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Determining arrangements of optically bound

nanoparticle clusters in three dimensions in a Gaussian

beam standing wave optical trap

Philipp Martin Grimm, M.A.
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Supervisor: Ernst-Ludwig Florin

The invention of optical tweezers in 1986 has enabled controlled trap-

ping and manipulating of dielectric particles in the microscopic and nanoscopic

regime. More recently, using a specialized optical trap, a novel ultra-strong

particle-particle interaction, based on scattered fields and induced dipoles was

discovered, namely lateral optical binding. It can be used to achieve self-

assembly of nanoparticles into contactless clusters with stable configurations.

Experiments have shown that coupling of these clusters to the external elec-

tromagnetic field depends on the cluster geometry. The observation was at-

tributed to asymmetries in cluster constituents, such as different particle radii,

but a simultaneous experimental observation of cluster geometry and particle

radii remained challenging.

In this thesis a new method is introduced which measures simultane-

ously the configuration of a pair of optically bound nanoparticles in three
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dimensions as well as the ratio of particle radii. This ratio is approximated in

two different ways, by analyzing the particle widths in darkfield microscopy

images and by analyzing the power of the light scattered from the nanospheres.

After validating the procedure and data evaluation for a single immobilized

bead it was applied to optically bound particle pairs in a Gaussian beam

standing wave optical trap. Both particle size estimations provide similar

results. It can be concluded that the difference in brightness observed for

distinct nanoparticles originates from a difference in their radii and not from

their relative displacements along the optical axis. Nevertheless, two parti-

cles with significant difference in radius tend to assemble at slightly different

axial positions. This deviation from ideal lateral optical binding may cause

additional geometry dependency on the coupling of the cluster to the external

optical field and should be included into simulations on optical binding dy-

namics. Finally, an astonishing symmetry break even for particle pairs with

similar radii was observed. The center of mass of these clusters shows a shift a

few times as large as the exciting wavelength and particle separation distance

away from the trap center to a new, well-defined equilibrium position. This

observation challenges the current theoretical explanation of the lateral shifts

which requires an asymmetry in the cluster constituents.
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Chapter 1

Introduction

Over the last five decades a novel branch of optics has been established

and it has attracted attention of numerous physicists, as well as chemists, bi-

ologists, and engineers [1]. It is denoted with the term “nano-optics”. The

possibility of applying light fields on the microscopic or even nanoscopic (sub-

wavelength) scale in order to image, manipulate and control states of matter is

a fascinating approach of mankind to dominate and switch various processes

on length scales which have never been accessible by eye. Achievements of

nano-optics such as nanociruits [2–4] or high-precision plasmonic nanodevices

are conquering vast fields of real world applications. One typical example are

plasmonic solar cells where light absorption is enhanced using metal nanopar-

ticles which scatter a significant amount of light along the photovoltaic surface,

thereby increasing its efficiency (broadband absorption) [5–7].

In plasmonics and nano-optics a recurring ingredient are metal beads,

in particular colloidal gold nanoparticles. Not just used in many plasmonic

devices, but also in biomedical research they are widely deployed, e.g. to tar-

get tumors via Surface Enhanced Raman Spectroscopy in vivo [8, 9]. To fulfill

their tasks, nanoparticles need to be assembled in precise arrangements which
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is usually done by means of optical trapping with specially shaped laser fields.

Likewise, a particle-particle interaction called optical binding can be used to

manipulate nanosphere arrangements or even whole clusters in which multiple

beads are coupled by optical binding forces. Thus it is of general interest and

relevance to analyze the dynamics of multiple gold nanoparticles under optical

trapping and binding forces. For two-dimensional lateral optical binding, dis-

crepancies between theory and experiment have been reported [10, 11]. When

two spheres with different radii couple and assemble to an optically bound

cluster in a mainly two-dimensional trapping potential the broken symmetry

causes a shift of the cluster center of mass away from the energy minimum of

the optical trap. Now theory and experiment differed in the direction of this

shift. For equal parameters, theoretical simulations predict a shift towards the

side of the sphere with larger radius [11] while in experiments a shift towards

the side of the smaller particle was observed [10].

Thus some assumptions of theory and experiment have to be ques-

tioned, for instance whether the particle radii were derived properly, or whether

perfect lateral alignment of particles as assumed in simulations is really present

in experiemnts. In this work I will introduce an experimental method to exam-

ine if these assumptions are justified. This involves measuring the arrangement

of optically bound nanoparticle pairs in three dimensions and the relative par-

ticle sizes when they are confined by a special standing wave optical trap

design accurate to analyze 2D lateral optical binding interactions. It will be

shown that such “optical dimers” do generally not align perfectly in a lateral
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plane perpendicular to the axis of laser light propagation but rather assemble

with small axial displacements from each other which may affect the coupling

behavior of the optically bound cluster as a whole to the external electromag-

netic field of the trapping laser. Thus simulations must be revised with new

assumptions and more experimental data must be collected to resolve the dis-

agreement. Moreover I will demonstrate, that in previous experiments [10] the

relative difference in particle radii was estimated correctly out of their differ-

ence in brightness seen on the camera images. Besides that we will see that

even particles with identical radii that are held together by OB forces exhibit

strong asymmetric coupling to the external field, which is quite surprising and

unexpected from past experiments. Explicitly, large lateral shifts away from

the optical trap center, where the potential minimum is supposed to be, are

observed. When the cluster is symmetric in its constituent sizes there must

be some hidden factor evoking such prominent asymmetries. Strongly geom-

etry dependent coupling may in the end impact dramatically the assembly

of colloidal particles in nano-optical devices when exploiting optcial binding

interaction. In order for the particles to fulfill their purpose properly one

would have to optimize the particle assembly by taking into account these

phenomena.
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Chapter 2

Theoretical Background

Interactions of light and matter are one fundamental field in physics and

basis for a plethora of effects and applications, whether in astrophysics, solid

state physics, or optics. A major invention to study such effects experimen-

tally is the laser. It is the epitome of a high-precision coherent light source

operating at high intensity, thanks to stimulated emission. In this chapter,

basic effects of high intense electromagnetic fields interacting with dielectic

nanospheres are outlined to understand the principle of optical tweezers and

their modifications, such as the standing wave optical trap used for experi-

ments in this work. Finally, we introduce optical binding, an intriguing phe-

nomenon in which optically trapped particles couple among each other without

mechanical contact and self-organize in many different cluster geometries.

2.1 Radiation pressure: The scattering force

Historically, the first effect used to guide nanoobjects in a controlled

way was the radiation pressure on a nanoparticle applied by a photon flux.

Arthur Ashkin et al. succeeded in accelerating, trapping, and levitating par-

ticles in aqueous solution[12, 13]. He found that this scattering force strongly
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depends on the object size which allowed him to sort particles with different

radii. For a certain laser power used to generate the radiation he observed

significant acceleration of a sphere 2.68µm in diameter whereas a 0.585µm

sphere was left behind. To trap particles via radiation pressure Ashkin ap-

plied a second, counter propagating laser beam so that the net acceleration

vanishes. He attributed his observations to a momentum transfer from inci-

dent photons to the particle using a ray optics model shown in figure 2.1. Here

the refractive index of the particle exceeds that of the surrounding fluid, and

light rays are refracted at the interfaces accordingly. This ray optics model

confirms the net force to point along the direction of light propagation.

Figure 2.1: Scattering forces on a dielectric sphere in the ray optics regime. A
Gaussian TEM00 mode beam hits a particle off the axis A and is refracted. Thus
ray a has higher intensity than ray b, leading to a higher momentum transfer through
a. The particle moves towards +z and −r. Here we consider the case nH > nL.
Figure from reference [12].

In the years to come more research was done on radiation pressure, also

in the case where the particle size is much smaller than the laser wavelength
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(Rayleigh regime). The picture of straight rays hitting the sphere surface

no more holds. For the scattering force component in the direction of light

propagation the following formula was found valid in the Rayleigh regime

[14, 15]:

Fscat(~x) =
128π5r6nm

3cλ4


(
np
nm

)2

− 1(
np
nm

)2

+ 2


2

I(~x) (2.1)

where r is the particle radius, np and nm are indices of refraction of particle

and surrounding medium, respectively, c is the vacuum speed of light, λ is the

excitation wavelength, and I(~x) is the light intensity at the particle location

~x. Ashkin’s ray optics model (figure 2.1) also predicts the sphere to be pushed

towards maximum intensity if np > nm and an intensity gradient exists, as is

true for a Gaussian laser beam. This force component was then called gradient

force. For particles much larger than the excitation wavelength it just can be

derived by considering the momentum transfer. If the wavelength, however,

exceeds the particle dimensions, a different model is necessary to derive the

gradient force.

2.2 The gradient force

In the Rayleigh regime where r � λ, i.e. kr � 1 we consider the

dielectric response of the particle which arises due to its polarizability α when

the particle is excited by an electromagnetic field ~E. An induced dipole with

dipole moment ~p constitutes this response, so

~p = α~E. (2.2)

6



With the definition [15]

~Fgrad(~x) = [~p · ~∇] ~E (2.3)

we finally can write the gradient force in the Rayleigh regime as [15]

~Fgrad(~x) =
2πnmr

3

c


(
np
nm

)2

− 1(
np
nm

)2

+ 2

 ~∇I(~x) (2.4)

which is equal to the Lorentz force on the induced dipole [16], with the beam

intensity I(~x) given by [15]

I(~x) =
nmε0c

2
|E(~x)|2 (2.5)

where ε0 is the vacuum permittivity. If the particle size is comparable to

the wavelength (kr & 1) the instantaneous electric field upon the particle is

no more uniform throughout its dimensions and the Rayleigh approximation

using a point dipole breaks down. A sophisticated model for such cases is pro-

vided by the so-called generalized Lorenz-Mie theory (GLMT) which involves

sums of many vector spherical harmonics to describe the scattered field distri-

bution. Having exploited the continuity of tangential field components across

the sphere surface one can define Mie coefficients. They enable the integra-

tion of Maxwell’s stress tensor in the vicinity of the particle to determine the

momentum transfer to the particle [15, 17, 18]. The Rayleigh approximation

only accounts for lowest order terms of the spherical harmonics series [19].

In figure 2.2 the lateral gradient force Fgrad,x of a 100nm radius polystyrene

sphere in water is simulated and plotted as a function of x (normalized to the
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Figure 2.2: Lateral gradient force component of a 100nm radius polystyrene sphere
in water located in the plane of the laser focus (beam waist). The x-position is
normalized to the beam waist radius w0 (see also section 3.3). For polystyrene the
refractive index is 1.592, thus bigger than for water (1.33). Other parameters used
for the numerical calculation are vaccum wavelength λ0 = 514.5nm (⇒ kr ∼ 1.6),
beam waist radius w0 = 5µm, and laser power P = 100mW . The thin solid line
together with black dots denote the Rayleigh approximation, the thick solid line
denotes the GLMT result. Figure adapted from reference [15].

beam waist radius w0 of a Gaussian beam focal spot). Even if kr ∼ 1.6 the

Rayleigh approximated gradient force agrees quite well with the gradient force

obtained with GLMT. Only in the two peak regions deviations are visible. For

small |x| a straight line can be fitted to the gradient force:

Fgrad,x ∝ −κx (2.6)

Its slope κ, actually a spring constant, yields the so-called trapping stiffness,

a measure for the trapping strength. The higher the trapping stiffness the
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stronger is the suppression of thermal fluctuations around x = 0 by restoring

gradient forces.

As mentioned, for np
nm

> 1 the gradient force in equation (2.4) points

towards the intensity maximum. There the intensity gradient vanishes and

Fgrad becomes zero. For Gaussian beam optical tweezers, the trapped particle

will therefore be pushed towards the focal spot center. Simultaneously, the

scattering force pushes it out of focus, along the light propagation direction.

Based on ~Fscat and ~Fgrad one can formulate a necessary criterion for stable

optical trapping in single beam traps. It states that the ratio of the backward

axial gradient force and forward-scattering force at the position of maximal

axial intensity gradient be greater than one [15]. For necessary and sufficient

conditions, fluctuations of the nanoparticles due to thermal forces also must

be taken into account. Conventionally, one demands the depth of the potential

Ugrad given by the gradient force ~Fgrad = ~∇Ugrad to be much larger than the

kinetic energy kBT of the nanoparticle as Brownian random walker. Here

kB denotes the Boltzmann constant and T the absolute temperature of the

surrounding. At ~x = ~0 and with the peak intensity I(~0) = I0 the condition

reads

Ugrad =
2πnmr

3

c


(
np
nm

)2

− 1(
np
nm

)2

+ 2

 I0 ≥ 10 kBT (2.7)

Stably trapping smaller particles might have been deemed easier because the

destabilizing scattering force in equation (2.1) goes with r6 while the stabilizing

gradient force goes with r3. However, for very small particles in the Rayleigh
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regime the thermal energy kBT exceeds the potential well Ugrad seen by the

particle. Thus stable trapping of smaller object is in general more difficult.

Indeed, when it comes to trap single molecules or atoms one first would have

to cool down the sample significantly. In some research fields, cooling down is

completely out of the question. For instance, microbiological experiments are

often dependent on living samples. So an aqueous solution at or near room

temperature is indispensable to maintain original functionality and dynamics

of living objects. Therefore, other methods than cooling have to be developed

to improve trapping stability. Increasing the gradient force without increasing

or even with decreasing scattering forces is one crucial point. The optical trap

design described in the following chapter brought major progress towards this

goal.

