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;; Abstract. We report experimental results on, the patterns that are formed during
24 spin-coating of magnetic colloids at moderate concentrations and compare them with
25 results obtained in diluted colloids. We show that,’for moderate concentrations, the
26 magnetic interaction between the (ferro)magnetic particles and with the external field is
27 strong enough to overcome the eentrifugal force. We study two different configurations
28 for the magnetic field. The first one eonsists on an axial uniform field, where we
29 obtain spikes perpendicular to the substrate with a well defined order which decreases
30 as rotation rate increases.. Thersecond one consists on a radial non-uniform field,
31 where we obtain elongated ‘deposits radially disposed on the substrate. The effect
32 of magnetic fieldsgat moderate concentrations on the effective viscosity is confirmed
33 to be much more impertant in the case of a uniform magnetic field, by increasing
34 the hydrodynamic gime-scale which gives the ferromagnetic particles enough time to
gg strongly interact to form the spikes.
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2? 1. Introduction

48 . . ’ . . .

49 Spin-coating te¢hnique has been widely used to fabricate thin films on flat substrates
50 [1-12].. This technique is simple, fast, very reproducible and requires a small amount of
g; material. 'The formation of ordered colloidal crystals has been a challenge in a simple,
53 fast and reproducible way. Spin-coating, if properly taylored, could be a suitable option
54 to deposit colloidal films [1,13-18].

22 Hoewever, it has been shown that crystalline order in spin-coated colloids cannot be
57 achieved easily due to the intrinsic symmetries of the process [19]. Alternative paths
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have been taken in order to modify the classical spin-coating, that is to say: by using
patterned substrates [20], and by applying external fields during the process [21-23]:
Both types of methods show that it is possible to break the axial symmetry that leads
to Orientationally Correlated Polycrystals [19]. Nevertheless, up to this date, these
techniques have not been able to substantially increase the average cérrelation length
of the colloidal films.

At the same time, application of external fields during the spin-coating of colloids
sensitive to those fields have emerged on the one hand as a new'technique to measure
rheological properties of colloids when the conditions are against fhe use of classical
techniques (e.g. when the sedimentation time-scale is shorter than the measurement
time) [23,24], and on the other hand to form specific height colloidal films by modifying
the effective viscosity of the system. Besides, all these results allow to understand the
spin-coating process in complex colloids (effective evaporation rate and its mechanisms,
etc).

Pichumani et al. [21,23] have studied the efféetiof homogeneous external magnetic
fields on the spin coating of diluted superparamagnetic’colloids. They proved that
the sole effect of the magnetic field is fo,increase, the effective viscosity, by using a
continuum model [25] modified to incorperate the particulate nature of the colloid.
Later on, Aslam et al. [24] showed that atlow @encentrations the results were valid
for ferromagnetic particles. They“havenalso investigated the behavior of moderately
concentrated superparamagnetic colloids,in different magnetic fields [20], where they
found that the magnetoviscoSity. in inhomogeneous fields is strongly influenced by the
magnetophoretic effect that inereases the flows of magnetic fluids in the applied field
direction.

For the sake of claritygwessummarize in the following the main assumptions and
results of the preceding models. The original Cregan’s model [25] assumes a Newtonian
fluid system (solventytssolute) in the framework of the lubrication approximation, where
evaporation rate doés'met depend on the rotation rate w. As a result, it gives the
thickness of the déposited filin h(®):

Cl /3 N3
@ G4 (3 -
- 1—C<2” ) v (1)

where C' is thé volume fraction, w is the rotation rate, v is the kinematic viscosity

win

of the solvent and F is evaporation rate of solvent. By reverse engineering and using
the measured thickness of the film, we can obtain the evaporation rate profile FE(w)
forfeases where a generalized model, based on Cregan’s, holds. It is known that, for
colleidal systems, the evaporation rate during spin-coating depends on parameters from
the experiment and the suspension and on the rotation rate ( [24] and references therein
)

To generalize further the model to colloids, we have to take into account that the
centrifugal force is essential to the spin-coating process, and matter (be it the solvent, or
the colloidal particles) is what is expelled from the axis of rotation. Empty interstices
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between colloidal particles of the deposit don’t feel any force. Consequently, Ahe left
hand side of equation 1 should be substituted by the Compact Equivalent Height, (CEH;
see Fig. 4 in [23] and the corresponding text). It has been proven that under ample
circumstances, this modified model holds for colloidal systems. Compact éguivalent
height can be obtained from the colloidal dried structure and its number of layers (or
the occupation factor &2, for submonolayer systems), to which is préportienal for the
case of having only one kind of monodisperse colloidal particles.

