameters: radius R = 150 nm, refractive index n = 3.6

Based on the expressions presented above, we calculate numerically the

total force acting on the nanoparticle. That being said, substituting the electric and

magnetic field components of the Gaussian beams, we implement second-order

finite-difference scheme to compute the gradient derivatives along z-axis. As a
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result, Fig.3.4 shows the trap stiffness k as a function of the wavelength A. As
always, we are interested only in cases when the stiffness is positive. Therefore,
the green areas in Fig.3.4 identify the particular ranges of A when stable trapping
at minimum intensity spot can be obtained. The orange areas represents the cases
when there is no trapping at all due to the strong scattering force. Moreover, the
multipole analysis we implement allows to classify a pacrticular multipole that
contribute the most instable trapping formation. To be more precise, for 725 nm
< A < 760 nm trapping is provided by MQ force, for 820 nm < A < 830 nm
- by ED force, for 915 nm < A < 1020 nm - by MD force. The blue range
of the wavelength A corresponds to the conventional high-intensity spot trapping

illustrated in Fig. 3.3 a).

3.3 Axial trapping analysis

a) Stiffness os D) k>0 k<o
700 5 700 — ..§_ ——
~~~s§§:: :::: Qﬂ”zipping
,{ ’{ ~~~~~~ D tra~~ -
c 900 3 < 90 ~~~o___ Ppin
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[ © - e ~\\‘.
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No trapping \ No trapping S~<]
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R particle, nm R particle, nm

Figure 3.5 — a) Total axial stiffness depending on the beam wavelength A and on
the particle’s radius R. The grey area corresponds to the case when there is no
trapping due to the strong contribution of the scattering force. b) Axial stiffness
binary map. Green areas represent k > 0 provided by the MD, ED and EQ forces,
respectively. Blue area correspond to high-intensity trapping. Particle parameters:

refractive index n = 3.6

Next, we study the trap stiffness as we did for the standing wave trap above.
Namely, Fig. 3.5 a) shows the axial stiffness k as a function of the Gaussian beams’

wavelength A and particle’s radius R. To plot this 2D map, we proceed as follows:
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at first, we distinguish the case when there is no trapping at all since the scattered
force is dominating, as a result, the grey area in Fig. 3.5 a) directly represents this
particular case. Next, we select configurations when the stiffness k is negative, in
other words, when trapping is unstable, and represent it via the dark blue areas in
Fig. 3.5 a). And the only case left is exactly the one we are interested in, namely,
when stable trapping is achieved at a position close to the focus beam center z = 0.
That being said, Fig. 3.5 b) shows when low-intensity trapping is observed and the
main multipole that contributes to each particular trapping. In addition, we are also

able to identify conventional trapping at the maximum intensity spot.

3.4 Total transverse force

Gaussian beam 1

0 phase

Gaussian beam 2

T phase

Figure 3.6 — A particle is shifted along x-direction in the bottle-beam trap above
the equilibrium position at + = y = 2z = 0. To achieve stable trapping, the
total transverse optical force F, must point down to the equilibrium spot. For

displacement below the trapping spot, the force direction should be the opposite

Since in the previous section we discuss the axial force acting on a
nanoparticle, now we proceed to radial trapping. Without loss of generality and
taking into account the axial symmetry of the bottle-beam trap, we consider the
transverse force acting on a nanoparticle shifted along x-direction as illustrated
in Fig. 3.6. Therefore, we are interested whether it is possible to obtain the total

transverse force that keeps the particle at minimum intensity spot.
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In this case, we can assume y = z = 0, as a result, the electric field

components of two Gaussian beams are simplified into:

22

E%(l’) = EO . 6_17%
(3.8)

3]

g ‘H
[\

EXx)=—FEy-e

where indices (1,2) represents the first and the second beams, respectively. At the

same time, the magnetic field components can be written as:

$2
BY(x) =By-e “I
o) = B . (3.9)

NN

S‘H

B;(l’) = _BO : 67

2 2

where the sign shows the 7t-phase difference between the beams. As a result,

the total field components are the following:

E;Otal($) _F,. <6_ 2 _,2)
) . (3.10)
B;otal(x) — BO . (6 >

Next, we proceed to the transverse force calculation. First of all, for radially

>—'gl\3‘ 5
I
QM
mgw‘ §

no

o
g ‘8
SIS

S‘a

— €

shifted nanoparticle the scattering force is zero. This statement can be understood
in two ways: by direct calculation observing that the corresponding real and
imaginary parts vanish, or by the fact that scattering force is proportional to the
Poynting vector that is equal to zero for the decaying EM fields presented in 3.10.
