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Ferrofluids are colloidal suspensions of magnetic nanoparticles. Ferromagnetic ordering – with sponta-
neous net magnetization in the absence of external fields – has been described for a system of perma-
nently magnetic nanoplatelets suspended in n-butanol, concentrated enough to undergo the transition
to the nematic phase. Such material shows magnetic domain structures analogous to those of solid-
state ferromagnets. Through optimization of fundamental interactions, the threshold concentration for
nematic ordering was reduced. The optimized material allows reproducible and controllable analysis
of domain structures and their formation dynamics, with domains forming on the time scale of the order
of seconds. Finally, the effect of an external applied magnetic field on the nematic director fundamental
fluctuations inside a domain has been studied with differential dynamic microscopy. Interestingly, the
results provide an estimation of the ferrofluid’s spontaneous magnetization in the absence of external
magnetic fields.
� 2022 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Ferroic materials continue to be the subject of extensive
research due to the growing demand for novel functional materials
for technological advances [1–4]. Domains and domain structures
are characteristic of ferroic materials and determine their beha-
viour and with it, their potential for applications, which rely
mostly on their strong and specific response to external fields. In
the case of ferromagnetic materials, magnetic domains account
for regions in which the individual magnetic moments point in
the same direction. Magnetic domains form to minimize the stray
field energy and are divided by walls, in which magnetization
changes direction [5]. Classical examples of ferromagnetic materi-
als are iron, nickel and cobalt, which are all solid materials. In
recent years a lot of development has also been done in soft matter
materials that show interesting properties, such as the ability to
manipulate rheological or other physical properties of a fluid with
magnetic particles [6], experimental realisation of stationary topo-
logical solitons in a fluid chiral ferromagnet [7], reversible
paramagnetic-to-ferromagnetic transformation of droplets with
magnetic nanoparticles [8] and reconfigurable magnetic liquid
crystal elastomers [9] are some of the examples.

Ferrofluids, i.e. colloidal suspensions of ferrimagnetic nanopar-
ticles in an isotropic solvent, are despite their name paramagnetic.
Thermal fluctuations impede magnetic interactions and the parti-
cles are dispersed with random orientations in the absence of
external magnetic fields [10]. Common ferrofluids consist of spher-
ical magnetic nanoparticles, and their stability and unique proper-
ties made them very interesting from the applicative point of view.
Examples of usage for such materials have been demonstrated in
magnetic dampers and seals or biomedical applications [11]. On
the other hand, discotic nematic ordering can appear in suspen-
sions of nanoplatelets above a threshold concentration that
depends on the particle shape anisotropy and their electrostatic
interaction [12–15]. In 2013 the first example of ferromagnetic liq-
uid crystals was demonstrated when scandium-substituted barium
hexaferrite (BHF) magnetic nanoplatelets were embedded in a liq-
uid crystalline host [16]. Nanoplatelets have magnetic dipole
moment perpendicular to the plane because of the high magne-
tocrystalline anisotropy of BHF. In this case, the combination of
magnetic dipolar interactions and quadrupolar elastic nematic
mediated interactions between the particles is such that the ferro-
magnetic ordering of the nanoplatelets is favourable inside the
nematic matrix. Despite the low volume concentration of nanopla-
telets (around 0.1 %), the combination of the nematic host proper-
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ties and the nanoplatelets results in large magneto-optic responses
(for much smaller magnetic fields than bulk nematic materials)
and unique properties such as converse magnetoelectric effect
[17]. A breakthrough came in 2016 when the first example of a true
ferromagnetic ferrofluid was reported [18]. The authors demon-
strated the formation of a colloidal nematic phase with sponta-
neous ferromagnetic ordering in a highly concentrated system of
magnetic nanoplatelets suspended in an isotropic solvent. Such a
system consisted of already mentioned BHF nanoparticles (thick-
ness of 7 nm and average diameter of 48 ± 21 nm) functionalized
with DBSA (dodecylbenzenesulfonic acid) surfactant and sus-
pended in n-butanol. A threshold concentration of 28 vol% was
reported for the appearance of the nematic ordering. Reported
materials exhibited high sensitivity to small external magnetic
fields (30 – 100 lT). By equilibrating the suspensions in the
absence of external fields, Shuai et al. [18] demonstrated the for-
mation of magnetic domains which is clear evidence of the ferro-
magnetic character of the suspensions. The large volume
concentration needed for the formation of the ferromagnetic
nematic phase, entailed long equilibration times, of the order of
days, as reported in [18] for the development of clear domain
structures.

