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We study the phase segregation in magnetite ferrofluids under the influence of an external magnetic
field. A phase with lower nanoparticle density and corresponding higher optical transmission is formed
in the bottom of a glass cell in the presence of only a very modest magnetic field gradient (smaller than
25 T/m). The flux density in our magnetic configuration is simulated using finite element methods. Upon
switching off the external magnetic field, the low-density phase develops into a ‘bubble’-like feature. The
kinetics of this ‘bubble’ in the absence and presence of a magnetic field are described and analyzed in
terms of a simple model, which takes into account buoyancy and drag forces.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Magnetic fields provide a powerful, flexible means to control
and tune the interactions between magnetic nanoparticles, which
are suspended in a solvent. These liquids are also more generally
referred to as ferrofluids. The alignment of dipolar entities in a
homogeneous field will give rise to net anisotropic interactions be-
tween neighboring particles. In an inhomogeneous field, i.e. with
a gradient in the magnetic flux density, a net translational force
will act on the individual dipolar nanoparticles, enabling assembly
of nanoparticles in specific locations, defined by the magnetic field
configuration.

With respect to the latter case, field-induced self-assembly of
magnetic nanoparticles in suspension and at solid-liquid interfaces
has attracted considerable interest over the past decade. A large
variety of two- and three-dimensional superstructures of magnetic
nanoparticles, assembled using magnetic fields and their gradi-
ents, has been reported [1-14]. Magnetophoretic deposition has
also been reported as a valuable tool in the fabrication of vari-
ous nanocomposites. In one example, magnetic nanoparticles are
assembled and held on an electrode surface at a predefined den-
sity, after which metal atoms are electrochemically deposited in
the interstices between them [15]. In another report, a field gradi-
ent is used to drive nanoparticles into a polycarbonate membrane
to produce granular magnetic nanowires [16]. Recently it has been
shown that very low magnetic field gradients can be employed
for application in point-of-use water purification and simultane-
ous separation of complex mixtures [17].
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In the absence of a gradient, homogeneous magnetic fields only
induce the parallel orientation of the magnetic nanoparticles. As
mentioned above this results in highly anisotropic interactions be-
tween particles. Interparticle forces are repulsive and attractive in
the directions perpendicular and parallel to the applied field, re-
spectively, as clearly observed for example in cryo-TEM images of
well-defined suspended magnetic nanoparticles having a perma-
nent dipole moment [13,14]. This effect is well-known and forms
the basis of the anisotropic optical properties of ferrofluids sub-
jected to an external field. Since the first discovery of magnetic
birefringence and dichroism in these liquids [18,19], substantial re-
search efforts have been focused on elucidating the origin of the
magneto-optical properties and exploring their possible application
as active optical devices, such as shutters, switches, polarizers and
phase-changing elements [20-30].

It is well known that ferrofluids, consisting of dispersed mag-
netic nanoparticles, exhibit phase separation under the influence
of an applied external field [10,31-34]. Labyrinth-like fingering and
column-like structures have been observed, which are generally at-
tributed to anisotropic interactions between the nanoparticles in
suspensions. For fields parallel to a thin film cell, wire-shaped
aggregates of particles align along the field direction. Mutual dis-
tances between the wires as well as their lengths can be controlled
by the magnetic flux density, the rate of increase of the flux and
also the duration of applying the field. Magnetic fields perpendic-
ular to a thin film cell give rise to hexagonally ordered patterns
of high-density drop-like aggregates in a low-density matrix. In
more theoretical treatments, the phase separation of the ferrofluid
with initial concentration into two phases with lower and higher
concentrations is generally described in terms of a “ferrocolloidal
gas-ferrocolloidal liquid” phase transition.
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Fig. 1. Two-dimensional axisymmetric representation of the electromagnet config-
uration used in this work. The distance separating the magnet poles amounts to
18 mm. The corresponding magnetic flux density, shown in the contour plot, was
obtained using finite element method calculations. The points A-D are used as ref-
erence points, see also Fig. 3.

While performing experiments on the optical birefringence and
dichroism of magnetite ferrofluids [30], we obtained some anoma-
lous results, which could not be accounted for by established the-
ories. More specifically, when the (nearly) homogeneous field was
applied for long periods of time, typically more than 30 min, irre-
producible intensity variations were often observed after switch-
ing off the magnetic field. Visual inspection of the system un-
der consideration revealed interesting phenomena, which are most
likely related to field-induced phase segregation. In this work, we
present our observations, and describe a simple model to account
for the results in terms of different phases within the magnetite
suspension. The development of a detailed mechanistic model un-
derlying the observed phase segregation is far from straightforward
and lies outside the scope of this paper.