As a result, the total force acting on the nanoparticle can be represented as a sum

of the gradient forces associated with the set of multipoles in the following way:
(Fo) = (F;7) + (F10) + (F79) + (F19), (3.11)
where the multipole forces can be written as:

FED)

7o <§R ( XD E;Lcotalvx E;otal)>

FMD R (x BtOtalvx Btotal
) = 5 (R (o ) (3.12)

<
{
<F Q> <§R ((XEQV Etotalv2 Etotal)>
L

FMQ> m <% ((XMQV BtotalviBLotal»

37



Here, in contrast to axial trapping discussed above, the gradient derivatives are
taken with respect to x, as a result, only x component of the total force is non-zero.

To proceed further, we calculate the stiffness k at x ~ 0 by expanding the
force components presented in 3.12 in Taylor series and taking into account only

linear terms with respect to x. As aresult, we get the following approximation for k:

1
k|~ (1/w) — 1/w§)2 : <50E§§R(ocEQ) + EB&%((XMQO . (3.13)

One can clearly notice that only quadrupole terms contribute to the stiffness in this
case. It can be also seen in 3.12, where, since F°% = B;"ta‘ = 0 at the beam
focus center. Next, similarly to the standing wave trap we observe the competition
between different multipole forces, to be more precise, related to electric and
magnetic quadrupoles. As we already discussed, the fact whether EQ or MQ force
will keep the particle at the focus spot or take it away from the equilibrium position
strongly depends on the wavelength of the trapped beams. That being said, this
dependency is contained in the Mie polarizabilities xgg and x,(, thus, below we
analyse the transverse stiffness in more detail.

Fig. 3.7 b) shows the transverse stiffness k depending on the wavelength A.
As before, the green areas represent the cases when stable trapping is observed,
in other words, when the stiffness is positive, while the orange regions state for
k < 0, the absence of trapping. By comparing Fig. 3.7 b) with Fig. 3.7 a) where
the absolute value of Mie-coefficients are plotted, one can clearly see that for 580
nm < A < 625 nm transverse trapping is achieved by the EQ force, while for 755
nm < A < 779 nm stable trapping is provided by the MQ force. Therefore, here
one can notice the similar effect we observe for the standing wave trap, namely, by
choosing the wavelength A from the corresponding side of the multipole resonance
(in this particular case, of EQ or MQ resonance), we can observe trapping in

minimum intensity spot.
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Figure 3.7 — a) Absolute values of Mie-coefficients for electric dipole (ED),
magnetic dipole (MD), electric quadrupole (EQ) and magnetic quadrupole (MQ)
as a function of the standing wave wavelength A. b) Transverse stiffness k for
trapping of a nanoparticle at z = 0 position and its decomposition into multipole
terms. Green stripes represent the case when stable trapping (k > 0) is achieved
, while orange stripes defines k < 0 - no trapping. Particle parameters: refractive

index n = 3.6

a)

Transverse stiffness

500

]
o
o

700

Wavelength A, nm

o]
o
o

900
140

150 155
R particle, nm

145

160

b)

x107®
5

Wavelength A\, nm

k>0 ' k<0 |
500 = —_———
EQ trapping =
800} MQ trapping
No trapping
900 . . .
140 145 150 155 160

R particle, nm

Figure 3.8 — a) Transverse stiffness as a function of A and particle’s radius R.
b) Transverse stiffness phase map. Green areas k > 0 represent stable trapping
provided by MQ and EQ forces, respectively. Particle parameters: refractive index

n=36

3.5 Transverse trapping analysis

Now we want to investigate transverse trap stiffness as usually in this

thesis depending on the wavelenght A and R-radius of the particle. Fig. 3.8 a)
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shows the transverse stiffness map, where one can notice two areas of parameter
configurations with k > 0. To be more precise, Fig. 3.8 b) shows directly the
ranges of A and R when stable trapping can be obtained. As before, the multipole
approach we implement allow as to identify that trapping is achieved due to the
MQ or EQ forces, respectively, in agreement with the expression derived in 3.13.