Using the aforementioned proportionality, it is possible to obtain the ratio between
the viscosity with applied field to the zero-field (standard) viscosity.if we divide equation
1 for the two conditions. This leads to [23]:

v(Hw) [ CEH(Hw) 1° [ &(H w) I )

v(H=0w) lCEH(H = o,w)] - L?(H - O,w)} ’ @)

where the right hand side usually is a measured quantity. This result holds even in the
case where the particles are not monodisperse. Under,some conditions, the model can

be further generalized to cases where there are more than @ne kind of colloidal particles.
The only change is that the expression that relatesfCEH with the measured occupation
factor (resp. number of layers) and struéture is moreséomplex [24].

In this article, we report colloidal structures obtained in spin coating of hybrid
colloids as a function of various experimental eonditions, namely spinning speed, initial
particle concentration, applied magnetic fieldsstrength and magnetic field configuration.
We focus on the case of moderate initial eomncentration of ferromagnetic particles, where
their magnetic interaction is relévant and the previously outlined models do not hold,
i.e., an increase of effective vigeosity is,not the sole effect of the applied field.

2. Experimental methods

We perform the expefimentsyinda commercial spin-coater (Laurell technologies, WS-
650SZ-6NPP/LITE/OND), wherein we built a pair of Helmholtz coils (Figure 1a) to
apply magnetic fields imntwo main configurations depending on the electrical current
carried by them. If bothiare equally-oriented, the substrate will spin in the region of
uniform axialfmagnetiefield (Figure 1b). Otherwise the substrate will be subjected to
a radially orientéd non-uniform field (Figure 1c).

In thissworks. wé disperse carbonyl iron microparticles in cyclohexanone (CgHjpO).
Cyclohexanone{has a density and evaporation rate similar to water (e.g. density:
947 kg/m?). Itiis preferred to water because it presents a higher viscosity (2.1 mPa-s,
at [room temperature), which allows a slower sedimentation of the suspended particles.
Carbenyl iron particles (Fe purity higher than 96.8%, density p = 7.8 g/cm?®) were
made by BASF SE (Germany) (grade EW). They are polydisperse showing a normal-
like shiaped distribution with a degree of polydispersity of 0.7, and a median diameter
d5g =~ 3.0 pm. Carbonyl iron particles were coated by the manufacturer with a very thin
layer of silica, to ease the re-dispersibility of the particles in suspension (see [26], and
references therein). The resulting dispersion still is very unstable under sedimentation
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Figure 1. (a) Spin-coater with a pair of Helmholtzscoils." Modified from [23] with
permission from the Royal Society of Chemistry. (b,c) Sketchegiof experimental setup
configurations with magnetic field lines (HC: Helmholtz coils; SiSubstrate, I: Electrical
current). The substrate spins in the region of (b) a‘uniform magnetic axial field and
(¢) a non-uniform radial magnetic field.

(see, e.g., [27] among others). To reduce evefi mote the sedimentation rate of the
magnetic particles in the suspension during the @xperiment, we also disperse much
smaller (non-magnetic) silica particles (SiQ, p ‘=18 g/cm?, diameter ~ 0.75 pm,
degree of polydispersity smaller than 0.1) iato ityto slightly increase the viscosity of the
suspension [28-30]. We choose to usesilica particles, because they are non-magnetic and
with smaller density than iron. Othemauthershave used smaller carbonyl iron particles
instead [31].