2. Experimental observations

For the experiments described in this work, we used a standard
electromagnet configuration as schematically shown in Fig. 1. This
setup is identical to the one used for the aforementioned magneto-
optical studies [30] on diluted magnetite ferrofluids. In the gap
between the poles of the magnet, we placed a thin-film glass cell
(a standard Starna cuvette) with a 1 mm optical path length, filled
with an oil-based magnetite (Fe304) ferrofluid. Details on sample
characteristics, such as preparation conditions, average particle di-
mension and size distribution have been described elsewhere [30].
The volume fraction of the ferrofluid occupied by magnetite parti-
cles (®g = 1.56 x 1073) is considerably smaller than what has pre-
viously been considered in studies focused on field-induced phase
separation [10,31,33].

In Fig. 2, the glass cell filled with Fe304 ferrofluid is shown af-
ter application of a field of approximately 1 T for 15 min or more.
In (a) the field is still applied. On both sides of the cell, the trun-
cated cone-shaped pole-pieces are visible; the width of the gap
separating the magnet poles amounts to 18 mm. The magnet axis
(the line A-C-B in Fig. 1) is indicated by the white dashed line in
Fig. 2. Close examination of Fig. 2a shows that the transmission at
the very top of the cell, near the liquid/gas interface, is larger than
in the rest of the cell volume. The intensity profile, which in fact
visualizes the density of optically absorbing nanoparticles in the
suspension, is very similar to the flux density distribution between
the poles, as determined from finite element calculations for this
specific geometry. The result of these calculations is represented
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Fig. 2. Series of photographs depicting the field-induced phase separation in a mag-
netite ferrofluid. The inner width of the glass cell amounts to 10 mm. The applied
field is oriented from left to right. The dashed line corresponds to the magnet axis,
i.e. the line A-C-B in Fig. 1. The images were recorded (a) at the moment of switch-
ing off the magnetic field, (b) after 2 s, (c) 4 s, (d) 8 s, (e) 14 s, (f) 22 s, (g) 32 s,
and (h) 44 s. The contrast in the images has been enhanced considerably to visual-
ize relevant features. The height of the low density ‘bubble’ as a function of time is
shown in the graph. The dashed and solid lines are described in the text.

by the contour plot in Fig. 1. The same behavior occurs at the bot-
tom of the glass cell, but since it is inserted into a holder, this is
less clearly visible.

Apparently, the small gradient of the slightly inhomogeneous
magnetic field at larger distances from the magnet axis (indicated
by D in Fig. 1) gives rise to a magnetite nanoparticle density vari-
ation within the liquid in the cell. To further clarify this, Fig. 3
shows the flux density variation along high-symmetry direction in
the gap between the magnet poles, as obtained from finite element
calculations as shown in Fig. 1. Along the magnet axis A-B, the
field is very homogeneous with a variation in flux density of less
than 3%. In contrast, along the line C-D, precisely in the middle of
the gap between the poles, an obvious decrease of the magnetic
flux density with increasing distance from the magnet axis, is ob-
served. Most likely, this relatively small gradient, which is smaller
than 25 T/m, gives rise to the formation of the low-density fer-
rofluid phases in the bottom and top of the liquid in the cell. At
this time, we have no information on the effect of size distribution
on the observed phase segregation. It can be expected that the
larger magnetite particles, having a correspondingly larger mag-
netic moment, are more sensitive to the field gradient as compared
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Fig. 3. Three-dimensional representation of the magnetic flux density as obtained
from finite element calculations for the magnet configuration in Fig. 1, along high-
symmetry directions indicated by A-D. In the xy-plane, the contour plot of the flux
density in the gap between the poles is shown.

to the smallest entities. As such, the ‘darker’ high-density phase
may contain a relatively larger fraction of magnetite particles with
larger dimensions. This is a subject for further investigation in fu-
ture experiments.

When the magnetic field is switched off, a peculiar flow profile
of the ferrofluid is observed in the sequence of images in Figs. 2b-
2h. The absence of the magnetic field results in a slight relaxation
of the liquid/air interface, as is best seen by comparing Figs. 2a
and 2b. Within approximately 2 s, the region with a lower particle
density at the bottom of the cell develops into a ‘bubble’ of low-
density phase that starts to rise in the higher density liquid. The
nucleation of the ‘bubble’ is in all cases exactly in the middle be-
tween the two poles of the magnet. In Fig. 2 the cell was centered
between the magnet poles, so the low-density region is also in the
middle of the cell. However, if the cell is displaced from the cen-
tered position between the pole pieces by a certain distance, the
‘bubble’ still originates exactly in the middle of the gap between
the poles.

