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Abstract. Hybrid colloids composed of micron-sized ferromagnetic (carbonyl
iron) and diamagnetic (silica) particles suspended in cyclohexanone, behave
as, non-Newtonian, magnetorheological fluids. We measure and compare the
magnetic field-dependent viscosity of hybrid diluted colloids using spin-coating
and conventional magnetorheometry. We extend a previously developed model
for simple colloids to this kind of hybrid colloids. As in the previous model, the
viscosity of the colloidal suspension under applied fields can be derived from the
surface coverage of the dry spin-coated deposits for each type of particles, and
from the viscosity of the colloid at zero field. Also, our results allow us to obtain
the evaporation rate of the solvent as a function of the rotation speed. Finally,
we also measure the viscosity of the same suspension with a torsional parallel
plate magnetorheometer under uniaxial DC magnetic fields aligned in the velocity
gradient direction of a steady shearing flow. The experimental results under
different conditions and the effect of each component on the magnetorheological
properties of the resulting colloid are discussed. Standard spin-coating technique
can be used both to characterize smart materials - complex fluids as well as
to fabricate films with arbitrary solvents by tuning their viscosity by means of
external fields.
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1. Introduction

Spin-coating technique has been used to make thin
films on flat substrates for decades [1, 2, 3, 4, 5,
6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16]. It is very
fast, reproducible, simple to perform and needs little
material [17]. The thickness and the uniformity of the
spin-coated films are important for the applications,
and strongly dependent on the key parameters of
the fluid such as viscosity, concentration, volume and
evaporation rate as well as the process details (e.g.
rotation speed, acceleration and time of spinning).
Actually, the relevant phenomena that affect the spin-
coating of complex fluids at different experimental
conditions (e.g. the evaporation mechanism of the
volatile solvent) remain unknown. To understand
the spin-coating process, and to take from it the
highest performance in applications, it is important to
characterize the flow behavior as a function of the fluid
properties. This has been studied through different
models and experiments [2, 3, 5, 18, 19, 16, 20, 21].
Spin-coating of colloids has been thoroughly explored
in the literature since the first half of twentieth century
[1], specially in the case of nano-colloids for multiple
applications in condensed matter. For colloids made of
bigger particles, fine tuning in the experiments is much
more relevant and not yet fully understood [22]. The
use of external fields, as a way to tailor results, has
only recently begun [23, 24, 25].

Pichumani et al. [23] used dilute suspensions of
superparamagnetic particles for spin-coating experi-
ments. They obtained sparse structures that consist
of clusters of particles. On applying external magnetic
fields during the spin-coating process, they observed
an increase of the amount of the solids deposited on
the substrate. After, they related the amount of de-
posit to the rheological properties of the colloid. Con-
sequently, they were able to estimate the magnetovis-
cosity of the fluid [25] through a generalization of a
continuum model [20] to a particulate system.

Traditionally, the magnetoviscosity of magnetic
suspensions is measured using torsional rheometers
that are conveniently adapted to apply external
magnetic fields. In most cases, the suspensions
are confined in between two parallel disks that
are separated a commanded gap distance (typically
between 100 microns and 1 mm). Then, a magnetic
field is applied with the help of an electromagnet
in the velocity gradient direction. This external
magnetic field induces magnetic moments within
the dispersed magnetizable particles that eventually
interact through magnetostatic forces, promoting the
formation of gap spanning elongated structures in
the field direction. Hence, increasing the viscous
dissipation and therefore the apparent viscosity under
shearing flows. Interestingly, in practical applications

particle loading and magnetic fields are generally large
(above 10%(v/v) and 10 kA/m, respectively), and
generate an apparent yield stress; a minimum stress
level is required for the suspension to flow.