It has been shown that the stability and formation of ferromag-
netic ordering strongly depend on the electrostatic interactions
between the particles, which can be tuned by the choice of solvent
and the concentration of surfactant [19]. Additionally, magnetic
interactions and particle-diameter distribution also crucially affect
the threshold concentration [20]. Consequently, by varying the fer-
rofluid́s interparticle interactions the threshold concentration from
isotropic to nematic phase was lowered for around 5-times to the
one reported in the original publication [20]. More in-depth insight
into this system came from small-angle neutron scattering (SANS)
experiments, showing strong positional and orientational correla-
tions of particles already in concentrated isotropic suspensions as
well as in the ferromagnetic nematic phase [21]. Interestingly,
results show that while correlations are only exhibited by the lar-
ger particles, the smaller ones contribute to a homogeneous back-
ground. Such results are in line with coarse-grained molecular
dynamic computer simulations of mono- and polydisperse mag-
netic nanoplatelet systems, which highlight the importance of
polydispersity in facilitating the transition into a nematic-like
phase [22].

Newly obtained knowledge and the development of the mate-
rial have made this research possible. Here, we demonstrate rapid
domain formation, in the order of seconds, and we analyse forma-
tion dynamics. The stability of the domains to an external magnetic
field is also studied. Additionally, we show the effect of different
container thicknesses on the domain structure of ferromagnetic
ferrofluid, mostly affecting wall thickness and not the shape of
the domains. On the other hand, the longer slab of the material
equilibrates in randomly sized and distributed domains. Finally,
the demagnetization field is estimated from differential dynamic
microscopy.
2. Material and methods

2.1. Preparation of suspensions

BHF nanoplatelets were synthesized hydrothermally [23] and
suspended in 1-butanol using DBSA as a surfactant to ensure the
stability of the suspension [24]. A detailed description of the syn-
thesis protocol can be found in the Supporting Information. After
the centrifugation procedure (Supplementary Note 1), the very
diluted top part and the aggregates at the bottom are excluded
from the material. The thickness of the nanoplatelets is calculated
2

from SAXS measurements [19] and is mostly 3.3 nm (76 vol%) and
4.4 nm (22 vol%) with the remaining part (2 vol%) having larger
thicknesses. The equivalent particle diameters are estimated from
transmission electron microscopy (Jeol JEM-2100) images using
DigitalMicrograph Gatan Inc. software to obtain a distribution with
a mean diameter of 50 nm and a standard deviation of 18 nm. The
saturation magnetization of the dried nanoplatelets was measured
with a vibrating sample magnetometer (Lakeshore 7400 Series
VSM) and is Mp ¼ 43 Am2=kg.

The threshold concentration for the transition from isotropic to
nematic phase depends on the particle-diameter distribution, the
magnetization of the nanoplatelets and the concentration of free
surfactant in the suspension [20]. The concentration of the consid-
ered material after centrifugation is measured thermogravimetri-
cally to the value of 5.3 vol% and the dry part of the suspension
(particles and surfactant) has 12.3 wt% of surfactant. These values
indicate that the material is above the transition point for the fer-
romagnetic nematic phase. In the present case, the drastic reduc-
tion of the threshold concentration in comparison to the material
reported by [18] results in a lower viscosity. Additionally, a diluted
sample with nanoplatelets concentration of 3 vol% was also pre-
pared for calibration of our setup as discussed below.