To summarize the results presented in this chapter, we observe that the
bottle-beam trap can be used to achieve stable trapping in minimum intensity spot.
The multipole decomposition method allows to define the ranges of the particle’s
radius R and beam wavelength A such that the total axial or transversal stiffnesses
are positive. If one compare the binary phase maps for axial (see Fig. 3.7a))
and transverse ( see Fig. 3.8 b)) stiffnesses, we see that the particular green area
associated with the MQ trapping force provides trapping in all desired directions, in
other words, both for axial and radial trappings. At the same time, MD trapping is
achieved for displacements along z-direction, while there is no transverse trapping

in the corresponding ranges of A and R.
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4. OPTICAL TORQUE INDUCED BY THE SECOND HARMONIC
GENERATION

As was announced in Introduction, resonant nanoparticles provide
new opportunities not only for optical trapping, but also for optomechanical
manipulations. In the following chapter, we address the rotation properties, and
propose a novel mechanism to achieve the angular-momentum transfer to a non-
absorbing particle induced by the second harmonic generation. That being said,
the mechanism we introduce is completely different compared to earlier well-
known ways to optically rotate a particle based on either the rotational symmetry

breaking or on the presence of particle’s absorption.

Fundamental SH field
torque

Circularly polarized
incident light

SHG torque

Figure 4.1 — A spherical nanoparticle illuminated by circularly polarized light

at the frequency w generates scattered second-harmonic field at the doubled

frequency. Total torque acting on the nanoparticle is a sum of the torque induced

by incident light (fundamental torque) and torque associated with the scattered SH
field (SH torque)

To be more precise, we consider a spherical nanoparticle illuminated by
circularly polarised incident light as illustrated in Fig. 4.1. We assume the
emergence of the second harmonic scattered field, as a result, total torque Tt@!

acting on the nanoparticle can be written, in general, as a sum of fundamental
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torque T(“) coming from the incident light and torque T(*®) generated by the
second harmonic scattered field. Therefore, below we present explicit derivations

for the mentioned torque components based on the multipole decomposition.

4.1 VSH approach for optical torques

In the following subsection we discuss the approach to calculate optical
torque acting on a nanoparticle using complex vector spherical harmonics (VSH) as
a main tool we used for our work. First of all, we start form the general expression

for time-averaged torque mentioned in [40; 41]:

szmw, 4.1)

where n stands for outer unit normal vector to the surface S, while M = r x T
represents the angular momentum flux tensor. 7~ corresponds to the Maxwell’s

stress tensor defined as:
A~ 1 % % 1 2 2\
T = §§R eeoE" O E + ppH' © H — 5 (eeo|El" + upoHP?) Z') . (4.2)

For further convenience, one can choose the integration surface to be just a perfect

sphere and simplify the integral 4.1 into [42; 43]:

7“3
T = —ER/dQ< (eeoEr Ep + nhoH Hy) €y — (e€o by By + ppoH, Hy) é@>’

(4.3)
where the integration is performed over the solid angle df2, and the electric and
magnetic field components are represented in spherical coordinates (r, 0, @).

Next, we use VSH to represent the electric and magnetic fields in the

following way [34]:

E = Z Z (Amann + anNmn)
n=lm=—n_ (4.4)

|
_

n m=—n
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Here Z represents the total medium impedance, M,,,, and N,,, stand for the
magnetic and electric multipoles, respectively, with the total angular momentum
n and the z-projection of the total angular momentum being equal to m.