2.3 Optical trapping by means of a standing wave

In 1998, Pavel Zemánek et al. came up with the idea to trap parti-

cles via a standing wave pattern instead of a point-focused Gaussian beam

[11, 16, 20–22]. After traveling through the specimen the laser beam is re-

flected off a dichroic surface on a microscope glass so that reflected and inci-

dent beam create a standing wave within the sample cell where nanoparticles

are trapped near the intensity maxima, i.e. the standing wave antinodes, sepa-

rated by λ
2
. Serveral drawbacks of traditional single beam optical tweezers can

be overcome with standing wave optical traps. First, the axial scattering force

nearly vanishes for highly reflective dichroic surfaces because the scattering
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force components of incident and reflected beam propagating in opposite di-

rections cancel each other. Above we mentioned a necessary stability criterion

in which the net axial scattering force component plays a major role. Now

with the standing wave pattern canceling this force component, the criterion

is automatically satisfied. In other words, the axial gradient force is no more

subject to a severe necessary criterion. There is in general no more need for

a focused Gaussian beam. A collimated beam would serve as well to stably

confine nanoparticles due to its intensity gradients between nodes and antin-

odes. Vassili Demergis indeed exploited line foci and collimated beams in his

standing wave optical trap experiments successfully to manipulate Rayleigh

particles and analyze their optical binding behavior [10, 23, 24]. By introduc-

ing lateral scattering force components while leaving gradient forces unaffected

he was able to transport particles optically in one and two opposite directions

[10, 23].

Second, the gradient forces itself generated by a standing wave optical

field are much stronger due to stronger intensity gradients between nodes and

antinodes (figure 2.3). A look at the focal spot of classical optical tweezers

reveals that the intensity distribution is broadened especially along the optical

axis (z-axis). The weakness in axial confinement is a general issue of single

beam optical tweezers. Scattering forces drive objects along z, out of the focal

spot to a region where the intensity gradient is weaker so that the probability

to lose the object there is increased. In comparison, the standing wave pattern

exhibits much greater intensity gradients due to short distances (∼ λ
4
) between

11



Figure 2.3: Intensity gradients in different optical trap designs. A calculation show-
ing intensity distributions of a focal spot as found in conventional optical tweezers
(left) and a standing wave optical trap (right). Because of the short distances be-
tween neighboring nodes and antinodes the axial intensity gradients (along z) are
significantly stronger in the standing wave case. In contrast, for the single beam
trap, the axial direction has the weakest gradient. The peak intensitiy is equal in
both cases. The considered wavelength is λ = 800nm. Figure from reference [10].

successive locations with zero and maximum intensity. This effect is strongest

for the z-direction which was the weak spot in the classical optical trap and it

even exceeds gradients in x and y. As a consequence, the peak axial gradient

force in a standing wave trap is several times stronger than in a single beam

trap [10] at the same laser power. The possibility of using lower laser power to

create equal optical trapping forces makes the standing wave trap an attrac-

tive tool for microbiological experiments where radiation damage thresholds

12



are usually low. In cases where single beam tweezers with high laser power

may destroy sensitive living samples, the new method of optical trapping can

improve their lifetime and thus their accessibility for long-time experiments.

Because of all these advantages discussed here we will use a standing wave

optical trap design for our trapping and optical binding experiments.

2.4 Lateral optical binding

When multiple particles are confined in an optical potential well they

interact with each other. So besides scattering force and gradient force due to

interaction with the external field, optical binding constitutes a fundamental

electromagnetic interaction between particles. In 1989, Michael M. Burns et al.

were the first to observe that multiple trapped particles (diameter 1.43µm)

behaved differently from single trapped particles. In their experiment they

used a single beam optical trap with a line-shaped focus by introducing cylinder

lenses (figure 2.4). Analyzing particle motion from the edges of the trapping

region towards the intensity maximum they only found the expected smooth

velocity for single particles in the trap. Upon confining two beads the motion

lost its smoothness and the particle positions became rather step-like with

step sizes of approximately the external laser wavelength (figure 2.4). A new

optical interaction was discovered and called “optical binding force” [25, 26].

When the optical binding (OB) axis is perpendicular to the axis of

light propagation (optical axis) we call this case lateral optical binding, in

contrast to particles aligned on the optical axis, called longitudinal optical

13



Figure 2.4: First experiment in which optical binding was observed. Burns et al.
used an elongated single beam focus generated by cylindrical lenses to trap particles,
as shown in the left panel. Scattering forces pushed the particles against a glass
surface. On the right panel, the separation distance between two trapped particles
scaled in multiples of the exciting wavelength is plotted against time (sampling rate
30Hz). The rightmost graph shows a histogram of the data points. Figure adapted
from reference [25].

binding. In this work we focus on the lateral configuration. After Burns’

experiment, lateral OB was also treated theoretically by various researchers

[27–30]. They use the model that the incident electromagnetic waves induce

charge oscillations in the Rayleigh particles from which dipole moments arise.

The electromagnetic dipole radiation of the first particle induces further dipole

components in the second particle and vice versa. The additional components

also interact with the incident field. Usually multiple scattering processes

are neglected to determine optical binding forces. Since dipole moments and

scattered fields are oscillating quantities the optical binding force depends on

the phase difference between particle 1 and 2. The particle locations, i.e. their

mutual distance, determine the relative phase of the oscillating quantities.

Hence it is expected that the OB force itself oscillates as a function of inter-

particle distance, with roots at well-defined distances.
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Figure 2.5: Calculation of the lateral OB force as a function of separation distance.
For different polarization angles w.r.t. the OB axis, different oscillating curves
describe the OB force. The roots which imply stable binding are denoted with
arrows and lie close to multiples of the incident wavelength λ, except for θ = 0◦

where a larger shift can be seen. Calculations were performed using the formulas in
references [27, 28]. Figure from reference [10].

Figure 2.5 from reference [10] provides a calculation of the lateral OB

force based on formulas given in [27, 28]. The oscillating behavior which

incorporates the phase sensitive character of the OB force is clearly visible.

Self-assembly of optically trapped beads would lead to separation distances

with zero force while small deviations in separation distance result in restoring

forces. The separation distances with vanishing OB force are close to multiples

of the incident wavelength λ. Polarization also causes an effect on optical

binding, namely a shift of zero force distances as well as a change in OB force

amplitude. If the OB axis is parallel to the vector of the incident electric field

(θ = 0◦) the force amplitude is minimal and a significant shift of the root
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positions away from λ-multiples occurs. If the OB axis is perpendicular to the

vector of the incident electric field (θ = 90◦) the force amplitude is maximal

and the shift gets much smaller.

Another interesting fact is the decay behavior of the OB interaction.

In the far field it decays as ∝ 1
R

whereas other dipole-dipole interactions decay

much faster with increasing distance (Coulomb energy ∝ 1
R3 , Van-der-Waals

energy ∝ 1
R6 ) [24–26]. The comparatively slow decay in the far field enables the

OB interaction to form “optical matter” (where nanoparticles substitute for

atoms and OB for chemical bonds), that means stable but contactless clusters

made of nanoparticles solely bound by OB forces, or even creates a new form

of optical trapping by OB of a nanosphere to a larger “anchor particle” [24].

It is reasonable to study OB interactions of a particle pair or even

more particles in at least two dimensions where not only forces, but also near

field and far field torques on the whole cluster may arise [28]. In order to

allow the optically bound cluster to assume as many states as possible, one

would have to concede weak restriction of motion in at least two dimensions

to allow a nanoparticle cluster, coupled by OB forces (“optical matter”), to

explore different configurations and a wide traveling range in the lateral xy-

plane, perpendicular to the optical axis. Simultaneously, we want to analyze

optical binding in bulk solution, without pressing beads towards a surface

and dampening their fluctuations as would happen in evanescent field optical

traps [10]. This is why we will use a standing wave optical trap with trapping

antinodes generated by a wide, collimated Gaussian beam for our experiments.
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The standing wave pattern enables confining particles deeper in bulk solution

where surface effects do not play a role. The wide trapping antinodes make sure

that nanoparticle clusters can exhibit rather free motion in the xy-plane while

only sharply confined in the axial direction (z-direction). In such experiments

it should be possible to obtain photonic cluster shapes like those shown in figure

2.6 where numeric simulations served to determine stable OB configurations in

both ray optics (left panel) and Rayleigh regime (right panel). Depending on

the value of kr, different stable configurations are computed. Remarkably, the

preferred alignment of beads is parallel to the polarization in the ray optics

regime but perpendicular in the Rayleigh regime.

Figure 2.6: Simulations of optically bound clusters in 2D. In the left panel, stable
configurations for multiple particles in the ray optics regime are shown. In the
right panel, stable configurations in the Rayleigh regime are shown. The panels
are drawn to scale. The incident light is linearly polarized in horizontal direction.
Figure adapted from reference [30].

For a long time it was believed that optical binding is a rather weak

effect compared to optical gradient and scattering forces discussed in the first

sections [25–28]. The first one to collect reliable quantitative data about the

OB strength in the Rayleigh regime was Vassili Demergis. He performed 1D
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OB experiments with 200nm diameter gold nanoparticles trapped in his own

developed standing wave optical line trap, generated with a λ0 = 1064nm

laser (⇒ kr ∼ 0.79) [23, 24]. A major achievement was that he found the OB

force to be ultra-strong in his experiments, i.e. that the trapping stiffness κ

normalized to the local intensity I at the trapped object is much stronger for

optical binding than for optimized optical tweezers [24]:(κ
I

)
OB
≈ 22

(κ
I

)
OT

(2.8)

This underlines the importance of optical binding in multiparticle trapping ex-

periments. Ultra-strong OB can even be used as optical trapping force [10, 24].

Metal nanoparticles differ to some extent in optical properties from their di-

electric partners. They are able to carry plasmons, i.e. resonant excitations

of free charges, at the so-called plasmon frequency. For gold, the plasmon

frequency is in the visible part of the spectrum. When applying electromag-

netic radiation to a metallic sphere near the plasmon frequency the trapping

properties can alter strongly. For frequencies which do not lead to plasmonic

excitation the particle behaves similar to dielectric ones. Thus the exciting

wavelength has to be chosen well when working with metallic spheres. Con-

versely, this effect opens doors for a variety of intriguing experiments with

optical matter because optical binding properties are tunable through alter-

ing the laser wavelength. Van-der-Waals binding in molecular matter is not

as easily manipulated [17]. For non-plasmonic excitation, gold nanoparticles

have an index of refraction which exceeds that of the surrounding medium wa-

ter by far. According to equations (2.1) and (2.4) the optical trapping forces
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both are increased. In a standing wave optical trap, where the gradient force

dominates the scattering force, we expect a higher trapping stiffness than for

dielectric spheres of the same size. Likewise, the scattering cross section of

gold beads is higher than that of polystyrene beads, for example, leading to a

stronger OB interaction between gold beads. OB between very small dielectric

spheres would not be strong enough to maintain stable cluster formation for a

sufficient time span. However, using gold particles enables optical binding ex-

periments in the Rayleigh regime. In our experiments we will use gold spheres

with diameter 200nm.

From 1D OB Demergis went on to OB experiments in 2D using a stand-

ing wave optical trap with collimated laser beam. The laterally wide antin-

odes served as trapping volumes (“Pancake Trap”, setup see section 3.2) and

guaranteed fairly free motion in 2D while confining optically bound clusters

strongly along the optical axis. He determined the 2D energy landscape of a

particle pair in the Pancake Trap both theoretically and experimentally and

found very good agreement [10]. The theoretical landscape is shown in figure

2.7. He evaluated the OB force components as given in reference [28],

FOB
R =

|α|2|E0|2
8πε0εmR4

{
[2k2R2(2 cos2 θ − 1) + 3(1− 3 cos2 θ)] cos(kR)

+[k3R3(cos2 θ − 1) + 3kR(1− 3 cos2 θ)] sin(kR)
}

(2.9)

FOB
θ =

|α|2|E0|2
8πε0εmR4

sin(2θ)[(k2R2 − 3) cos(kR)− 3kR sin(kR)] (2.10)

where R is the inter-particle distance, θ is the angle between the OB axis

and the polarization axis of the incident light, and |E0| is the electric field
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amplitude. Equations (2.9) and (2.10) which constitute a conservative force

field [10] are integrated numerically from an arbitrary but distant reference

point to points (R, θ) ranging from (0, 0) to (5µm, π/2). This gives the OB

potential. Adding the potential contribution due to the gradient force of the

Pancake Trap the total potential energy as a function of R and θ, or after

transformation, of x and y is obtained.

Similar to the OB force (figure 2.5), we see an oscillating pattern where

energy minima occur near multiples of the exciting wavelength λ. Perpendic-

ular to the polarization direction, the energy minima are deeper, accounting

for stronger optical binding. This can be explained by the field distribution

emitted by the induced dipole in the nanoparticle. The dipole axis is ori-

ented along the polarization direction. Considering the far field, the emitted

field component perpendicular to the dipole axis falls off much slower than

the parallel component [28]. Thus the particle exhibits stronger OB interac-

tion perpendicular to the polarization axis of the external field. In the near

field optically bound spheres (which then are in mechanical contact) prefer

aligning parallel to the polarization axis, as can be seen from figure 2.7, too.

This regime is governed by quasi-electrostatic fields of separated charges in the

particles [28]. We conclude that the far field OB “ground state” is assumed

at separation distance R ∼ λ with the OB axis being perpendicular to the

polarization axis. The first “excited” state occurs at R ∼ 2λ. Further states

of excitation are visible along the y-axis, at higher multiples of λ. In our OB

experiments we will focus on the first two states since they are most stable
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Figure 2.7: Theoretical 2D OB energy landscape for a particle pair in the Pancake
Trap. For the calculation, λ = 800nm was used. The energy scale is normalized
to the total thermal energy for a two particle system (2 kBT ). The polarization
axis of the incident light coincides with the x-axis. When the separation distance
assumes multiples of the wavelength and the OB axis is oriented parallel to the y
axis, the particle pair is in energetically favorable binding configurations. Figure
from reference [10].
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against thermal fluctuations. For higher excited states the probability of over-

coming the potential well through thermal energy and jumping to adjacent

states is increased.
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Chapter 3

Materials & Methods

This chapter will introduce the preparation of samples and the ex-

perimental setup with its components. Different control experiments which

characterize microscope and optical trap will be presented. We will obtain

some important experimental parameters such as drift and axial aberration

which are required to analyze and evaluate the data in the chapter providing

the results.