For optical observation, the material is filled into borosilicate
rectangular glass capillaries (VitroTubes Rectangle – Miniature
Hollow Glass Tubing). Three different inner cross-sections are
used: 20 lm � 200 lm, 30 lm � 300 lm and 40 lm � 400 lm.
While the original length of the capillary is 50 mm they are cut
to lengths around 20 mm before the sample is drawn in by capil-
lary suction. The filled capillaries are then placed on standard
25 mm � 75 mm objective slides with the open ends sealed with
a vacuum sealant (Agilent Torr Seal) to prevent evaporation of
the solvent. A short slab of a few hundred micrometres is separated
with a magnet from the bulk fluid for measurements, taking care
on preserving the concentration.
2.2. Polarizing video microscopy and magnetic field compensation

As will be shown in the next section, the ferrofluids under study
are remarkably sensitive to external magnetic fields, even as weak
as the Earth’s magnetic field. Thus, the material was studied with
polarizing optical microscopy (POM) using a custom-built micro-
scope with a red LED light source (wavelength 630 nm, FWHM
20 nm), Nikon 10x/0.30 Plan Fluor objective with a working dis-
tance of 16 mm and a monochrome camera (FLIR BFLY-U3-
23S6M-C). The microscope’s optical axis is in the vertical direction
and the sample is placed on the holder horizontally. In this config-
uration gravity effects can be considered negligible for the
employed capillary thicknesses (20, 30 and 40 lm). The sample
holder is centred in an external field compensation system consist-
ing of three orthogonal pairs of coils. Such a system allows us to
compensate external magnetic fields down to 1 lT at the sample
position (schematics can be found in Supplementary Fig. 1). Addi-
tionally, a static or dynamic magnetic field with an amplitude of up
to 2 mT can be applied locally by an extra pair of coils aligned in
the sample plane.
2.3. Cross-differential dynamic microscopy (c-DDM)

A detailed description of the Cross-Differential Dynamic Micro-
scopy method can be found in the reference [25]. In the present
case, experiments were performed in the POM setup described
above, with an exposure time of 1 ms and a framerate of 460
FPS. ‘‘E10-O” geometry was used for recording, in which the polari-
ser was rotated for 10 degrees and the analyser was perpendicular
to the domain orientation. The image sequence was then Fourier



Fig. 1. The effect of external magnetic field on an isotropic fluid with / ¼ 3 vol%. a)
POM images show a material slab with external field-compensation turned off
(left), which appears birefringent in Earth’s magnetic field, and the same slab with
the compensation turned on (right), showing the true isotropic character of the
sample. The white arrows indicate the direction of polariser and analyser and the
blue arrow is an estimation of external field direction (with the main contribution
from Earth’s magnetic field). b) Schematics of particle orientation. c) Calculated
birefringence (black circles) and cross-polarised transmission (pixel intensity/ex-
posure time in blue squares) as a function of magnetic field, applied along the
capillary when the field compensation is enabled.
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analysed as a function of time delay using an open-source package
cddm to obtain the normalised image autocorrelation function with
the multitau method [25].

In the case of concentrated suspensions with nematic ordering,
c-DDM allows studying the orientational fluctuations of the direc-
tor field in a similar way to traditional light scattering experiments.
Assuming one elastic constant approximation, the relaxation times
of fundamental modes as a function of the wave vector q and mag-
netic field H can be expressed as.

1
s
¼ Kq2 þ l0H �M

geff
ð1Þ

where geff is the effective viscosity, K the orientational elastic
constant of the liquid crystal [26] andM the sample magnetization.

3. Results

3.1. Field-induced birefringence in isotropic suspensions

Between crossed polarisers, the intensity of the transmitted
light through a birefringent nematic material can be written as

I ¼ I0 sin
2 2hð Þ sin2ðpdDn=kÞ, where h is the angle between the

nematic director and the polarization of the incident light, d is
the sample thickness, and Dn is the birefringence of the sample.
Fig. 1 shows the effect of magnetic field compensation in the
3

3 vol% isotropic suspension. POM images show the transmitted
intensity between crossed polarisers (at 45 degrees to the capillary
axis) for the compensation system turned on and off. While the
sample appears isotropic when the compensation is enabled, it
appears birefringent when compensation is disabled. Such birefrin-
gence arises from the external magnetic field induced order and
already for fields of the order of the Earth’s magnetic field is
Dn � 0:006 as shown in Fig. 1c together with the corresponding
measured transmitted intensity. Dn for small fields rises quadrati-
cally and for larger fields starts to level out. Considering this, it is
important to recall that all the observations reported in this work
have been carried out with an enabled compensation system. Addi-
tionally, this points out that changes in transmitted intensity
should be analysed carefully, as the application of field will result
in both, changes of h and Dn.