The total fields are formed by the incident and scattered ones, namely, E =
E™ 4 E* and H = H™ 4 H*®. Thus, we can use the VSH notation presented
above and express the incident and scattered fields as [34]:

Einc _ Z Z (AlnC mZz + Bmc Ngnzz)
n= 1m——n ’ (45)

Escat i Z (ASC&tMmzl _+_ BSC&tNgnz)

n=1m=-—n

as well as
H™ = 3 3 (AN + BiMin)
n=lm=-n 4.6
HSC&t — LZ i i (ASC&tNmn + BSC&tMgn;L) ( )

Finally, performing the integration presented in 4.3 and taking into account the
orthogonality properties for VSH [44; 45], we obtain the following expression for

the torque component along z-direction:
T, = TP + T7°% 4.7)

where TP associated with the amplitudes of expansion coefficients and equal to:

Tzamp 3 Z Z mn n+1 |Ascat’2 + |Bscat‘2) : (48)

n=1 m=—n
while 77 contains the interference terms between incident and scattered fields

as:

T;ross _ 3 Z Z mn n+1 Re <A$§A%at* Bmc Bscat*) . (4.9)

mn-—mn
n=1 m=-—n

4.2 Torque on the fundamental frequency

As was mentioned above, we consider circularly polarised incident light

and, without loss of generality, magnetic number m; is equal to 41 for right-hand
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polarization. As a result, the VSH coefficients related to the incident field take the
following form [34]:

inc 4m(2n+1)
Y LR

(4.10)
Binc = m; - Ainc )

Next, VSH coefficients related to the scattered fields are proportional to the Mie-

scattering coefficients a,, and b,, [34], as a result, equal to:

scat
Amn ~ Qp - 6m7mi

(4.11)
Bseat b, - 6m -
Finally, substituting 4.10 and 4.11 into 4.9, we get ngw) to be proportional to the

absorption cross-section, namely:
Oabs ~ T Zn n+ 1) (Re(ay + by) — (laal” + [ba]?)) . (4.12)

and, to be more precise, take the following form:

7@ — £ 5.5 (4.13)

‘ m
where n,, represents the refractive index of medium, o, is the absorption cross-
section, S 5‘”) = %EEOE(% stands for z-component of the canonical spin-angular
momentum density.

Next, we assume that all the absorbed power coming from the incident light
goes directly to the second harmonic generation. In other words, we have o,,s —
OsHG, Where osyg represents the SHG cross-section. As a result, the expression
for the fundamental torque can be re-written as:

T@ = . 5gueS). (4.14)

: N
To compute osyg, we follow the approach presented in [46]. At first, one can

represent the scattered second harmonic field via real VSH in the following way:

B =33 3 (Do WE, (11(20).1) + Digens WU, (1 (200),1))

n=1 m=0W=M,N
(4.15)
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where k1 (2w) = @ represents the wave vector of the outside medium, W =
M, N stand for the electric and magnetic real vector spherical harmonics such that
the superscript (3) corresponds to the first-kind spherical Hankel functions , while
(1) states for the first-kind spherical Bessel function [34]. Dy, are the expansion

coefficients that, according to [46], are proportional to:

Dy,,; ~ /Wé}%n(kg(Zw),r) - P*®(r)dV, (4.16)

where P?“(r) states for the nonlinear polarization at the second-harmonic

frequency and defined via the second-order polarizability tensor X as:
P> (r) = XE“ (r)E“)(x), (4.17)
and ky(2w) = @ represents the wave vector inside the particle.
At the same time, we can express the scattered field via the complex VSH
as [46]:

B2 (r Z Z ( Scatanerff;fNﬁg}L). (4.18)

n=1 m=-—n

To connect the expansion coefficients Dyyo,,, related to the real VSH with

ase® b5 coming from the complex VSH decomposition, one can use the following

mn’ U mn

relation between real and complex VSH for non-negative m > 0 presented in [34]:

2 1(n— !
Wmn = \/ nt (n m) (Wemn + iWomn) - E’mn (Wemn + Z.Vvomn) )

4t (n+m)!