The influence of an external magnetic field in
the rheological properties of magnetic suspensions and
their applications (i.e. magnetorheology) has been
studied extensively during the last half century [26,
27, 28, 29, 30, 31, 32, 33]. However, to date, there
are several issues that are not fully understood yet.
Undoubtedly, a hot topic today is the understanding
of mixtures / hybrids suspensions. Experimental
data [34, 35] and particle-level simulations [34]
demonstrate a yield stress enhancement in certain
hybrid suspensions prepared by partial substitution
of magnetic microspheres by non-magnetic spheres
[35, 36] and nanofibers [37]. Although it is clear
that the sedimentation rate is related to the yield
stress [38, 34, 35], a full explanation for the stress
enhancement is still lacking in the literature.

A convenient way to get further information on
the yielding and flow behavior of these suspensions
involves the use of other complementary techniques
such as ultrasounds [39] and spin-coating [23]. The
latter is the subject of this work.

In this article, we extend our previous model
[25] to hybrid colloids, to obtain the magnetoviscosity
as a function of applied magnetic field, and the
evaporation rate in spin-coating as a function of
the rotation rate of the spinner. Here, we mix
ferromagnetic particles and diamagnetic particles of
different size, but of the same order of magnitude,
in cyclohexanone. The surface coverage of the
dried deposits obtained through spin-coating of the
suspension, with and without magnetic fields, is
measured. Firstly, we describe the experimental
setup and procedures, then the considered previous
models [20, 25] are outlined, and the one for the
mixture is reported. Lastly, spin-coating results and
those obtained from classical magnetorheometry are
presented and discussed. The novel use of spin-
coating technique [25] as a complement to conventional
rheology is specially useful in the case of ill stabilized
magnetorheological fluids. The spin-coating technique
allows to measure in a very short time before the
suspension destabilizes.

2. Experimental methods

In this work, we investigate a hybrid suspension
prepared by dispersing carbonyl iron microparticles in
cyclohexanone (C6H10O). The suspension also contains
silica particles (SiO2, ρ =1.8 g/cm3, diameter ≈ 0.75
µm) that help to diminish a little bit the gravitational
sedimentation of carbonyl iron particles during the
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experiments. Recall that cyclohexanone physical
properties (density: 947 kg/m3, viscosity: 2.1 mPa·s)
are similar to those of water.

Carbonyl iron powders used in the formulation
were obtained by BASF SE (Germany) (grade EW), in
which the Fe purity is greater than 96.8%. According
to the manufacturer, their average diameter is d50 ≈
3.0 µm and their density is ρ = 7.8 g/cm3. A very thin
surface layer of silica exists, as demonstrated by XPS,
that facilitates the re-dispersibility of these particles in
suspension ([40] and references therein). The atomic
concentration from XPS on the carbonyl iron particles
used in this work is as follows: Fe 2p: 10.23%, O 1s:
44.94%, C 1s: 35.85%, and Si 2p: 8.98%.

Topographical images of the Long Wave Infra
Red (LWIR, a.k.a. Thermal) emissivity are taken by
a Xenics Gobi384, with an objective of microscope
attached to it. These images allow us to distinguish
clusters made of both kinds of particles in the deposits.

One set of experiments are performed in a cus-
tomized commercial spin-coater (Laurell technologies,
WS-650SZ-6NPP/LITE/OND) at rotation rates from
2000 to 7000 rpm. Applied magnetic fields rang-
ing from 0 to 58.5 kA/m are generated by a pair of
Helmholtz coils which are placed in such a way that
the substrate spins in the region of uniform axial mag-
netic field. A sketch of the experimental setup is shown
in Figure 1–C and photographs of the spin-coater and
Helmholtz coils are shown in Figure 1–A and B. Ap-
plied magnetic fields are varied by adjusting the current
in these coils with an external power supply.

Figure 1. A and B – Photographs and schematics of
experimental components: (A) A pair of Helmholtz coil and
(B) mounted on spin-coater. (C) Sketch of experimental setup
and the magnetic field lines (HC: Helmholtz coils; S: Substrate).
The substrate spins in the region of uniform magnetic field.
Reproduced from Ref. [25] with permission from the Royal
Society of Chemistry.

