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Influence of size polydispersity on magnetic field
tunable structures in magnetic nanofluids

containing superparamagnetic nanoparticles
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We probe the influence of particle size polydispersity on field-induced structures and structural transitions
in magnetic fluids (ferrofluids) using phase contrast optical microscopy, light scattering and Brownian
dynamics simulations. Three different ferrofluids containing superparamagnetic nanoparticles of different
polydispersity indices (PDIs) are used. In a ferrofluid with a high PDI (~0.79), thin chains, thick chains, and

sheets are formed on increasing the in-plane magnetic field, whereas isotropic bubbles, and hexagonal

and lamellar/stripe structures are formed on increasing the out-of-plane magnetic field over the same
range. In contrast, no field-induced aggregates are seen in the sample with low polydispersity under the
above conditions. In a polydisperse sample, bubbles are formed at a very low magnetic field strength of
30 G. Insights into the structural evolution with increasing magnetic field strength are obtained by

carrying out Brownian dynamics simulations. The crossovers from isotropic, through hexagonal
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columnar, to lamellar/stripe structures observed with increasing field strength in the high-polydispersity

sample indicate the prominent roles of large, more strongly interacting particles in structural transitions
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1. Introduction

A ferrofluid is a stable colloidal suspension containing super-
paramagnetic nanoparticles dispersed in a carrier fluid.*
Among various magnetic nanomaterials such as Fe;0,, y-Fe,03,
CoFe,0,, NiFe,04, MnFe,0, and ZnFe,0,, magnetite (Fe;O,)
nanoparticles are widely used materials in ferrofluids, owing to
their high saturation magnetization, ease of synthesis, long
term stability and superior bio-compatibility.* Fe;O, nano-
particles are prepared by various techniques such as copreci-
pitation,>  solvothermal decomposition,® hydrothermal
synthesis,** sol-gel synthesis,® microwave-assisted synthesis,’
sonochemical synthesis,® ultrasonication,” one-pot citrate sol-
gel route, etc. Composite Fe;O, nanoparticles have many
applications in diverse fields such as magnetic resonance
imaging contrast agents, cancer therapy, optical imaging,
pathogen control, corrosion control and all-in-one devices.""**
The addition of magnetic nanomaterials is shown to modify the
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in ferrofluids. Based on the observed microstructures, a phase diagram is constructed. Our work opens
up new opportunities to develop optical devices and access diverse structures by tuning size polydispersity.

superconducting transition temperature and electrical behavior
of materials."®

Magnetic field induced structural transitions in ferrofluids
have been a topic of interest from both the fundamental and
practical points of view."'” The self-assembly of magnetic
nanoparticles under an external magnetic field gives rise to
interesting optical properties that are exploited in applications
such as light controllable magnetic fluid based devices,"®"
optical limiters,” biomedicine,” etc. Besides that, such
magnetic nanofluids are also used in field-induced heating,*
hyperthermia therapies,*® magnetic resonance imaging,> and
thermal transport®* and as a model system to probe interac-
tion forces at the nanoscale.” The behavior of magnetic fluids
under various experimental conditions depends on the equi-
librium and non-equilibrium field-induced structures formed
in a magnetic field.

The field-induced aggregation and structural phase transi-
tions in ferrofluids depend on the magnetic interaction
strength between the particles, the magnetic field strength, the
orientation of the field with respect to the sample, the rate of
change of the field, the sample thickness, polydispersity,
volume fraction, the temperature, etc.**** Small-angle light-
scattering techniques are widely used to investigate the aggre-
gation kinetics of magnetic nanoparticles in a magnetic
fluid.**>** Similarly, other techniques such as small-angle
neutron scattering®* and optical microscopy**** have also
been used to characterize magnetic fluids. Several robust
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theoretical and numerical formalisms have been developed to
understand the interparticle interactions under an external
magnetic field in magnetic nanofluids under different condi-
tions.” Studies have been undertaken on structure formation in
magnetic fluids using Brownian dynamics,** Monte Carlo
simulation,”® molecular and stochastic dynamic simula-
tions,*®*” and models based on thermodynamic theory.*

Optical microscopy has been used to study field-induced
particle aggregation in magnetic fluids, where the magnetic
fluid is confined between two glass plates (Hele-Shaw cell) and
undergoes structural transitions in the presence of a magnetic
field, such as between a dilute ‘gas’ phase, linear chains,
columns, and thin magnetic sheets due to the lateral coales-
cence of magnetic columns.*” A cross-sectional view shows
individual columns, which appear as ‘bubbles’ in microscopy
images, approaching one another to form a hexagonal close
packed structure, and finally a stripe pattern (corresponding to
thin magnetic sheets) with increasing out-of-plane magnetic
field. Such isotropic-to-hexagonal-to-stripe transitions in the
presence of an out-of-plane magnetic field are well estab-
lished.**** The stripes at high magnetic field strengths can show
long-range order and parallel alignment or be more intricate
with labyrinthine structures. Bubble-to-stripe transitions have
been studied in various systems such as ferrimagnetic garnet
films®>** and immiscible ferrofluid thin films (magnetic fluids
confined with an immiscible non-magnetic liquid).******> The
patterns in immiscible ferrofluids are formed by the interface
between the magnetic and nonmagnetic phases, and their
formation is explained by the competition between the
magnetic and interfacial surface energy. The surface tension
tends to minimize the area of the interface, whereas the inter-
actions between the magnetic particles favor extended inter-
faces.*® Hexagonal structures predominate at a low particle
volume fraction, and labyrinthine patterns emerge at a high
volume fraction and with a high magnetic field strength.>*>*
Ytreberg et al. proposed a theory to explain the transition
between hexagonal and striped structures with increasing
magnetic field,* and a loss of a local minimum in the free
energy of hexagonal patterns for very low and very high
magnetic field intensities has been proposed.

Particle-size polydispersity is inevitable in any ferrofluid, and
it plays an important role in field-induced structure formation.
A polydisperse fluid can be considered as a mixture of a large
number of components, where the particle size, shape, or
interaction strength may vary. This not only affects the equation
of state for the system, but also the phase transitions. The initial
susceptibility of a polydisperse ferrofluid is found to be larger
than that of a monodisperse ferrofluid, and in general, the
magnetic properties show a very strong dependence on the
volume fraction of large particles. With an increase in the
volume fraction of large particles, the magnetization increases
much faster at weak fields due to the strong particle-field
interaction, which leads to a larger initial susceptibility. Large
particles act as nucleation sites and attract nearby particles to
form chains via dipolar head-tail interaction. The zippering of
different chains is also more significant in polydisperse
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samples, and it occurs at lower field strengths as compared to
more monodisperse samples.

Colloidal suspensions of superparamagnetic particles
exhibit fascinating physical properties with numerous applica-
tions, and they are wonderful model systems to probe micro-
scopic phenomena such as order-disorder structural
transitions, self-assembly, aggregation, and complex dynamics.
Despite the vast number of studies on the field-dependent
properties of ferrofluids, most of the research until now has
been confined to equilibrium or steady-state properties. In
many technological applications, ferrofluids are subjected to
a magnetic field but the behavior of ferrofluids depends on the
properties of suspended nanoparticles. However, the exact
conditions under which different structures such as thin
chains, thick chains, sheets, isotropic bubbles, and hexagonal
and lamellar/stripe structures are largely unknown. To the best
of our knowledge, no systematic experimental study has been
reported on the effect of particle-size polydispersity on field
induced structures and structural transitions. In this paper, we
detail the field-induced microstructures in ferrofluids with
different polydispersity indices (PDIs), with either in-plane or
out-of-plane fields with respect to the confining cell. Phase
contrast optical microscopy, light scattering, and magnetization
experiments are used to characterize the structures formed in
three ferrofluids with various PDIs, and the experimental results
for a high-PDI case are complemented by Brownian-dynamics
simulations. This paper is organized as follows. Experimental
materials and methods and simulation details are summarized
in Sections 2 and 3. The results are presented and discussed in
Section 4, and Section 5 concludes the paper.