During its ascent, the ‘bubble’ develops a tail-like feature. Sur-
prisingly, despite considerable convection in the liquid, the two
phases (low-density ‘bubble’ and high-density surrounding liquid)
remain reasonably well-separated. Also, the shape of the ‘bubble’
changes slightly with increasing height, while the ‘tail’ eventually
disappears (see Figs. 2g and 2h at the bottom). The height of the
top of the ‘bubble’ as a function of time is also depicted in the
graph in Fig. 2. Apparently, the speed with which the ‘bubble’ rises
toward the surface decreases with increasing height. A more quan-
titative analysis will be given in the next section.

If the cell is left for sufficient time, typically 5-10 min, dif-
fusion again restores the situation of homogeneously distributed
magnetite nanoparticles in the ferrofluid. However, when the mag-
netic field is again applied during the ascent of the ‘bubble,’ pe-
culiar behavior is observed. Upon reapplying the field before the
‘bubble’ reaches the magnet axis, i.e. the middle of the cell, the
‘bubble’ seems to descend and the density distribution in the lig-
uid is restored very rapidly to the situation prior to switching off
the magnetic field.

When the magnetic field is increased after the ‘bubble’ has
passed the middle of the cell, its ascending speed increases
markedly (see Fig. 4) and the ‘tail’ vanishes within seconds, to
also yield the original density distribution before switching off the
field as shown in Fig. 2a. Apparently, the ‘bubble’ with lower den-
sity ferrofluid phase rushes toward its lowest energetic position,
i.e. at the top or bottom of the cell, depending on which of these
is at a shorter distance.
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Fig. 4. Height of the ‘bubble’ as a function of time for two situations. The open
circles are identical to the results in Fig. 2. The filled circles show the result of
another experiment, in which the field was again applied after 23 s, as indicated by
the arrow. The lower initial speed of the ‘bubble’ in the second experiment reflects
the smaller density difference arising from a shorter time during which the initial
magnetic field was applied. The dashed and solid lines are discussed in the text.

3. Analysis and discussion

For a quantitative analysis of the experimentally determined
height of the ‘bubble’ as a function of time, as presented in Figs. 2
and 4, we treat the system in a way comparable to the settling of
colloidal particles in a gravitational field [35], but in this case it
is reversed. If we consider the ‘bubble’ to be a more or less rigid
body, having a lower density due to a lower concentration of mag-
netite nanoparticles, there are two forces acting upon it. The lower
density and thus lower relative weight of the ‘bubble’ gives rise to
a buoyancy force Fpyoy given by

Fouoy=V - Ap- g, (1)

where V is the volume of the ‘bubble,Ap = pp — p1 is the density
difference between the surrounding ferrofluid (pg) and the ‘bubble’
(p1) and g =9.81 m/s2. This force is obviously directed upwards.

As soon as the ‘bubble’ starts to move, it will experience a drag
force Fyrag given by [35]

Firag =6mnr-u (2)

where 17 = 0.9 mPas is the viscosity of the solvent (cyclohexane),
r is the effective radius of the ‘bubble’ and u is its velocity. As
mentioned above, the buoyancy force is directed upwards, which
implies that the drag force is directed downwards.

Similar to what is assumed for settling colloidal particles, but
what is also observed for rising gas bubbles in a liquid, a steady-
state situation with a constant velocity u is reached relatively fast.
If the ascending velocity is time-independent, the net force on the
rising ‘bubble’ is zero, so Egs. (1) and (2) are equal. This yields an
expression for the density difference
Ap = i nru. 3)

Vg
From the initial ‘bubble’ in Fig. 2c we estimate its radius to amount
to approximately r = 1.05 mm. The initial velocity amounts to
1.15 mm/s and is indicated by the dashed line in the plot of
the height as a function of time in Fig. 2. With the volume
V =4mr3/3 and the aforementioned viscosity 7, we find that
Ap=431x10"% g/cm>.

The fill fraction &g = 1.56 x 1073 in the ferrofluid used in
this study [30] corresponds to a density po = Ocyclo(1 — Po) +
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Pre;0,Po = 0.785 g/cm>, where peycio = 0.779 g/cm® and pre;0, =
5.10 g/cm® are the densities of cyclohexane and magnetite
(Fe304), respectively. The density difference Ap = pg — p1 yields a
value for the ‘bubble’ density p; from which we estimate the fill
fraction in the ‘bubble’ to amount to &1 = 1.46 x 10~3. From the
absorbance spectrum [30] we estimate the initial transmission of
the suspension (with @y = 1.56 x 10~3) at a wavelength of 650 nm
in a cell with an optical path length of 1 mm to amount to 25%.
Using the Lambert-Beer law, the lower density and corresponding
fill fraction leads to a slightly higher transmission of approximately
28% in the ‘bubble’-region; we have to stress that the contrast in
the images in Fig. 2 has been enhanced considerably.

