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Adsorption and diffusion in a one-dimensional potential well
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We investigate the adsorption and diffusion of colloidal particles at an interface containing a one-
dimensional potential well. It is observed how the adsorption kinetics onto the wall is altered with time, and
one observes the formation of a particle chain. We find that the time it takes for a bead to penetrate into the
chain depends strongly on the particle density, and beyond a critical value this time diverges. We also study
diffusion within the well, and find that at low particle densities the short time behavior is governed by normal
Fickian diffusion.
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[. INTRODUCTION particles do not screen the magnetic field effectively. Finally,
after entering the chain the particles undergo a restricted one-
Adsorption and diffusion are two of the most fundamentaldimensional diffusion.

physical processes in nature, and have therefore been studied

for centuries. Of particular interest are confined biological

systems, where, e.g., narrow ion channels allow the passage The magnetic potential well was created using a bismuth-

of a restricted number of potassium and sodium ions simulsubstituted ferrite garnet film of thicknessidm and magne-

taneously[1]. Traditionally, adsorption and diffusion have tization M¢=10° A/m. Due to the low uniaxial anisotropy,

been studied in bulk, at surfaces or in porous media channef§ese garnet films have very large.1-10 mm in-plane

by, e.g., surface pressure, fluorescence correlation spectrd§@gnetized domains separated by domain walls. Here the
copy, or magnetic resonance methd@s-5]. Recently one domain wall acts as a magnetic potential well, which attracts

has taken interest in direct observation of one—dimensiona{pagnetIC beads in absence of external fields. A glass ring

diffusion in colloidal model tems. and th tudies h VWIth diameter about 1 cm was put on top of the garnet film,
uslo cofloidal model systems, a ese sludies Nave 4 heads immersed in water at a density-dfd® beads/ml

given new insights into anomalous diffusion, adsorption, andyere confined within the walls of this ring. The paramagnetic
hydrodynamic interactiongs—11]. ~ beads used here have an effective susceptibility©0.17
The aim of this work is to present a method for direct(+159), and were manufactured by DynéDynabeads
observation of adsorption and diffusion of particles at anM270), coated with a carboxylic acid (COGH) group. Ad-
interface containing a one-dimensional potential well. Previ-hesion of the beads to the garnet film could be prevented by
ous experimental studies have been based on hard walls, fabeating the garnet film using the layer by layer adsorption
ricated by, e.g., photolithography, for confinement of the partechnique[13,14.. The coating results in electrostatic double
ticles[6,9]. Here we use a localized magnetic potential welllayer repulsion between the beads and the film. Thus, al-
much smaller than the particle diameter, which makes it imthough the material properties of the garnet film are fixed,
possible for the particles to pass each other. It is clear thghe surface properties may be altered by coating the film. In
paramagnetic particles will be attracted to such a well, seéhis way one may simulate a wide range of different charge
Ref.[12], and this allows us to study adsorption of particlesand adhesion properties. A more detailed description of the

at the potential well as a function of the particle densitySyStem can be found in RefL2]. _ _
inside and outside the chain formed at the well. Three re- Figure 1 shows the basic system under consideration. In

gimes of particle dynamics can be distinguished as the parzf—ig' 1(a) many particles have attached to the minimum of the

magnetic particles interact with the well. First, there is agg;?]ni'ﬁ;twdelljl’eVt":'{ﬁ;hri;e 2(;%cStgltt?:gt]igr:et];te?vldésécrj\etrI]téIE)IeSa ds
directed Brownian motion of the colloidal suspension in the 9

. . L . ."and the domain wall, the particles form a chain at the mini-
magnetic potential, dr|.v.|ng all partlcles tpyvard the magnetlcmum of the potential well, despite the competing magnetic
wall. Second, an additional particle arriving at the alread ;