The effective viscosity of the same suspension

was determined at 25 ◦C using a MCR501 rheometer
(Anton Paar, Germany) in plate-plate configuration
(20 mm diameter, 300 microns gap). First, the samples
were preconditioned at a constant shear rate (100 s−1)
during 20 seconds. Later, the plate was stopped and
the field suddenly applied. This step allows the sample
structuring. The final step consists in a stress log ramp
from 0.102 Pa to 102 Pa still under external magnetic
fields. The time interval employed to get every data
within the full rheogram was 5 s. The external
magnetic fields investigated ranged from 10 kA/m to
60 kA/m.

Glass substrates of an approximate size of
38 x 25 x 1 mm3 are used for all experiments with
the spin-coating technique. Firstly, they are cleaned
with a diluted Micro-90 solution in an ultrasonic bath
for fifteen minutes. Secondly, they are etched for forty
minutes by a soft basic piranha, which consists of ultra-
pure water/ammonia/hydrogen peroxide with the ratio
of 5:3:1 in volume at 67◦C. Thirdly, the substrates are
rinsed with ultra-pure water. Finally, they are dried
by a filtered air blow. The clean substrates are then
stored for 24 h before each experiment.

In the suspensions, we use the same mass of car-
bonyl iron particles and silica particles. They are
weighed and homogeneously suspended in cyclohex-
anone to obtain a total particle concentration of 1.5%
(v/v). The individual volume fractions are 0.003
(iron), 0.012 (silica), and 0.985 (cyclohexanone). The
suspension is ultrasonicated for several hours and vig-
orously shaken before commencing the experiments to
ensure a well-dispersed suspension. Additionally, be-
fore each experimental spin-coating process, the sus-
pension is ultrasonicated for fifteen minutes and vigor-
ously shaken. The spin-coater is operated at a required
rotation rate ω and the external magnetic field H is ap-
plied. Then, 100 µl of suspension is pipetted onto the
spinning substrate. Once the spun suspension is dried,
the field is turned off. Micrographs are taken on the
substrates at 2 mm intervals from the center of spin-
ning. In a previous learning phase, we observed that
deposits under identical conditions were very similar,
leading to reproducible results within their experimen-
tal errors. Thus, we analyzed one micrograph for each
set {ω, H , r}, where r is the distance to the center of
spinning to obtain the surface coverage by both kinds
of particles (with reflected light microscopy). Also,
we analyzed another micrograph for each set {ω, H}
to obtain the surface coverage of carbonyl iron par-
ticles alone with LWIR microscopy. Typical micro-
graphs are shown (figure 2) for experiments performed
at 19.5 kA/m, 5000 rpm (Figure 2a-c), and at 48.7
kA/m, 2000 rpm (Figure 2d). The images are analyzed
through home-made routines in Octave. As almost all
the deposits from the experiment are submonolayers,
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except some iron deposits when magnetoviscosity has
been very high (Figure 2d), we characterize the amount
of deposit by the area occupied by clusters of particles
relative to the total area of the field of view. This
value is measured for each micrograph and it is called
the “occupation factor” or surface coverage ε2.

a)

c) d)

b)

Figure 2. Micrographs of the deposits resulting from spin-
coating with spinning rate 5000 rpm and applied magnetic field
of 19.5 kA/m at different magnifications (a-c) and comparison
with deposits obtained at 48.7 kA/m and 2000 rpm (d).
a) Transmission image of the center of the deposit at low
magnification. Horizontal Field of View (HFOV) is 27.7 mm, and
the rectangle shows the region that corresponds to b) Thermal
camera image showing different emissivity. Here, carbonyl iron
is very bright. HFOV=8.4 mm, and the small rectangle shows
the region that corresponds to c) Reflected light image at the
center of spinning. HFOV=0.66 mm. d) Thermal camera image
with HFOV=8.4 mm. Here, also carbonyl iron is very bright,
but its surface coverage is much larger than in (b). In all the
cases, the overall concentration of the suspension is 1.5% (v/v),
and the diameters of carbonyl iron and silica particles are 3 µm
and 0.75 µm respectively.