3.1 Sample preparation

The sample cell (see figure 3.1 inset) consists of two coverglasses (thick-

ness 170µm) and parafilm as spacer. The bottom glass (which will be the top

glass when put under the inverted microscope) has a dichroic layer with high

reflectivity for 1064nm light facing the inside of the chamber. The interior

chamber thickness is about 80µm. For cleaning, the glass slides are drowned

into a 2% dilution of Hellmanex II (Hellma GmbH & Co KG, Germany) and

deionized water and sonicated for 15 minutes. Then the cleaning solution is

exchanged for pure deionized water. This procedure is repeated twice. On the

interior surface of the non-dichroic coverglass a few µl gold colloid solution
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(BBI Solutions, Cardiff, UK) containing nanoparticles of 200nm diameter are

evaporated to stick the nanobeads to the glass surface. They will be immobi-

lized during experiments. The sample chamber volume is filled with a dilution

of the same gold colloid solution and deionized water.

Some important data from the manufacturer’s data sheet are:

• Mean diameter: 197.3nm

• Coefficient of variation: < 8%

• No. of particles per ml: 7 · 108

3.2 Experimental Setup

The Pancake Trap setup (see figure 3.1), developed to its current design

by Vassili Demergis [10], is built similarly to conventional optical tweezers [17,

31] with some modificaitons. We use a confocal, inverted microscope (Axiovert

100, Carl Zeiss, Germany) with a halogen lamp as light source for dark field

illumination. A CCD camera (Rolera XR Fast Cooled, Q-Imaging, Surrey,

BC, Canada) whose field of view has been calibrated [10] to 133.5 nm
pixel

records

real time videos of the signal emitted by the nanoparticles. With a dichroic

mirror we couple a single longitudinal mode laser (IRCL-850-1064-S-0.25%,

Nd:YAG/Nd:YVO4, CrystaLaser, Reno, NV, USA) with vacuum wavelength

λ0 = 1064nm into the optical path. It is followed by a 5x beam expander for

this wavelength. Instead of a point focused laser beam in the sample chamber
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we need to create a standing wave with antinodes that have a 2D Gaussian

intensity distribution perpendicular to the optical axis. This is done by putting

a plano-convex spherical lens (LA1172-C-ML, f = 400mm, Thorlabs, Newton,

NJ, USA) after the beam expander such that the laser beam is focused onto

the back focal plane of the microscope objective lens (Plan-Neofluar, 100x/1.3,

Oil Iris, Carl Zeiss, Germany). The objective serves for both imaging the dark

field signal and guiding the laser beam in the desired fashion. The beam

becomes collimated within the sample chamber because the entity of objective

and spherical lens constitutes a beam shrinker design [10]. The essential optical

parts are photographed and labeled in 3.2.

After traversing the sample chamber the laser beam is reflected off a

dichroic coverslip surface (reflectivity measured to be > 99%). By interfer-

ence a standing wave intensity distribution along the directon of the optical

axis (z-axis) is formed. Due to the antinode pattern the trapping potentials

are characterized by broad 2D Gaussian intensity profiles radially while hav-

ing little extension axially. This allows particles to exhibit motion at room

temperature mainly in the xy-plane whereas in z-direction there is strong con-

finement.

The plano-convex spherical lens is mounted on a xyz-stage for lateral

and axial fine adjustment. This is important to eliminate lateral scattering

forces. Only if the lens is concentric to optical axis and laser beam these forces

vanish.
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Figure 3.1: Schematic overview over the Pancake Trap. The setup follows simple
optical tweezers, but has some additions. A spherical lens focuses the laser beam
onto the back focal plane of the objective lens to generate a collimated beam within
the sample chamber. The dichroic layer on the top coverslip reflects the beam so
that a standing wave is established (see inset). For a precise z-position control the
objective is mounted on a piezo scanner.
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Figure 3.2: Photographs of the important optical components.
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In order to control precisely the height of the imaging focal plane the

objective is mounted on top of a fast response piezo scanner (Physik Instru-

mente P-721.10, Karlsruhe, Germany) which is connected to a controller. The

voltage travel ratio is 0.1 V
µm

. The response and settle time of the scanner is

in the millisecond regime which is important when we record videos at high

frame rates.

3.3 Laser beam waist and divergence

The laser beam inside the sample chamber is not perfectly collimated.

Due to diffraction its diameter cannot be chosen arbitrarily small without in-

troducing significant natural divergence. We want to estimate this divergence

based on Gaussian beam optics. In the literature various methods and con-

ventions to characterize the radius of a laser beam can be found [32, 33]. Here

we use the so called 1/e2 half-width, the distance from the peak intensity to a

point with a factor e−2 of the peak intensity for a Gaussian TEM00 intensity

profile. An illustration of a focused Gaussian beam with its waist situated at

z = 0 is given in figure 3.3. The beam waist w0 is located at the minimum

cross section around the axis of propagation.

In Gaussian beam optics the half width w(z) as a function of distance

to the beam waist can be written as [33]

w(z) = w0

√
1 +

(
λz

πw0

)2

(3.1)

From here a useful quantity is obtained which describes the z-value at which
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Figure 3.3: Gaussian beam with its waist. As a function of z (propagation axis) a
Gaussian beam shape is hyperbolic [33], with its half-width w(z) spreading by an
angle Θ in the far field. The beam waist w0 is located at the origin. zR denotes the
Rayleigh range (see text).

the beam cross section doubles. This so-called Rayleigh range zR corresponds

to a half-width of
√

2w0. If zR is long compared to a propagation distance in

the experiment, the beam is said to be collimated within this distance. The

square root expression in equation (3.1) becomes
√

2 if

z ≡ zR =
πw2

0

λ
(3.2)

For large displacements from the beam waist, w(z) becomes linear in z:

w(z) ' w0
λz

πw2
0

=
λz

πw0
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Accordingly, we can draw asymptote-like lines from z = 0 towards the hyper-

bolic spreading edges of the beam (figure 3.3) and define a divergence angle

Θ which characterizes the beam divergence in the far field. If not too big, Θ

should approach 2w(z)
z

. Thus we obtain

Θ ' 2λ

πw0

(3.3)

The diffraction limited character is clearly visible from the fact that the di-

vergence angle grows with decreasing beam width. This implies the need for

a large beam width to maintain collimation.

To estimate the beam’s 1/e2 width which lies in the sample chamber we

start with the 1/e2 full laser beam width given by the manufacturer (0.4mm).

Traversing the 5x beam expander, this should actually grow to the full width

2mm. However, measurements with a calibrated laser beam profiler after the

expander yield a full width of ∼ 4.1mm which is twice the expected value. In

the following we rely upon our measurement data. Since spherical lens and

microscope objective lens act as beam shrinker the shrinking ratio is given by

fObj
flens

(3.4)

where fObj and flens = 400mm are the focal lengths of objective and spherical

lens, respectively. fObj can be expressed via

M =
ftube
fObj

(3.5)

where M = 100 is the objective magnification and ftube = 164.5mm is the
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microscope tube length. Thus,

fObj = 1.645mm ⇒ fObj
flens

≈ 0.0041 = 0.41%

This shrinking ratio leads to the minimal 1/e2 half-width wSC = 8.4µm in the

sample chamber, after the objective lens. wSC corresponds basically to a waist

size for the (nearly) collimated beam. We see that wSC � λ
2
, as appropriate

for a paraxial approximation in Gaussian optics. With wSC = 8.4µm, the

total angular spread (equation (3.3)) yields

Θ = 3.5◦

Here we used λ = λ0/nw = 1064nm/1.33 = 800nm since the surrounding

medium at the beam waist is water. In fact we assume in the ideal case that the

beam waist lies in the vicinity of the reflective surface (rear end of the sample

chamber), similar to references [16, 21, 22]. Then the ratio of sample chamber

thickness and Rayleigh range gives us information about how significant the

spreading is as the beam propagates through the chamber. Using equation

(3.2) with the parameters above,

zR,SC = 208.3µm

Compared to an average sample chamber thickness tg ∼ 80µm we find the

Rayleigh range larger, but on the same order of magnitude. Therefore the

spreading must be taken into account when we want to calculate the beam

diameter in some plane within the specimen. At a distance of a full Rayleigh

range, a Gaussian beam waist would have grown by ∼ 41%. In the vicinity of
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the sample chamber bottom which is about 80nm downstream of the beam

waist (80nm ≈ 0.4 zR,SC) we assume roughly that the waist radius has grown

by 10%. So the 1/e2 full width there is

2w ≈ 2 · 1.1 · 8.4µm = 18.5µm

This approximation yields a lower limit of the beam diameter in the speci-

men. The real diameter is expected to be larger for several reasons. First,

we neglected beam spreading along the laser path, in particular before beam

expander and spherical lens and within the microscope objective body where

the beam goes through copious lenses which may spread the beam pattern

before it reaches the sample chamber. Furthermore, the laser utilized in the

experiment does not produce an ideal Gaussian TEM00 mode, but rather a

mode with a quality factor M2 ≈ 1.2 which means that the product of mini-

mal waist size and divergence w0Θ of the real beam is increased by a factor of

1.2 compared to w0Θ of an ideal Gaussian beam.

3.4 Measurement of wavefront distortions

On its way to the specimen the laser beam has to pass through several

optical components which may affect the beam quality. Each additional part

involves deterioration of beam parameters such as the wavefront. To ensure a

good beam quality the wavefront at certain positions in the laser path can be

analyzed. With the results, one can optimize optical components to achieve

the desired wavefront profile. We used a Shack-Hartmann wavefront sensor
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(WFS150-5C, Thorlabs, Newton, NJ, USA) with CCD detector to measure

the wavefront after beam expander, five neutral density filters, and dichroic

mirror cube. Operating at a laser power of 99mW the inclusion of five filters

was necessary not to oversaturate the sensor. Since there was no lens involved

along the described path we dealt with a collimated beam and expected the

wavefront to be plane with least possible distortion. First I found the wavefront

to have an overall concave shape which implies convergence. By optimizing

the beam expander the curvature was eliminated.

Quantitatively, the wavefront φ(x, y) as a function of spatial coordinates

can be written as a sum over Zernike modes [34],

φ(x, y) =
M∑
k=1

akzk(x, y) + δφ(x, y) (3.6)

where zk(x, y) denotes the k-th Zernike polynomial and ak its coefficient. M is

the highest order of Zernike polynomials used in an approximation and δφ(x, y)

is the error induced by excluding higher orders. In particular, a5 describes the

curvature so that it vanishes in the ideal case of plane wavefront.

With the optimized beam expander I measured the wavefront profile

shown in figure 3.4 (upper panel), obtained by averaging over 10 profiles

recorded at a frequency of 14Hz. First we noticed a tilt which was sub-

tracted via a fitted plane, resulting in a profile shown in the lower panel of

figure 3.4. The latter one also has been interpolated prior to subtraction in

order to smoothen the profile. The fifth Zernike coefficient reads a5 = −0.01,

hence close to zero. Note that for visibly diverging beams I measured a5 ' 5.
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Figure 3.4: Wavefront profile of a collimated laser beam after having passed through
various optical components. The data originate from a Shack-Hartmann wavefront
sensor with an aperture of 3mm × 3mm, subdivided into 21 × 21 pixels. At a
framerate of 14Hz, 10 images are averaged. The upper panel shows the original
wavefront in a 3D coordinate system, including a plane fit (gray) which has been
subtracted in the lower panel. In the graphs, the x-axis is hidden. Note that the
scaling in x and y is in mm whereas in z it is µm. Due to the low number of pixels,
an interpolation was applied in the lower panel prior to subtraction of the fitted
plane. The rainbow colors help visualize the z-height of the profiles. The maximum
distortion is seen to be ∼ 170nm (λ/6).
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In 3.4 (lower panel) we still see aberrations from an ideal plane wave which

amount approximately to 170nm (∼ λ
6
), but in view of all the parts the beam

traveled through, this is a good result. Furthermore, in the actual setup the

neutral density filters were removed so that the wavefront of the beam we were

working with should have been even flatter. Especially the dichroic mirror in

the cube appeared not to deteriorate the wavefront although it turned out to

carry minor scratches.

3.5 Index of refraction mismatch

In typical optical trapping experiments with biological material and

colloidal nanoparticles sample chambers like the one described above are used

[35–37]. Top and bottom are made out of glass coverslides with a refrac-

tive index nglass. In oil immersion microscopes the type of immersion oil can

be chosen so that its refractive index noil matches both the glass slides and

objective/condenser lenses. However, in most cases the solution to be stud-

ied between the glasses is aqueous and therefore causes an index of refraction

mismatch (nglass = noil 6= nw) [38, 39]. At the interface of the different in-

dex of refraction regions phase and therefore propagation angle of the light

rays change [40]. Oil and glass used here have noil = 1.518, in contrast to

nw = 1.33. We consider this mismatch using a paraxial ray optics model (see

figure 3.5) to calculate the focal shift for the light scattered by the particles on

the imaging path, i.e. the corrected distance dc as a function of the distance

dm measured by the piezo stage. In other optical tweezer experiments more
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than one mismatched interface may occur [41].