: . _ Yand electric repulsive forces between the beads. In Fig. 1
loaded well must wait for the particles in the well to rear- oot of the particles have attached to the potential minimum.
range, after which it may penetrate into the chain. If the\ye gpserve that the chain bead dengitpf this chain in-
density of particles is too high, they form an impenetrablecreases with time, as nearby particles are adsorbed by the
chain, though without substantially altering the speed afye|l. Here we define the chain bead density as the number of
which new beads approach this chain, since paramagnetifeads divided by the length of the well in the field of view
(see also Ref.10]). In the current study we assume that the
boundaries of the chain do not influence the dynamics of the
*Present address: Department of Chemistry and Biochemistryparticles in the chain, i.e., an infinitely long chain. This is a
Florida State University, Tallahassee, Florida 32306-4390, USA. reasonable first approach, since the lengths of the domain
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FIG. 2. The bead travel time as a function of distance from the
unloaded as well as loaded potential well. The stars correspond to a
bead chain density op=0 um™!, the boxes correspond tp
=0.247um™ %, and the diamonds correspondge-0.288 um™ 2.

FIG. 1. Two consecutive pictures separated 180 s in time showThe dashed line shows the best fit of E#) whenp=0 um™*,

ing the adsorption process. Note that(im most of the beads seen Whereas t'”lel solid line shows the best linear fit when
in (a) are located at the line. The white bar is @én. =0.288um™". At x<4 um the dynamics crosses over to the jam-

ming dynamics discussed in Sec. Il B.
walls are typically orders of magnitude larger than the bead
diameter. potential loaded with a chain of densify=0.288um™!
travel at constant speed,—to=x/v (tp=—6 s andv
Ill. ADSORPTION =0.7 um/s). This suggests that the particles already in the
well smoothen the potential, thus providing a constant force
over the distances studied here. A colloidal suspension of
Let an isolated paramagnetic bead with radms(a  particles also drifts toward the loaded well, but with signifi-
=1.4 um in our experimenisbe located at a distanedfrom  cant Brownian fluctuations arising from the particle interac-
the unloaded potential minimum, and its center at a height tions superimposed. The electrostatic repulsion from the
above it. The width of the wally, is much smaller than the other beads will partially counteract the magnetic attraction,
diameter of the beads. Due to limited optical resolution it isresulting in longer bead travel timéand larger fluctuations
difficult to determine exactly, but a rough estimate gives as can be inferred from Fig. 2. In this case the bead density is
~7JAIK~300 nm, wheréA is the exchange parameté, p=0.247um~ 1, and the two-dimensional density of beads
~10 % J/m, and K is the anisotropy constantK surrounding the well is-10™2 um™2 (not counting the par-
~10"%J/m3. In general, it is difficult to determine the ticles in the wel).
width of the domain wall by conventional methods, e.g.,
magnetic force microscopy, due to their low coerciVitg.,
the tip of the force microscope perturbs or moves the domain
wall). In a previous paper we showed that the time it takes Upon reaching the particle chain covering the potential
for an isolated bead to travel to the unloaded potential miniWell, the adsorbed particles are not able to penetrate into the

A. Directed Brownian motion

B. Jamming upon chain penetration

mum is given by[12] chain immediately if they are stopped by other particles in
the chain, and must therefore wait for some time intesval
t—to=B(ix*+x22%+Z*In|x|), (1) prior to entering the chain. Naturally, this can happen at any

particle density, but the probability of colliding with one or

wheret, is a constant an8= 3w 7f/2uyxa’(Mw)?, where ~Mmore particles in the chain increases wjth For a com-
w is the permeability of watery the viscosity of water, and Pletely homogenous chain, where all the particles have the
f the hydrodynamic drag coefficient. In Fig. 2 the star sym-same interdistance, it is expected that the particles always

bols show the kinetics of attraction of a single bead to arimust wait for some time ip>1/4a [15]. Figure 3 shows the
unloaded potential well. Here we findB=2+0.1 time intervalAt as a function of the chain densipy. It is

X102 m™* s, assuming that~a. expected to diverge at the close-packed condition

The attraction of consecutive beads is changed signifi=1/2a, which makes it reasonable to use a power law to
cantly upon loading the well with a dense chain of particles describe the waiting time:
Figure 2 shows the bead travel time as a function of distance —y
from the potential minimum for two different chain bead Atzr(l—ﬂ) _ 2
densities. Isolated beads attracted toward the center of the Pc
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FIG. 3. The jamming time interval as a function of bead chain FIG. 5. The correlation lengtl§ as a function of bead chain
density. The solid line is a fit to the experimental data using(Bg.  density. The solid line is a fit to the experimental data using(8q.