Although elongated clusters clearly appear when
a magnetic field is applied, in previous similar
experiments it has been proved that they are not
oriented [23], despite the axial symmetry in the system.
This indicates that a symmetry breaking instability
is taking part either for a diluted suspension, or for
experiments where a magnetic field is applied.

The validity of the simple model for colloids has
been previously checked [23, 25, 22] by comparing
experiments with several different conditions to a
reference one [41]. Consequently, in the present
work we do not compare our results to any reference
experiment, but considering valid the simple colloids
model (outlined below) to extract conclusions.

3. Results and discussion

3.1. Models

3.1.1. Simple fluids model [20]. The original model
by Cregan et al. [20] for spin-coating is based on

the lubrication approximation and uses the matched
asymptotic expansions technique to get a much better
solution than the one obtained by Meyerhofer [3].
The most critical assumptions to utilize this model
are the following: firstly, the evaporation rate of the
solvent is taken as constant (i.e. it does not depend on
the parameters of the experiment, like ω). Secondly,
the fluid is considered as Newtonian and finally, the
fluid is not a colloid in the sense that it is not a
particulate system. One of their relevant results is
the thickness (or height) of the deposited solute (not
colloidal particles) as a function of some parameters
of the suspension and of the spin-coating process
(last equation of [20], which written in our notation
corresponds to eq. 2 of [25]):

h(s)
∞

=
C

1− C

(

3

2
νE

)
1

3

ω−
2

3 , (1)

where h
(s)
∞ is the final deposited film thickness, C is the

initial concentration in v/v or volume fraction (in our
experiments 0.015, or 1.5%), ω is the rotation rate, ν is
the kinematic viscosity of the solvent, E is evaporation
rate of solvent. To simplify notation it is possible to
put eq. 1 as:

h(s)
∞

≡ Aω−β , (2)

where A is a constant over the experiment and β = 2
3 .

3.1.2. Evaporation rate. Cregan’s model assumes a
constant evaporation rate through the whole process
of spin-coating. However, evaporation rate depends on
rotation rate and on parameters of the suspension and
the experiment [3, 41]. Using the ‘ansatz’ that Cregan
model is valid even in the cases where the evaporation
rate is not constant, we can obtain the evaporation rate
behavior at different conditions, by inverting eq. 1 for
E:

E(ω) =

[

1− C

C
h(s)
∞

]3
2ω2

3ν
. (3)

3.1.3. Simple colloids model – magnetorheology
by spin-coating [25]. In a particulate system (i.e.
colloid), the effective local amount of solids deposited
on the substrate (i.e. without taking the voids into
account) depends on the kind of deposited structure
(see Fig. 4 in [25] and the corresponding text) and is
the packing fraction times the Voronoi cell [42] volume.
We call as the compact equivalent height (CEH), the
effective deposited volume per unit area. In short,

wherever for simple fluids appear h
(s)
∞ (e.g. in eqs. 1, 2

and 3), it has to be replaced by CEH for colloids. In
consequence, eqs. 1 and 2 become:

CEH =
C

1− C

(

3

2
νE

)
1

3

ω−
2

3 , (4)

CEH ≡ Aω−β. (5)
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Also, equation 4 can be generalized by including an
evaporation rate that may depend on ω, but not on the
magnetic field [25]. As a consequence, it is obtained in
eq. 5 that β 6= 2

3 , and eq. 3 becomes:

E(ω) =

[

1− C

C
CEH

]3
2ω2

3ν
. (6)

In a submonolayer deposit with hexagonal struc-
ture (see section 3.2 in [25] for more details), which can
be obtained through a diluted suspension:

CEH =
2π

3
√
3
R · ε2, (7)

where R is the radius of the particles and ε2 is
occupation factor, which is measured through imaging
techniques as it has been previously explained.