Glass substrates of an approximate size of 38 x 25 x 1 mm
experiments. Firstly, they are€leaned,with a diluted Micro-90 solution in an ultrasonic

3 are used for all

bath for fifteen minutes. Secondly, they are soft-etched for forty minutes by a basic
piranha solution, which cofisists ot ultra-pure water/ammonia/hydrogen peroxide with
the ratio of 5:3:1 in volume at 67°C. Thirdly, the substrates are thoroughly rinsed with
ultra-pure water. Finally, they<are dried by a filtered air blow. The resulting clean
substrates are stored for24 h before each experiment run, to homogenize their wetting
properties.

In the suspensions, we use the same mass fraction of carbonyl iron particles and
silica particlgs. They are weighed and homogeneously suspended in cyclohexanone to
obtain a total particle comcentration of 4.5% (v/v). The individual volume fractions
are 0.0097(iron)p0:036 (silica), and 0.955 (cyclohexanone). More diluted suspension
of 1.5% (v/v) Was also used to show the effect of concentration on the results. The
resulting batches are ultrasonicated for many hours and actively shaken before the
experiments to ensure a well-dispersed suspension. Moreover, before each experiment
run; the suspension is again put for 15 min in the ultrasonic machine and vigorously
shaken. We set the spin-coater at the required spinning rate w and applied magnetic
field A" Once the substrate rotates at w, 0.1 mL of suspension is pipetted onto the
glass substrate. When the suspension dries or the system overheats, we turn off the
rotation and the field. Micrographies of the dried deposits were taken from above with
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a white light reflection microscope. Also, using the same configuration, we measured
with the microscope translation stage the dimension of the structures which appear on
the substrate. We also took images for visualization from the side.

The experiments were preceded by a learning section, where we cheeked the
reproducibility of the experimental results. The actual experiments &eported i this
manuscript come from one experiment at each set of experimental“conditions. To
increase the precision at a given confidence level, the experiments for ea¢h condition

should be repeated several times.
~

3. Experiments with diluted colloids

Experiments of spin-coating of ferromagnetic colloids at lowsconcentrations (e.g. at 1.5%
(v/v)) with uniform axial applied magnetic fields, mainlylead $6'submonolayer deposits
at low magnetic fields (see Figure 2a for 29.5 kA /m,dor a typieal image at a rotation rate
of 2000 rpm). This can be understood under a siiple model [25] modified to take the
(hybrid) particulate nature of the fluid into accountas well’as a rotation rate dependent
effective evaporation rate (see section lgand [24]). Also, it has been shown that at
those conditions, the effect of the magnetic field is only to increase the viscosity of the
colloid. At higher magnetic fields there are regionsief the substrate where multilayers are
obtained (see Figure 2b for 48.7 kA /mpat theisame rotation rate), but the model still
holds fairly well [24]. This shows that‘the magnetic interaction between carbonyl iron
particles is not strong enoughfte lead to noticeable non-linear effects like the formation
of suprastructures in the considered,time-scale (otherwise, the model would not hold).

Figure 2. Photographs from above of dry deposits on the substrate from experiments
ofsspin-coating of diluted (1.5% (v/v)) hybrid colloid under uniform magnetic field and
a rotation rate of 2000 rpm. (a) Where magnetic field strength is 29.5 kA /m and (b)
at higher magnetic field (48.7 kA/m). In both cases, the horizontal field of view is
12 mm

Figure 3 shows the influence of increasing rotation rates on the behavior of spin
coatedydeposits at an intermediate axial uniform magnetic field (39.7 kA/m). As
rotation speed increases, there is a decreasing effect of surface tension effect, leading
to an instability in the three phase moving contact line which can be observed in a less
rounded front and more irregular patterns.
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Figure 3. Photographs from above of spin-coated deposits from the experiments
performed at uniform magnetic field with increasing spinping rates: a) 1300 rpm, b)
1600 rpm and c) 2400 rpm. In all cases, the concentratiofl is 1.5% (v,/v), the magnetic
field is 39.7 kA/m, and the horizontal field of view 12 nm.

A magnetic colloid with a higher particle concentration, would overcome the weak
dipolar interaction between the ferromagnetic parti¢les and lead to clustering of the
particles that allow the presence of more complex structures.