Considering the triangles ABC and A′BC we can write for their com-

mon cathetus s:

s = dm tanαoil = dc tanαw ⇒ dc =
tanαoil
tanαw

dm (3.7)

αoil and αw are the angles between the z-axis and the light rays in oil and

water, respectively. dm and dc denote measured and corrected distance in the

mismatched medium. Both angles are unknown, so they have to be eliminated.

Under the assumption that the imaging light cone fills the diameter of the

objective back aperture the angles assume their maximal values and can be

expressed by the numerical aperture [42, 43]:

NA = noil sinαoil (3.8)

Moreover, Snell’s law relates the angles in the mismatched regions:

noil sinαoil = nw sinαw (3.9)

Plugging equations (3.8) and (3.9) into equation (3.7) we obtain

dc =
sinαoil
sinαw

√
1− sin2 αw
1− sin2 αoil

dm

=
nw
noil

√√√√√√1−
(
NA
nw

)2

1−
(
NA
noil

)2 dm

=

√
n2
w −NA2

n2
oil −NA2

dm (3.10)
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Figure 3.5: Situation with differing indices of refraction. The refractive index of the
immersion oil between objective and coverglass matches the glass index of refraction,
so the rays are only refracted at the front lens (αoil) and travel through oil and glass
without further bending. Upon entering the aqueous solution with nw inside the
sample chamber the rays make an angle αw with the z-axis. Here the outermost
rays that pass the objective back aperture are depicted. The mismatch results in a
focal shift from the measured distance dm to the corrected distance dc.
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For low NA, equation (3.10) reduces to

dc '
nw
noil

dm (3.11)

However, previous studies report discrepancies of 19% between equation (3.10)

and experimental data, when focusing with an oil immersion objective lens

into a water specimen [44]. In reference [44], where an intermediate numerical

aperture (NA ∼ 1.0) was used, equation (3.11) provided a better prediction.

Since we also use oil immersion as well as aqueous samples at NA = 1.1,

equation (3.11) appears to be appropriate to estimate the focal shift. For our

refractive indices (noil = 1.518, nw = 1.33) the axial aberration causes a focal

shift characterized by

dc ≈ 0.876 dm (3.12)

Of course, the difference in refractive indices carries along much more

general impacts on the PSF, particularly along the optical axis of the micro-

scope. Figure 3.6 shows computed confocal PSFs as contour plots for four

different dm, together with their corresponding z-response. The simulation

was performed for a confocal fluorescence microscopy situation (see caption

of figure 3.6). However, our dark field setup with white light illumination is

comparable with the given parameters. The focal shift increasing with dm is

indicated by the different PSF contour and z-response positions along z (op-

tical axis). In case a, where dm = 0, no aberration is present and the PSF is

symmetric. While the lateral width stays rather constant, a strong broaden-

ing along the optical axis is visible. Likewise, asymmetries arise when focusing
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Figure 3.6: Confocal point spread function under aberrations. In the graph above
(x-axis: lateral direction, z-axis: optical axis), contour plots of PSFs are shown for
(a) dm = 0, (b) dm = 5µm, (c) dm = 10µm, (d) dm = 20µm. According to
the focal shift, the plots are displaced along the z-axis. Axially, broadening effects
due to index of refraction mismatch are much stronger than laterally. Below, the
corresponding confocal z-responses (intensities integrated over a lateral plane) are
plotted as a function of z. All curves were normalized to the peak value found in the
unaberrated case at dm = 0. Computations were based on a situation in confocal
fluorescence microscopy with infinitely small pinholes where a NA = 1.3 immersion
oil (noil = 1.518) objective lens focuses into an aqueous solution (nw = 1.33) of
rhodamine 6G. The dye is excited at wavelength λ = 514nm and its emitted light
is observed at λ = 590nm. Illumination and fluorescence signal consist of randomly
polarized light. Figure from reference [39].

deeper into a medium with different index of refraction. The z-responses lose

in peak intensity with increasing dm, which means a weaker signal from the

lateral planes. Moreover, the axial resolution deteriorates since the z-responses

broaden for larger dm [38–40].

39



3.6 Axial drift

When it comes to the axial position determination of nanoparticles, a

common issue encountered in microscopy has to be considered, namely ax-

ial drift. It is mainly caused by z-drive of the microscope nosepiece which

is used to move piezo scanner and objective lens along the optical axis. Due

to gravitational forces a downwards drift is expected. Hence, under an in-

verted microscope the distance between sample chamber and objective lens

may increase over time.

In order to quantify this drift phenomenon, we recorded two videos of

a gold bead, immobilized inside a DI water specimen at the bottom cover-

glass close to the objective lens, while scanning the focal plane through the

bead. The step size was 50nm and for each step height 50 frames were recorded

(frame rate ∼ 60 fps). Between the videos 30 minutes elapsed with the sample

remaining under the microsope. The CCD camera exposure time was 0.19ms.

Performing a 2D Gaussian fit over all the images we are able to calculate a

mean width for each step height. The bead’s z-position is determined by the

location of the minimum mean width because the PSF has minimum lateral

spread when the bead lies exactly in the focal plane. A more detailed de-

scription of this sort of experiment and its data analysis is provided in section

4.1.

In figure 3.7 the mean PSF widths, separated by 30 minutes, are plotted

as a function of objective height. The green box shows the fit coefficients for the

green parabola, i.e. the for the quadratic fit (equation (4.8)) to the data taken
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Figure 3.7: Instrument drift in axial direction. The mean width of a 200nm
diameter immobilized gold nanobead is plotted as a function of objective height
along the optical axis. Between the red (beginning) and green (after 30 minutes)
curves an axial drift can be seen. The vertical error bars represent the standard
error of the mean over 50 images taken for each objective step height. The solid
lines are quadratic fits to the data points. To facilitate direct reading of the drift
the objective height origin was placed onto the minimum of the red parabola. In the
green box the three fit coefficients (explanation see 4.1) describing the green solid
curve are listed, together with their uncertainties. Accordingly, with the scaling
factor obtained in equation (3.12) the drift amounts to (157.7±2.8)nm in 30 minutes
or (5.26± 0.09)nm/min.

after waiting 30 minutes. The value of w1 is the parabola’s minimum location

in nm and thus the axial bead position measured by the piezo stage. w1 still

has to be corrected for the refractive index mismatch (equation (3.12)) to yield

w1,c = (157.7 ± 2.8)nm where as an error estimate the standard deviation of

w1 was doubled to account also for the uncertainty of the w1 fit coefficient of
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the red parabola. The z-origin of 3.7 was shifted to the bead position at the

beginning of the measurement. An axial drift of (5.26± 0.09)nm/min is then

obtained easily.

Considering the standard deviation in w1 (δw1 = 1.42nm for the PSF

recorded after 30 min) the accuracy for the bead’s axial position is about

3nm, which can be used as an estimate for the optimal axial resolution in our

experiments. The axial resolution strongly depends on the numerical aperture

[45]1, so generally the biggest NA is desirable to determine axial positions

precisely. However, an angle of light collection too large will also gather in

unscattered light from the dark field condenser, thereby greatly overshadowing

the amount of light scattered from the nanoparticles which serves as signal for

dark field imaging. To this end, we found the optimal NA to be 1.1 in our

experiments.

3.7 Lateral drift

Similarly, drift occurs in the other two dimensions. The specimen

holder tends to move laterally due to agitations from the environment. Build-

ing vibrations excited by wind or traffic [46] as well as other experimental

setups in the proximity can cause such perturbations.

With a simple measurement we quantified the drift in the xy-plane.

A 200nm diameter gold bead was immobilized at a coverglass surface, as in

1accessed 07/05/2015
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Figure 3.8: 2D position distribution of an immobilized 200nm diameter gold bead.
The video used for tracking consists of 36156 images, taken at ∼ 60 fps and 1.158ms
integration time. The elapsed time is encoded in rainbow colors, beginning with red
and ending with violet. The black square is the average position over all data points.
One clearly notices that the lateral drift is not a random walk but rather went into
uniform directions that also changed over time.

3.6. I recorded a video of 10min duration at ∼ 60 fps to track the particle’s

center position. The CCD camera integration time was 1.158ms. Each data

point corresponds to the bead center position in one image. The resulting 2D

position distribution as a function of time, which is visualized in 3.8, accumu-

lates all data points. The rainbow colors reaching from red to violet illustrate

the elapsed time. Qualitatively, for the first 4 minutes the bead center moved
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towards increasing x- and decreasing y-values. In the following it moved to

higher y-values. The average position over the whole data set is located at

(xm, ym) = (3994nm, 2744nm). When we calculate the displacement of each

position to the average position and determine the maximum displacement it

represents the radius of a circle that encompasses all positions measured within

10 minutes. The diameter of this circle is an estimate for the upper limit in

displacement drift can cause in the examined time interval. The position dis-

tribution in 3.8 leads to such a diameter of 126.2nm which is less than one

camera pixel. Such a drift is fairly much for a time interval of only 10 minutes,

it is likely to be caused by some instability in the sample chamber. However,

since our experiments were conducted on the scale of less than a minute, and

the time that elapsed between two measurement series forming one data set

(see following chapter) was no more than 13 minutes, the lateral drift should

not be more than 140nm.

3.8 Characterization of trapping potential

The potential generated by a standing wave antinode can be character-

ized by the dynamics of a trapped nanoparticle. Through thermal agitation

at a given temperature it exhibits Brownian motion which is, however, af-

fected by the trapping potential. Position fluctuations observed over a long

timescale contain information about the potential shape and can be used to

calculate a trapping stiffness when certain approximations, as discussed below,

are applied.
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Figure 3.9: Position histogram of a 200nm diameter gold bead in the Pancake
trap. 46000 data points were recorded at sampling rate ∼ 34 fps. The incindent
laser power in the sample plane is 130mW . Pictures were taken at an integration
time of 4.321ms. The red arrows indicate the artifact free region used for a 2D Gauss
fit to determine σp ≈ 1.16µm. The artifact at low x and y values is attributed to
a mechanical instability of the laser beam. It is also visible in the position time
traces, see below. Histogram bin size: 50nm× 50nm.

In figure 3.9 the position histogram of a 200nm diameter trapped gold

particle is depicted. A wide two-dimensional area visited by the bead is visible,

basically a 2D Gaussian distribution, however, with an artifact at the lower

left edge. The artifact also resembles a 2D Gaussian profile such that it is

likely to be caused by a mechanical instability of the laser beam. As can be

seen especially from the y-position time trace (figure 3.10), the instabilities

do not emerge in every little time interval, but are rather events separated by
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Figure 3.10: Time traces for the data set used to generate the position histogram
in 3.9. The x- and y-coordinates are plotted as a function of the frame number.
Black arrows are pointed to regions that contribute to the artifact in the position
histogram. At the edges of these regions jumps in the coordinates are present.
Frame rate ∼ 34 fps.
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a few minutes. The laser beam then seems to return to its default position

for another few minutes. So at least for shorter time scales there should be

a well-defined potential. Despite these issues, we use the non-artifact region,

indicated by two red arrows, to calculate both the lateral trapping stiffness

and the width of the laser beam, following the method described in [10].

In thermal equilibrium the probability density W (x, y) to find the par-

ticle at a location (x, y) should be determined by Boltzmann statistics [47],

i.e.

W (x, y) =
1

Z1

e
−U(x,y)

kBT (3.13)

which corresponds to the equipartition theorem [31]. U(x, y) denotes the po-

tential energy of the particle at (x, y), T the sample temperature in Kelvin, Z1

is a normalizing factor for the probability density to give one after integration

over the xy-plane, and kB is the Boltzmann constant. In our experiment, the

only dominating potential is mediated by the optical gradient force on the

particle. It can be expressed by the electric field amplitude E(x, y) as well as

the laser intensity profile I(x, y), as given in [10]:

U(x, y) = −α
2
E2(x, y) (3.14)

= − α

c nwε0

I(x, y) (3.15)

= − α

c nwε0

I0 e
−(x2+y2)

2σ2
I (3.16)

= − α

c nwε0

2P

πσ2
I

e
−(x2+y2)

2σ2
I (3.17)

Here I0 and σI are peak intensity and width of the 2D Gaussian laser intensity
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profile, respectively. P is the total power of the incident laser beam [10]:

P =

∫ ∞
−∞

∫ ∞
−∞

1

4
I(x, y)dxdy =

1

4
· 2πσ2

II0 (3.18)

where multiplying by 1
4

accounts for the standing wave. nw is the refractive

index of water, c the speed of light in vacuum, ε0 the vacuum permittivity, and

α is the complex polarizability of the gold particle. According to [10] it can

be written with the Clausius-Mossotti relation (3.19) and a correction term

(3.20):

α =
α0

1− ik3α0

6πε0εw

(3.19)

α0 = 4π ε0εwa
3 εp − εw
εp + 2εw

(3.20)

a is the particle radius, εp is the (complex) dielectric constant of the particle,

εw is the dielectric constant of the surrounding medium water, and k = 2πnw
λ0

is

the wavenumber of the laser light in water. As long as the particle fluctuates

in the vicinity of the trap center (x2 +y2 � σ2
I ) we can approximate U(x, y) in

equation (3.17) as a harmonic potential by expanding the exponential function:

U(x, y) = − α

c nwε0

2P

π σ2
I

(
1− x2 + y2

2σ2
I

+ O
(
(x2 + y2)2

))
(3.21)

When we approximate the measured position histogram as 2D Gaussian and

use equations (3.13), (3.21) we can write

W (x, y) =
1

Z2

e
−(x2+y2)

2σ2
p =

1

Z1

e
−2αP (x2+y2)

2σ4
I
π c nwε0kBT (3.22)

=
1

Z1

e
−κ(x2+y2)

2kBT (3.23)

48



The zeroth order term of equation (3.21) was canceled because it does not

depend on (x, y), unlike the l.h.s. of equation (3.22). Z2 is another normalizing

factor, κ denotes the trapping stiffness, σp is the width of the particle position

histogram. In each lateral direction (x, y) the same stiffness and the same

width are assumed in the above model. Then the trapping stiffness reads

κ =
kBT

σ2
p

(3.24)

From a 2D Gaussian fit of the indicated region in figure 3.9 we obtain σp ≈

1.16µm. Thus for T = 295K the trapping stiffness is κ ≈ 3.03 · 10−3 pN
µm

.