2. Experimental

Three different ferrofluids containing oleic-acid stabilized
magnetite (Fe;0,4) nanoparticles at the same volume fraction (@
= 0.037) were used in the present study: these three samples
were named M1, M2, and M3. The particles were synthesized
using the co-precipitation technique,” and then dispersed in
kerosene as the carrier fluid. The average crystallite diameters
of the particles were 9.6 nm, 8.3 nm, and 10.5 nm for samples
M1, M2, and M3, respectively. Transmission electron micros-
copy (TEM) images of the prepared particles are obtained using
a JEOL JEM 2100 high resolution microscope. A Rigaku Ultima
IV X-ray diffractometer (Cu-Ka radiation and wavelength Ay.ray =
1.5416 A) was used to acquire the diffraction patterns of the
Fe;0, magnetic nanoparticles in the angle range 26 = 20-80°.
The scan rate and step size were kept constant at 2° min~" and
0.02°, respectively. The average crystallite diameter was ob-
tained from the most intense Bragg reflection peak using
Scherrer's equation. The hydrodynamic diameters and poly-
dispersity indices were measured with dynamic light scattering
(DLS) using a Malvern Zeta Nanosizer (ZEN 3600). Magnetiza-
tion measurements were carried out up to £2 T using a cryogen-
free vibrating sample magnetometer (Cryogenics Ltd., UK) at
both room temperature (300 K) and low temperature (4 K).
Thermogravimetric analysis (TGA, 1100 LF, Mettler Toledo,
Switzerland) was carried out to quantify the amount of steric

© 2021 The Author(s). Published by the Royal Society of Chemistry
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stabilizer (oleic acid) on the surfaces of the magnetic nano-
particles. The samples were heated in the temperature range
30-650 °C at a heating rate of 10 °C min~" under an inert
(argon) atmosphere. A LEICA DM IRM inverted phase contrast
microscope equipped with an ORCA-Flash 4.0 LT camera
(Hamamatsu, Japan) was used for optical imaging.

3. Simulation

To complement the experimental study and to gain additional
insights into field-induced structure formation, Brownian
dynamics simulations of sample M3 were carried out. This
sample was selected because, as is shown in Section 4, it shows
the greatest diversity of structures. The simulations were carried
out with N =12 x 36 x 36 = 15 552 particles in a cuboidal cell
with periodic boundary conditions, a constant z dimension (in
the field direction) equal to 671 nm, and x and y cell dimensions
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set equal and to a value which gives the required volume frac-
tion. A discretized particle-size distribution N(¢) was chosen to
mimic the DLS results reported in Section 4; more details are
given in Section 4.4. The dipole moment on a particle of

. T 4 .
diameter ¢ was set equal to m = E” xH, where x is the exper-

imental susceptibility, and H = (0, 0, H) is the external magnetic
field. The short-range interactions between two particles i and j
were given by the Weeks-Chandler-Andersen (WCA) potential,®
given by u}y “A(r) = wf(r) — wjf(ro), where wjf(r) = 4¢[(ay/r)"* —
(04/r)°] is the Lennard-Jones (LJ) potential, o;; = (o, + 0;)/2 is the
mean particle diameter, 7o = \“/Ea,]- is the position of the
minimum of the L] potential, and ¢ = kgT is an energy param-
eter, assumed to be the same for all pairs of particles, and equal
to the thermal energy. The WCA potential is therefore a soft,
purely repulsive potential which models the short-range, non-
magnetic  interactions  between  sterically  stabilized
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(a) X-ray diffraction pattern of M1, M2 and M3. (b) Hydrodynamic size distribution of M1, M2 and M3 and (insets) their TEM images, (c) M—H

curve of M1, M2 and M3, and (d) thermogravimetric weight loss curves of the dried surfactant coated magnetite nanoparticles of M1, M2 and M3.
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nanoparticles. The magnetic interactions were computed using
the particle-particle particle-mesh Ewald summation method®
with conducting boundary conditions, to avoid any finite-size
artefacts arising from demagnetization fields within the
(small) simulation cell. The BD simulations were carried out at
300 K with a time step (in LJ units) of 6t* = 0.00025 (this being
small to take account of the dynamics of the small-particles),
and for at least 10° timesteps, chosen so that the system
reached a steady state. All simulations were performed using
LAMMPS.* Details of the computed observables are given in
Section 4.4.

4. Results and discussion

The X-ray diffraction, TEM, DLS, magnetization and thermog-
ravimetric data of the samples M1, M2, and M3 are shown in
Fig. 1(a-d).

Fig. 1(a) shows the XRD pattern of oleic acid coated iron
oxide nanoparticles. The Bragg diffraction peaks correspond to
the (220), (311), (400), (511) and (440) planes of Fe;O, (JCPDS
file no. 19-0629). The average crystallite size was estimated to be
9.6 (£0.7), 8.3 (+0.6) and 10.5 (£0.6) nm for M1, M2 and M3,
respectively. Our earlier room temperature Mdssbauer studies
of Fe;0, nanoparticles showed that the hyperfine fields 48.00
and 46.00 T correspond to Fe’* ions at tetrahedral sites and Fe>*
and Fe®' ions at octahedral sites in Fe;O, spinel respectively,
with nearly zero quadrupole splitting.> Therefore, the
Mossbauer studies qualitatively establish the presence of Fe**
and Fe*" ions in the octahedral sites of the magnetite crystal.?
Fig. 1(b) shows the number distribution curves of M1, M2 and
M3, where the average hydrodynamic size of M1, M2 and M3
was found to be 10 (+0.6), 11.7 (£0.9) and 20.9 (+1) nm,
respectively. The polydispersity index was found to be 0.22, 0.23
and 0.79 for M1, M2 and M3, respectively. The polydispersity of
M3 is rather high due to the presence of larger aggregates. The
insets of Fig. 1(b) show the TEM images of M1, M2 and M3
samples. The most probable sizes were ~9, 8.8 and 11.2 nm for
M1, M2 and M3, respectively. Fig. 1(c) shows the M-H curves of
M1, M2, and M3. The saturation magnetization is found to be
69 (+0.6), 66 (+£0.7) and 71 (+0.7) emu/g for M1, M2 and M3,
respectively. Since the average size of nanoparticles was similar,
there was not much difference in the saturation magnetization
values. The M-H curves did not show any hysteresis at room
temperature, which indicates the superparamagnetic nature of
these particles.

