Optical Funneling and Trapping of
Gold Colloids in Convergent Laser

Beams

Andreas Kéniger and Werner Kohler*

Physikalisches Institut, Universitét Bayreuth, D-95440 Bayreuth, Germany

old colloids attract researchers for

a number of reasons. They differ

from most other colloidal systems
by their large density and optical absor-
ption cross section. Their surface can be
functionalized' and tailored for selective
protein binding® or aggregate formation,
for example.® Their large absorption cross
section, due to the presence of the plasmon
resonance,* allows for efficient heating by
laser irradiation,” 7 which can be utilized for
cancer therapy.8 Due to their small size,
laser-heated gold colloids can be viewed
as almost point-like heat sources that allow
for localized heat release on length scales
well below the optical diffraction limit. Heat
release into the surrounding solvent has
been shown to reduce the effective viscos-
ity and increase the diffusion coefficient of
the colloids.”> When embedded in polymer
solutions, the temperature field around
laser-heated gold colloids couples to the
polymer concentration via the Soret effect
and leads to the formation of a cage of low
viscosity around the particle due to deple-
tion of the polymer.® Potentially, anomalous
diffusion can be expected in such modu-
lated viscosity landscapes.'® Gold colloids
embedded in microgel particles can modify
their diffusion and thermodiffusion proper-
ties upon laser irradiation.” A number of
authors have shown that not only dielectric
particles'? but also gold colloids can suc-
cessfully be trapped and manipulated by
optical radiation forces."®~2° Recently, serial
and parallel patterning of gold colloids by
focused laser beams?' and by holographic
optical traps®> has been demonstrated.
Strong irradiation with excessive heating
can lead to irreversible aggregation,'*'®
and even nonmetallic aggregates have
been assembled by mere radiation pres-
sure.”> Svedberg et al. have accumulated
silver nanoparticles in optical traps for
surface-enhanced Raman scattering.* 2%
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ABSTRACT

The simultaneous trapping of a large number of sedimenting Au colloids by optical radiation
forces has been studied in detail. The particles are collected by a convergent laser beam and
compressed against gravity and osmotic pressure at the upper window of the cell, thereby
forming a dense colloidal gas. A minimum critical laser power is required to transport colloids
into the trap. In contrast to conventional optical tweezers, the trap cannot be described by a
3D potential. Once the trap is sufficiently filled, the laser power can be reduced below the
critical value, thereby stabilizing the trap population. Some characteristic properties of
the trap, like the critical laser power and the transit time, are readily understood from a
simple deterministic model. A detailed description that is capable of quantitatively accounting
for the time dependence of the trap population, the finite leak rate at low power levels, or
hysteresis effects requires the incorporation of fluctuations by means of a proper Langevin
equation. Multiple independent traps are realized by time multiplexing of the laser beam,
which allows for splitting up, independent manipulation, and subsequent recombination of a
trapped colloidal cloud.
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In the present work, we show how sedi-
mented gold colloids can be lifted up and
collected in an almost two-dimensional
cage by radiation forces that act against
gravity and the osmotic pressure of the *Address correspondence to
. koehl i-bayreuth.de.
compressed colloidal gas. Once collected, ~ We™e"*°¢ er@uni-bayreuth.de
the cloud of colloids can be manipulated  geceived for review March 12, 2012
in a number of ways. It can freely be moved  and accepted April 24, 2012.
to arbitrary positions, where, for example, . .
R . R Published online April 24, 2012
specific chemical reaction could take place.  14.1021/nn301080a
By time-multiplexing of the laser beam,
it is even possible to split the cloud into  ©2012 American Chemical Society
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Figure 1. Inverted microscope setup with CCD camera, laser
and galvano mirrors.

sub-ensembles, which can then be manipulated inde-
pendently and later be recombined by contact-free
purely optical means.

All experiments described in this article were per-
formed using an inverted microscope setup with
bright-field illumination as shown in Figure 1. The laser
beam (532 nm) is coupled into the microscope objec-
tive via a telecentric lens system. Horizontal displace-
ment of the laser focus is accomplished by means of
two galvano mirrors. The microscope is equipped with
a piezo stage to focus the objective and define the
vertical position of the laser focus within the sample.
The plane of observation can be set independently
from the focal plane with the laser focus by variation of
the distance between the CCD camera and the tubus
lens. The temperature was T = 20 °C.