As is clearly seen in Fig. 2 the ‘bubble’ develops a tail-like fea-
ture when it rises toward the surface. This implies that its effective
volume decreases. Moreover, the ‘tail’ effectively also reduces the
buoyance force acting on the ‘bubble.’ Additionally, one can con-
sider that due to mixing, induced by convection, the density pq
inside the rising ‘bubble’ increases with time, i.e. the density dif-
ference Ap between ‘bubble’ and surrounding, decreases for larger
heights. We can take these effects into account by assuming that
the velocity decreases linearly with time

Ap-Vg

t) =
u® 6 nr

(1 —ct). (4)
Integration of Eq. (4) and fitting this expression to the data for
t < 30 s yields the solid line in Fig. 2 and a value for the time-
dependence parameter ¢ = 0.014. This implies that the buoyancy
force decreases by 1.4% of its original value per second, due to
an increase of ‘bubble’ density and/or volume decreases. As can
be seen in Fig. 2, the solid line corresponds quite well with the
data up to a height of 30 mm. Furthermore, comparing the ‘bubble’
shape in Fig. 2c to that in Fig. 2f reveals that its effective radius in-
creases for larger heights. This implies that the drag force [Eq. (2)]
becomes more pronounced and also slows the ascent of the ‘bub-
ble.” Eventually, as it reaches the liquid/gas interface, the ‘bubble’
will obviously not rise any further but deform and eventually dis-
appear.

Finally, in Fig. 4 we show the result of an experiment in which
the field was re-applied as soon as the ‘bubble’ has passed the
center of the magnet configuration (point C in Fig. 1). As described
in the previous section, the low-density phase is attracted to the
lower magnetic flux density region between the poles, indicated
by D in Fig. 3. The slightly lower velocity in the first part of this
experiment, as compared to the results in Fig. 2, arises from the
shorter time the field was applied prior to t =0 s in the experi-
ment; apparently this gives rise to a smaller density difference Ap
and thus a reduced net force. The dashed line in Fig. 4 is only dif-
ferent from the solid line in Fig. 2 by a constant scaling factor.

To model the acceleration of the ‘bubble’ we consider the spa-
tial variation of the flux density as presented in Fig. 3, and more
specifically along the line C-D. In first approximation, the change
of the magnetic flux along the line C-D can be described by an
exponential curve. Since the magnetic force is proportional to the
spatial derivative of the flux density, the magnetic force exhibits an
exponential increase. In Fig. 4 the result of describing the height of
the ‘bubble’ upon again applying the magnetic field at t =23 s as
being exponentially time-dependent is shown by the solid line. As
can be seen, this very simple model agrees well with the experi-
mentally determined height of the ‘bubble’ as a function of time.

4. Conclusions

We have investigated the phase segregation in magnetite fer-
rofluids subjected to very modest magnetic field gradients. The
standard electromagnet configuration used in this work has previ-
ously been employed to study magneto-optical properties of these

ferrofluids. Simulations of the magnetic flux density for this spe-
cific configuration using finite element methods reveal that the
finite size of the magnet poles results in inhomogeneities in the
magnetic field. The magnetite nanoparticle density in the magnetic
liquid, as observed by the optical transmission, reflects the mag-
netic flux distribution. Apparently, magnetic field gradients smaller
than 25 T/m are sufficient to induce density differences as ob-
served in this work.

Upon removal of the magnetic field, the liquid phase with lower
density in the bottom of the glass cell contracts into a ‘bubble’-
like feature. This ‘bubble’ experiences a number of different forces.
Most prominently, the difference in ferrofluid density between the
‘bubble’ and the surrounding liquid results in a buoyancy force di-
rected upwards. As soon as the ‘bubble’ starts to rise under the
influence of this buoyancy force, it will also be subjected to a drag
force, which depends on its size. The kinetic behaviour of these
phases, as observed by optical video imaging, has been presented
and analyzed using a simple model incorporating these forces. We
show that such a simple quasi-static equilibrium approximation
provides a very good description of the observations.

Finally, once the ‘bubble’ is moving upwards in the glass cell,
the magnetic field can be applied again. Distinctive behaviour is
observed which depends on the position of the ‘bubble’ with re-
spect to the magnetic field gradient. In all cases, the lower density
phase is rapidly driven to the location within the magnet configu-
ration with the lowest flux density.
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