Fig. 1(d) shows the thermogravimetric weight loss curves of
the dried surfactant coated magnetite nanoparticles of M1, M2
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and M3. The weight loss percentages were approximately 24, 21
and 19% for M1, M2 and M3, respectively. The weight loss
percentage of surfactant adsorbed on the surface of nano-
particles, calculated using the formula assuming spherical
particles having a monolayer of surfactant,® was 19, 21.4 and
17.7% for M1, M2 and M3, respectively. On comparison, M1
showed a slightly higher surfactant content than that required
for a monolayer, whereas M3 had a little less than that required
to form a monolayer. The non-uniform coating would have led
to larger aggregates even in the absence of a magnetic field and
resulted in the higher polydispersity and hydrodynamic size of
Ma3. For M2, an adequate amount of surfactant was present to
form a monolayer. Table 1 reports the consolidated physical
properties of the three samples obtained from XRD, DLS,
magnetization, and TGA experiments. The polydispersity index
obtained from the DLS study is defined as PDI = (s,/u,)* where
s, and u, are, respectively, the standard deviation and mean of
the hydrodynamic diameter (o) distribution. The amount of
surfactant required to form a monolayer was computed and is
compared with that of the experimental data (Table 1).

4.1 Effect of polydispersity on field-induced structural
transformations in ferrofluids

The field-induced microstructures formed at different magnetic
field strengths in M1, M2, and M3 samples were studied using
a phase contrast optical microscope. The external magnetic
field was varied by using two permanent magnets placed in the
two arms of a motorized stage, where the distance between the
arms was varied using a stepper motor control. The magnets
were brought closer to one another at different speeds (the
‘ramp rate’), giving different magnetic field strengths, and the
resulting images were captured.

The phase contrast optical microscopy images of samples
M1, M2, and M3 at different magnetic field strengths of 0 G, 30
G, 80 G, 170 G, 280 G, and 550 G are shown in Fig. 2. The
direction of the applied magnetic field H is shown by an arrow
in Fig. 2(m). In sample M1, no aggregates are observed even at
the highest field strength of 550 G, indicating that all aggregates
are nano-sized (smaller than the 100 nm resolution limit of the
microscope). In sample M2, above a field strength of 280 G,
submicron-sized aggregates are seen. At 280 G, the microscopy
images of sample M2 show several short and thin chains with
an average length and width of around 12 pm and 0.9 pm, which
increase to 37 and 1.6 pum, respectively as the magnetic field
strength is increased to 550 G. In sample M3, very thick and
long chains are observed at a field strength of 170 G, where the
average length and width of the chains are 306 pm and 3.5 um,

Table 1 Sample name, crystallite diameter, hydrodynamic diameter, polydispersity index, magnetization, surfactant loss at 600 °C, and the
calculated surfactant wt% required to form a monolayer on a particle, for each of the samples M1, M2, and M3

Crystallite Hydrodynamic diameter ~ Polydispersity =~ Magnetization  Surfactant weight  Surfactant wt%
Sample name  diameter (nm) (nm) index (emug ) loss (%) required for a monolayer
M1 9.6 £ 0.7 10 £+ 0.6 0.22 69 £ 0.6 24 19
M2 8.3 £0.6 11.7 £ 0.9 0.23 66 + 0.7 21 21.4
M3 10.5 £ 0.6 209 +£1 0.79 71+ 0.7 19 17.7
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Fig.2 Phase contrast optical microscope images showing field-induced aggregation of magnetic nanoparticles in samples M1 (a)—(f), M2 (g)-(1),
and M3 (m)—(r), at different in-plane magnetic field strengths of 0 G, 30 G, 80 G, 170 G, 280 G, and 550 G. The volume fraction is ® = 0.037 in all
three samples, and the direction of the magnetic field H is shown by an arrow in (m).
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Fig. 3 Phase contrast optical microscopy images showing the cross-sectional views (top views) of field-induced microstructures in samples M1
(a)—(f), M2 (g)—(l), and M3 (m)—(r), at different out-of-plane magnetic field strengths of 0 G, 30 G, 80 G, 170 G, 280 G, and 550 G. The volume
fraction is @ = 0.037 in all three samples, and the direction of the magnetic field H is perpendicular to the plane, as shown by an arrow in (m).
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respectively. As the field is increased to 280 G, adjacent chains
coalesce to form thick sheets, which span the entire area being
imaged.

The cross-sectional views of magnetic field-induced micro-
structures in samples M1, M2, and M3 at different magnetic
field strengths of 0 G, 30 G, 80 G, 170 G, 280 G, and 550 G are
shown in Fig. 3. Here, the external magnetic field was applied
perpendicular to the sample plane (out-of-plane). The cross-
sectional views of columns and sheets appear as ‘bubbles’ and
stripes, respectively. Similar to Fig. 2, no such bubbles are
observed in sample M1 at any magnetic field strength up to 550
G, which indicates that all aggregates are less than 100 nm in
size. In sample M2, only a few bubbles are seen at the highest
field strengths of 280 G and 550 G. Although the polydispersity
is very high in sample M3, in zero field, all particles are well
dispersed in the sample, and even if there are aggregates of
larger particles, their size is much less than the 100 nm reso-
lution limit of the microscope. Hence, no structures are
observed in the absence of a magnetic field, but bubbles appear
even at a very low magnetic field strength of 30 G. In this case,
the bubbles are randomly positioned in the plane, with an
average intercolumn spacing of 3 pm. There are more columns
at a field strength of 80 G, with a smaller intercolumn spacing of
1.5 um. Hexagonal close packed columnar structures are
apparent above a magnetic field strength of H = 170 G, with an
even smaller intercolumn spacing of 0.6 pm. Overall, the
average intercolumn spacing is found to vary inversely with the
external magnetic field strength (<H * with R* = 0.99) up to
a field strength of 170 G, beyond which the columns coalesce
and form stripe patterns. This is in agreement with an earlier
report by Horng et al.*® At a field strength of 280 G, columns
coalesce through lateral interactions to form stripe patterns
(lamellar structures), with the stripes being extended perpen-
dicular to the direction of the external magnetic field. The
average width of a stripe at 280 G is 1.6 um. As the field is
increased further to 550 G, the number of stripes increases, the
thickness of the stripes decreases, and the distance between the
stripes decreases to 0.7 um. At 280 G, the stripes are parallel to
each other without significant bending. At 550 G, however, the
stripes show a zig-zag modulation. This instability or undula-
tion at 550 G can be understood as follows. As the field is
increased, the width of the stripes decreases, while the length of
the stripes increases (Fig. 3). In addition, since the ferrofluid is
a paramagnetic substance, the local concentration of the
magnetic material in the cell volume should increase with
increasing field strength, with particles being supplied by the
surrounding ferrofluid reservoir. Since the stripe structures are
confined in the field direction (the cell thickness was approxi-
mately 21 pm), the simplest way to increase the length is
through undulation. The zig-zag pattern gives rise to a larger
area of interaction between the stripes, which leads to stabili-
zation through long-range magnetic interaction between
stripes.®

To sum up, in sample M3, three different structural
arrangements of columns occurred in the presence of an out-of-
plane field, these being isotropic, hexagonal, and stripe/

© 2021 The Author(s). Published by the Royal Society of Chemistry
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lamellar structures with increasing magnetic field. These
structures are shown in more detail in Fig. 4.