RESULTS AND DISCUSSION

The basic principle of the experiment is illustrated in
Figure 2 (left). The dispersed colloids (R = 125 nm) are
contained within an optical cell (Hellma, 136-0.2-40-QS)
with a quartz window of 1.2 mm thickness at the bottom
and a height of the liquid layer of h = 200 um. For
improved thermal conductivity, the detachable upper
quartz window has been replaced by a sapphire window
of 1.0 mm thickness. The windows are aligned horizon-
tally, perpendicular to the direction of gravity.

The laser beam, which enters the cell from below, is
convergent within the sample volume. Its focal point is
above the sample at z = h. With a microscope objective
of effective NA = 0.33, the beam diameter at the lower
(entrance) window at z=0is 124 um. The diameter at
the upper (exit) window at z =200 um can be adjusted
over a broad range by shifting the vertical position of
the focus, thereby changing the diameter at the en-
trance window only by a small fraction. In Figure 2, the
upper diameter was set to 20.6 um, corresponding to
h¢=240 um, and the image plane was at the upper fluid
sapphire interface at z =200 um.

If the laser power is sufficiently high, colloids within
the light cone are lifted upward, pushed toward the
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Figure 2. Left: sketch of the laser path through the sample
cell. Right: accumulated Au colloids at the upper (exit)
window.

upper window, and compressed toward the optical
axis by the radiation forces, thereby substantially in-
creasing the particle concentration (Figure 2 right).
Despite their high number density, the particles remain
in a gas-like state with rapid motion and repulsive
interaction.

Deterministic Model. After the laser is turned on, a
certain time is needed until the colloids reach the
upper window and accumulate in the trap. The fastest
particles are the ones that travel along the optical axis.
Their appearance in the image plane defines the transit
time. For a first approximation and in the case of
relatively large colloids, as discussed here, diffusion
can be neglected and the particles are treated like
macroscopic objects.

The forces acting on a colloid (Figure 2) are gravity
FG, buoyancy I_-:B, and the radiation force l_-:R. For a
particle of radius R and density pa, the effective
sedimentation force (gravity reduced by buoyancy) is

4
Fo+Fp = aRop —puold (1)

Fs .

wehre pa, and py o are the densities of gold and water,
respectively, and 5 is the gravitational acceleration.

The radiation force Fg contains contributions from
both scattering and absorption.?” Since the laser in-
tensity is only moderate and the focus is outside of the
sample volume, gradient forces, which are important
for 3D trapping of single particles,'® can be neglected.
For Au colloids of R ~ 125 nm radius and the wave-
length employed here of 532 nm, both the absorption
cross section ag,ps and the scattering cross section o
are approximately equal and identical to the geometric
cross section:*

2
Oabs & Osc &~ R (2)

Assuming, for simplicity, isotropic scattering, the radia-
tion force experienced by a colloid in a laser field of
intensity / (in W/m?) is

— N n “
Foo Jbst0sc), 2R & 3)
0
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Figure 3. Transit time of the fastest colloid for various
laser powers. The solid line shows an analytic solution of
eq 9. The dashed line marks the critical laser power,
where the deterministic radiation force at the lower
entrance window compensates gravity. Also shown are
results from simulations based on the Langevin equation
(eq 13).

where ¢, is the speed of light in vacuum, n the
refractive index of the medium (H,0), and &, a unit
vector in the direction of the Poynting vector:

r . r .
é, + cos| arctan é,
-z hs —z

(4)

where r is the radial coordinate and é, and ¢, are unit
vectors in z- and r-direction, respectively (Figure 2). The
local laser intensity in the convergent Gaussian beam
of total power P is

2P 2r?
I(r,z) = mexp( _w2—(2)> (5)

with a z-dependent beam waist

éx = —sin| arctan
hs

w(z) = (hf —z)tano (6)

The cone angle a is determined by the effective
numerical aperture NA = n sin a = 0.33 of the micro-
scope objective. Without laser irradiation, the colloids
sediment close to the lower window with a character-
istic layer thickness /. determined from the barometric
formula to I. = kgT/Fs = 2.8 um, thereby neglecting
interparticle interactions.