4
4. Experiments with colloids at a higher (concentration

In this section, we show the main results of this work, which correspond to
experiments performed at a 4.5% (v/v) particleleoncentration, at different magnetic
field configurations.

4.1. Patterns at uniform axidlmagnetic applied fields

In this section, we apply hom@geneous, axial magnetic fields during the spinning of the
substrate (Figure 1b). At an intermediate magnetic field strength (39.7 kA/m), the
interaction between the ferrom%netic particles is high enough to form suprastructures,
which we call spikes (Figure/4). Spikes are magnetic dipoles formed by carbonyl iron
particles, and are naturally oriented in the field direction in spite of the centrifugal force.
This proves a high_effeetive wyiscosity and an important magnetic interaction, which
makes the previous models not applicable. Due to the centrifugal force, the spikes tend
to appear at a given distance from the center of rotation. Moreover, we observe that
the spikes forin a guasi-one-dimensional array and are separated by a minimum distance
which is due ton interplay between surface tension forces and the magnetic repulsion
betweendequallyieriented dipoles.

We measured the length of the spikes (and their distance to the axis of rotation)
by using the translation stages of the microscope.

For small values of rotation speeds, we can observe a more regular disposition of the
spikesyaround the center of rotation forming a circle (Figures 4a,b). At higher rotation
rates, the uniformity of the circle breaks and leads to a less ordered structure of spikes as
occurs similarly with the moving three-phase contact line in diluted colloids experiments
(Figure 3). The small circle of spikes observed in figure 4c is due to a deviation of the
suspension jet during pipetting in a form that it impinges onto the substrate slightly
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Figure 4. Photographs (lateral inclined view) of spin-coated deposits from the
experiments performed at intermediate uniformmmagnetic/field (39.7 kA/m) and a
concentration of 4.5% (v/v) with increasing spinning, speeds (w). a) 700 rpm, b)
1200 rpm, ¢) 1600 rpm and d) 2100 rpm. The horizontal field of view is 12 mm.

&
off-center. We observed that these events, that happen fime to time in our experiments,

don’t affect substantially the results from the big radii spikes, which are the source to
calculate the data points in figure 5.

We were able also to observemspikes for rotation rates smaller than 700 rpm.
However, at those frequencies the“gelventididn’t evaporate before the experiment
finished, and consequently the spikes spread over the substrate once the field was
switched off.

As rotation rate increases; the eentrifugal force is higher and the average distance
of the spikes to the center of rotation (radius) increases (Figure 5a). Also, the average
length (height) of the spikes moﬁotonously decreases (Figure 5b). At around 1200 rpm,
the dispersion of spike length values is remarkably small and a local minimum of the
distance of the spikes'to the eentér of rotation can be observed. We think that this could
correspond to a resenant frequency. Nevertheless, we neither understand the origin of
this frequency nor the mechanisms involved in its selection. This will require further
research and experiments.

4.2. Patterns,at non~uniform radial magnetic applied fields

In this Section,ave apply a radial (non uniform) magnetic field during the spinning of
the substrate (Figure 1c). Its maximum value is 3.5 kA/m and the average magnetic
field gradient in the radial direction is 0.4 kA /m per millimeter. At low rotation speeds,
it can be observed that the interaction between ferromagnetic particles leads to the
formation of elongated dried deposits on the substrate. These deposits increase their
average length in the direction of the applied magnetic field as we move farther from
the center of rotation (Figure 6).

In this magnetic field configuration, inertia (centrifugal force) shares its relevant
direction with the applied field, allowing to an increase of the deposits length as the
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Figure 5. Spikes formation,in spincoating of a 4.5% (v/v ) magnetic colloid, with
an applied uniform magnetic field of 39.7 kA /m, as a function of rotation rate w. (a)
Average distance (radius) of the spikes to the center of rotation and (b) Length (height)
of the spikes.

radius increases. N

On the one hand, the typicalimagnetic field strength in this configuration is much
lower (1.8 kA/m) than'in the,previous one (39.7 kA /m), leading to a reduced magnetic
effect. On the other'hand, it_has been previously shown that, for superparamagnetic
particles colloids, #he effective viscosity under the current configuration diminishes [32].
As a consequenég,.the typical length of the deposits are much smaller than the length
of the spikes,

In figure 7, the effect of the rotation rate on the length of the deposits for increasing
radii is shown.

