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Ferromagnetism in suspensions of
magnetic platelets in liquid crystal
Alenka Mertelj1, Darja Lisjak1, Miha Drofenik1,2 & Martin Čopič1,3

More than four decades ago, Brochard and de Gennes proposed that colloidal suspensions of ferromagnetic particles in
nematic (directionally ordered) liquid crystals could form macroscopic ferromagnetic phases at room temperature. The
experimental realization of these predicted phases has hitherto proved elusive, with such systems showing enhanced
paramagnetism but no spontaneous magnetization in the absence of an external magnetic field. Here we show that
nanometre-sized ferromagnetic platelets suspended in a nematic liquid crystal can order ferromagnetically on quench-
ing from the isotropic phase. Cooling in the absence of a magnetic field produces a polydomain sample exhibiting the two
opposing states of magnetization, oriented parallel to the direction of nematic ordering. Cooling in the presence of a
magnetic field yields a monodomain sample; magnetization can be switched by domain wall movement on reversal of the
applied magnetic field. The ferromagnetic properties of this dipolar fluid are due to the interplay of the nematic elastic
interaction (which depends critically on the shape of the particles) and the magnetic dipolar interaction. This ferro-
magnetic phase responds to very small magnetic fields and may find use in magneto-optic devices.

A rich variety of complex self-assembled structures of colloidal part-
icles in nematic liquid crystals that are the result of nematic-mediated
anisotropic interaction between the particles is of wide-ranging interest
for both fundamental science and applications1–4. Nematic liquid crys-
tals are particularly interesting because of their coupling with external
electric and magnetic fields. Ferromagnetic ordering in fluids has been
experimentally observed in only two systems: liquid helium5 and under-
cooled alloys at temperatures above 1,000 K (ref. 6). But more than 40
years ago, Brochard and de Gennes suggested that a true fluid ferromag-
netic phase could appear at room temperature in a colloid of magnetic
nanoparticles in nematic liquid crystal 7. In such a system, orientational
order of the nematic liquid crystal would impose orientational order on
the anisotropic magnetic particles and, as in ferrofluids in an external
magnetic field, magnetic ordering would also appear. Polar nematic
ordering was first treated theoretically in ref. 8.

Ferrofluids are stable colloidal dispersions of monodomain magnetic
nanoparticles in isotropic liquids, and are well known. Monodomain
nanoparticles act as nanomagnets that begin to align in small magnetic
fields. The magnetic interaction between the nanoparticles in ferro-
fluids is tuned so that in the absence of an external magnetic field, the
average magnetic interaction of randomly oriented magnetic moments
of particles at contact is smaller than thermal energy kBT, so that the
particles remain dispersed owing to entropic forces. When an external
magnetic field is applied, magnetic moments on average orient along
the external magnetic field. Because oriented magnetic dipoles attract
head-to-tail, chaining of the particles along the external field occurs,
leading to the well known increase of viscosity of a ferrofluid9,10. But
whereas a ferrofluid becomes anisotropic only in an external field, the
symmetry of the nematic phase of a liquid crystal is uniaxial. Nematic
liquid crystals are composed of rod-shaped molecules that in the nematic
phase on average orient along a common direction, called the director,
that is usually denoted by a unit vector n with inversion symmetry
n ; 2n. The orientation direction can be controlled by external electric
or magnetic fields or by preparation of confining surfaces, which can
impose a defined orientation. Particles that are suspended in a liquid

crystal and have a given orientation of n at the surface induce a defor-
mation of orientation in the surrounding liquid crystal. This elastic
distortion exerts a force on neighbouring particles at a range up to a few
micrometres. In addition, defect lines or points can appear around par-
ticles. This liquid-crystal-mediated interaction can have either dipolar
nature (when the defect is point-like) or quadrupolar nature (in the
case of a line defect surrounding the particle) and can be either repul-
sive or attractive. Polydispersity, different shapes and/or different sur-
faces of the particles result in complicated structural forces between the
particles, and only in simple cases have these been evaluated11–13.