Compared to typical stiffnesses encountered in other optical traps our value is

very small [16, 22, 37, 48–52]. This underscores the freedom of the nanoparticle

to fluctuate laterally.

Moreover, we are able to calculate the width σI of the 2D Gaussian in-

tensity distribution which generates the trapping potential by means of equa-

tion (3.22). Again for small displacements from the trap center we get:

σI ≈ 4

√
2αPσ2

p

π c nwε0kBT
(3.25)

For the experimental parameters and constants we use the values as stated in

[10]:

P = 130mW ε0 = 8.8542 · 10−12 As

V m
c = 3 · 108 m

s

λ0 = 1064nm
√
εw = nw = 1.33 kB = 1.3806488 · 10−23 J

K

a = 100nm εp = −26.18 + i1.85 T = 295K
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Taking the real part of the result, the width of the intensity profile and thus

the laser beam width reads σI ≈ 6.58µm. If we go back to section 3.3 we can

compare this to the 1/e2 full width of the laser beam (2w ≈ 18.5µm). Since

a Gaussian profile

e
− r2

2σ2
I

can be expressed using the 1/e2 half width w via

e−
2r2

w2

we have

w2 = 4σ2
I ⇐⇒ 2w = 4σI ≈ 26.3µm (3.26)

The measurement was performed several µm away from the bottom coverslip,

i.e. close to the bottom but still far enough to eliminate surface effects. Indeed

this full width is larger than the value obtained in 3.3 for the full width close

to the specimen bottom. However, as discussed in section 3.3, the 1/e2 full

width of 18.5µm obtained in that section is a lower limit based on assumptions

of an ideal Gaussian TEM00 mode, thereby expected to be exceeded by the

diameter of the real laser beam, calculated by parameters which characterize

the trapping potential, such as P and σp. Consequently, the model of a 2D

Gaussian laser intensity profile leading to a Gaussian position distribution of

a single particle and thus to a harmonic potential in the vicinity of the trap

center (potential minimum) is validated.
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Chapter 4

Three-dimensional analysis of optically bound

nanoparticle clusters

With the experimental setup characterized in the previous chapter we

want to study the dynamics of contactless, but optically coupled nanoparti-

cles in a wide standing wave optical trap in three dimensions. In particular

we address the question of how to quantify cluster asymmetries in terms of

size differences of particles forming the cluster. Another question is whether

asymmetries in particle sizes affect the 3D arrangement and dynamics of the

cluster in the Pancake Trap by coupling differently to the external standing

wave optical field of the laser. Initially, the CCD camera images only contain

information about the particle positions in 2D. A method providing similar

information in the third dimension, along the optical axis of the microscope,

will be developed. Once 3D information is gathered, nanoparticle cluster con-

figurations, held together by optical binding (OB) interaction, and motions

can be related to the configuration of the optical trapping volume. We will

compare our experimental results to those stated in [10] and to simulations

from reference [11].
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4.1 Determining size and axial position of a nanoparti-
cle

While videotracking is an established method to collect lateral position

data of nanoparticles, tracking along the optical axis, i.e. axial tracking, is

not quite as common. Researchers usually make use of so called quadrant

photodiode sensors if 3D position information in optical trapping experiments

are required [46, 52, 53]. In CCD camera images taken at different heights

along the optical axis there is information about the third dimension as well

[54]. In section 3.5 the shape of pointspread functions (PSFs) in the presence

of an index of refraction mismatch was discussed. As can be seen from figure

3.6, the lateral width of the PSF changes depending on z. We will use the

principal of this response to determine the axial position of a nanoparticle.

Actually the PSF describes the image response of an optical system to an

infinitely small point source emitting light. In other words, an infinitely small

object is imaged with finite size. Thus the total signal on the CCD image

coming from a nanoparticle is the convolution of the microscope PSF with the

particle geometry (which is of course not infinitely small).

One goal of this work is to detect asymmetries in clusters made of mul-

tiple nanoparticles. An estimation of particle sizes out of the camera images

would be a useful tool towards this goal. When we determine particle widths σ

as a function of the true object radius r from darkfield images (figure 4.1), we

have to take into account an offset σPSF coming from the pure PSF occuring

at r = 0. σPSF depends on NA, microscope resolution, and aberrations. For

52



0.2 0.4 0.6 0.8 1.0 1.2 1.4
r

1.0

1.5

2.0

σ

σ

r

σ ∝ r3

σ ∝ r

σPSF

Figure 4.1: Modeling the measured particle width σ as a function of object radius
r. The offset σPSF which represents the half-width of the pure PSF is given by
the resolution limit and aberrations of the optical system. For very small radii a
reasonable assumption is an r3 power law. For object radii much larger than the
resolution limit the contribution of the PSF to the measured width becomes less
important and σ becomes linear in r.

radii much bigger than the resolution limit, σ(r) is mainly determined by the

geometric radius r, leading to a linear connection between the quantities [55].

For small radii, far below the resolution limit, σ should increase nonlinearly

in r so that extrapolation of the linear part of σ(r) down to smaller r leads to

measured widths smaller than the pure PSF [56]. A reasonable power law for
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the nonlinear regime is found by the fact that the total scattered intensity of

a spherical Rayleigh particle (kr � 1) is connected to its radius r via [57]:

Iscat ∝ r6 (4.1)

The scattered light is distributed over the PSF volume, so

Iscat ∝ σ3 (4.2)

Combining equations (4.1) and (4.2) gives

σ ∝ r3 (4.3)

Of course, this is only a coarse assumption and the real dependency between

σ and r is unknown. An important fact, however, is that σ is a monotonous

function in r. So by measuring the widths of two different beads we are able to

determine qualitatively which one has bigger radius. For a coarse quantitative

estimation of the particle size ratio we assume a linear connection σ ∝ r, but

we have to be careful in interpreting the outcome. In the following we call

the convolution of PSF and object geometry, which is recorded in the camera

images and then analyzed in three dimensions, just “PSF”, for simplicity.

When the height of the microscope focal plane coincides with the parti-

cle height in the specimen we expect the image width to be minimal. Therefore

the minimum width determined in a series of z-height increments is a mea-

sure of the particle size, the z-location of that minimum corresponds to the

axial particle position. Note that we have to scale axial measurements inside
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the sample chamber with a numerical factor computed in section 3.5, which

accounts for axial aberrations due to the refractive index mismatch occurring

at the glass/water interface. For all of the following experiments, we used

NA = 1.1. The described method was already applied when measuring the

axial drift under the microscope (section 3.6). Here we show the results ob-

tained for 200nm diameter gold beads immobilized at top (larger distance to

objective lens in the inverted microscope) and bottom (smaller distance to

objective lens) glass surfaces inside the sample chamber. The experiment is

illustrated in 4.2.

𝑧 

𝑥 

focal plane at 
different heights 

Δℎ 

immobilized gold bead 

coverglass 

deionized water 

Figure 4.2: Schematic of experimentally determining width and axial position of a
particle. A 200nm diameter gold nanobead is stuck to a coverglass surface inside
the sample chamber. A video is taken as the focal plane steps to consecutive z-
heights with increment ∆h = 50nm, by controlling the objective height with the
piezo scanner. With this procedure we obtain an axial profile of the PSF.
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The height of the focal plane is determined by the objective height. The

latter is precisely controlled by the piezo stage. As we scan through the bead

with the height increment ∆h = 50nm we record a video at 52 fps which has

50 frames for each step height. Thus we collect data of well-defined PSF-slices

(xy-planes), which then will be analyzed further. Performing a 2D Gaussian

fit over the particle locations in the kth image we are able to calculate width

σ and scattered power, denoted by I (laterally integrated intensity):

σk =
σx,k + σy,k

2
(4.4)

Ik = 2πAkσx,kσy,k

√
1− cor2

k (4.5)

where σx,k and σy,k are the kth Gaussian standard deviations from the fit

in x and y direction, Ak is the amplitude, and cork is the cross-correlation

coefficient between the x- and y-direction. Varying between -1 and 1 it de-

scribes deviations from a circular 2D Gaussian shape which would correspond

to cor = 0. We assume the nanoparticles to be spherical, so we only allow that

cor be close to zero. In equation (4.4) we neglect the correlation and calculate

merely the arithmetic mean of the standard deviations in x- and y-direction.

σk then corresponds to the half-width of the PSF in the darkfield images, so

later it will be related to the sphere radius when reconstructing the relative

difference in radii of two nanospheres. Then the mean values over n = 50
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frames for each step height are computed (along with their standard errors):

σ̄ =
1

n

n∑
k=1

σk (4.6)

Ī =
1

n

n∑
k=1

Ik (4.7)

In figure 4.3, σ̄ and Ī are plotted as a function of the objective height

z. In the case of a bead attached to the bottom coverslip, σ̄ is fitted to a

quadratic function of the form

σ̄(z) = w0(z − w1)2 + w2, (4.8)

Ī is fitted to a quadratic funtion of the same form. w0, w1, and w2 are the three

coefficients required to describe quadratic dependency. Of course, higher order

polynomials are also possible. However, the model with the fewest coefficients

describing the data should be used. Fits are always weighted with the standard

error of each data point, provided by the error bars. According to equation

(4.8) the value of w1 directly yields the parabola’s minimum location in nm

and thus the axial bead position measured by the piezo stage. From the

standard deviation of w1 we infer an axial resolution of about 2nm. The

bead size is characterized by w2, the waist size of the PSF. The locations

of width minimum and power maximum are apart, by about 250nm where

the peak power is measured closer to the objective lens. That may speak

for the fact that gold particles of 200nm diameter favor forward scattering

of the visible illumination light in the given darkfield setup [19, 58, 59]. In

contrast, fluorescent beads are expected to radiate light isotropically, so in
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Figure 4.3: Axial profiles of PSFs of immobilized gold nanoparticles. The upper
graph shows width (black) and power (red) for a bead stuck to the bottom coverslip
which is located close to the objective lens. Error bars represent the standard error
of the mean for each objective height. To both width and power a parabola was
fitted (solid lines), and the fit coefficients are shown in boxes with the corresponding
color. Fits are weighted with the standard errors. For this measurement the camera
exposure time was 0.18ms. The lower graph shows the data points obtained for a
bead stuck to the top coverslip of a specimen. Error bars are suppressed. Here the
camera exposure time was 0.14ms. Due to aberrations, one notices a clear difference
to the PSF recorded closer to the objective lens. It is still possible to measure a
distinct minimum width, however. Each time the z-origin was shifted to the data
point with smallest σ̄. In the axis labels, the word “Gauss” indicates that σ̄ and Ī
are derived from 2D Gauss fits.
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fluorescence microscopy the shift between peak power and minimal width may

vanish. Since the bead was attached to the bottom coverslip, aberrations due

to a refractive index mismatch are very small and unlikely to contribute to

this effect. The data points for a bead attached to the top coverslip (lower

graph in figure 4.3) follow a trend different from that observed for beads at

the bottom coverslip, since the focusing depth is now about 80µm into the

mismatched medium water. First, the whole PSF is much broader axially, in

accordance with theory [38–40]. Second, there is no discernible peak power.

For focal planes far beneath the bead’s z-position a linear growth is measured,

whereas in the region of smallest width the power runs on a plateau over the

distance of ∼ 1µm. Then for increasing objective height it appears to diverge

which can be explained by the non 2D Gaussian shape of the PSF slice at that

z-height. Thus a 2D Gauss fit is no more appropriate. With the procedure

developed in this section I will present several data sets, carry out 3D analyses

of single beads and pairs of beads confined in the Pancake trap, ∼ 2µm away

from the bottom coverglass. I will also determine relative particle sizes to

detect asymmetries in the bead pairs. This will allow us to explore their 3D

structure in the context of asymmetries and of coupling to the external laser

field.
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4.2 Measuring 3D arrangements of trapped nanoparti-
cles

The feasibility of gathering 3D information at the nanometer scale with-

out ultra-sensitive position detectors such as quadrant photodiodes has been

demonstrated. We are now able to transfer our method to relevant issues in

the science of optical binding. Thus we move on to fluctuating particles in

the Pancake Trap. Our general strategy was to confine one particle, record its

motion while the piezo stage was scanning to increasing objective heights, con-

secutively trap a second particle so that they exhibited lateral optical binding,

and again record the motion. The single particle position data were exploited

to find the equilibrium position within the trapping volume, where all forces

on the particle canceled each other out. Of course thermal forces still acted on

the bead, driving it out of equilibrium so that restoring forces drove it back

in the opposite direction. The equilibrium position does not necessarily coin-

cide with the geometric center of the standing wave antinode generating the

trapping potential. Only if the intensity gradient is utterly symmetric and all

scattering force components cancel each other out, the antinode center repre-

sents the equilibrium position in the trap. Since the reflectivity of the dichroic

surface was not 100% for the laser wavelength and the standing wave pattern

was not perfect at least an axial scattering force component must have been

left over which shifted the equilibrium position from the antinode center. The

positions explored by the two-particle-cluster are compared to those of the sin-

gle particle. We used the time that elapsed between data recordings to correct
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for axial drift. In all our experiments, the linear polarization of the laser light

is in y-direction. This is important because the OB energy landscape of two

particles depends on the angle between the polarization axis and the OB axis,

as discussed in 2.4.