Fig. 4(a)-(c) show the structural progression between
isotropic, hexagonal, and stripe patterns in sample M3 with
magnetic field strengths of 80 G, 170 G, and 280 G. Fig. 4(d)—(f)
show enlarged views, and Fig. 4(g)-(i) show the corresponding
fast Fourier transform (FFT) images of the isotropic columnar
distribution, hexagonal arrangement of columns, and stripe
patterns. At H = 80 G, all columns are distributed randomly,
and hence the FFT gives a circular pattern as shown in Fig. 4(g).
At H = 170 G, the columns are closer to one another and adopt
a local 2D hexagonal coordination but without long-range
order. Close inspection of the FFT patterns reveals that the
enlarged image [Fig. 4(e)] contains both five-fold and seven-fold
coordination sites, along with the expected six-fold coordina-
tion sites. Five-fold and seven-fold coordination sites coincide
with the positions of bubbles that are, respectively, smaller and
larger than the bubbles that surround the six-fold coordination
sites. It is known that size polydispersity creates dislocations
and bubble-area mismatches, leading to size adjustment of the
five-fold and seven-fold coordinated bubbles.”” Due to the
misorientation of columns, a hexagonal pattern is seen in
Fig. 4(h), instead of the six diffraction spots expected for
a perfect hexagonal structure.®® Similar hexagonal patterns have
also been seen in other systems such as a charged super-
paramagnetic colloid of Fe;O, nanoparticles coated with
silica,* and a ferrofluid with magnetic holes (nonmagnetic
particles dispersed in a magnetized ferrofluid solution).” The
stripe pattern [Fig. 4(i)] indicates periodic ordering of the
domains along the longitudinal direction of the pattern, and
the angular distribution indicates the directionality of the stripe
pattern. When stripes are parallel to each other, two spots are
seen in Fig. 4(i). The increased magnetic moment and
decreased column separation at 280 G cause a stronger repul-
sion between the columns, which results in the aggregation of
columns into lamellar structures in order to minimize the free
energy.

The superparamagnetic nanoparticles in the dispersion are
in Brownian random motion in the absence of a magnetic field,
the particles are largely unmagnetized, and hence the net
magnetic moment is zero. On exposure to an external magnetic
field, the induced magnetic moments of the nanoparticles are
aligned along the magnetic field direction. The magnetic

. I ™ .
moment of each particle is given by m = —¢°xH, where ¢ is the
6

diameter of the particle, x is the effective susceptibility, and H is
the external magnetic field. The anisotropic interaction energy
U; between two particles i and j is given by

i 3 (11
- 4711(*),-,-3 (my-m)) — %

i (1)
where pu, is the magnetic permeability of free space, m; is the
magnetic moment of particle i, r; is the interparticle separation
vector, and r; = |ry|. According to this equation, the particle-
particle interaction is attractive along the direction of the
magnetic field and is repulsive perpendicular to the direction of
the magnetic field. The average interparticle spacing (IPS) at
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(i)

(a)-(c) Phase contrast optical microscopy images of sample M3 showing the isotropic, hexagonal, and stripe/lamellar phases with out-of-

plane magnetic field strengths of 80 G, 170 G, and 280 G, respectively. (d)—-(f) Enlarged views of the images in (a)-(c). (g)-(i) FFT images of

selected areas from (d)—(f).

()]
a given volume fraction @ is IPS = ¢ {f/% - 1} , where @,

= 0.63 is the maximum particle fraction, corresponding to
random close packing. For a monodisperse sample, the
strength of the magnetic dipolar interaction between the
particles is quantified by the coupling constant (4) which is
defined as the ratio between the magnetic dipolar interaction

energy at contact (r; = o) and the thermal energy,
3427172
TUyo° X" H’ . .
A= %, where kg is Boltzmann's constant, and T'is the
B

temperature. The magnetic nanoparticles self-assemble to form
linear aggregates in the direction of the magnetic field if 4 >> 1.
The initial susceptibility was experimentally estimated from
a linear regression analysis of the magnetization curves up to 10
mT and was found to be approximately 5.6, 6.4, and 7.4 for
samples M1, M2, and M3, respectively.”* At low @, and at very

3580 | Nanoscale Adv, 2021, 3, 3573-3592

low magnetic fields (<10 mT), the magnetization curve is mainly
that of non-interacting particles (according to Table 2 at 3 mT, /A
< 1 and hence the Langevin susceptibility x;, = 894 < 0.296).
The higher susceptibility of sample M3 is due to the larger
particles, with smaller surface area-to-volume ratios and a less
significant demagnetized surface layer.

To help us to understand the effect of polydispersity on the
field-induced structural transformations in magnetic colloids,
a bidisperse approximation can be used.”” In a bidisperse
system, two additional parameters are introduced: the particle-
size ratio and the volume fraction of the larger particles. From
the size distribution curve obtained by DLS, it was found that
samples M1, M2, and M3 contained particles with diameters in
the ranges of 7-21 nm, 7-28 nm, and 15-44 nm, respectively.
Here we consider a bidisperse system composed of small
particles with diameter g, and large particles with diameter o7y,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The three coupling constants 4, 4,s, and Ass calculated at
different magnetic field strengths and at temperature T = 300 K. The
diameters of the small and large particles in each of the three samples
M1, M2, and M3 are taken from the particle size distributions obtained
from DLS. The experimental values of the initial susceptibility for the
three samples are also given

H
Sample name o (nm) oy (nm) x (G) A Ais Agg
M1 9 16 5.6 30 0.009 0.004 0.002
80 0.07 0.03 0.01
120 0.2 0.06 0.03
170 0.3 0.1 0.06
280 0.85 0.3 0.15
550 3.3 1.2 0.58
M2 10 20 6.4 30 0.03 0.007 0.003
80 0.17 0.05 0.02
120 0.4 0.1 0.05
170 0.8 0.2 0.1
280 2.18 0.6 0.3
550 8.4 2.49 1.05
M3 20 34 7.4 30 0.2 0.07 0.03
80 1.17 0.48 0.24
120 2.6 1.07 0.5
170 5.3 2.1 1.1
280 14.3 5.82 2.91
550 55.2 22.4 11.2

defined as shown in Fig. 5. The magnetic moments of the two
types of particles are referred to as mg and mj.

In such a bidisperse system, three different coupling
constants can be defined: large-large (LL), large-small (LS), and
small-small (SS). The magnetic field induced microstructures
in such a system should somehow correspond to different

3,212
. Tueor” X H
values of the coupling constants A, = M,
72kgT
3+.3,2172 3,252
TUoOL,” O H T O H
Apg= —ROOLISXE - and  Agg = TS X T 5 These
9kBT(G'L -+ Us) 72kBT

constants describe the strengths of the magnetic dipole inter-
actions between the various components, and some illustrative
values are provided in Table 2.

In sample M1, since the number of large-sized particles is
relatively small, the average separation between the large-sized
particles is much larger than the diameter of the small ones.

Mean number (%)

Cs O
Particle size (nm)
Fig. 5 The particle-size distribution curve and the full width at half of

the maximum intersect at two points, which define the hydrodynamic
diameters of the small particles (¢s) and the large particles (a\).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The large number of small particles provides a magnetic back-
ground for the large ones. If the large-small particle interactions
are neglected, this background field can be assumed as
a continuous magnetic medium with an effective magnetic
permeability u.¢. The dipolar interaction energy between two
large particles in such a magnetic medium is therefore g
times smaller than that in a nonmagnetic medium.”™ This
weakening of the interaction energy will effectively reduce the
aggregation probability of the large particles. At H = 550 G, Ay,
and ;s are greater than one, while /gg is less than one, indi-
cating favorable conditions for the formation of aggregates
through large-large and large-small particle interactions. Since
Ass <1, the small particles may attach to chains formed by large
particles due to their dipole-dipole interaction in two possible
ways: by approaching from a direction perpendicular to the
chain axis, and getting trapped in a triangular arrangement by
two large particles at contact; or by attaching to the ends of the
chains.