3.2. Ferromagnetic domains structures in short slabs

First, we focus on a short slab prepared in a 300 lm wide and
30 lm thick capillary. Initially, a strong, in-plane external mag-
netic field of 1.4 mT (Bann) is applied perpendicularly to the capil-
lary axis. When removed, the sample is allowed to equilibrate for
several seconds, after which a characteristic texture, with large
birefringent domains, is obtained (Fig. 2). As shown by [18], these
domains are uniformly macroscopic magnetized regions, in which
magnetization M is directed along the nematic director n. To min-
imize energy, uniformly magnetized materials tend to subdivide
into magnetic domains. Each division results in a domain wall, in
which magnetization rotates from one domain to another.

The fluidity of the sample, its relatively large saturation bire-
fringence (Dn � 0:03) and the strong dependence of the latter on
external magnetic fields, do not allow for investigating the magne-
tization direction of the domains via standard methods as the Kerr
and Faraday’s effect [27]. However, the fluidity of the sample
enables easy manipulation of the ferromagnetic ordering via the
application of a small magnetic field Bbias with a magnitude up to
a few hundred lT. The application of such small fields contributes
to the free energy by the magnetic term UM ¼ �M � Bbias which
results in the displacement of the domain walls, expanding those
favourable domains with magnetization in the same direction as
the field and shrinking those with an unfavourable magnetization
direction.

Central images in Fig. 2 show the final equilibrated domain
structure after the removal of the annealing field (Bann ¼ 1:4 mT)
directed along the two possible in-plane directions perpendicular
to the capillary axis (top row: Bann was pointing to the left; bottom:
Bann was to the right). Both domain structures are complementary,
with a slight shift of the central domain. The effect of small bias
fields Bbias on the domain structure is shown in the left and right
images of Fig. 2. When the annealing field Bann is pointing to the
left (top row), it can be seen that when Bbias is in the same direction
as Bann, the central domain grows in size and the texture becomes
more uniform. Simultaneously, the upper and lower domains get
grainier, darker and smaller. When the Bbias direction is reversed,
the opposite happens – the central domain shrinks and gets grai-
nier while the upper and lower domains become brighter and grow
in size.

The same configuration with crossed polarisers along and per-
pendicular to the capillary axis (Supplementary Fig. 2) shows that
the lateral surface domains easily reorient if the bias field Bbias is
applied in the same direction as Bann. The boundaries to the central
domain, for which the reorientation allows a continuous deforma-
tion, fade. For the opposite Bbias, such domains progressively shrink,
due to the expansion of the domains at the menisci. The displace-
ment of the domain wall, separating the central and the meniscus
domain as a function of the applied Bbias, is shown in Supplemen-



Fig. 2. Application of small bias magnetic field (Bbias) with amplitudes of 56, 207 and 282 lT (direction marked with blue arrows) to the sample with domains annealed with
the field Bann in opposite directions (green arrow), i.e. to the left (top row) and to the right (bottom row). Direction of the domains after the annealing is marked with orange
arrows. The sample is confined in a 300 lm � 30 lm glass capillary and placed between crossed polarisers (P-A) at 45 degrees.
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tary Fig. 3. Thus, the observed changes under the application of a
small field prove that in the studied geometry the central domain
retains the same orientation as that induced by the initial anneal-
ing field Bann, whereas the upper and lower domains are oriented in
the opposite direction. The magnetization of the four remaining
side domains next to the capillary edges is directed perpendicu-
larly to the annealing direction in such a way that the magnetiza-
tion follows a closed flux path to minimize the total energy as
marked in Fig. 2.

A comparison of top and bottom images in Fig. 2 reveals that the
orientation of the magnetization loops in the final state can be con-
trolled by the direction of the annealing field. In both cases, it is
clear that M lies within the plane of the slab, as expected by the
minimization of the magnetic charge on the surfaces. Accordingly,
while in-plane fields of 10 lT are enough to manipulate the
domains, out-of-plane fields of up to 1 mT are needed to observe
any effect on the domain structure. To reorient the sample with
out-of-plane fields, there is a competition between the contribu-
tion to the free energy coupling the magnetization and the field
f M;field ¼ �l0ðM � HÞ and the stray term, which for a 2D slab of

material can be written as f stray ¼ l0M
2
z =2, where M is the sample

magnetization and Mz its out-of-plane component. The stray
energy will try to keep the magnetization in the plane of the slab
preventing the reorientation. In the case of in-plane fields, how-
ever, there is no need to overcome this restriction.