Consequently, we have access to all parameters if
the kinematic viscosity ν of the solvent and the radius
R of the particles are known. Then, it is possible
to effectively obtain the evaporation rate by means of
eq. 6.

Using this model, Pichumani et al. [25] compared
two experiments performed in the same conditions,
except for the applied magnetic field, that lead to
submonolayers. The comparison is made by computing
the ratio of their corresponding CEH in the presence
and absence of magnetic fields, using eq. 7:

CEH(H,ω)

CEH(H = 0, ω)
=

ε2(H,ω)

ε2(H = 0, ω)
. (8)

If we substitute the CEHs in the left hand side of
equation 8 by the corresponding generalized Cregan
equation (i.e. eq. 4), the only parameter which remains
dependent on the field is the kinematic viscosity ν.
This leads to [25]:

ν(H,ω)

ν(H = 0, ω)
=

[

ε2(H,ω)

ε2(H = 0, ω)

]3

. (9)

3.1.4. Hybrid colloids model. In the case where there
is more than one specie for the discrete phase (more
than one kind of particles), it is possible to further
generalize Cregan’s equation by taking again into
account that the equivalent spin-coated deposit (CEH)
should behave similarly to that of a non-particulate
system and equation 4 can be used. However, eq. 7 is:

CEH =
π

3
√
3

∑

i

(2Ri) · ε2i , (10)

where subindex i refers to the kind of particle. Thus,
eq. 8 becomes:

CEH(H,ω)

CEH(H = 0, ω)
=

∑

i

(2Ri) · ε2i (H,ω)

∑

i

(2Ri) · ε2i (H = 0, ω)
, (11)

where the compact equivalent height follows the
generalized Cregan’s equation (eq. 4). Substituting,
we obtain:

ν(H,ω)

ν(H = 0, ω)
=









∑

i

(2Ri) · ε2i (H,ω)

∑

i

(2Ri) · ε2i (H = 0, ω)









3

. (12)

Finally, as the occupation factor is approximately
a conserved magnitude for same order of magnitude
sized particles, we have that:

ε2total ≈
∑

i

ε2i . (13)

3.2. Experimental results and discussion

Figure 3 shows the normalized viscosity of the magnetic
suspension obtained by classical rheometry as a func-
tion of the applied magnetic field. When the magnetic
field strength increases, for a given shear stress value,
the normalized viscosity increases monotonically. Of
course, by increasing the shear stresses, the normal-
ized viscosity decreases as hydrodynamic forces over-
come the magnetostatic ones, hence destroying the
field-induced structures.

Figure 3. Normalized viscosity of the hybrid magnetorheologi-
cal suspensions (concentration 1.5% (v/v), diameters of carbonyl
iron and silica particles 3 µm and 0.75 µm, respectively) for sev-
eral shear stress values, as a function of the magnetic magnetic
field strength. Shear rate ranges from 60 to 650 [1/s] for data
points corresponding to different shear stresses (from 10.2 Pa to
102 Pa). The particular shear rate value depends on the mag-
netic field.

Fig. 2c is a typical micrograph that allows us to
obtain, from the surface coverage of the dried spin-
coated deposits at a given distance from the center
of rotation, the total occupation factor ε2total (total
area occupied by both kinds of particles divided by
the total substrate area). Fig. 2b is an example
of the thermal micrographs that allow us to obtain
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the occupation factor for carbonyl iron particles ε2Fe.
Occupation factor of silica can be easily obtained from
ε2total ≈ ε2Fe + ε2SiO2

Due to the particulate nature of the solute, the raw
measured occupation factors can be translated into the
compact equivalent height (eqs. 10, 13). See fig. 4.