The dipole-dipole interaction force is given by F = 3m;m;(1 —
3 cos® 0)/r}, where 6 is the angle between the interparticle
separation vector r; and the field H. The dipole-dipole inter-
action is attractive along the direction of the magnetic field and
repulsive perpendicular to the direction of the magnetic field.
The chains made of larger particles are assumed to be linear
with all the dipole moments well aligned. The optimum
attractive energy is attained when the dipole moments of the
small particles are oriented parallel to the chain axis. However,
this energy is not stronger than kg7 in the case of transversely
attaching particles. Hence, the small particles tend to attach at
the ends of the chains of large particles due to relatively strong
attraction. The attractive energy is not very sensitive to the chain
length, due to the r* decay of the dipolar potential energy. If
the number of small particles is high, then there is a high
probability for them to be attached to the ends of the chains.
When two short chains with small particles at their ends
approach each other and combine into a longer chain, the
smaller ones in the middle make the composite chain less
stable as compared to a chain formed only from large particles,
and as a result of thermal fluctuations, the composite chain
may break at the location of the small particles.” This restricts
the further growth of the chains and also prevents the lateral
coalescence of chains or columns, which can lead to a decrease
in the chain length with an increase in the volume fraction of
small particles (poisoning effect).”*”> The field-induced aggre-
gation in sample M1 is very slow and all chains would have to be
nanosized, because they are not discernible in the phase
contrast optical microscopy images, even at a magnetic field
strength of 550 G (Fig. 2 and 3).

In sample M2, the number of large-sized particles is higher
than in sample M1. Only above H = 280 G is Ay, > 1, where
larger sized particles should form aggregates in the direction of
the magnetic field, and hence a few small chains appear as
shown in Fig. 2(k) and 3(k). At H = 550 G, all three coupling
constants are greater than or equal to one, and hence the
number of chains is larger, and they are randomly distributed
throughout the sample.

Nanoscale Adv., 2021, 3, 3573-3592 | 3581
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Sample M3 contains significantly more large-sized particles
than samples M1 and M2. Larger particles have larger dipolar
strength in the dispersion. The initial susceptibility and the
magnetization curve of this system show a strong dependence
on the number of larger particles. With an increase in the
number of larger particles, the magnetization of the system
increases faster in weak fields, and this leads to a larger initial
susceptibility. At H = 280 G, all three interaction parameters are
much larger than one. The potential energy of a dipole moment
in an external magnetic field is given by Uy = —uem-H, and the
gradient of the magnetic field induces a magnetic packing force
Fy = —VUy, which drives magnetic particles towards regions
with the maximum local magnetic field strength. It has been
reported that larger particles play an important role as
condensation centers in the formation of nuclei.” Once the
chain length is above a critical value, it attracts the nearest
small cluster (containing both large and small particles)
towards it and forms a thicker column. Hence, this can be
viewed as a kind of heterogeneous nucleation, where clusters of
large particles act as nucleation points, and the rate is fast as
compared to homogeneous nucleation. This mechanism
enhances the degree of particle-size polydispersity within the
columns. The introduction of small magnetic nanoparticles
into a column induces a local magnetic field gradient, similar to
the introduction of non-magnetic particles in a magnetic
dispersion.”” The magnetic moments of the large particles and
consequently those of the small particles in a column increase
under a strong magnetic field, which further increases the
concentration of small particles in regions with a high local
magnetic field strength. Due to the increased magnetic
moment, small-small particle interactions lead to the forma-
tion of chains with a smaller intercolumn separation. So, the
increased magnetic moments and decreased chain separation
cause stronger repulsion (i.e., due to steric hindrance) between
the chains, which eventually results in the aggregation of chains
into lamellar structures to minimize the free energy.”” This
occurs by shifting a neighboring chain by a distance ¢/2 corre-
sponding to the radius of the nanoparticles. When the inter-
chain repulsive forces are sufficiently strong, for example, at
a high concentration of the particle chains, the system becomes
thermodynamically unstable, and chains start to aggregate into
sheets with zigzag and 2D labyrinthine structures to minimize
the repulsive potentials.”®” Zhang et al. showed that the tran-
sition from 1D chains to 2D labyrinths is due to the minimi-
zation of the repulsive potential under the conditions of
a strong magnetic field gradient and a high volume fraction of
large particles.” It has been shown that for particle sizes in the
range 5-8 nm and with a narrow size distribution (PDI < 0.017),
the columns are isolated and well defined with closely packed
nanoparticles inside the columns,® and no transition is
observed from a columnar to a labyrinthine pattern. In contrast,
for broader size distributions (PDI > 0.017), defects at the ends
and the edges of the columns, resulting from a cohesion of the
nanoparticles inside the columns, favor the fusion of columns
into labyrinthine structures. The formation of these patterns is
explained by the minimization of free energy comprising
magnetic, interfacial, and entropic contributions.>”->*%
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4.2 Effect of the volume fraction of large particles on field-
induced microstructures

To study the effect of the volume fraction of large particles (9;)
on field-induced microstructures in ferrofluids, we prepared
binary mixtures of samples M1 and M3 with various composi-
tions. In total, five different samples named M1, A, B, C, and M3
were prepared. The volume fractions of small and large particles
in the samples (based on the bidisperse model presented in
Table 2) and the polydispersity indices are given in Table 3.
The field-induced microstructures in all five samples were
studied at different magnetic field strengths using a phase
contrast optical microscope. The resulting images at magnetic
field strengths of 80 G, 170 G, 280 G, and 550 G are shown in
Fig. 6. The direction of H is shown by an arrow in Fig. 6(d).
Similar to Fig. 2, no visible aggregates or chains are seen in
sample M1 at any magnetic field strength. In sample A, with half
of the total volume fraction containing large particles (i.e., &, =
0.008), chains are formed in the direction of the magnetic field
even at a small field strength of 80 G, where the larger sized
particles act as nucleation centers. The average length of the
chains increases from 20 pm to 225 um as the magnetic field
strength increases from 80 G to 550 G. The zippering of chains
is seen above a field strength of 170 G, and the progressive
growth of small chains, through long chains, to zippered
columns is seen on increasing the magnetic field from 80 G to
550 G. In sample B, the average length of the chains increases
from 32 pm to 305 um, as the magnetic field strength is
increased from 80 G to 550 G. Similarly, in samples C and M3,
with @, = 0.0148 and 0.017, respectively, short chains, long
chains, zippered columns, and finally magnetic sheets are
formed when the field strength is increased from 80 G to 550 G.
The cross-sectional (top) views of field induced structures in
samples M1, A, B, C, and M3 at magnetic field strengths of 80 G
(a,e,i,m, q),170 G (b, f,j, n, 1), 280 G (c, g, k, 0, 5), and 550 G (d,
h, 1, p, t) are shown in Fig. 7. Here, the orientation of the
magnetic field is normal to the sample plane. In sample A,
a large number of bubbles are seen at 80 G. The number of
bubbles increases within the field of view, and the interbubble
spacing decreases, with increasing magnetic field. The bubbles
are distributed randomly in the dispersions even at 550 G.
However, in samples B, C, and M3, above a certain magnetic
field strength, hexagonal close packed structures and finally
lamellar structures (formed by lateral aggregation of columns)
are observed. The isotropic, hexagonal columnar, and lamellar/

Table 3 The volume fractions of small particles (®s) and large particles
(@) and the polydispersity indices (PDls) of samples M1, A, B, C, and
M3, based on the bidisperse model presented in Table 2

Polydispersity
Sample name o8 @y, index (PDI)
M1 0.017 Nil 0.22
A 0.008 0.008 0.47
B 0.004 0.012 0.60
C 0.00198 0.0148 0.71
M3 Nil 0.017 0.79

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 Phase contrast optical microscopy images (side view) of magnetic field induced microstructures in samples M1, A, B, C, and M3 at different
magnetic field strengths of 80 G (a, e,i, m, q), 170 G (b, f,j, n, 1), 280 G (c, g, k, 0, s) and 550 G (d, h, |, p, t). The direction of the magnetic field H is

shown in (d).

stripe patterns observed in samples B, C, and M3 indicate the
prominent roles of the larger sized particles and the applied
magnetic field strength in structural transitions in ferrofluids.
The lamellar structures are formed only at a high volume frac-
tion and high magnetic field strength.