As long as the laser intensity is weak, the colloids
stay close to the lower wall. At a certain critical laser
intensity /., first reached on the optical axis of the
Gaussian beam profile, the upward pointing radiation
force balances the downward pointing sedimentation
force and the colloids are lifted from the lower window.
Once started, the process is self-amplifying. After the
particles have gained some height, the intensity of
the convergent beam increases and the colloids accelerate.

Their drift velocity Vd(z,r) depends on the height z
and the distance r from the optical axis. In a medium
(water) of viscosity , itis obtained by balancing the net
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force by the Stokes friction f6myRVd:

vglz,r) = TR (7)

In the center of the beam, at r = 0, the sedimentation
and radiation forces are antiparallel and the particle
velocity becomes

vylz,r = 0)

1 n 2
-3 lz,r = O)Ra —ng(pAu — pro)| (8)

The minimum time needed for a particle to travel
along the optical axis from the lower to the upper
window is the transit time

h
Ty = 9)
' (va);
where the mean drift velocity is given by
-1
1 (" dz
(va), = |:E /0 vaz, 0):| (10

Figure 3 shows the measured transit time 1, taken at
the appearance of the first colloid in the image plane at the
upper window, as a function of laser power. The solid line is
calculated according to egs 3—10 without an adjustable
parameter. The transit time diverges at the critical laser
power P = 20.3 mW, below which the radiation forces are
too weak to overcome gravity. The good agreement
between analytical model and experiment is an indication
that no essential ingredients have been omitted and other
possible transport processes like convection or thermodif-
fusion are not relevant for the fastest particles.

Also shown in Figure 3 are simulation results based
on the Langevin equation discussed below. There is a
good agreement between experiment, stochastic si-
mulation, and deterministic model—in particular for
high laser powers. The deviations become noticeable
only near the critical laser power, where the determi-
nistic model significantly overestimates the measured
and simulated transit times. This is a first hint that fluc-
tuations may become decisive at low laser intensities.

One-Dimensional and Two-Dimensional Potentials. In con-
trast to conventional optical trapping near the focus of
a sharply focused laser beam,?®%°
tive forces yield negligible effects,° it is not possible to
define a 3D potential for our trap since V x I?R #0.Asa
consequence, the spatial colloid density cannot be
obtained from a Boltzmann distribution. Potentials
exist, however, for the special cases of restricted 1D motion
along and for 2D motion perpendicular to the optical axis.

The axial 1D potential is given by

where nonconserva-

u1(z):/ Fe+Fe+Fr@,r =01dZ  (11)
0

It is plotted in Figure 4 for different laser powers.
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Figure 4. Calculated trap potential for 1D motion along the
optical z-axis at r = 0.
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Figure 5. Calculated radial trap potential for 2D motion
perpendicular to the optical axis along the surface of the
upper (z = h, solid lines) and lower (z = 0, dashed lines)
window for three different laser powers given in the
legends.

Even for the critical laser power P;; = 20.3 mW,
where the potential starts with zero slope at the lower
window at z = 0, the depth of the well at z= h exceeds
100 kgT, making itimpossible for the particles to escape
from the trap along this trajectory. For the lowest laser
power of 3.3 mW, the potential energies of the colloids
at the lower and upper window are identical but the
barrier that efficiently separates these two states along
the z-axis still amounts to 30 kgT with a position of the
maximum at z &~ 142 um.

The 2D potential for lateral motion perpendicular to
the optical axis is

’./

hf—Z

Us(r,2) = —/ I(r', 2)sin <arctan )dr’ (12)
r

It is of particular importance at the lower (z = 0) and

upper (z = h) window. These two cases are plotted in

Figure 5.

For high laser power, the depth of the radial
potential well at the upper window is many kgT and
the radial excursion of the colloids, which are pushed
against the window by the axial component of the
radiation force, is limited to a few micrometers. In the
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case of lower laser power, in particular, for the axially
bistable state (3.3 mW), the potential is only on the
order of kgT and too shallow for an efficient lateral
confinement.

At the lower window, where the beam is still
significantly expanded, the radiation forces are re-
duced by a factor of W(0)/w(h))®> = (124 um/20.6
um)? 2 36, corresponding to a reduction of the depth
of the potential well by a factor of w(0)/w(h) ~ 6. In
particular, above P = 20.3 mW, the depth is sufficient
to cause a net diffusion flux from the periphery toward
the center, where the lift force transports the particles
toward the trap at the upper window.