Magnetic nanoparticles in liquid crystal
A suspension of ferromagnetic nanoparticles in the isotropic phase of
a liquid crystal behaves as any other ferrofluid. In the nematic phase,
however, if the shape of the particles is anisotropic, they adopt a certain
orientation with respect to the nematic order. For particles that are on
average either prolate or oblate, nematic order has an effect similar to
that of an external magnetic field, but with an important difference:
because of the equality of the n and –n directions, the orientational
ordering of the particles induced by the nematic phase is not enough
for macroscopic magnetization to appear. For ferromagnetic ordering,
a sufficiently strong magnetic interaction between the particles is neces-
sary, but that causes aggregation, so a nematic-mediated repulsive inter-
action is needed. A single elongated particle, prepared so that the
orientation of a nematic director n(r) (where r denotes the position
vector in the medium) at its surface is parallel to the surface and to
the particle’s long axis, orients itself with its long axis parallel to n0 if
placed in a nematic of average director orientation n0. The deforma-
tion of the nematic field is small and the resulting nematic interaction
is too weak to prevent aggregation. Rod-shaped particles also tend to
get next to each other, which leads to antiparallel magnetic dipoles. It
has been shown14 that, in a mixture of elongated ferrite particles in
N-(4-methoxybenzylidene)-4-butylaniline (MBBA), magnetic hyste-
resis is obtained in a magnetic field of about 1 mT. The sample used in
ref. 14, however, was spherical, with a diameter of 6 mm, the coercive
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field depended on sample size, and no attempt was made to charac-
terize either the orientation of the nematic or—in particular—the
organization of the particles, that is, whether the particles were aggre-
gated. In later experiments15–19, aggregation was avoided by using only
very diluted stable suspensions of elongated ferromagnetic particles in
nematic liquid crystals, where the magnetic interaction between the
particles was negligible and, consequently, in the absence of external
magnetic field, macroscopic magnetization was not observed. The sus-
pensions, however, showed paramagnetic behaviour, and in many cases
the reorientation of the nematic director was observed at magnetic fields
that were lower than the field needed to reorient pure liquid crystal.

If, on the other hand, the elongated particle is prepared so that the
orientation of n(r) at its surface is normal to that surface, then it orients
itself with its long axis normal to n0, and the particle’s long axis can
rotate in the plane perpendicular to n0. The nematic-mediated inter-
action is weakly attractive and such that the relative orientation between
pairs of particles depends on their relative positions, again not stabili-
zing ferromagnetic order. In the first stable suspension of elongated
particles treated for perpendicular surface orientation, the particles were
oriented perpendicularly to the nematic director and the observed effects
were independent of the direction of the external magnetic field15. The
application of magnetic field along the director caused reversible floc-
culation of the particles, which was most likely to have been the result
of field-induced distortion of nematic orientation that broke the rota-
tional symmetry of the nematic phase and caused monopolar inter-
action between the particles20.

Ferromagnetic order and magnetic domains
We show now that by using nanometre-sized ferromagnetic platelets
with surface treatment that favours a perpendicular orientation of the
nematic director at the particle surface, a stable nematic suspension
can be produced with macroscopic spontaneous magnetization along
the nematic director n0. This is the result of subtle interplay of the
nematic-mediated force and the magnetic interaction between the
particles. A platelet-shaped particle with planar surfaces treated such
that n(r) at the surface is normal to the surface plane will orient itself
with its surface normal parallel to n0. Pairs of such particles interact as
quadrupoles (Fig. 1a). The quadrupolar nematic force between the
particles gives the strongest attraction when the line joining two part-
icles makes an angle of about 50u with respect to n0. At this angle, the
interaction between two magnetic dipoles is small but still such that it
favours parallel, that is ferromagnetic, ordering of the dipoles (Fig. 1a).