The average intercolumn spacing, determined from the
microscopy images using IMAGE ] software, as a function of
both the volume fraction of large particles and the applied
magnetic field strength, is shown in Fig. 8. The magnetic field
strengths considered are below that at which stripe patterns
start to form. Fig. 8(a) shows that the intercolumn spacing
decreases with increasing @; and shows a power-law depen-
dence (i.e., ~®; ), where the exponent x has values of 1.17 (R
=0.98), 0.95 (R* = 0.99), 1.08 (R*> = 0.98), and 1.006 (R> = 0.80)
at magnetic field strengths of 50 G, 80 G, 120 G, and 170 G,
respectively. Fig. 8(b) shows that the intercolumn spacing
decreases and shows a power-law dependence with the

© 2021 The Author(s). Published by the Royal Society of Chemistry

magnetic field strength (~H ”), where the exponent y is found
to be 0.99 (R*> = 0.97), 0.88 (R*> = 0.96), 0.81 (R* = 0.98), and 0.94
(R* = 0.97) for samples A, B, C, and M3, respectively. Fig. 8(c)
and (d) show the dependence of the intercolumn spacing on
@&, ' and H ', respectively, confirming the roughly inverse
dependence of the spacing on the volume fraction and field
strength.

From the microscopy results, a phase diagram is constructed
on the basis of the volume fraction of the larger particles and
the applied magnetic field strength. The phase diagram
showing the regions of isotropic (I), hexagonal (H), and stripe
(S) phases is shown in Fig. 9. In the blue region of the graph,
short chains and columns are randomly positioned throughout
the sample, and this is called the isotropic phase. In the green
and red regions, respectively, hexagonal close packed columnar
structures and stripe patterns are formed. Under a high
magnetic field and with a high volume fraction of large

Nanoscale Adv, 2021, 3, 3573-3592 | 3583
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Fig.7 Phase contrast optical microscopy images (top view) of magnetic field induced microstructures in samples M1, A, B, C, and M3 at different
magnetic field strengths of 80 G (a, e,i, m, q), 170 G (b, f,j, n, 1), 280 G (c, g, k, 0, s) and 550 G (d, h, L, p, t). The direction of the magnetic field H is

shown in (d).

particles, a stripe/lamellar pattern is observed. At intermediate
magnetic fields and a moderate volume fraction of large parti-
cles, hexagonal structures are formed. When the concentration
of large particles is low, no hexagonal or stripe structures are
observed, even under a strong magnetic field.

4.3 Scattered pattern and light transmission through
magnetic nanofluids

The scattered light intensity patterns from samples M1, M2, and
M3 at magnetic field strengths of 0 G, 80 G, 170 G, and 550 G are
shown in Fig. 10. The magnetic field direction is parallel to the
direction of light propagation, and the wavelength of the light is
A = 632.8 nm (He-Ne laser). In the absence of a magnetic field,
there is no clustering of the magnetic nanoparticles, and since
the particles are smaller than the wavelength of incident light
(o< 2), Rayleigh scattering gives rise to one central spot on the

3584 | Nanoscale Adv., 2021, 3, 3573-3592

screen. When the size of the scatterers is comparable to the
wavelength of incident light, the scattering changes from the
Rayleigh to the Mie regime. In the case of sample M1, the spot
intensity remains unchanged with an increase of the magnetic
field strength, indicating that the scatterer size remains within
the Rayleigh regime. Fig. 2 shows that no micron-sized chains
are visible in sample M1, even at the highest magnetic field
strength of 550 G. Due to the presence of only smaller aggre-
gates such as pairs, triplets, and other small chains, no changes
in the intensity of the transmitted light spot are observed. In
sample M2, there is a slight decrease in light intensity at 80 G. At
170 G, intense speckles of white spots and dark spots appear
around the central spot. The speckle pattern formed when light
passes though the magnetic nanofluid is due to the interference
of dephased scattered waves emanating from randomly posi-
tioned particles.®” The structural transition from disorder to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Average intercolumn spacing as functions of (a) and (c) the volume fraction of large particles, and (b) and (d) the external magnetic field
strength, in ferrofluid samples A, B, C, and M3. All results are obtained in out-of-plane magnetic fields with strengths 50 G, 80 G, 120 G, and 170 G.

order in colloidal media has been studied by measuring such
speckle parameters.®® The scattered waves from ordered media
remain in phase rather than be dephased, which increases the
probability of constructive inference of scattered waves. As the
field increases, the number of single chains increases in the
direction of the magnetic field. At 550 G, the system contains
isolated particles, pairs, triplets, small chains, and large chains,
as shown in Fig. 2. The number of speckles and the speckle
contrast both increase, and the speckles are arranged in a circle
indicating that linear aggregates are formed along the light-

—_
n
]
S
©

o

=

I

6 9 12 15
@, x 1073

Fig. 9 Phase diagram of magnetic nanofluids with the large-particle
volume fraction @ and magnetic field strength H, showing the
structural boundaries between isotropic (), hexagonal (H), and stripe
(S) phases.

© 2021 The Author(s). Published by the Royal Society of Chemistry

propagation direction. The increase in speckle contrast indi-
cates a decrease in the mobility of the growing aggregates on
increasing the magnetic field strength.** In sample M3, the
transmitted light spot at zero field is transformed into a circular
pattern at 80 G, where the speckles are distributed on the
circumference of the circle, indicating the formation of long
chains and zippered columns that are distributed randomly in
the sample, as shown in Fig. 2 and 3. The reason for the
formation of a circular pattern can be explained on the basis of
light scattered by cylindrical surfaces.®* The scattered fields are
derived for an infinite right circular cylinder of diameter d when
it is illuminated by a plane homogeneous wave Ej(x) = Eo-

exp (ike;x) propagating in the direction e; = (sin {)e, — (cos {)e,,
where k = 27/, and ¢ is the angle between the incident light
wave and the cylindrical axis. The shape dependence of the
conic section on the incident angle with respect to the cylinder
axis is explained by deriving the expression of the scattered
electromagnetic field from the cylindrical surface.®»®*® It is
inferred that the surfaces of the constant phase, or wave fronts,
of the scattered waves are the points which satisfy the condition
flx,y,2) =rsin { — z cos { = C, where C is a constant. The result
is that the wave fronts are cones of half angle { with their apexes

atz = — . The propagation of the scattered waves can be

cos ¢
visualized as a cone that is sliding down the cylinder. The
direction of propagation at any point on the cone or wave
normal & is é; = Vf= (sin {)e, — (cos {)e,. The Poynting vector is
therefore in the direction of &;. On placing a screen at some

Nanoscale Adv., 2021, 3, 3573-3592 | 3585
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Fig. 10 Scattered light intensity pattern from samples M1, M2, and M3 at magnetic field strengths of 0 G (a, €, i), 80 G (b, f, j), 170 G (c, g, k), and
550 G (d, h, l). The inset of (d) shows the schematic representation of light scattering measurement.

distance from the cylinder (parallel to the incident light), the
scattering pattern forms a conic section. For { = 0°, the scat-
tered pattern will be a circle as shown for sample M3 at 80 G in
Fig. 10(j). The scattered pattern forms an ellipse at 0° < { =< 45°
and transforms into a hyperbola at 45° = { < 90°. When the
incident light is normal to the cylinder axis, a straight-line
pattern is formed. In sample M3 at 170 G, six bright spots
with some speckles are observed at the circumference of the
circular pattern, indicating the presence of a short-range
ordered hexagonal pattern. At 550 G, a straight-line pattern is
observed due to the scattering of light from stripe-like struc-
tures, which is analogous to the scattering pattern form
a straight line when the incident-light direction is normal to the
cylinder axis.