2000 3000 4000 5000 6000 7000
ω (rpm)

0.01

0.1

1

C
E

H
  

(µ
m

)

0 kA/m
29.2 kA/m
48.7 kA/m

~ ω-2/3

Figure 4. Compact equivalent height (CEH) without and with
applied magnetic fields. For the mixture of SiO2 and carbonyl
iron suspension in cyclohexanone of concentration of 1.5% (v/v)
and diameters of carbonyl iron and silica particles 3 µm and
0.75 µm, respectively: black circles at H= 0 kA/m; squares at
H= 29.2 kA/m; diamonds at H= 48.7 kA/m. Dashed line is a
fit to the power law from the Cregan’s model [20].

The correspondence between circles (CEH from
the experimental data) and dashed line (power law
from Cregan’s model) in fig. 4 shows that Cregan’s
generalized model also holds for our system at
zero-field. We also investigate the dependence of
evaporation rate on the rotation speed. Using eqs. 6, 10
and 13, we obtain fig. 5, which shows that, evaporation
rate is approximately constant except for higher ω, in
agreement with Cregan’s generalized model.

The qualitative change in evaporation rate at
high rotation rates may be due to the change in the
mechanisms involved in the removal of the solvent
vapor from the boundary layer to the atmosphere,
and in the filtration of the liquid solvent through the
colloidal particles to reach the colloid surface [3, 43, 4].
If the rotation rate is taken as the control parameter,
a bifurcation appears which interchanges the relevant
mechanism in the considered range of rotation rates
[44, 45]. The order of magnitude of the evaporation
rates (∼1 µm/s) in our experiments is in agreement
with previous literature [46].

Using eqs. 12 and 13, we obtain figure 6. There,
we can observe a very high effective magnetoviscosity
for low shear rates (frequencies of rotation). In those
cases, there is phase separation, allowing a faster
evaporation and a much more compact deposition
(e.g. fig. 2d). Although a monotonic decrease of the

2000 3000 4000 5000 6000 7000
ω (rpm)

0

1

2

3

4

E
  

(µ
m

/s
)

Figure 5. Effective evaporation rate as a function of the
frequency of rotation, for the case of zero-field and concentration
1.5% (v/v), and diameters of carbonyl iron and silica particles 3
µm and 0.75 µm, respectively.

normalized viscosity is almost within the experimental
error, we think that the apparent increase of viscosity
at 3000 rpm is worth to be further investigated in order
to either define a new dynamical regime or rule it out.

2000 3000 4000 5000 6000 7000
ω (rpm)

0

1000

2000

3000

4000

ν(
H

,ω
)/

ν(
H

=
0

,ω
)

Figure 6. Normalized effective magnetoviscosity at 48.7 kA/m.
Concentration of the suspension is 1.5% (v/v), and the diameters
of carbonyl iron and silica particles are 3 µm and 0.75 µm
respectively.

As a matter of fact, when a magnetic field is
applied to a diluted magnetorheological fluid, chains
of colloidal particles are formed [47, 48], which
increase the effective viscosity of the colloid. At high
enough shear stresses those chains break diminishing
the effective viscosity. Thus, the colloid under
applied magnetic field behaves as a shear-thinning non-
Newtonian fluid.

Averaging ν(H,ω)
ν(H=0,ω) over ω for a range of

magnetic field strengths we obtain fig. 7. A large
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magnetoviscosity increase can be observed similarly
to measurements in other magnetorheological fluids
[49]. Large error bars could be due to the large non-
Newtonian character of the colloid under magnetic
fields.

0 10 20 30 40 50 60
H (kA/m)

1

10

100

1000

<
ν(

H
,ω

)/
ν(

H
=

0
,ω

)>
ω

Figure 7. Average normalized magnetoviscosity as a function
of applied field. Error bars correspond to the variability
of normalized viscosity as a function of rotation rate. The
concentration of the suspension is 1.5% (v/v), and the diameters
of carbonyl iron and silica particles are 3 µm and 0.75 µm
respectively.