(4.19)
where 3,,, = 27};1 En +m§ Next, in order to generalize this relation for negative

m, we use the following symmetry property for m > 0:
W = (=D"Wr = (=1)"Brmn Wemn — iWomn) - (4.20)

As a result, we can convert the expansion coefficients from real VSH to complex

ones and vice versa as follows:

aseat — DMemn D]V[omn

pcat Nemn Nomn
" 2B 2B
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s DMemn

A, =
DNemn
b =
2B
(as _ (_1)‘m‘DMe|m|n . (_1)‘m‘DMo|m\n
. " 2B\m|n 22[3|m|n
ms0 bs — (_1)‘m‘DNe|m|n o (_1)|m|DNo|m|n . (421)

Finally, one can use the relations presented above together with the expression of

the SHG cross-section defined via the real VSH expansion coefficients as [46]:

+1)
OSHG = 2w Z Z QZ+

=1 W=M,N

(4.22)

" (n+m)! < 2

X ———==|D emn D omn ) 2|D eln

(;(nm) | Divennl” + | Dwomnl|* ) + 2| Dweon|

to rewrite the fundamental torque 4.14 in the following way:
OSHG

T = myT, = miT} (WE, + WM. (423
OO-geom Ogeom 2w 2 ;mzn ) ( )
Here Ogeom = 7a? is the geometrical cross section, Ty = 2,2’(50)E0 Ogeom 1S @

normalization factor. WE _and WM are the dimensionless expansion coefficients
related to a5 and b5 in the following way:

WE — n+1 | scat

( ° )
‘17 n n—|—1 ca
ﬂl\fn - (5702 : |b;nnt

4.3 Torque on the doubled frequency

Next, we want to compute the torque associated with the doubled frequency
2w. Taking into account the fact that there is no incident field at this particular
frequency, the corresponding VSH expansion coefficients A"¢ = B¢ — (),
As a result, only scattering coefficients A5 and B are non-zero. Therefore,

recalling the general expression of the torque derived in 4.9, we get the following
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SH torque where only squared amplitudes associated with expansion coefficients

of the scattered fields are involved :
TP = () Z Z mn(n+ 1) (JAS2? 4+ | B2 ?) . (4.25)
n=1 m=—n

To proceed further, we use the dimensionless expansion coefficients we introduced

above, and the SH torque can be re-written as:

T = —%TOG ! Z Z m Wy, + W), (4.26)
geom 1 m=—n

where, as we did for the fundamental torque, the normalization factor 7 was used.

4.4 Total torque

Finally, since we obtain the expressions for torques on the fundamental and

double frequencies, total torque acting on a nanoparticle takes the following form:

1
Ttotal _ T(w) T(2w) — _T MMine — WE WM .
z z + z 2 OGgeom 2(1) 2 Z Mline + )

(4.27)
As aresult, given the dimensionless expansion coefficients WE and WM one can
directly compute total torque. Since it is impossible to calculate these coefficients
fully analytically, we address the numerical approach. To be more precise, we
compute overlapping integrals presented in 4.16 to obtain the real VSH expansion
coefficients Dyyop,,. Next, we use the relation between real and complex expansion

coefficients 4.21 to convert numerically Dyyop,, into a;,,,, b;,,,. Therefore, we can

use 4.24 to calculate WE,_ WM

mn? mn?>

and, finally, compute the total torque acting on a
nanoparticle. Below we illustrate the emergence of non-linear induced torque for
a concrete example.

That being said, we consider a spherical nanoparticle made of GaAs as one
of the most-common materials to observe the second harmonic generation in real
experiments [47]. The wavelength of the incident light is A = 1550 nm, while the

refractive indices at the frequencies w and 2w are slightly different, and equal to
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n® = 3.28 and n?* = 3.58, respectively. In the principal axes the only non-zero
components of the second-order susceptibility tensor ng s are the following:

X = xi = x, = x, = x5 = X = Xcaa = 100 pm/V. - (428)

Multipole decomposition

>
&)
c
Q0
RS
©
)
I
n
10_10 = —_—"—’—— ] (474) .
2.8 3.0 3.2

Normalized Rparticle: ka

Figure 4.2 — SHG efficiency produced by a spherical GaAs nanoparticle

depending on its normalized radius. The dashed lines represent the multipole

decomposition confirming the statement that only multipoles with m = 0,4

are involved by the symmetry properties. Numerical parameters: incident light

wavelength A = 1550 nm, refractive index at the fundamental frequency n® =
3.28, at the 2w n® = 3.56

As a result, taking into account the lattice symmetry of GaAs crystal
provided by ngAS as well as the axial symmetry of the spherical particle, one
can show that only m = 0, == 4 VSH are allowed in the second harmonic field
produced from the right/ left circularly polarised incident light [46]. To confirm
this statement, Fig. 4.2 shows the SHG efficiency (naturally defined as the fraction
OsHG/ Ogeom) depending on the particle radius normalized by the wavevector k(w).
The solid black line represents the total SHG efficiency, while dashed curves

correspond to the multipole decomposition, where (m,n) notation was used on

the right to address different multipoles that contribute to the total SHG efficiency.
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Therefore, one can clearly see that the total efficiency is fully represented only via
multipoles with m = 0, 4, therefore, indeed only these particular terms are allowed
in the second harmonic scattered filed spectrum.