4.2.1 Clusters with asymmetric particle radius distribution

Figure 4.4 shows mean width over objective height, including quadratic

fit, for a single bead in the Pancake Trap (P = 252mW ). Again, each data

point is an average over 50 frames. Despite thermal fluctuations a parabola

still fits the data points well. What happens now if a second bead falls into

the trapping potential, with otherwise identical experimental parameters?

First, the particles self-organize by means of optical binding [10, 60], i.e.

optical binding interaction determines their configuration. Figure 4.5 shows an

example image of two optically coupled gold beads obtained through darkfield

microscopy. In the image, the polarization is vertical while the particles are

lined up horizontally which is energetically preferred compared to alignment

parallel to the polarization. The OB interaction is most evidently seen in the

inter-particle distance which is plotted in figure 4.6. Instead of continuous

separation distances, the cluster hops between discrete separations which turn

out to be close to multiples of the exciting light field wavelength (also in figure

4.5), as predicted by optical binding theory and other experiments for Rayleigh

particles [25, 27, 28]. Near field aggregates were also realized by other authors,

e.g. with silver nanoparticles [61], but are not considered in this work.
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Figure 4.4: Mean width of a gold bead in the Pancake Trap, first data set. The data
points are the result of a video taken at ∼ 43 fps and exposure time 0.115ms. 50
frames are taken per z-increment and averaged to give one data point. ∆h = 100nm.
The incident laser power in the focal plane amounts to P = 252mW . The red solid
line is a quadratic fit. Assuming the minimum location of the parabola is the axial
equilibrium position z0, we shift the z-origin to that point. From the fit we also get
σ̄min = (175.52± 0.17)nm.

Now their axial assembly differs from what could be expected from the

single-particle behavior. A look at figure 4.7 unveils that the parabola minima

of the two particles shift to lower z-values, indicating that the cluster lines up

below z0 = 0. Apparently the cluster has found a new equilibrium position

which lies closer to the objective lens, below the equilibrium point of a single

particle. However, the axial drift might not have been unidirectional and con-

stant in velocity during the measurement, as assumed in the drift correction.

In that case the observation may be an artifact. The bead measured to be

bigger (green color) is closer to z0. Note that the graph shows the measured
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Figure 4.5: Darkfield image of two nanoparticles in the Pancake Trap, first data
set. The optical binding axis (x) is perpendicular to the polarization axis (y). The
particles remain contactless over the whole data acquisition time. Here they align in
a distance of ∼ 2.4µm which corresponds to ∼ 4λ (see scale bar). One can already
see by eye that particle 1 scatters more light than particle 2.

axial distances. After correcting for axial aberrations (equation (3.12)) we

obtain the axial positions for particle 1 (green) and 2 (blue), out of the w1

coefficients, as

z1 = (−24.9±2.3)nm z2 = (−57.8±1.9)nm ∆z = |z2−z1| = (32.9±3.0)nm

where the uncertainty in ∆z was calculated using Gaussian propagation of the

uncertainties ∆z1 and ∆z2 that are presumed to be statistically independent:

∆∆z =
√

∆2
z1

+ ∆2
z2

Therefore the cluster does not align in a plane parallel to the xy-plane, its

constituents are rather displaced in z which means a deviation from perfect

63



7

6

5

4

3

2

1

In
te

r-
pa

rti
cl

e 
di

st
an

ce
 (λ

)

4003002001000
# of frames

Figure 4.6: Inter-particle distance of two optically coupled spheres, first data set.
During the video (sample rate ∼ 43 fps) the distance jumps to several values close
to multiples of the exciting wavelength in water (λ = 800nm).

lateral optical binding. This displacement is smaller than the particle radius

and also small compared to the lateral separation distance R. With ∆z ±

∆∆z = (32.9 ± 3.0)nm and R = 800nm, the angle between OB axis and

xy-plane, including Gaussian error propagation, is calculated by

arctan

(
∆z

R

)
± ∂(arctanx)

∂x

∣∣∣x= ∆z
R

∆∆z

arctan

(
32.9

800

)
± 1

1 +
(

32.9
800

)2

3.0

800
= (2.4± 0.2)◦

Moreover, we notice a significant vertical shift between green and blue

parabola, suggesting a difference in particle size. The formula

σ̄min,1 − σ̄min,2 ±
√
s2
σ̄min,1 + s2

σ̄min,2

r
(4.9)
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Figure 4.7: Mean width of two gold beads in the Pancake Trap, coupled by optical
binding, first data set. By means of videotracking one can compute the width of
two gold beads in the Pancake Trap. Particle 1 is presented in green, particle 2 in
blue, together with quadratic fits. The fit curve obtained in figure 4.4 is included
in red. Fit coefficients are listed in the color boxes. Experimental parameters and
camera settings are identical to those stated in the explanation of figure 4.4.

yields the relative difference of the particle radii from the measured mean

widths of the particle images, where the standard errors sσ̄min,1 and sσ̄min,2 in

the minimal mean widths σ̄min,1 and σ̄min,2 have been propagated according to

Gaussian propagation of statistically independent uncertainties. r = 100nm

denotes the geometric particle radius. Taking the difference between the mea-

sured mean widths we eliminate the offset σPSF originating from the pure

microscope PSF. σPSF should be nearly identical for the two particles, but is

in general unknown. A tiny difference in σPSF for varying x- and y-positions

could exist, but it is negligible compared to the uncertainties caused through

our simplifications to the σ(r)-model. As discussed in section 4.1, we have to
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interpret carefully the result of this simplified calculation. Additionally, for

fluctuating particles, the measured bead widths are biased due to the finite

CCD camera expousre time of 0.115ms which is similar to low pass filtering

of the “true” time trace [10]. In this time the particles fluctuate and smear

out their acutal position, resulting in a measured width larger than the actual

width of the PSF. This effect is known as “motion blurring”. The position

autocorrelation time describes the time for a fluctuating particle to traverse

the potential energy well. For similar experimental parameters the shortest

autocorrelation time scale of the system was calculated to be on the order of

10−4 s [10], i.e. on the same order of magnitude as our camera exposure time.

Thus there should be some blurring effect in our dark field images which lowers

the accuracy of the measured width σ̄. All these arguments imply that the

real uncertainties of the relative size difference is larger than just the standard

errors. Using the w2 coefficients, listed in the color boxes in figure 4.7, and

equation (4.9) we obtain:

186.34nm− 176.01nm±
√

(0.18nm)2 + (0.19nm)2

100nm
= 0.103± 0.003

Thus the relative size difference reads (10.3± 0.3)%. Regarding the coefficient

of variation (< 8%, section 3.1) given by the manufacturer of the colloidal gold

solution this is a rather big difference in particle size. So the “optical dimer”

analyzed in the first data set has a major asymmetry in its constituents. At

the same time, using equation (4.1), we are able to estimate the relative sizes

of Rayleigh particles via the total scattered powers Īi(zi), i ∈ {1, 2} of the ith

particle at its axial position zi. The beads’ powers vs z are plotted in figure
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Figure 4.8: Mean integrated intensity (power) of two gold beads in the Pancake
Trap, coupled by optical binding, first data set. Again, particle 1 is presented in
green, particle 2 in blue. Error bars represent the standard error of the mean value.
The power ratio can be used to estimate relative sphere sizes. The total power
scattered by a sphere depends strongly on its size (details see text), so a small
difference in radius implicates a significant difference in Ī, as can be seen in this
graph. The relative difference in power for the particles plotted here exceeds 60%.

4.8. Since Ī is calculated out of several 2D-Gauss fit coefficients (see equation

(4.5)) with each bearing some uncertainty, it constitutes a rather noisy quan-

tity, also seen in the error bars. It is not possible to fit a reasonable curve.

Thus we are given the powers only at discrete objective heights. Anyway, we

want to estimate the relative bead sizes. To this end we use either of the pow-

ers measured closest to the parabola minimum location of the corresponding

mean width in figure 4.7. Despite the larger error bars and increased noise

the Rayleigh approximation is an established model to connect sphere sizes

to scattered intensities [57], in contrast to size calculations out of measured

particle widths, and should give more reliable relative sphere sizes. Applying
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equation (4.1), the relative size is given by

r1

r2

= 6

√
Ī1(z1)

Ī2(z2)
(4.10)

Since we calculate a ratio of scattered powers, we propagate the relative un-

certainties in the powers, weighted with the grade of the root, due to Gaussian

error propagation. From figure 4.8 we obtain Ī1(z1) ≈ (418.9 ± 3.2) · 106,

Ī2(z2) ≈ (249.5± 1.3) · 106, and plugging into equation (4.10) leads to

r1

r2

≈ 1.090± 0.002 =⇒ (9.0± 0.2)%.

The two percentages describing the relative particle sizes are not in agreement

within their calculated uncertainties. Nevertheless, they differ only by 1%

which lies probably within the total uncertainty that is bigger due to the above

arguments about the coarse size estimation with the quantities σ̄. Hence there

is likely to be agreement between the two methods presented in this work to

determine relative sizes of optically bound spheres, allowing quantification of

cluster asymmetries. This result also implies that the difference in integrated

intensity between two cluster constituents, as seen in the dark field images,

arises indeed due to the difference in particle radii.

To examine the lateral configuration of our 2-particle cluster in compar-

ison with a single particle, we plotted position distributions in figure 4.9. We

notice as in figure 4.6 that the cluster went through quantized states of sepa-

ration distance. Simultaneously, the cluster axis was rotating in the xy-plane

around the area explored by the single bead. We notice also that the cluster
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Figure 4.9: Lateral position distributions of a single bead and a 2-bead cluster, first
data set. Different colors distinguish different traces, as explained in the legend.
Each point corresponds to the position of a particle center, reconstructed through
a 2D Gauss fit on the camera images. Then all the particle positions visited during
the measurement are accumulated to give the lateral position distribution. The red
trace has just one data point, namely the average position of the single bead over
the whole measurement time, the black one has 450, and the rest of them 400 data
points. Laser power P = 252mW .

center of mass (CoM) does not coincide with the single bead’s equilibrium

position (red color), where we assume the lateral trap center. In the previous

chapter (section 3.7) we quantified the lateral drift of the sample chamber,

which is small compared to the displacement between cluster CoM and trap

center observed here (& 1µm). We infer that the position distribution in-

deed reflects a clear displacement between them. Thus the cluster assumed

an asymmetric position w.r.t. the Pancake Trap center. Rather particle 2
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(smaller particle) dwelt near the single bead equilibrium position while parti-

cle 1 was rotating around it laterally. In the simulations done by Chvátal et

al. the lateral position asymmetry for clusters with large particle separations

such as ≥ 3λ is weaker, that means the lateral trap center lies on the cluster

binding axis. The trap center is supposed to be the intersection of optical axis

(laser beam axis) and xy-plane [11]. It should be mentioned that the authors

used a lower laser power (P = 100mW ). In our experiments we assume the

trap center to be at the single bead average position. The cluster is pushed

farther away from the center so that the beam axis seems to coincide with the

position of particle 2. For inter-particle distances ∼ λ and ∼ 2λ Vassili Demer-

gis measured an effect contradicting the aforementioned predictions made by

Chvátal et al. [10]. He found that the bigger particle (sphere sizes estimated

using equation (4.1)) stays closer to the beam axis even if the cluster rotates

by 180◦. In the case of a rotating cluster with constituents separated by ∼ λ

the CoM would shift by a distance larger than the inter-particle distance [10],

crossing over the beam axis so that the bigger particle is oriented again towards

the antinode center in the xy-plane. Again, simulations predict that behavior

[11], however, with swapped locations of smaller and bigger nanosphere. In the

following, I present results for 2-particle clusters that stayed in the same “bind-

ing states” during the measurement to enable better comparison with previous

experiments and to avoid averaging over several binding configurations.

The second data set illustrated in figures 4.10 and 4.11 proved stable in

its binding configuration except for the last 45 frames. There the separation
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Figure 4.10: Separation distance for the second data set. From the y-axis which
is scaled in multiples of the exciting wavelength λ, a stable binding in the state
of minimal energy is seen until frame # 354. Subsequently, a hopping to higher
binding states happens. Frame rate ∼ 43 fps.

distance jumped successively to adjacent multiples of λ. Only the last data

point of the axial profile will be affected by this “binding-state averaging”.

For the rest of the acquisition time, the cluster remained in the energetically

preferred, hence most stable binding state predicted by theory (section 2.4),

namely separated by λ and aligned perpendicular to the polarization direction.

The axial configuration is akin to that shown in figure 4.7. Both particles

occupy z-positions smaller (i.e. farther below) than that measured for a single

particle in the standing wave antinode.

Taking into account the corrections for axial distances, we calculate

z1 = (−28.1± 5.0)nm z2 = (−42.7± 7.4)nm ∆z = (14.6± 8.9)nm
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Figure 4.11: Axial and lateral configuration of the second data set. The graphs
are structured like those in figures 4.7 and 4.9, with particle 1 data plotted in green
and particle 2 data plotted in blue. Above, the axial cluster configuration together
with a single bead fit curve in red is shown. Below, the lateral position distributions
are depicted. Laser power P = 252mW , ∆h = 100nm, 50 frames per increment,
camera exposure time 0.095ms, sampling rate ∼ 43 fps.