In addition to domain growth/shrinkage, when applying small
magnetic fields two effects can take place in the sample. On one
side, in the same way as shown in Fig. 1 for the isotropic suspen-
sion the external magnetic field enhances the ordering of the nano-
platelets, increasing their birefringence (such effect will be
4

discussed in the next section). On the other hand, due to the fluid
character of the sample, the external magnetic field reorients the
magnetization direction and thus the optical axis. Both affect the
transmitted intensity of light, the latter being the stronger. Thus,
while the transmitted intensity could be misleading in the inter-
pretation of results due to its dependence on the applied field,
the roughness of the texture is a fine indication of the sample
order. As shown later (Fig. 3a, g) the application of large fields fully
homogenizes the texture. When the material is left to equilibrate,
the nematic order decreases and a grainy texture appears (central
images in Fig. 2 and Fig. 3f, l). Such grains are evidence of a
microstructure made of micro-domains, whose orientation slightly
varies from one to the next. When small fields are applied parallel
to the M of the domain, they slightly homogenize the texture,
whereas when applied in the opposite direction, the grainy texture
is enhanced.
3.3. Dynamics of the domain formation

Fig. 3 shows snapshots at different times of the domain forma-
tion for two orientations of the crossed polarisers. Snapshots corre-
spond to Supplementary Video 1 and Supplementary Video 2. The
sample is first exposed to Bann ¼ 1:4 mT (Fig. 3a, g), which largely
orients the nanoplatelets along the field direction (indicated by
the green arrow in Fig. 3). However, while this is true in the centre
of the slab, it can be seen that close to the boundaries magnetiza-
tion starts to rotate in the direction parallel to the surface due to
the minimization of the demagnetization field. Such an effect
introduces a distortion on the uniform alignment that conditions



Fig. 3. Domain growth dynamics from annealing to the relaxed state. Top row corresponds to crossed polarisers oriented at 45 degrees with respect to the capillary axis,
while bottom row is with crossed polarisers directed along the capillary axis (P-polariser, A-analyser). Orange arrows represent the evolution of the magnetization of the
different areas. (a & g) Oriented sample with applied external magnetic field Bann ¼ 1:4 mT marked with green arrow. (b & h) After field removal, sample starts reorienting at
the corner areas, highly constrained by the boundary conditions. (c & i) The magnetization in top and bottom parts of the sample close to the menisci turn in the opposite
direction. (d & j) Final orientation of the magnetization of the domains is established, with the boundaries between them being marked with circles. (e & k) The domain walls
start to define from the menisci edges. (f & l) 3 s after field removal the sample has relaxed to the final state with fully grown domains.
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the annealing process. Then, the annealing field is turned off (de-
fined as time 0) and the nematic suspension is left in the zero-
field environment. The strong constraints imposed by the surface
boundaries trigger the fast reorientation of the material close to
the menisci corners (Fig. 3b, h) with a characteristic time
stopg ¼ 0:47 s (more information in Supplementary Fig. 4), where
the magnetization starts to reorient parallel to the edges of the
capillary. Meanwhile, the large central part remains oriented in
the annealing direction, although a slight increase of the character-
istic microdomain roughness can be detected.