We don’t @bserve a big change of the length of deposits for the narrow range of
usedretation speeds. If we had used larger rotation speeds, there would have been
les§ amount, of colloidal particles available to cluster (equation 5 of [24]). Consequently,
experiments at higher concentrations are needed to study the effect of the rotation
speeds on the deposits for this magnetic field configuration. Higher concentrations and
speedsywould imply the need of using larger substrates.

Page 8 of 12



Page 9 of 12 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-119419.R1

Pattern formation in magnetic spin-coating of hybrid colloids 9

oNOYTULT D WN =

39 Figure 6. Micrographies (seen from above) of the spin-coated dried deposits of hybrid
40 colloids at.increasing distance from the center of rotation; a) 2 mm, b) 6 mm, and c)
41 12 mm.. The average (non-uniform) magnetic field is 1.8 kA /m, the rotation rate is
42 700 £pm, and the HFOV is 0.66 mm. The measurement of the length of the chains
43 (dark deposits) is sketched in b) (double arrow).

5. Concluding remarks

49 In this article we apply magnetic fields during spin-coating of hybrid colloids where one
50 constituent, is ferromagnetic particles. We show that, at concentrations higher than a
threshold, particles do not interact trivially and form chains / spikes which correspond
53 to macroscopic magnetic dipoles.

54 [f the applied magnetic field is uniform and in the direction of the rotation axis,
we ©Obtain spikes which resemble the peaks appearing in Rosensweig instability for
57 ferrofluids [33]. In their case but at our experiment conditions, the distance between
58 peaks should be around 12 mm. However, we observe an order of magnitude smaller.
The discrepancy comes from the surface tension effect in Rosensweig instability which
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Figure 7. At nonuniform magnetic field the lengthyof depesits chains (see figure 6) are
shown as a function of the radius (distance to the center of rotation) for two different
rotation speeds.

L 4

in fact determines the distance between the peaks. We think that, in our case, we are
limited by the paramagnetic repulsion between the spikes and not by surface tension. In
our experiment, surface tension plays an important role in the moving contact line front
where at high rotation rates an instability dewelops that reduces the observed order in
the disposition of the spikes around aycircle."Moreover, the destabilizing mechanism
in our set-up (rotation of the, substrate) ig,not strong enough to orient the spikes in
the direction of the centrifugal force, but to increase the distance of the spikes to the
rotation center. On the other/hand, the evaporation of the solvent freezes the spikes in
the three phase contact line front when complete evaporation of the solvent occurs.

If the applied magnetic field is'radial and not uniform, magnetophoresis induces
a reduction of the effectivel viscosity as has been observed in previous works with
superparamagnetic colloids [32]¢" The length of the structures (elongated deposits of
particles) increasesawith the distance to the rotation center. The suspension, owing to
its effective viscosity, is not confined in the substrate, and consequently we are not able
to observe the effects of the aforementioned surface-tension induced instability.

We have shown that the effect on pattern formation of an axial uniform magnetic
field is bigger\than of a radial field. This is due to the fact that an enhanced viscosity
gives thé particles’enough time to move and gather, to form clusters. Nevertheless,
further research is required to identify the critical values of concentration which give
risedto non=trivial structures like spikes, and the effect of the size distribution of the
particles ifi ‘the colloid. It is also important to characterize the transition between a
purelynrheological effect and others where different mechanisms may play a relevant
role. This would be important to set limits to the application of the use of spin coating
as a magnetorheometer, and also to tailor localized colloidal structures.

The quantitative effect of the magnetic interaction among the carbonyl iron
particles when the simple model does not hold (i.e., at moderate or high volume
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: fractions) is still something to be understood. To achieve that, it will be required
6 a comprehensive magnetic characterization of the particles and the supragtructures
; (spikes) themselves. We encourage further investigation in this direction.

9
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