Preparation of a stable isotropic suspension of magnetic platelets is
more demanding in comparison with spherical or elongated particles:
this is due to large polydispersity and the fact that platelets form very
stable aggregates because of their shape21. Recently, stable suspensions
of scandium-doped barium hexaferrite single-crystal nanoplatelets in
1-butanol have been prepared with a narrower distribution of platelet
size22 (Fig. 1b), and we used these in our experiments. Barium hexa-
ferrite has high magnetocrystalline anisotropy with a preferred direc-
tion of the magnetization along the c axis, which is perpendicular to
the plane of the platelets. The thickness of the platelets is about 5 nm,
and the distribution of the platelet diameter is approximately log-
normal, with mean of 70 nm and standard deviation of 38 nm.

A suspension of magnetic platelets with number concentrations in
the range 1013–1014 cm23 in liquid crystalline material pentylcyano-
biphenyl (5CB) in the isotropic phase was used to fill planar glass cells;
the interior surfaces of the cells imposed homogeneous orientation
of the director in the plane of the sample. When the cells were slowly
cooled, we observed many elongated aggregates forming at the nematic–
isotropic phase boundary. This can be avoided by fast quenching into
the nematic phase. Depending on platelet concentration, some sparse
aggregates still remain (Extended Data Figs 1 and 2). Polarizing micro-
scopy revealed that the nematic director in all samples is well aligned.
The samples in the nematic phase are stable, and no additional aggre-
gation occurs after several months and many exposures to external

magnetic fields. When a small external magnetic field is applied, the
aggregates in slowly cooled cells orient along the field direction while
the surrounding nematic liquid crystal remains unchanged. The situ-
ation is completely different in quenched cells, where at a field of appro-
ximately 5–10 mT, growth of magnetic domains can be observed. Initially
the domains are quite small, around 5mm, then they grow up to a size
of a few hundred micrometres (Extended Data Fig. 3). Further obser-
vations show that the response of the domains to an external magnetic
field depends on the sign of the field, that is, the inversion symmetry of
the nematic phase is broken, which is an indication of the spontaneous
magnetization. Only two types of domains are observed. When the field
is applied along the director, switching is observed only in one type of
domain, while the other type of domain remains unchanged. If the
direction of the field is reversed, the domains previously unchanged
switch and those that switched before remain unchanged (Fig. 2b and
c, Extended Data Fig. 1). If the field is applied in the direction perpen-
dicular to the director, both types of domains switch and the domain
walls are clearly visible (Fig. 2d and Extended Data Fig. 1). This behaviour
shows that the spontaneous magnetization is along the director, and
that the two types of domain have magnetization in opposite directions.

Magnetic hysteresis
Monodomain samples (confirmed to be single domain by polarizing
microscopy; Extended Data Fig. 2) can be obtained by quenching the
suspension from the isotropic to the nematic phase in an external
magnetic field that is parallel to the nematic director. The magnetization
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Figure 1 | Magnetic nanoplatelets. a, A schematic presentation of the
distortion of the director (blue) and magnetic field (orange) around disk-like
platelets (short, thick horizontal lines) represented side-on. Blue dots indicate
cross-sections of disclination lines, and red arrows the directions of
magnetic moments. The average director n0 and spontaneous magnetization
Ms parallel to it are also shown. b, TEM image of magnetic platelets.
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curves of such samples were measured using a vibrating-sample mag-
netometer (LakeShore 7400 Series VSM). From the magnetization curves
we subtracted the diamagnetic contribution measured in a cell filled
with pure 5CB, and obtained the magnetization curve belonging to the
magnetic platelets (Fig. 3). In the absence of the external field, the mag-
netic moments of all platelets are oriented in the direction of the field
used during sample preparation, and an external magnetic field applied
in the same direction does not appreciably change the magnetization of
the sample. When the field is applied in the opposite direction, magne-
tization along the director starts to decrease, reverses and then saturates.
The absolute value of saturated magnetization is, within experimental
error, the same as the magnetization at zero field, which means that all
platelets have rotated by 180u. When the magnitude of the external field
is slowly decreased, the magnetization returns to its initial zero-field
value. A magnetic hysteresis is observed. At small concentrations the

curves are shifted to negative values of H, whereas for a concentration
of 0.3 wt% the curve becomes symmetric.