72



The relative difference in bead size with the approximation (4.9) is:

196.80nm− 187.34nm±
√

(0.21nm)2 + (0.53nm)2

100nm
= 0.095± 0.006

=⇒ (9.5± 0.6)%

From the scattered powers and equation (4.10) we get:

Ī1(z1)

Ī2(z2)
≈ 1.606 =⇒ r1

r2

≈ 1.082± 0.003

=⇒ (8.2± 0.3)%

∆z, the axial displacement between the two particles is smaller compared to

the first data set. It almost reaches the axial resolution limit, but still we are

able to detect it. Again, the cluster CoM found its equilibrium position at a

z-height lower than a single bead and the notable difference in particle size is

estimated reasonably by using either the measured particle widths or the ratio

of the scattered powers. We notice that in the upper panel of figure 4.11 both

the green and the blue curve are displaced from the red one in σ̄ direction. One

of the two particles must be the one trapped alone in the Pancake trap when

recording the video leading to the red parabola. So we expect the minimal

width given by the latter curve to coincide with the minimal width of one of the

curves originating from the cluster data. In figure 4.7 it was indeed the case,

but in figure 4.11 there is an unexpected ∼ 4nm displacement between particle

2 from the cluster (blue parabola) and the single particle (red parabola). On

the one hand, 4nm is within the error bar of the blue curve so that it may

agree with the red curve. On the other hand, a possible hypothesis is that there
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exists an influence of the separation distance on the measured bead widths.

Since the beads have separation distance ∼ λ their PSFs on the CCD images

(figure 4.12) and therefore the fitted 2D Gaussians might overlap so that the

width of one bead partly affects the width of the other one, resulting in a

mutually biased measurement.

Figure 4.12: Darkfield image of two nanoparticles in the “OB ground state”, second
data set. In this ground state of an “optical dimer”, the optical binding axis (x)
is perpendicular to the polarization axis (y). The particles align in a distance of
∼ 0.8µm which corresponds to ∼ λ (see scale bar), giving rise to a slight overlap
of the PSFs. Once more one can see by eye that particle 1 scatters more light than
particle 2, so the former has to be larger in radius.

Unexpectedly, from the lateral plot we see two distinct regions explored

by the cluster. Both have equal y-positions whereas there is a shift in x by

∼ 3.4µm. Between the spots only a few points are visible, so there must have

been an abrupt jump of the whole assembly. A cluster rotation is not involved
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in the movement. The single bead trace in black also shows multiple spots, one

of them at different y-values. The parallel alignment of the OB axis with the

x-axis while the beads are separated by the distance λ agrees to the theoreti-

cally expected alignment of the “OB ground state” due to the 2D OB energy

landscape (figure 2.7). If the unexpected lateral dynamics were provoked by a

laser beam pointing instability, it would be remarkable that the axial arrange-

ment is not affected strongly by such an instability. Although the error bars

in the axial PSF profiles, which include fluctuations, increased to some extent,

compared to the first data set, each particle occupies a single axial position

so that per PSF only one minimum in σ̄ emerges. Thus the cluster geometry

“withstands” potential laser instabilities, confirming that the OB interaction

is ultra-strong [24]. Considering only the vicinity of (x, y) = (13.8µm, 7.8µm)

the cluster CoM positions sit symmetrically within the single bead positions

(black trace). No CoM displacement from the trap center occurs although

we measured a significant asymmetry in the particle radii. The single bead

average position (red square) is biased due to the other centers of population

of black dots, so it should not be relied upon in the stated vicinity. For 200nm

diameter gold spheres separated by λ and a diameter ratio ∼ 1.05 reference

[11] predicts a shift of ∼ 1.6λ in direction of the OB axis, towards the side

of the bigger particle which we do not discern in our case. Again, Vassili De-

mergis measured a shift on the same order of magnitude, but in the opposite

direction [10].
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4.2.2 Clusters with symmetric particle radius distribution

The third data set (figure 4.13) shows a cluster stably confined in the

OB ground state (particle separation ∼ λ). Here I used higher laser power

(P = 336mW measured in the focal plane) to achieve a more stable OB state.

We find that the parabola minimum locations of the coupled nanospheres are at

higher z-values than the minimum location of a single particle in the Pancake

Trap. Between the videos of single particle and pair 10 minutes elapsed, so

perhaps the axial drift correction for such a long time has not been accurate.

Remember that we assumed a constant drift velocity axially that has to be

corrected for. In the previous data sets the elapsed time was always less than

3 minutes so that drift effects were reduced. Moreover, particles here are

very akin in size, as can be seen from the little separation of green and blue

parabola. In detail we calculate:

z1 = (26.5± 3.5)nm z2 = (37.4± 3.0)nm ∆z = (10.9± 4.6)nm

194.74nm− 193.70nm±
√

(0.22nm)2 + (0.17nm)2

100nm
= 0.010± 0.003

=⇒ (1.0± 0.3)%

Ī1(z1)

Ī2(z2)
≈ 0.900 =⇒ r1

r2

≈ 0.983± 0.002

=⇒ (−1.7± 0.2)%

∆z is smaller than in the previous data sets and close to the resolution limit,

represented by the uncertainty in ∆z. According to the measured mean widths,

there is almost no difference in particle size, if at all only 1%. However, the
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scattered powers give a different prediction for the relative sizes, namely that

particle 2 is the bigger one. Apparently for a very small difference in radii the

approximations involved in equation (4.9), that uses the measured mean widths

of the beads, become invalid, leading to disagreement with the calculation of

sphere sizes using the scattered powers. Considering the error bars of the σ̄

data points we can say that the two gold spheres have equal size within our

measurement accuracy, speaking well for symmetry of our nanoparticle cluster.

If we look at a typical dark field image of such a symmetric cluster (figure 4.14),

it is indeed impossible to determine whether either particle scatters more light

than the other, in agreement with the measurement results illustrated in figure

4.13.

Regarding the dynamics perpendicular to the optical axis, the opti-

cal dimer dwelt ∼ 3.4µm away from the single particle location, a distance

significantly larger than any possible lateral drift (section 3.7) and thermal

fluctuations of both single particle and cluster (∼ 0.5µm) may cause. Appar-

ently the dimer found a new equilibrium position far away from the optical

trap center. Having shown that the cluster is symmetric in its constituent

sizes this observation is surprising. Chvátal et al. do not suggest at all a shift

of the cluster CoM away from the trap center if the sphere radii are equal [11].

Demergis demonstrated lateral shifts in the CoM that occurred together with

differences in the powers scattered by the optically bound nanoparticles [10].

So for asymmetric clusters a lateral shift away from the trap center is generally

expected in both theory and experiment. Existence of significant lateral shifts
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Figure 4.13: Axial and lateral configuration of the third data set. The graphs are
structured like those in figure 4.11, with particle 1 data plotted in green and particle
2 data plotted in blue. Above, the axial cluster configuration together with a single
bead fit curve in red is shown. Below, the lateral position distributions are depicted.
Laser power P = 336mW , ∆h = 100nm, 50 frames per increment, camera exposure
time 0.085ms, sampling rate ∼ 42 fps.
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Figure 4.14: Darkfield image of two nanoparticles in the “OB ground state”, third
data set. As in the second data set, the optical binding axis (x) is perpendicular to
the polarization axis (y). Now the measured widths and scattered powers are almost
identical for the two spheres, indicating a symmetric cluster. It is also impossible
to tell by eye if one bead is brighter than the other.

even for symmetric clusters has not been expected, but now observed for the

first time. The cluster as a whole in the third data set proved stable against

jumps and rotations. An angle of 90◦ between OB axis and polarization di-

rection of the exciting light agrees with the theoretical 2D energy landscape.

In contrast to the lateral shift seen in the lower panel of figure 4.11, the shift

in figure 4.13 is not parallel to the x-axis.

As fourth data set, I recorded a self-assembled cluster of the same two

beads as in the third data set, but this time the dimer assumes the “second

OB state”, i.e. the separation distance now is ∼ 2λ, for most of the recording

time (figure 4.15). Here the laser power was held at 336mW , too, creating
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a relatively deep trapping potential and deep minima in the OB energy land-

scape. Once thermal energy no more suffices to overcome the peaks between

the valleys in the OB energy landscape, even excited OB states may be stable.

In figure 4.16 the graphs revealing the 3D configuration are shown. For the two
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Figure 4.15: Separation distance for the fourth data set. Until frame # 105 the
dimer is still in the “ground state”. Then it hops like a quantum system to the first
“excited state” and stays there. The relatively high laser power in the sample plane
(P = 336mW ) inhibits permanent hopping between states through thermal energy,
thereby rendering transitions rare events. Frame rate ∼ 42 fps.

gold beads in the fourth data set, we expect to measure the same σ̄ throughout

the z-scan as in the third data set. The mean widths we see differ from those

of the third data set by ∼ 3nm, though. The same effect as described above

is likely to play a role, namely that depending on the inter-particle distance

overlapping of the PSFs in the xy-plane occurs. From the 2D Gaussian fits we
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obtain the quantities

z1 = (−33.6± 1.6)nm z2 = (−31.4± 1.5)nm ∆z = (2.2± 2.2)nm

191.24nm− 190.66nm±
√

(0.14nm)2 + (0.16nm)2

100nm
= 0.006± 0.002

=⇒ (0.6± 0.2)%

Ī1(z1)

Ī2(z2)
≈ 1.249 =⇒ r1

r2

≈ 1.038± 0.002

=⇒ (3.8± 0.2)%

Now the calculated axial displacement between the particles is as large

as the uncertainty obtained by Gaussian error propagation. So we are nei-

ther able to say safely if there is axial displacement, nor to determine which

particle is closer to the single particle equilibrium position. From the OB in-

teraction at larger separation distance we expect weaker coupling between the

dimer constituents and thus a smaller ∆z if the axial displacement we observe

throughout this work is at least partly mediated by optical binding. Since we

measured a larger ∆z for a smaller bead separation (third data set) we find

our expectation confirmed experimentally. The mean width approach leads

to the outcome of nearly identical bead radii. The relative size calculation

via scattered powers predicts a much more asymmetric radius distribution for

the fourth data set. So it clearly differs from the power ratio calculated for

the third data set and it features the opposite sign in percentage. Thus for

small asymmetries in relative particle size, deviations between results of power

ratios and mean width differences occur. In such a case, the scattered powers
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Figure 4.16: Axial and lateral configuration of the fourth data set. The graphs
are structured like those in figure 4.11, with particle 1 data plotted in green and
particle 2 data plotted in blue. Above, the axial cluster configuration together with
a single bead fit curve in red is shown. Below, the lateral position distributions
are depicted. Laser power P = 336mW , ∆h = 100nm, 50 frames per increment,
camera exposure time 0.085ms, sampling rate ∼ 42 fps.
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are more reliable than the simplified model about measured bead widths and

their relationship to the geometric radii. Note that the observed differences

in scattered power are not due to axial displacements ∆z of optically bound

particles. Below in the concluding remarks I will discuss this more in detail.

Considering the lateral position distribution of figure 4.16, particle 2

fluctuates in the vicinity of the assumed trap center while particle 1 explores an

arched region extended in y-direction, suggesting a rotational motion around

the trap center. Therefore the CoM trace is arched, too. For the considered

OB state, in presence of a tiny radius asymmetry, reference [11] predicts a

tiny displacement of the cluster CoM from the lateral trap center in direction

of the larger bead, at best a few tens of nm. In our experiment the CoM is

displaced by one wavelength which according to [11] only occurs at a relative

bead size difference of 6%. This is definitely not true for our particle pair.

But it is interesting to see how optical binding affects the confinement of the

two beads. Particle 2 is located at the center of the trapping potential. In

addition, it is confined by OB to particle 1, reducing the fluctuations of par-

ticle 2 which can be seen to be smaller than those of a single particle at the

trap center. Particle 1 holds an inter-particle distance of ∼ 2λ, however, in

terms of polar coordinates, its azimuthal confinement is much weaker than its

radial confinement. Looking at the 2D OB energy landscape (figure 2.7) this

phenomenon can be understood. Originating from the local energy minimum

at separation 1.6µm perpendicular to the light polarization direction, the ra-

dial increase in OB energy is fairly strong, while a “wing” of almost constant
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energy can be observed azimuthally. Therefore, particle 1 is able to explore

the arc depicted in the position distribution, without major energy input from

thermal excitation.

Finally, the fifth data set I present here (figure 4.17) features similarity

to the third one. At laser power P = 336mW and inter-particle distance ∼ λ

the optically bound cluster in the ground state shows normal axial geome-

try (although drift-corrected for a time span of 13 minutes) while the lateral

picture again features a new equilibrium position of the optical dimer which

is ∼ 5.6µm away from the average position of a single bead. The lateral

displacement w.r.t. the center is rather in the opposite direction when com-

paring to figure 4.13. The single particle trace shows much weaker confinement

than could be expected from figures 4.13 and 4.16, where the laser power was

P = 336mW as well. In contrast, the cluster stays at its site in a very stable

manner without any rotation, the position fluctuations of both constituents

are equally weak, underscoring enhanced confinement due to OB interaction.