After 50 ms (Fig. 3c, i), transmitted intensity in the central part
is significantly reduced (see Fig. 3c, with crossed polarisers at 45
degrees). The fact that transmitted intensity remains practically
zero also for polarisers at 90 degrees, indicates that the director
is not reorienting, but the birefringence is decreasing, i.e. the order
of the sample is decreasing (from the saturated order induced
when the annealing field is applied). While the central area contin-
ues its equilibration, the sample at the menisci saddles approaches
the final state faster (stopg < scentralg , plotted in Supplementary Fig. 4),
as shown in Fig. 3d and j. As known from the final state shown in
Fig. 2, at this stage menisci saddles should have already reverted
the orientation of M to the direction of the annealing field. The fas-
ter response of these areas can be understood due to the effect of
5

boundary surfaces. Simultaneously, the four side domains, also
defined by the capillary boundaries, start to develop and grow
towards the centre of the slab (ssideg ¼ 1:33 s). Such growth of
domains starts to define those areas at which the magnetization
switches direction from domain to domain, which will give rise
to domain walls (Fig. 3e, k). The central domain continues to equi-
librate to the final zero-field order. Equilibration time of the central
domain (scentralg ¼ 2:15 s), already directed along the final orienta-
tion by the annealing field, is the longest, which might, initially,
seem counterintuitive. However, it is important to note here that
the central domain needs to accommodate the magnetic fields
due to the developing surrounding domains. We shall return to this
later in the discussion.

After 3 s in zero-field conditions, the relaxed state is obtained.
Interestingly at this stage, considerable differences can be observed
in the domain walls. While those boundaries separating the
domains at the capillary edge and those in the menisci are more
defined with an average thickness of the order of 10 lm, those
boundaries of the central domain are not sharp and continuous
reorientation of the magnetization span over larger distances, as
clearly seen by the comparison of Fig. 3f and l. Over longer equili-
bration times of the order of 20 s, such boundaries progressively
narrow to an average wall thickness of 13� 2 lm.



Fig. 4. Relaxed domain structure after annealing from 1.4 mT field in the direction
of green arrow for different slabs of material with aspect ratio width/length around
0.6 and capillary thicknesses of 20, 30 and 40 lm from left to right.
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3.4. Confinement and flow effects

Annealing fields parallel to the capillary long axis result in com-
patible structures (see Supplementary Fig. 5). The difference in the
width-to-length ratio results in stretched domains along the mate-
rial slab, divided by longer walls. For the standard annealing geom-
etry, Fig. 4 shows the comparison of three domain structures
obtained after relaxation for ferrofluid slabs with a different width
but the same width-to-length aspect ratio ( 0:6) and with thick-
nesses of 20, 30 and 40 lm varying together with the width. Such
Fig. 5. Effect of flow in domain structures. (a) Stability of the domain structure in a short m
the bulk reservoir (below, outside the field of view) enlarging the slab together with a sm
with green arrow). Orange dashed line serves as visual aid for the displacement. The slab
Equilibrated domain structure in a large material slab of 2 mm total length, 300 lm wid
(marked with green arrow).

6

an image nicely shows how domain size increases with the dimen-
sions of the magnetic body. For a given capillary size, the increase
in the length of the ferrofluids slab, and with it the aspect ratio,
change the morphology of the domain structure, elongating those
domains on the edge of the capillary (Supplementary Fig. 6). There
is a limiting length above which the growth of domain size is ener-
getically less favourable than division with new domain walls.

It is important to recall at this moment that the fluidity of the
system has a great impact on the allowed domain morphologies,
as there can exist numerous structures with the same energy. Thus,
equilibration of the material slab over hours allows observing the
development of more complicated domain structures, as shown
in Fig. 5a. In this case, a slab with an aspect ratio of 0.6 was left
to equilibrate overnight. Over this time, it slid along the capillary
and additionally grew in size soaking up material from the main
reservoir through the wet capillary surfaces. Both scenarios involve
a flow of the material and resulted in a more complicated domain
structure difficult to predict. One interesting observation is the
equilibration of bend domain walls over time.

For very large ferrofluid slabs domain structure evolution is not
predictable anymore. An example of a stable structure after a long
time is shown in Fig. 5b. As in the case of the shorter slab, a strong
tendency for bend structures can be observed. One should keep in
mind that, in the present case, the reduction of the nanoparticles
concentration, yet retaining nematic ordering, implies also the
reduction of the spontaneous magnetization. Such lower magneti-
zation makes deformations of the director energetically less expen-
sive. Additionally, while splay deformation carries volume
magnetic charge q rð Þ ¼ �r �MðrÞ, twist and bend deformations
are energetically more favourable, in agreement with those struc-
tures shown in Fig. 5b.
4. Discussion