Observation of switching behaviour under a polarizing microscope
(Extended Data Fig. 5) also shows that the nematic director is disturbed
by the magnetic field. A field that is initially dark (the darkness showing
that the optical axis, which is parallel to n, is well defined) becomes
brighter as the field is reversed, showing that in the field-reversed state
n is distorted and cannot completely reverse owing to the orienting tor-
ques at the cell surfaces. At a higher concentration of magnetic platelets
in a reversed field of about 10 mT, a system of two white lines crosses
the optical field, switching it to the dark state (Fig. 4), that is, we get a com-
plete reversal of the director. Pinning of the director at the cell surfaces
causes the observed asymmetry of the hysteresis at lower concentra-
tions. Such optical switching, occurring in a field that is antiparallel
with the domain orientation, is unlike the usual Fredericks transition,
which is a quadratic field effect in which the director field changes its
orientation only when a field larger than a finite critical field is applied
perpendicularly to n. It also proves that coupling with the field is linear,
as expected in a ferromagnet.

Shape matters
To explain the mechanism that prevents aggregation and produces
spontaneous magnetization, we note the following. The structure of
the nematic director field around a single disk-like platelet with strong
perpendicular anchoring is of quadrupole symmetry with a defect line—
that is, a disclination line (also called a Saturn ring) around the platelet
(Fig. 1a). The exact structure of the nematic field depends on the size of
the particle and the strength of the anchoring. The disclination line
may not be present for very small platelet sizes, but in any case the
leading interparticle interaction is quadrupolar. Recent molecular simu-
lations showed that the Saturn ring can be present even around a sphe-
rical particle of the size of a few molecular lengths23. Experiments on
colloidal suspensions of gold platelets of similar dimensions also show
defects around the rim that are consistent with a Saturn disclination
line24. Owing to the anchoring, the nanoplatelets in our system orient
so that their plane is perpendicular to the nematic director n0, and,
consequently, magnetic moments are parallel to n0. Magnetic inter-
action is mainly dipolar, favouring particles being vertically in register,
while the nematic elastic interaction is quadrupolar, favouring an off-axis
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Figure 2 | Switching of ferromagnetic domains in an external magnetic field
as seen by polarizing microscopy. The orientation of polarizer P and analyser
A for all images is shown in a. a, Image of an ordered suspension of
nanoplatelets in the absence of an external magnetic field (B 5 0). b, c, A
magnetic field of 3.2 mT is applied along the director (n) in opposite directions.
d, A magnetic field of 16 mT is applied perpendicular to the nematic director.
The dark lines are domain walls. Platelet concentration in 5CB is 0.16 wt%.
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Figure 3 | Magnetization curves of monodomain samples show the
switching behaviour of magnetic nanoplatelets in ordered nematic
suspension. Magnetization curves are shown for four different platelet
concentrations c (key at top left). At lower platelet concentrations, the
magnetization in zero field returns to its initial value, whereas in the sample
with concentration 0.3 wt%, the magnetization curve is centred around zero.
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Figure 4 | Time sequence of images showing a complete switching of a
monodomain sample. Time increases from a to d; time between images is 5 s.
Images were obtained using polarizing microscopy; P and A in a show
orientations of polarizer and analyser, respectively, for all panels; also for all
panels, a field of 8.4 mT is applied parallel to n in the opposite direction to the
magnetization. Travelling white lines are the surface domain walls, where the
director rotates by p. The concentration of the platelets in 5CB is 0.3 wt%.
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arrangement (Fig. 1a). The competition between forces reduces the
total force to less than kBT, but still induces ferromagnetic ordering
by the magnetic interaction. This interplay of magnetic and elastic inter-
actions works for plate-like particles and not for elongated ones. The
platelets are also of different diameters, and polydispersity may also
play a crucial role in the stability of the suspension, as has been shown
in ferrofluids25,26. It has already been shown that molecules with oblate
shape, with the dipoles along the short axis, enhance the degree of
field-induced polarization in poled polymers27.