Stochastic Forces. Although the above deterministic
description gives a good estimation of, for example,
the transit time and the critical laser power, details of
the optical trap can only be understood when the
stochastic forces acting on the colloid are also taken
into account. In particular, the transport of colloids that
start at a certain lateral distance from the optical axis,
where the laser power at the lower window is insuffi-
cient for lift-off, and the finite leak rate of the trap at low
laser powers cannot be described without proper
incorporation of diffusion.

Single particle diffusion under the influence of
thermal agitation is described by adding a random
fluctuating force E(t) to eq 7 to obtain the Langevin
equation

6TRV 4(z,r) = Fo+Fg+FrzN+E@M  (13)

Inertia terms can safely be neglected on time scales
t> m(6myR)’1 ~ 70 ns. The isotropic fluctuating force
represents white noise with an amplitude defined by
the fluctuation—dissipation theorem:*

Ewm =0 (14)

(&gt = 12keTanRO(t —t)o;  (15)

A first direct consequence of thermal agitation is
that sedimented particles starting at the lower bound-
ary at a certain distance from the optical axis, where the
vertical radiation force is still too low to overcome
gravity, are not necessarily pushed toward the optical
axis by the horizontal component of the radiation
force. Due to their Brownian motion, there is now
a certain chance for these colloids to escape the
funnel of the trap. Two representative trajectories
of particles starting at the same initial distance rq
from the optical axis are shown in Figure 6 for
illustration.

Of course, it is also possible that colloids diffuse
from the periphery into the laser beam and eventually
end up in the trap, which would not be observed in the
purely deterministic case. The consequence is a
net inward flow of particles into the trap that con-
tains a diffusion term due to the developing radial
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Figure 6. Simulated trajectories of two test particles start-
ing atz=0and a distance r, = 80 um (arrow) from the optical
axis. Laser power = 100 mW. Within the shaded area, the
photonic lift force exceeds sedimentation.
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Figure 7. Distribution of the colloids within the trap as a
function of their initial distance from the optical axis for
selected times t. The curves have been obtained from up to
10* simulated trajectories. Laser power = 100 mW; n =
1 ,um’2 is the initial sedimented colloid density, and P(r,t)
is the probability of finding a colloid with initial distance r
from the axis at time t within the trap.

concentration gradient and a drift term due to the
radial component of the radiation force.

The colloids starting close to the optical axis are the
first to appear in the trap at the upper window. Since
the number of particles that start at a certain distance r
from the axis increases linearly with r but their chance
to reach the trap within a given time t decreases, there
exists a certain distance ry, . from where most particles
in the trap have originated. The r,ax increases with
time since all particles starting close to the axis are
already within the trap and more particles from the
periphery arrive. Figure 7 shows the distribution of the
trapped particles as a function of their initial starting
distance from the axis for a number of different times t.
The total number corresponding to the area under the
curves increases, and the maximum shifts toward
larger radii. The dashed asymptote that is reached
for small r corresponds to the situation where all
colloids starting at this distance have already reached
the trap.

KONIGER AND KOHLER

50 Frrrr————
7
/
1
II
40 /A
© /
o
(%}
230+ . / .
O —
E 20.0 °C 50 ym
g
G
= 20| * s
e}
£ =
g
100 mW/
10f_ - i
¢ s
50 70.03
0 | o1 sl M ....wnnnl L . s
10 100 1000

t/s

Figure 8. Number of particles within the trap as function of
time obtained from integration of the distribution functions
in Figure 7 (filled circles, solid line). Experimental micro-
graphs at selected times for comparison. The arrow marks
the transit time. Laser power P = 100 mW. Dashed line:
solution of simplified diffusion model (eq 16).

The total number of trapped colloids at time t is
obtained by integrating the distributions in Figure 7.
This is plotted in Figure 8 together with selected
images. While it is impossible to resolve and count
the individual particles, the qualitative agreement
between the model and the experiment is convincing.
The only obvious deviation is that the trap initially
(at 70 s) contains too few particles when compared to
later times. This is most likely due to shadowing effects
of the colloids at the lower window which somewhat
reduce the effective laser power experienced by the
fastest colloids.