Fitting Eq. (2) to the experiment, we find=3.4 ms andy  insertion of a new bead. Figure 5 shows the correlation
=5. For higher loading of the well it becomes more andlength as a function of bead density. As wiki, one may
more difficult for additional beads to enter the chain givingexpect¢ to diverge atp., and we therefore tried to fit the
rise to a jamming of particles that reach the loaded well, anéxperimental data using
the exponeny is the measure of the “strength” of the diver-
gency. However, we are not aware of any theory explaining p\7”
the magnitude of our experimental value. §=§o( 1- p—> : 3

It is of interest to observe how much each bead is dis- ¢
placed upon penetration of an additional bead as a functiofe solid line in Fig. 5 shows the fit withéy=6
of bead numbeN. HereN=1 corresponds to the beads clos- y -3 »m, and the same exponent as in E2). Equation

est to the penetrating beal=2 to the next nearest neigh- (3) gives an alternative explanation why the waiting time in

bors, and so on. Figure 4 shows the displacendamias a g4 () is diverging. More and more particles in the chain are
function of bead number at two different bead densities. The, olved in a rearrangement upon penetration as one in-

_ -1 : ;
boxes correspond tp=0.262um ", and the filled circles  creaseg). At p., all particles in the chain have to move in

- -1 4 - ; i
correspond t@=0.288um " ". It is clearly seen that more qrqer 1o create a vacancy for the additional particle, and this
beads are influenced at higher densities. The d|splacemeB};ocesS requires a considerable amount of time.

correlation length¢ is here defined as the length scale at
which Au drops to zerao(i.e., below our spatial resolution

limit), and is a measure of the number of beads that feel the IV. DIFFUSION

When the beads enter the potential well minimum they
are seen to diffuse along its lendite., in they direction. In
1.4r % % ] l the case of a diluted bead mixture, we may load only a few

1.6¢

1.2} beads into the potential well, thus allowing a study of the
short time diffusion. Figure 6 shows six beads loaded into

b the well, whereas Fig. 7 shows how their positipivaries

z 08y with time, and these data can be used to evaluate the diffu-
2 osf i sion behavior. To this end, Fig. 8 shows the mean square
3 o4l displacementMSD) ((Ay)?) along the chain as a function

of time over a time interval of 100 s, measured at time steps
0.2 tp E\J ] of 1 s. The MSD was found by averaging over all the par-
O-<—>

ticles in the well. It is seen that the experimental data can be

_ool fit by a linear relationship,

-0.4 : : : : : ; 2\ _ _ N 5 1
0 2 4 N(beadenumber) 8 10 12 ((Ay)*)=2Dt, D=0.11+0.01 um* s ". (4)

FIG. 4. The displacement of the beads upon penetration of ar NiS observation suggests that normal diffusion is important
additional bead as a function of bead number for two differentfor the short time dynamics, in agreement with previous
densities. Here the boxes correspondpte0.262um™1, and the  studies[10]. At later times one may expect a crossover to
filled circles correspond tp=0.288um™1. The arrow shows the anomalous diffusion, but this is outside the scope of the
productép whenp=0.262um™1, present work.
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FIG. 8. The MSD as a function of time for the six beads seen in

) o ) Fig. 4. The chain bead density is 0.026n~ . The solid line shows
FIG. 6. A potential well with six beads used for observation of tne pest linear fit wittD =0.11= 0.01um? s L,

diffusion. The scalebar is 1am.

tion process the particles interact with a domain wall of ef-
fective width w,~50 nm, not the expected widtlw
~300 nm. One could also imagine that the polyelectrolyte
coating resists fast directed motion of the spheseopposed
to diffusion). However, the origin of such a mechanism is not
%lear to us.