Fig. 11 shows the transmitted light intensity as a function of
time for samples M1, M2, and M3 at magnetic field strengths of
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100 G and 300 G. Here, the transmitted light intensity is the
ratio of the light intensities in the presence and the absence of
the magnetic field. The magnetic field was switched on at time ¢
= 0 s and kept constant up to ¢t = 600 s. The transmitted light
intensity through samples M1 and M2 in the presence of
a magnetic field remains invariant with time. However, sample
M3 shows drastic changes in the transmitted intensity in the
presence of a magnetic field. At 100 G, the transmitted intensity
remains constant during the initial time interval (¢ = 0-75 s),
and after that it increases linearly with time with a slope of
about 0.02 s~' (R> = 0.99). At 300 G, the transmitted light
intensity starts to increase after 35 s and ultimately shows
a power-law increase with time (~t*), where the exponent x is
found to be 1.5 (R* = 0.98). Similar trends in the temporal
variation of the transmitted light intensity were observed for
a ferrofluid emulsion.*” Sample M3 contains larger sized
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Fig. 11 Transmitted light intensity as a function of time for samples M1, M2, and M3 at magnetic field strengths of (a) 100 G and (b) 300 G.
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particles that act as nucleation centers, which initiate chain
formation even at a low magnetic field strength. With a further
increase in the magnetic field strength, the aspect ratio of the
chains increases. Once the chains reach the maximum length,
the lateral interaction between chains leads to zippering. As the
number density of chains decreases and the spacing between
the chains increases, more light is transmitted. This explains
the growth in transmitted light intensity in sample M3 with
a strong magnetic field. Due to the presence of nanosized
aggregates with high diffusion coefficients, no changes in the
transmitted light intensity as a function of time are observed for
samples M1 and M2.

Fig. 12(a)-(c) show the variation of the transmitted light
intensity as a function of magnetic field strength at a ramp rate
of 2 G s, during both the increase and decrease, for samples
M1, M2, and M3. For sample M3, a large hysteresis in the
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transmitted light intensity curve is observed during the increase
and decrease of the magnetic field. However, for samples M1
and M2, no hysteresis is observed during the increase and
decrease of the field, which indicates rapid aggregation and
disaggregation processes. The significant hysteresis area
observed with sample M3 indicates slow field-induced aggre-
gation arising from the higher polydispersity. This observation
shows that the polydispersity plays an important role in the
aggregation and disaggregation processes. The transmitted
light intensity returns to its initial value after switching off the
magnetic field, indicating that the particles are redispersed
after removing the applied magnetic field. Fig. 12(d)—(f) show
the variation of the transmitted light intensity as a function of
magnetic field at different ramp rates of 1,2, 4,10 and 20 Gs™*
for samples M1, M2, and M3. For all ramp rates, the transmitted
light intensity through samples M1 and M2 is found to decrease
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Fig. 12 (a)—(c) Transmitted light intensity as a function of external magnetic field during increase and decrease at a ramp rate of 2 G s~ (d)-(f)

Transmitted light intensity as a function of the external magnetic field strength at ramp rates of 1, 2, 4, 10, and 20 G s

M1, (c) and (d) are for sample M2, and (e) and (f) are for sample M3.
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with increasing magnetic field and reach a plateau at a high
magnetic field strength. The transmitted light intensity through
sample M3 increases after reaching a minimum in the presence
of the magnetic field strength for all ramp rates, except 20 G s,
indicating the formation of long chains and columns in the
direction of the magnetic field, which scatter more light in the

forward direction.

4.4 Insights into chain and sheet formation from Brownian
dynamics simulations

Brownian dynamics simulations are used to gain further insight
into the crossover between columnar and stripe patterns in
sample M3. Fig. 13(a) shows the particle-size distribution from
the DLS study, along with a discretized version containing 11
fractions for use in the simulations. As explained in Section 4.1,
the ferrofluid is a paramagnetic substance, and hence it is
attracted to a region with high magnetic field intensity. As
a result, the exact volume fraction of particles within the
experimental observation region is not known and neither is the
local particle-size distribution. So for the purposes of illustra-
tion, it is assumed that the particle size distribution in the
observation region is the same as that for the bulk sample, and
the volume fraction is scanned between 1 and 6 times the stock
value, meaning ¢ = 0.037-0.222. The third moment of the
particle-size distribution is ¢® = 1.23 x 10* nm?, and so with N
= 15 552 particles and a fixed z dimension of 671 nm, the x and
y dimensions of the cell ranged from 2014 nm at the lowest
volume fraction to 822 nm at the highest volume fraction. Since

4000 1 | L | L | 1 | 1

View Article Online
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the average particle diameter is 22 nm, the box dimensions are
at least 30 times bigger in all cases.

Fig. 14 shows the top-down views of systems corresponding
to H = 280 G, and @ = 0.037 and 0.222. For each system, an
orthographic view and a perspective view are shown, so that the
presence of chains in the field direction can be discerned. In the
case of the orthographic view, four periodic replicas are shown
in the xy plane, so that any clusters cut by the box edge can be
distinguished. At ¢ = 0.037, it is clear that long chains of large
particles have formed in the field direction, but many of the
small particles are not part of any cluster. Some chains are one-
particle thick, and others are zippered. The orthographic view —
where the particle positions are projected on the plane - shows
some clustering, but the distinction between clusters and free
particles is not very clear. Increasing the volume fraction does
not produce any interesting structure. As shown in Fig. 14, at @
= 0.222, no distinct clusters can be identified clearly from either
view.

Higher field strengths are required to produce more distinct
clusters. Fig. 15 shows snapshots from simulations at a field
strength of 415 G (halfway between the experimental values of
280 G and 550 G), and at six volume fractions in the range @ =
0.037-0.222. The results are dramatically different from those at
the lower magnetic field strength. Firstly, a much greater
proportion of particles are now associated with columns,
meaning that the clusters are much more distinct in the snap-
shots. At the three lowest volume fractions (@ = 0.037, 0.074,
and 0.111), the columns mostly have cylindrical symmetry, and
are evenly spaced in the xy plane, but without long-range
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Fig. 13

P

(a) The particle-size distribution mimicking sample M3. (b) The two-dimensional radial distribution function g(r) of particle positions

projected onto the xy plane (perpendicular to the field direction). (c) The static structure factor S(q) corresponding to the radial distribution
function in (b). (d) Characteristic length scales extracted from the minima in the radial distribution function and the maxima in the static structure
factor. The points in (b) and (c) indicate the first minima and primary maxima, respectively.
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(b)H—280Gd> 0.222

Fig. 14 Snapshots from simulations with H = 280 G and (a) ® = 0.037, and (b) @ = 0.222. In each case, an orthographic view (with 4 periodic

replicas) and a perspective view are shown.

ordering. At higher volume fractions (¢ = 0.148), the columns
have coalesced to form structures that are more extended in the
direction perpendicular to the field, and as the volume fraction
is increased, they begin to connect up further to form some-
thing resembling a continuous, labyrinthine structure. The
perspective views clearly show the sheet-like structures formed
by the coalescence of the columns.