The asymptotic filling of the trap is controlled by the
colloids diffusing from the periphery into the laser
beam. For long times, details of the upward transport
from the lower window into the trap are not important
and the problem can be modeled as diffusion on a disk
with a hole in the center, where the particles dissap-
pear as soon as they touch the inner rim (first passage
problem). This is equivalent to the problem of radial
diffusion in a hollow cylinder of infinite length. The
inner radius r, is defined by the diameter of the laser
beam where the intensity is sufficient for lift-off,
around r = r, & 50 um in Figure 7, with the boundary
condition of zero concentration: c(r,) = 0. The outer
radius rp, is on the order of the size of the cuvette, r, ~
1000 um, which is effectively infinite for all relevant
times considered here. The outer boundary condition
is c(rp) = co, With ¢y being the mean initial colloid
concentration. An analytic solution of the radial diffu-

sion equation
ac 10 ac
— = —-——|rD—= (16)
ot ror or

for the given boundary conditions can be found in refs
31 and 32. Due to the very slow convergence of an
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Figure 9. Escape of particles from the trap for a laser power
of P = 3.3 mW. The color encodes the simulated particle
density, which is high inside the trap at z~ 200 um and r <
10 um. The arrow indicates the main escape path. To the
right of the almost vertical line at r ~ 10 um, sedimentation
exceeds the upward pointing radiation force.
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Figure 10. Simulated leakage of the trap for different laser
powers. The leak rates (in s~ 1) are obtained from the slopes
at long times.

infinite alternating series of Bessel functions, it is,
however, more convenient to solve the partial differ-
ential (eq 16) numerically. Using D = kgT/(6styR) = 1.71 %
10~ "2 m?%/s, the result of this simplified model is plotted
in Figure 8 as the dotted line. The deviations at short
times are due to details of the transport of the colloids
into the trap volume after they have reached the laser
beam. At longer times (t > 500 s), these details become
less important and the growth of the trap population
asymptotically approaches the solution of eq 16.
Leakage of the Trap. When the laser power is lowered
from high values to below P.i; = 203 mW, new
particles can no longer efficiently be transported into
the trap. Colloids that are already inside the trap can
initially be kept there due to the still very deep
potential along the z-axes (4) and the almost 10 kgT
deep radial potential (5). A further reduction, however,
leads to an increasing particle loss from the trap. In
Figure 9, this leakage has been analyzed by numerical
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Figure 11. Diameter d of the trapped particle cloud as a
function of laser power P for slow increase (a), rapid
decrease (b), and slow cycle (c) of P. The dashed lines are
guides to the eye and approximate the cloud diameter
during the changes of the laser power indicated by the
arrows.

integration of eq 13 for the very low laser power of
3.3 mW, which would, without diffusion, still be suffi-
cient to constrain the particles. Interactions between
the colloids have been neglected, corresponding to a
situation where only few particles are inside the trap
(single particle limit). The color-coded contour plot
shows the particle density within the upper 25 um of
the cell, which has been obtained from a simulation of
10* particle trajectories over 500 s of laboratory time.
To the left of the almost vertical curve near r = 10 um,
the radiation lift force exceeds sedimentation. To the
right, gravity wins and the colloids sediment. Inside the
trap, the colloids are still vertically confined near the
upper window. The radial potential, however, is not
sufficiently deep, only 0.23 kgT, to prevent particles
from leaving the trap and crossing into the sedimenta-
tion region. Some colloids can re-enter the trap by
diffusing back into the left region with small r, where
they are again transported upward, but the majority
irreversibly escapes the trap and sediments. Note that
the region with deterministic upward transport only
extents down to z ~ 140 um for P = 3.3 mW.

Figure 10 shows the decay of the trap population
due to leakage for different relatively low laser powers.
For practical purposes, a particle is considered to have
escaped from the trap once it has reached a critical
height below z.;; = 160 um, from where the probability
to return into the trap is almost negligible. For long
times, the decays are nicely exponential, whereas for
short times, there is some deviation due to the finite
time needed to reach z.;,. For high laser powers above
P.iv the leak rate tends to zero for all practical
purposes.