The BHF ferrofluid presented here undergoes the transition to
the nematic phase at a much lower concentration than examined
aterial slab over long time. The wet capillary edges favour the flow of material from
all displacement. The sample was annealed from Bann ¼ 1:4 mT (direction marked
after 12 h is 32 % larger and the flow resulted into formation of bend domains. (b)
th and 30 lm thickness, after 20 h in zero-field. Structure was annealed from Bann



Fig. 6. DDM analysis. (a) Normalised correlation functions for some values of
applied field Bbias at a given q ¼ 2:4 lm�1 and the corresponding fits (lines). Dashed
vertical lines correspond to the characteristic time s. (b) Obtained relaxation rates
(1=s) as a function of q2 for different fields. Solid lines give the linear fits. Black
arrow marks the q2 value corresponding to (a).
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before [18]. The understanding and fine-tuning of inter-particle
interactions allowed us to obtain ferromagnetic nematic ordering
for concentrations as low as 5 vol%. The subsequently reduced vis-
cosity resulted in fast and controlled annealing of magnetic
domains as presented here.

The dynamics of the domain formation happen on the time
scale of seconds and small magnetic fields with amplitudes of tens
of lT. This allows us to probe the magnetic structures and deter-
mine the direction of magnetization of the domains. In short slabs,
a well-known closed-loop domain pattern, such as those from the
solid-state theory, forms with the handedness of the loop deter-
mined by the annealing field. Interestingly, despite retaining the
orientation with the magnetization in the same direction as Bann,
the central domain equilibration time is larger (1.2 s) than that
of the domains in the menisci (0.34 s) or at the capillary surfaces
(0.5 s), which are strongly affected by the boundary conditions.
As demonstrated, this fluid magnetic system is exceptionally sen-
sitive to small magnetic fields. During the domain formation, the
central domain is not only relaxing from the saturated field-
induced ordered state but is also adjusting to the field caused by
the boundary domains.

To quantify such an effect, we measured by differential dynamic
microscopy [25] the relaxation rates of the pure nematic fluctua-
tion modes in a square area of 52 lm � 52 lm in the middle of
the central domain under the application of an external magnetic
field in the same direction as the magnetization of the domain.
DDM enables access to lower and different wave vectors in a single
measurement. For the measured E10-O geometry (see Section 2.3),
the direction parallel to the applied field was analysed by fitting
the autocorrelation functions obtained at different q values and
fields to a stretched exponential function (Fig. 6a). The obtained
relaxation rates (1=s) show a quadratic dependence on q as
7

expected from Eq. (1) (Fig. 6b). The quadratic coefficient and the
constant term of such curves, yield the dependence on the applied
magnetic field of K=g and l0HM=g terms of Eq. (1) and are shown
in Fig. 7.

For fields smaller than the critical Bc ¼ 342 lT (extrapolated
from the linear fit in Fig. 7b), the applied field does not have any
effect on the relaxation rate of the nematic director fluctuation
modes. For higher fields, the contribution of the magnetic term
grows linearly. Effectively the second term in Eq. (1) can be then
rewritten to.

l0M � ðH � HdðHÞÞ
geff

; ð2Þ

where Hd Hð Þ accounts for the variation of the effective mag-
netic field arising from neighbouring domains. This demagnetiza-
tion field will change with the reconfiguration of the domain
structure driven by the applied external fields. In Fig. 7c and Sup-
plementary Fig. 7, the measured area of interest is shown at differ-
ent applied fields. It can be seen how the critical field in Fig. 7b-c
(yellow-orange) corresponds to the field at which the central
domain expands to the menisci. From this point onwards, the
externally applied field cannot be compensated anymore by rear-
rangement of the domain structure, and the fluctuation rates dras-
tically increase. It can be shown that the demagnetization field
Hd Hð Þ is proportional to the magnetizationM0, and the proportion-
ality constant a Hð Þ changes with the domain structure. At the crit-
ical field, we can assume the simplified case in which the
magnetization of the slab is uniformly directed in-plane and per-
pendicularly to the capillary axis. The demagnetization field can
be then calculated as Hd rð Þ ¼ �r/d rð Þ, where the magnetic poten-
tial is given by.