Going back to the expression for total torque presented in 4.27, we recall the
fact that m; = 1 for the polarization of the incident light we consider. Therefore,
for VSH with m = 0, SH torque TZ@“’) = 0, while Tz(w) > 0, as a result, the
corresponding term that goes to total torque is positive and provided only by the
one that corresponds to the fundamental frequency w. At the same time, for m = 4
harmonics, we have 2m; — m = 2 — 4 = —2, thus, %) = —2 . T'*) and the
contribution to total torque coming from this particular multipole is negative and

equal to —T,,Sw).

T T T

SHG torque 7

l

Total torque, TZ/TO

2.8 3.0 3.2
Normalized Rparticle, ka

Figure 4.3 — Total optical torque acting on the spherical GaAs nanoparticle as a
function of its radius. Due to the dominating contribution of m = 0 multipole

modes, the total torque is fully positive

Finally, we compute the total torque acting on a resonant nanoparticle as a
function of normalized particle radius shown in Fig. 4.3. Even though it was shown
that for m = 4 multipoles the contribution to total torque is negative, total torque
we obtain numerically is still fully positive. The reason for that is the dominating
contribution to the SHG process coming from the harmonics with m = 0 (as
illustrated in Fig. 4.2). At the same time, one can clearly see that the maximum

values of the total torque correspond to the maximal values of the SH efficiency
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as shown in Fig. 4.2, while the strongest contribution of the SH torque appears
at ka ~ 3.18.

Overall, we indeed observe the emergence of non-linear optical torque acting
on a Mie-resonant nanoparticle and induced by the second harmonic generation.
However, even though the terms that correspond to SH torque are negative, total
torque seems to be positive. At this point a natural question might appear, namely,
whether it is possible to obtain negative total torque. The answer is yes [48], but
goes beyond the scope of this work, however, we would like to highlight the general
idea. First of all, it is quite intuitive that one needs to modify the SH scattered field
such that the modes with m = 4 are sufficiently enhanced. To be more precise,
changing the shape of the particle from spherical to cylindrical can lead to the
emergence of quasi-bound states (qBIC) in the continuum, therefore, resulting in
negative optical torque due to its dominating contribution in the scattered field
spectrum. As was already mentioned, a more detailed analysis of this question is

presented in [48].
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CONCLUSION

To summarize, we demonstrated several optomechanical applications
related to trapping and rotating properties of resonant Mie-nanoparticles. To
be more precise, in the following work we:

1) Investigated the total force acting on a resonant nanoparticle trapped at
the node of the standing wave electric field. We derived the analytical expression
for total trap stiffness based on the multipole decomposition and identify the main
multipole forces for stable trapping at low-intensity spot related to the particle’s
radius and the wavelength of the standing wave. It was shown that at the node of
the electric field stable trapping is provided by magnetic multipole forces, while
for trapping at the node of magnetic field one could expect electric multipoles to
provide trapping in the same way.

2) Studied the formation of the bottle-beam trap and observed stable
trapping at minimum intensity spot. Explicitly calculated axial and transverse
forces allowed us to determine the relative particle’s radius and beam wavelength
such that stable trapping can be observed. The multipole decomposition approach
showed that magnetic dipole, electric dipole and magnetic quadrupole forces stand
for trapping at minimum intensity spot along z-direction, while the transverse
trapping is achieved mainly by the electric and magnetic quadrupole forces.

3) Demonstrated the emergence of optical torque acting on a perfect
spherical nanoparticle induced by the second harmonic generation. We explicitly
derived the fundamental and the SH torque components that forms total torque.
In addition, we presented a concrete example how the expression we derived can
be implemented to calculate torque acting on a GaAs nanoparticle. The following
results are included in arxiv publication [48] that was recently accepted in Physics
Review Letters.

We believe that our findings open several prospective directions for

studying optomechanical properties of resonant nanoparticles. Here we are
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especially interested in the ones related to optical trapping, namely, regarding
the optimization of system parameters for a real experiment. In other words,
taking into account the natural constraints on incident beam power, desired
trapping wavelength, refractive index of a particle as well as its common radius,
the question on how to maximise stability of trapping, namely, to increase the value
of total positive stiffness, still remains to be open and quite non-trivial. At the same
time, since one of the main motivations to use bottle-beam traps is minimising the
internal temperature of a trapped particle, its explicit calculation or, for instance,
an estimation based on the black body radiation, could convince experimentalists

to continue developing optical levitation techniques with resonant nanoparticles.
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