Particle Interaction and Hysteresis. If the number of
colloids within the trap becomes large, interparticle
interactions become increasingly important. A high
concentration of repulsive particles leads to an in-
crease of the osmotic pressure and, as a consequence,
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to an increase of the diffusion coefficient, a swelling of
the cloud of trapped colloids, and to an increase of the
leak rate.

The diameter and the population of the particle
cloud depend on the laser power and on the history of
the experiment in a complicated manner. As a conse-
quence, even hysteresis loops can be encountered
when the trap is driven through a cycle with increasing
and decreasing laser power. This is demonstrated in
Figure 11, where the experiment has been conducted
as follows:

Initially, the trap is empty and—starting from
zero—the laser power is set to stepwise increasing
values and kept there for a fixed period of 200 s after
the first colloids appear in the trap (transit time). After
crossing P, the first colloids appear in the trap.
Subsequently, the population of the trap grows be-
cause of both the longer waiting time (7) and the
steadily increasing laser power. The diameter of the
cloud, as plotted in Figure 11 (trace a), increases due to
the increasing osmotic pressure, which overcomes the
counteracting compression by the also increasing in-
ward pointing radial radiation force.

The temperature field around the colloids leads to a
decrease of the effective viscosity and, hence, to an
increase of the diffusion coefficient D. This effect has
been termed hot Brownian motion and has been
discussed in detail in ref 5. Neglecting wall effects,
we estimate the increase of D due to heating to
approximately 7% for 20 mW laser power.

These two effects can be separated by first increas-
ing the laser power along trace a, up to say 50 mW,
followed by a rapid decrease (trace b). During this
quench, the leakage of the trap can be neglected
and the number of particles and, hence, the osmotic
pressure remain constant, whereas the radiation pres-
sure decreases. As a result, the diameter of the cloud
approximately doubles. Note that a populated state
below P.;; can only be reached via such a route since
no new particles can enter the trap at these low
laser powers. Due to the finite leak rates, the trap
slowly loses particles in this parameter range. A rapid
quench along trace b followed immediately by rapid
power increase is essentially reversible along the same
trajectory.

If the laser power is not changed rapidly but is
slowly cycled down to some minimum value and then
back up again, leakage of the trap at low power levels
becomes important and the system is driven through a
hysteresis loop (trace c). The cloud diameter at a certain
laser power increases with the number of trapped
particles, but no quantitative relation can be given
since it is not possible to count the number of trapped
colloids.

Manipulation of the Trapped Colloids. The trapped par-
ticles can be transferred to an arbitrary position by
slowly moving the laser beam. In order to constrain the
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Figure 12. Displacement of the laser trap with a sinusoidal
amplitude of 32 um and a laser power of 50 mW. Top:
displacement of the colloidal cloud during one period (v =
2.6 mHz). The micrographs also show some colloids that are
immobilized at the window surface. Bottom: amplitude of
the colloid displacement as function of the trap displace-
ment frequency v.

colloids within the moving trap, the Stokes friction
caused by a motion of the trap with a velocity 70(1‘)
must not exceed the radiation forces that laterally
compress the colloidal cloud. If hydrodynamic in-
teractions between the colloids are neglected, the
effect is readily described by the Langevin eq 13 after
introducing a time-dependent position of the center
of the laser beam in eq 5 as I(|7 —70(t)|,z).

Figure 12 shows experiments with a sinusoidal laser
beam displacement with fixed amplitude (32 um) and
variable frequency v, measured with a small number of
colloids in the trap to minimize effects due to hydro-
dynamic coupling. For low frequencies, the cloud
entirely follows the trap, but with increasing frequency,
friction becomes too large and the displacement am-
plitude decreases. Also shown are data from a simula-
tion based on eq 13, which match the experiment
without any adjustable parameter.

Multiple traps can be implemented by rapidly
switching the laser beam between different positions,
which can be steered independently. By splitting an
initial populated trap into two time multiplexed ones,
which are then slowly moved apart, it is possible to
divide the colloids into two independent clouds that
can be directed to different positions and mani-
pulated independently. Later, they can be recombined.
Such an experiment is shown in Figure 13, where a
trapped cloud of particles is split into two independent
ones that are separated and then again brought
together.
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Figure 13. Splitting and recombining trapped colloid cloud by two time multiplexed and independently controlled traps.

|
TABLE 1. Numerical Values of Characteristic System
Parameters at T = 20 °C (7, paus @and py,o from ref 37)

quantity symbol value unit
colloid radius R 125 nm
viscosity 7 1.005 x 1073 Pas
density Au Onu 193 x 10° kg/m’
density H,0 P 0.998 x 10° kg/m?

elem

400 600 800 1000
Alnm

Figure 14. Measured extinction coefficient of the Au nano-
particle dispersion.