Fig. 16 shows similar results but for a field strength of 550 G.
The qualitative picture is very similar to that at 415 G. At low
volume fractions, the particles are clustered into columns.
There are fewer free, small particles at this field strength
because of the increased magnetization and hence coupling
constants of the particles. As the volume fraction is increased,
the columns start to coalesce in the lateral dimension, forming
sheet-like structures. At the highest volume fraction, these
sheets connect up to form a labyrinthine structure; the snap-
shots very clearly show the two-dimensional nature of the
sheets.

To estimate the length scales of the various structures being
formed, the two-dimensional radial distribution function g(r)

(€) H = 415G, & = 0.185

was computed by projecting all particle positions onto the xy
plane. This is given by

¢(r) = lim n(r,r +or)

2
or—0 27N pror @)

where n(r, r + r) is the number of pairs of particles separated by
a distance between r and r + ér, the denominator is the number
of such pairs expected for a completely random array of posi-
tions, and p is the total number of particles per unit area. As
defined, g(r) — 1 as r — o if there is no long-range order. The
results for systems at 415 G and 550 G are shown in Fig. 13(b).
The first minimum in g(r) should occur at a distance (7min)
roughly half-way between different clusters [highlighted by
points in Fig. 13(b)], and hence one estimate of the character-
istic length scale in the system is [ = 2rp,i,. Another estimate of
this length scale can be obtained by finding the primary peak in
the static structure factor

Slg) =1+ pj[gu) ~ lexp(—ig-)dr

=142mp J: rJo(qr)[g(r) — 1]dr (3)
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Fig.15 Snapshots from simulations with H =415 G and (a) @ = 0.037, (b) ® = 0.074, (c) ® = 0.111, (d) ® = 0.148, (e) ® = 0.185, and (f) ® = 0.222. In
each case, an orthographic view (with 4 periodic replicas) and a perspective view are shown.
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f) H =550 G, ® = 0.222

Fig. 16 Snapshots from simulations with H =550 G and (a) @ = 0.037, (b) ® = 0.074, (c) ¢ = 0.111, (d) @ = 0.148, (e) ® = 0.185, and (f) ® = 0.222.
In each case, an orthographic view (with 4 periodic replicas) and a perspective view are shown.

where q is a wave vector, ¢ = |q|, and Jo(gr) is a Bessel function of
the first kind. In the absence of any order, S(q) = 1, while the
presence of large-scale structures is indicated by peaks at low
values of g. The results are shown in Fig. 13(c), and the primary
peaks (gmax) are highlighted by points. The characteristic length
scale corresponds to [ = 27T/gmax.

Fig. 13(d) shows the characteristic length scales obtained
from both g(r) and S(g), as functions of the volume fraction, and
for the field strengths H = 415 G and 550 G (no structure being
discernible at 280 G). Firstly, the two routes give broadly similar
results. Secondly, as the volume fraction increases (corre-
sponding to the ingress of magnetic nanoparticles), the char-
acteristic length scales approach values in the range 300 nm-
400 nm, irrespective of the field strength. This suggests that the
natural length scale of the stripe-like patterns should be in the
region of 0.4 pm. In Section 4.1, it was observed that the
distance between stripes at the highest field strength was about
0.7 pm. There are several unknown factors at play here (local
size distribution, volume fraction, and magnetic field strength
and gradient). Moreover, the simulations can only capture
a very small volume and over much shorter timescales than in
experiments (on the timescale of minutes). Nonetheless, the
simulations show how columns coalesce to form sheets and
that the spacing between sheets is at least of the right order of
magnitude as compared to the experiment.

5. Conclusions

The effect of size polydispersity on field-induced equilibrium
and non-equilibrium structures in magnetic nanofluids was
probed systematically. Three different ferrofluids - labelled M1,
M2, and M3 - containing magnetic nanoparticles with average

3590 | Nanoscale Adv, 2021, 3, 3573-3592

crystallite diameters of 9.6 nm, 8.3 nm, and 10.5 nm, and with
different polydispersities, respectively, were studied. Phase
contrast optical microscopy images revealed that sample M3
showed structural transitions from isotropic columnar, through
hexagonal close packed, to striped patterns on increasing the
magnetic field strength from 0 G to 500 G. In contrast, samples
M1 and M2 showed no such structural transitions. The forma-
tion of stripe/lamellar structures was completely reversible
upon switching on and off the external magnetic field. The
lamellar structures obtained in strong fields were dynamic and
disappeared upon the removal of the external magnetic field. In
sample M3, bubbles were formed at a very low magnetic field
strength of 30 G, with an average intercolumn spacing of 3 um,
which was found to decrease with increasing magnetic field.
Hexagonal close packed columnar structures were formed with
an intercolumn spacing of 0.6 pm at 170 G. The average inter-
column spacing was found to vary inversely with the external
magnetic field up to 170 G, beyond which the columns coa-
lesced and formed striped patterns. At a very high magnetic
field strength, an undulation due to the long-range magnetic
coupling interaction between stripes gave rise to a zig-zag
pattern. The isotropic, hexagonal columnar, and lamellar/
stripe patterns observed in sample M3 indicate the prominent
roles of larger sized particles and the applied magnetic field
strength in structural transitions in ferrofluids. The lamellar
structures were formed only at a high volume fraction of large
particles and with strong magnetic fields. The intercolumn
spacing decreased with @; and showed a power-law depen-
dence. The intercolumn spacing varied inversely with the
magnetic field strength. A phase diagram was constructed
containing the different structures seen with different volume
fractions and field strengths. The structural transitions

© 2021 The Author(s). Published by the Royal Society of Chemistry
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observed with microscopy were also confirmed using light-
scattering techniques, with each structure giving rise to char-
acteristic features in the scattering pattern. In addition, time-
resolved experiments showed that the aggregation and disag-
gregation kinetics are slow, but that the processes are essen-
tially reversible. Finally, Brownian dynamics simulations were
used to gain some insights into the formation of the magnetic
sheets which give rise to the stripe-like patterns in the high-
polydispersity sample (M3) seen with very strong magnetic
fields. It was shown how thin chains coalesce to form sheets
with increasing magnetic field, and although the ultimate
equilibrium structures cannot be obtained on the simulation
timescale, the emerging characteristic length scales were in
approximate agreement with those seen in the microscopy
experiments. Our work not only provide new insights into the
role of the PDI in structural transitions but also opens up new
opportunities to develop optical devices and access diverse
structures by tuning size polydispersity. The obtained results
are useful for the design of light-controllable magnetic-fluid-
based devices such as light modulators and light switches,
where the light transmission through the magnetic fluid can be
controlled with an external magnetic field, size polydispersity
and volume fraction of larger sized particles. The reversible and
fast response of polydisperse samples will also be beneficial for
microfluidics applications such as ferrofluid-based robots and
lab-on-chip devices.
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