I recorded more data sets with equal experimental parameters and they show

these surprising lateral dynamics as well. Thus the strong lateral shift away

from the trap center was reproducible. Out of the axial configuration we ob-

tain:

z1 = (−38.7± 1.8)nm z2 = (−29.1± 2.1)nm ∆z = (9.6± 2.8)nm

192.29nm− 191.48nm±
√

(0.16nm)2 + (0.23nm)2

100nm
= 0.008± 0.003

=⇒ (0.8± 0.2)%
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Figure 4.17: Axial and lateral configuration of the fifth data set. The graphs are
structured like those in figure 4.11, with particle 1 data plotted in green and particle
2 data plotted in blue. Above, the axial cluster configuration together with a single
bead fit curve in red is shown. Below, the lateral position distributions are depicted.
Laser power P = 336mW , ∆h = 100nm, 50 frames per increment, camera exposure
time 0.085ms, sampling rate ∼ 44 fps.
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Ī1(z1)

Ī2(z2)
≈ 1.038 =⇒ r1

r2

≈ 1.006± 0.001

=⇒ (0.6± 0.1)%

Both ways to calculate the relative bead sizes agree with each other within their

uncertainties, for the fifth data set. After the third data set, as the cluster

is shown to be symmetric in particle radii and has ∼ λ separation distance,

we repeatedly measure ∆z to be larger than in the case of ∼ 2λ separation

distance (fourth data set) between the beads. Similar to the discussion on the

third data set, the dynamics measured in the fifth data set differ fundamentally

from what was shown in references [10] and [11], where the essential parameter

to cause lateral shifts from the trap center was a difference in radii of two

optically bound nanospheres.

As for a classification of the measurements provided, data set 1 and 2

stem from the same sample but are taken for different beads, data set 3 and 4

stem from a second sample and contain the same beads, and data set 5 is taken

from a third specimen. This underscores the reproducibility of the observations

mentioned above throughout distinct sample cells and nanoparticles. In the

last chapter I draw conclusions and introduce some implications they may have

on future optical binding experiments and simulations.
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Chapter 5

Concluding remarks and outlooks

5.1 3D-arrangement and particle size measurements

As one achievement of this work, I introduced a method to simultane-

ously determine three-dimensional arrangements of nanoparticle clusters, sta-

bly held together by optical binding interaction, in a wide Gaussian beam

standing wave optical trap. These measurements were performed without

ultra-sensitive 3D position detectors like quadrant photodiodes, but merely

with a CCD camera. Applying a particle tracking code to CCD camera image

stacks, I was able to reconstruct both lateral and axial positions of multiple

nanospheres. Due to some lateral drift I estimate the resolution in xy-planes

to be 15nm. In z-direction I even achieved a resolution down to about 4nm,

as can be seen from the standard deviations of the w1 coefficients of the fits

to σ̄. Likewise, the particle tracking results can be utilized to determine the

relative difference in sphere radii in two different ways, up to an accuracy of

about 1.5%. First, the width of a particle image is a measure of the particle

dimensions. For several reasons, this approach is technically difficult and data

interpretation requires a lot of input from control experiments. As the width

does not become infinitely small for vanishing bead radius r it represents the

width of the pointspread function (PSF) at r = 0. This PSF-offset is given by

87



the resolution limit and aberrations of the imaging system, mainly of the ob-

jective lens. Each microscope has a characteristic PSF. For my data analysis I

simplified the calculation, assuming overall proportionality between measured

width and true geometric object radius. In order to exploit the measured

bead width accurately, one would have to measure a calibration curve of the

measured width as a function of true geometric radius of the object that is

imaged (like shown in figure 4.1). Then one is able to extrapolate more reli-

ably to zero geometric radius to determine the a priori unknown width of the

pure PSF. Moreover, the extension of the nonlinear regime can be quantified.

There should also be a difference between measured widths of immobilized

beads and beads exhibiting Brownian motion, due to motion blurring effects

that were described in the previous chapter. This necessitates separate cali-

brations for immobilized and fluctuating nanoparticles. At least such curves

should be monotonous, enabling qualitative estimations about which particle

is generally larger in radius. Despite my simplifications I obtained reasonable

results for the relative difference in particle radii. Second, the scattering cross

section derived for spheres in the Rayleigh regime leads to a strong depen-

dency of the total scattered intensity on the sphere radius. Even if 200nm

diameter gold spheres illuminated by visible light are close to the Mie regime,

the scattering law of the Rayleigh regime provided plausible results for ratios

of particle radii.

An important finding which came out of these particle size analyses

is the fact that when two optically coupled particles appear with different
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brightness (different scattered electromagnetic field powers) on the camera

images it is really due to their difference in radius. In past experiments it was

suspected that such observed differences in powers might be due to different z-

heights assumed by the particles, which would mean a significant ∆z. However,

my data reveal that there are significant differences in scattered light intensities

as well as measured bead widths whereas 200nm diameter beads are displaced

by rather small ∆z, on the order of . 30nm. Despite a low probability

to trap two beads which differ by several percent in radius, I managed to

measure such percentages repeatedly and to reproduce the agreement between

size ratios calculated by widths and by scattered powers. I therefore infer

that the brightness difference really originates from a particle size difference.

There may be an additional effect due to different z-heights because we saw

for immobilized beads (figure 4.3), that in the vicinity of the z-value of the

minimum width, the scattered power is monotonous, leading to a relative

change of power of ∼ 3% per 100nm change in z-height. The differences

in powers we measrued, however, were about 60%. As the scattered power

depends strongly on the particle size, the big difference must be due to a

difference in radii. I conclude further that the approximation for the relative

difference in bead size from reference [10], where a power difference of ∼ 25%

occurred, was carried out correctly. So the argument, that the asymmetry in

the OB cluster dynamics described by Vassili Demergis was due to a radius

difference between the two particles, is valid. In the future the coarse approach

by means of the measured bead widths can be elaborated by comprehensive
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calibrations in order to allow more accurate double checks with the estimation

using the powers scattered by the spheres. One more feature I discovered upon

thorough inspection of the axial profiles of the PSFs is that they reveal some

common pattern when comparing them with the corresponding quadratic fits

(figures 3.7, 4.4, 4.7, 4.11, 4.13, 4.16, 4.17). For the data points up to about

±300nm away from z0 = 0 the residues (σ̄measured − σ̄fit) are negative for

z > z0 and positive for z < z0, in the majority of the cases. The asymmetries

w.r.t. the line z = 0 in σ̄measured may be due to aberrations affecting the

PSF, so that even at low focusing depths into a refractive index mismatched

solution, σ̄measured has a shape similar to that shown in the lower panel of figure

4.3, where we measured a fundamental asymmetry over a long z-range for a

large focusing depth. Such non-uniform distributions of residues suggest that

higher-order polynomials may be needed as fit functions for a more precise

determination of bead sizes, locations etc.

Having determined which particle is the bigger one, a further intrigu-

ing feature was observed in my experiments. For a larger relative difference

in particle sizes, the deviation of the OB geometry from perfect lateral optical

binding increased. Data evaluation of the first two data sets showed strong

size asymmetries and unveiled a larger ∆z than the data for symmetric clus-

ters. Hence asymmetric radius distributions seem to imply asymmetric optical

binding. Compared to the lateral separation distance on the order of the ex-

citing wavelength, ∆z is still small. Past simulations were based on the strict

assumption that stable cluster configurations occur when the particles align
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perfectly in the same lateral plane, even for different particle sizes [11]. That

is why a nonzero ∆z as additional parameter in future OB simulations might

nevertheless yield some intriguing insights into cluster stability, dynamics, and

equilibrium positions. Likewise, additional experiments dealing with the same

phenomenon should be conducted. The Pancake Trap constitutes an ideal in-

strument because it enables optical matter to self organize and fluctuate in a

wide potential in two dimensions and still allows nanoparticles to exhibit axial

displacements to each other. Applying the method developed in this work the

relative sphere sizes and the axial sphere positions can be measured while the

cluster is confined in the trapping potential.

5.2 Coupling of optical dimers to the external light field

I examined how the optically bound clusters arrange within the stand-

ing wave antinodes that served as trapping volumes. The results obtained from

the particle position distributions in the xy-plane were quite peculiar and in-

teresting. For asymmetric clusters, abrupt jumps on the micrometer scale

between stable lateral positions were visible. At the stable sites, fluctuations

in the particle positions were only caused by Brownian motion.

Even more astonishingly, we found significant symmetry breaks in lat-

eral configurations for two-particle clusters with separation distance ∼ λ which

were supposed to be symmetric, according to equal bead radii that were con-

firmed by scattered power calculations and bead width calculations. I made

this striking observation throughout different clusters and sample cells, so it

91



was a reproducible effect. The clusters tend to dwell in new equilibrium po-

sitions several microns away from the trap center. For different clusters these

shifts went in different lateral directions. In particular, the equilibrium posi-

tions we observed for separation distance ∼ λ (third and fifth data set) were

almost in opposite direction w.r.t. the trap center. Apart from a difference

in distance to the center, the equilibrium positions in fact appear to be an

inversion in the trap center point. So different clusters arrange laterally as

if there were two distinct “states” that determine towards which side of the

inversion point to orient. They align stably with their OB axis perpendicular

to the light polarization direction as expected from the 2D OB energy land-

scape. It can be seen that the OB interaction leads to stronger confinement

of the particles taking part in clustering, compared to a single particle in the

Pancake Trap at equal laser power. In contrast, theorists predict lateral shifts

only if the cluster constituents have different sizes [11]. So from the theoreti-

cal standpoint, a distinct asymmetry has to be introduced into the system to

observe such major symmetry breaks. I was able to detect symmetry breaks

without detecting any significant differences in experimental parameters or

nanoparticle sizes. At least we can rule out that the huge lateral shifts origi-

nate from gradient forces. They would only cause both optically bound beads

to be pushed towards the trap center. Due to equation (2.4), a bigger gradient

force is exerted on the bigger particle. But the trap center should then always

be located on the OB axis, i.e. between both particles.
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Figure 5.1: Schematic of model geometry used for previous simulations by Chvátal
et al.. The left panel provides a top view on the optical dimer which is optically
bound along the x-axis while the Gaussian laser beam forming the standing wave
antinodes is linearly polarized along y. Differently sized beads are not aligned sym-
metrically. Initially, of course, both particles scatter the same amount of photons in
+x-, and −x-direction (symmetry). In this picture, only multiply scattered compo-
nents that cause asymmetries are shown. The sphere halves, left and right from the
cluster CoM, over which to integrate the photon flux, are shown. A cluster out of
equilibrium is shown. Since particle 1 is the bigger “mirror” for the photons scat-
tered from particle 2, a net photon flux in +x direction (through the right virtual
sphere half) arises. The recoil force ~Fr, generated by the net photon flux, acts on
the cluster, towards −x, until particle 2 is closer to the intensity maximum (trap
center). The right panel provides a side view of the geometry, where a stack of
antinodes oriented in the xy-plane and separated by λ/2 is visible.

In the simulations of Chvátal et al. lateral shifts of the cluster CoM

occur due to an asymmetric scattering of light from the constituents into the

far field [11]. One can integrate the scattered field components over two halves

of a large, virtual sphere encompassing the cluster, with each half accounting

93



for the photons scattered towards the side of either particle (figure 5.1). A

higher number of photons scattered towards the side of the smaller particle

is observed because the bigger particle acts as a stronger “mirror” than the

small one for the photons coming from the big particle. So multiple scattering

plays a role in this model. Due to the larger photon flux towards the side of

the smaller bead, a recoil force ~Fr is generated which drives the cluster CoM

out of the trap center, in direction of the bigger particle. At some point the

bigger particle is subject to a weaker local laser light intensity, being farther

away from the center than the smaller sphere. Finally, the two asymmetric

effects cancel each other and determine the new equilibrium position. But this

model does not explain an even stronger lateral shift for clusters which should

scatter light more or less symmetrically.

To understand the unexpected observation, more experimental data

must be collected, under variation of parameters like laser power, particle

diameter, and numerical aperture. Maybe the discussed “states” of lateral

arrangement can be reproduced further. Perhaps it is also useful to examine

the standing wave pattern itself in more detail because it shapes the trap-

ping potential. For example, the influence of the microscope objective on the

wavefront can by analyzed. Since it is the most important component for

imaging the focal plane and guiding the laser, possible scratches or impurities

on objective lenses would affect the quality of the whole experimental setup

significantly. A smooth wavefront after the objective lens is required to gen-

erate a well-shaped Gaussian standing wave inside the sample cell. This can
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be checked with an experiment called the “dual objective method” [31], where

a collimated laser beam travels through two identical objectives to focus and

recollimate the beam before it is detected by a Shack-Hartmann wavefront

sensor.

A further reproducible effect that came out of our three-dimensional

cluster analyses is the axial displacement of the cluster as a whole from z0, i.e.

from the axial equilibrium position for a single particle in the Pancake Trap. In

the majority of the data collected, both particles forming the cluster arranged

at z-values lower than z0. So on average they were closer to the sample chamber

bottom than the single bead. A cogent explanation cannot be given at this

point because such axial shifts of the whole cluster might be an artifact of

axial drift. My correction for an average constant drift over time, as measured

in section 3.6 might have been too simple. Variations in drift velocity induce

additional axial offset that cannot be subtracted as easily. I also measured

the drift just once. To get a more reliable average drift it should be measured

throughout numerous different sample chambers. As a general strategy to

avoid any kind of drift, concepts to build more stable sample chambers are to

be conceived. Furthermore, in the time interval between recording the data

to quantify the axial shift, no microscope component was moving whereas

during the measurement of single and optically bound particles, the piezo stage

including objective lens moved up and down repeatedly. Such “perturbations”

certainly bear additional drift contribution, be it upwards or downwards.
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With the future experiments and simulations suggested in this chap-

ter and even more analyses on OB in three dimensions, we may succeed in

understanding better the quite sophisticated coupling between optical dimers

and their surrounding light field. Note, however, that by means of OB much

bigger and more complex clusters can be built. They are able to access copious

stable configurations, as demonstrated in reference [10]. So finally, if optical

dimer dynamics are understood well in both theory and experiment, one will

be able to examine 3D dynamics of “optical polymers”, thereby addressing

a nanoscopic version of the prominent, analytically unsolvable, and generally

chaotic three-body problem, with the OB energy landscape as dominating

potential.
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allösungen. Annalen der Physik, 25(3):377–445, 1908.

99
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