/d rð Þ ¼ 1
4p

Z rSðr0Þ
r � r0j j dS

0: ð3Þ

Here rS ¼ M0m � z is the surface magnetic charge distribution,
beingm a unit vector describing the direction of the magnetization
and z is normal to the thin capillary edge surface. For the consid-
ered slab, with width 300 lm, length 500 lm and
thickness 30 lm, a demagnetization field value of Hd � 0:055M0

is calculated in the centre of the slab, where DDM experiments
were performed. Taking this result into account together with
the critical field of 342 lT, l0M0 can be estimated to be 6.3 mT,

i.e. M0 ¼ 5:0 � 103 A=m. One should bear in mind that this consti-
tutes the limiting lower value for M0, like the structure shown in
Fig. 7c for the critical field should result in a lower proportionality
constant due to the non-uniform orientation in the capillary
boundaries. Nevertheless, such a value allows us to further esti-
mate the polar order parameter P1. For a completely oriented sus-
pension, and considering the average particle size, magnetization
and concentration of the sample, the saturated magnetization
can be calculated as Msat ¼ mp � qp � / ¼ 1:15 � 104 A=m; where qp

is nanoplatelet density. With these values, P1 ¼ M0=Msat ¼ 0:44.
For fields larger than Bc, several simultaneous effects complicate

the interpretation of results. As we have seen in the case of the iso-
tropic suspension, an applied field can increase the nematic order
parameter S. Such change in the order parameter will further
impact the values of viscosities and elastic constants as shown in
Fig. 7a [28,29]. The intertwined magnetic field dependencies of
all the parameters complicate the subsequent analysis of the
DDM results. Additionally, it can be noted here that in the case
of 0 lT and 70 lT, relaxation rates do not strictly follow Eq. (2),
as two slightly different regimes, low-q (q < 1:2 lm�1) and high-
q (q > 1:2 lm�1) can be discerned (see Supplementary Fig. 8). Such
q-value corresponds to � 5 lm, in agreement with the above
described grainy microstructure.



Fig. 7. DDM results for the square area with 52 lm side in the central domain in a material slab with aspect ratio w=l ¼ 0:6. Polariser P is rotated for 10 degrees to the crossed
direction. Slope a) and intercept b) terms of the linear fit to relaxation rates (Fig. 6b) in DDM in the parallel direction. c) POM images of the corresponding domain structure
where DDM-analysed area is marked by the square. Square colours correspond to those of the coloured dots in a) and b).
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One of the interesting differences we observed in the domain
structures formed by these low-concentration ferromagnetic fer-
rofluids to those reported for the high-concentrated counterpart
by Shuai [18] is the structure of the walls or regions dividing sev-
eral domains. Shuai [18] reported a well-defined domain + 1 twist

wall with a characteristic length of nM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K=l0M

2
q

< 1 lm. Such

characteristic length is the result of the balance between nematic
elastic and magnetostatic energies. In the present case, however,
different wall structures have been observed. Focusing on the cen-
tral images in Fig. 2, it can be observed that the boundaries
between those up/down oriented domains at the capillary edge
and those shaped by the menisci are relatively sharp with no inter-
nal structure visible with the optical resolution. On the other hand,
the boundaries defining the central domain span over large dis-
tances involving continuous and smooth changes in magnetization
direction. This is in line with the reduced magnetization (6.5 mT)
in comparison to the highly concentrated system described by
Shuai [18] (40 mT), which makes deformations in the case of the
presented ferrofluids energetically less expensive than in the pre-
vious case. As we have seen, this also results in a strong tendency
to get bent domains and domain walls.
5. Conclusion

We studied the domain morphology and formation dynamics of
low concentration nematic ferromagnetic suspensions of BHF
nanoparticles in 1-butanol. Domains form on the time scale of
the order of seconds and the handedness of the closed loop of
the final domain structure can be tuned with the direction of the
field used for annealing. The structure is easily probed with small
magnetic fields of the order of tens of lT. The fluidity of the sample
results in rather complex domain structures for large material
slabs, where flow effects tend to promote bent domain structures
and domain walls.
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We have shown that while the domain structure accommodates
to compensate external magnetic fields, the nematic director fun-
damental fluctuations remain unaltered at fields larger than the
critical Bc .
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