SUMMARY AND CONCLUSIONS

We have discussed in detail how relatively large gold
colloids with a radius exceeding 100 nm can be
accumulated and manipulated in an optical trap. Due
to their size and high density, the colloids sediment
very close to the bottom of the sample cell. By irradia-
tion with a convergent laser beam into their plasmon
absorption band, they are lifted up and accumulate
at the upper cell window. At the same time, they
are compressed toward the optical axis by the radial
radiation forces in the light cone. A large number
of colloids can be accumulated in the trap, but
the confinement along the optical z-axis cannot be

KONIGER AND KOHLER

achieved by the inhomogeneous electric light field and
requires the impermeable boundary of the upper cell
window. Depending on the distance from the optical
axis, a distribution of transfer times of the colloids into
the trap is observed, and the fastest particles that travel
along the optical axis define the transit time.

Although some properties of the trap, like the
existence of a critical laser power and the transit time,
are readily described by a purely deterministic picture,
essential features can only be understood when ther-
mal agitation is taken into account. The effect of
stochastic noise is two-fold. On one side, it increases
the trap population since particles can diffuse from the
periphery into the laser beam. On the other side,
diffusion is also responsible for a leakage of the trap
at low laser power.

Because the critical threshold laser power for the
transport of the colloids into the trap and the much
lower laser power required to keep the particles there,
the trap can be populated with an almost arbitrary
number of colloids that are then confined on time
scales below the characteristic trap lifetime. For our
system, the lifetime of the trap, as defined by the
inverse of the leak rate (10), exceeds 10% s for laser
powers above 10 mW. Thus, there exists a window
where rather stable trap populations can be sustained
for long times a few millwatts below the critical laser
power Pt = 20.3 mW.

Time multiplexing of the laser position allows for the
creation of multiple independent traps, which can be
used to split a colloidal cloud into two, or even multi-
ple, parts that can be manipulated independently and
transferred to arbitrary locations. Possibly, this opens
an interesting route toward selective chemistry of
surface-functionalized gold colloids at different spatial
positions with the option of subsequent recombination
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of the sub-ensembles. Despite the significant tempera-
ture gradients around a heated colloid, no interaction
between the particles that could be attributed to
thermodiffusion®® has been observed. The absence of
a noticeable Soret effect is most likely due to the high

EXPERIMENTAL DETAILS

Instrumentation. An Olympus IX-71 inverted microscope with
a40x objective (Olympus LUCPlanFLN) was used in bright-field
illumination. The laser (Coherent Verdi, 532 nm, TEMyo) was
coupled into the back port via a telecentric lens system and two
galvano mirrors (Cambridge Technology model 6220). The laser
power was measured in front of the backport of the microscope
and rescaled with an experimentally determined attenuation
factor for the sample position. A piezo stage (Piezosystem Jena
Mipos) was used for focusing. Images were acquired with a
12 bit CCD camera (PCO PixelFly QE) at a rate of approximately
3 Hz. The temperature was stabilized to T=20 £ 0.1 °C by means
of a circulating water thermostat (Julabo CF31).

Material. The dispersed gold colloids were obtained from
BBInternational (EM.GC250). They have a nominal radius of
R =125 nm and a number density of 3.6 x 108 mL™" (Table 1).
They are dispersed in water and electrostatically stabilized
against aggregation.

The measured extinction coefficient (Figure 14) of the
nanoparticle dispersion at the laser wavelength is ¢ =
0.30 cm ', which is in good agreement with the value of ¢ =
0.35 cm™' calculated from the number density and the geo-
metric cross section as described in the text (eq 2). Since the
uncertainty of the colloid number density is not known and
because of possible sedimentation problems of the sample
during the measurement of the absorption spectrum, the
calculated cross section has been used througout the article.
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