We now compare the magnetorheological results
obtained from the two different techniques in hybrid
colloids of the same concentration, from fig. 3 (classical
rheometry) and fig. 7 (spin-coating). We observe
that the change in the relative viscosity from classical
rheometry is much smaller than the one from spin-
coating. Although the presence of silica particles
was intended to reduce the sedimentation rate, the
characteristic time of sedimentation is smaller than the
time needed to proceed with the classical rheometry
experiment. This causes a heterogeneous stratification
in the colloid that reduces the effective viscosity. As a
result, there is an upper region very diluted of magnetic
particles, which are mostly sedimented below. Only
few magnetic particles held by the presence of silica
particles in the suspension may contribute to the
measurements. A similar observation was recently
reported by carefully conducted experiments using a
QCM [50]. Therefore, we observe a small change
in the normalized viscosity (see fig. 3). Further,
spin-coating experiments are performed within an
elapsed time where the magnetic particles in the
suspension barely sediment. Hence, magnetic particles
are homogeneously distributed in the suspension and
they all contribute to the final change in the relative
viscosity (see fig. 7). From the comparison we
anticipate that, it is possible to study magnetorheology
and the non-Newtonian character of diluted hybrid
colloids by spin-coating. On the one hand, this

technique could be more efficient than the classical
rheometry to study rheology of dilute colloids made
of very big particles in volatile solvents. On the
other hand, classical rheometry is much better for
dealing with nano-colloids or when used with non-
volatile solvents, where rheometry by spin-coating is
not useful.

4. Summary and concluding remarks

The change in the magnetic field-dependent viscosity
of diluted magnetic suspensions is obtained using two
different techniques: classical rheometry and spin-
coating. We show that the rheology of hybrid colloids
in volatile solvents can be characterized by spin-
coating. Also, we obtain the effective rotation speed
dependent evaporation rate that is almost constant
in the range of our experimental conditions and,
thus, consistent with the generalized Cregan’s equation
(eq. 5) with exponent β = 2

3 . It is worth to
mention that this evaporation rate is much higher than
the static absolute evaporation rate of cyclohexanone.
However, it is of the order of magnitude obtained
previously [46]. Moreover, its relative value to other
solvents during spin-coating is in agreement with the
expected value.

Comparison of spin-coating results with those ob-
tained from established rheological tools [33] suggests
that classical rheometry can be employed but the pres-
ence of sedimentation during the measurement is chal-
lenging in dilute systems. Spin-coating technique pro-
vides faster experiments and hence sedimentation is
not critical.

Although we have proved the main effect of
applied magnetic fields in colloidal spin-coating,
further research has to be done to clarify the dynamics
of each of the components of the suspension, that
give rise to the observed patterns. Also, it remains
not clear what would be the microstructure in more
concentrated suspensions. Nevertheless, we anticipate
that the generalized model could be used in that
case, as we know that it worked for the case of non-
magnetic colloidal suspensions (see e.g. [25]); thus,
only changing the effective evaporation rate. For the
same reason, we think that a different proportion in
volume fractions of silica and carbonyl iron particles
will only change the evaporation rate as well as the
values of other parameters from the model. We should
note that in those cases, classical rheometry methods
are useful, too.

The technique we proved that works to extract,
from experimental results, the rheological properties
of hybrid colloids under different conditions (i.e., ex-
ternal fields), not only is useful for smart materials
such as magnetorheological fluids in an applied mag-
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netic field, but also could be used for electrorheological
fluids [51] under electric fields and suspensions with-
out any applied field [52]. It is specially interesting for
fluids, where sedimentation is comparable or more im-
portant than interparticle interactions (hydrodynamic,
magnetic, . . . ), where other techniques cannot be uti-
lized easily. Spin-coating technique is used tradition-
ally to fabricate films on substrates. This work opens
the possibility of tailoring the morphology of deposited
smart materials, by fine tuning the viscosity of the spun
suspensions with the help of an external field.

It is also important to remark that in the field of
smart materials this work opens possibility to fabricate
and characterize new materials at short time-scales
and/or in film form, which can neither be studied nor
obtained for long times and in bulk form by means of
traditional rheometry or other classical techniques.
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and Yethiraj A 2013 Soft Matter 9 3220–3229
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