In the presence of the magnetic field from the domain
» wall, the magnetic interaction potential between two par-
ticles separated a distandés

The diffusion coefficient is related to the hydrodynamic
drag coefficient through Einstein’s relationshipD
=kT/fna, which allows us to estimate the hydrodynamic
drag coefficient to bé~30. This is a realistic value under
the current circumstances. To this end, in the creeping m
tion approximation one finds that the drag coefficient4s
—6mIn(z/la—1) for a freely rotating sphere near the wall
whereas one has=6 in the bulk[4]. Using the experi-
mental value off, we estimate the height to be=1.7 xum.

On the other hand, an independent estimate based on the 5
value of B found by fitting Eq.(1) to the experimental data E(d)= pm m= 4_7733)(HW (5)
givesf~10°, which is too high. This suggests that the value 47d3’ 3 ’

of the domain wall width assumed here is too large, since all

other parameters are well known; that is, during the adsorpyhere H,, is the field from the domain wall. It should be
pointed out that this field is strongly inhomogenous, which,
in general, leads to complicated field distributions. Here we
M T T T T ] only wish to give some simple upper bound estimates, and
or l therefore treat it as homogeneous with widthk=300 nm.
Then the domain wall aligns the particles with a fiedgy

70

50W ~Mgw/27a. The interaction potential between two particles
is ~kT whend~10a, but increases with decreasidgThus,
aof 1 it is clear that the thermal fluctuations play an important role

when the distance between the particles is large. It should
also be pointed out that the electrostatic repulsion due to the

surface charges of the beads play a role. In absence of any
2OMWW magnetic field we observe that the beads occasionally collide
W\W with each other, suggesting that the electrostatic interactions

| are comparable with the thermal energy. This means that
T ] when the particles are far from each other, we have seen that
. . . . the short time behavior is governed by normal Fickian diffu-
60 70 8 % 100 sion. On the other hand, when they are closer together one
expects both the electric and magnetic interactions to be im-
FIG. 7. The positiory along the chain as a function of time for Portant, but this is outside the scope of the present study.
the six beads seen in Fig. 4. Herés measured relative to a refer-  The depth of the well is estimated to bel0* kT, using
ence point on the frame. The chain bead density is 0@®6%,  E=—uomH,,. However, since the beads are much larger
and the six beads of the figure were the only ones in the field othan the width of the domain wall, we expect the actual value
view during the experiment. to be smaller. In our experiments we observe some fluctua-
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tions perpendicular to the potential well minimugine., in  these parameters using an external field. Moreover, it should
the x direction, but they are, in general, much less than thealso be possible to alter the potential well width by tuning
particle radius. Moreover, we never observed any detachthe materials parameters of the magnetic film and thereby
ment from the potential well minimum, which suggests thatenabling control of the adsorption and diffusion. It should be

the potential well is rather strong. pointed out that a domain wall is not required for the class of
experiments reported here, and that similar experiments can
V. CONCLUSION be done by using prefabricated micro or nanomagtets,

magnetic data tracksHowever, in this case one loses the

We have demonstrated a method for direct observation ghossibility to move the micromagnet to the wanted position,
adsorption and diffusion in a one-dimensional potential well\yhich may be advantageous in some cases.

We found that the adsorption strongly depends on the bead
density in the well, and that at the close-packed density the
time it takes to penetrate into the bead chain diverges. We
also found that at low bead densities in the well, the short We thank H. Riegler for lending us the video microscope,
time behavior is governed by normal diffusion. In our experi-and Professor H. Muawald for generous support and stimu-
ments, the external field was always kept zero, thus rendefating discussions. This study was supported by DFG within
ing the potential well and particle interactions the samethe priority program “Wetting and structure formation at in-
However, as was shown in Rdfl2], one may easily tune terfaces,” and by Grant No. Fi 548/2-2.
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