Coupling of director and magnetization
Direct magnetic coupling of the nematic liquid crystal with the mag-
netic field is very weak, because the magnetic anisotropy of 5CB is very
small, xa 5 1.6 3 1026, where xa is the difference of magnetic suscept-
ibility parallel to and perpendicular to n. However, the direction of the
magnetization is connected with the orientation of the platelets, which
is (through surface interaction) coupled to the orientation of the director
n. In the Landau–de Gennes description, the free energy density f of a
nematic liquid crystal in an external magnetic field that includes the
lowest order of coupling between the director and magnetization can
be written as28,29:

f ~fnemz
a

2
M2z

b

4
M4{m0M:H{
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2

cm0 n:Mð Þ2{ 1
2

xam0 n:Hð Þ2 ð1Þ

where the first term on the right hand side is the usual free energy
density of nematic phase28 fnem, and the following three terms together
give the magnetic free energy density: m0 is the vacuum permeability,
and a and b are the Landau expansion coefficients describing the fer-
romagnetic transition. The last two terms describe the coupling of the
nematic order with magnetization and external magnetic field, respect-
ively. Whereas the direct coupling of n with the external field H is weak,
its coupling with the magnetization M described by the constant c can
be much larger.

The behaviour of M with H, and the response to H under the pola-
rizing microscope, can be explained by noting that the nematic director
is locked in a given orientation by the orienting surface. So only the
interior of the sample switches above a critical field while in a surface
layer the director twists back to the initial orientation. The threshold
field for the beginning of the reversal of Ms is Bc~p2cm0KMs=
(Kp2zcm0M2

s d2) (Methods, equation (5)), where d is the thickness
of the sample, Ms the spontaneous magnetization and K the elastic
constant associated with the distortion of n; in our case, Bc is around
1 mT. This gives an estimate for c of ,100. The orientation of Ms at the
surface can switch either by breaking of surface anchoring (homoge-
neously) or by movement of surface domainp-walls (that can nucleate
heterogeneously at sample edges or imperfections) in which the director
turns by p. The critical field Bs needed to switch the surface orientation
in the absence of nucleatedp-walls can be estimated by noting that at Bs

the magnetic coherence length
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K=cMsBs

p
must be of the order of the

extrapolation length K/W, where W is the surface anchoring energy.
This gives Bs around 100 mT for typical values of K and W, conside-
rably more than what is observed, so that p-wall movement dominates
(Fig. 4, Extended Data Figs 4 and 5). This also explains the observed
hysteresis loops. For small concentrations, cMs is too small to drive the
movement of p-walls so surfaces mostly do not switch and the mag-
netization curves are shifted to negative H. For higher concentrations,
cMs is large enough that the surface can switch and the magnetization
curve is symmetric. With p-wall movement a polydomain sample can
be transformed to a monodomain one (Extended Data Fig. 4).

The system can be probed further by dynamic light scattering on
orientational fluctuations in monodomain samples in external field.
The well known turbidity of the nematic phase is caused by orienta-
tional fluctuations of the nematic director, which are the fundamental
hydrodynamic excitations of director field n. The relaxation rates of
these excitations depend on the viscoelastic properties of the nematic
liquid crystal and on external fields. Magnetization adds another degree

of freedom coupled to n, so that two types of fluctuations exist—one is
more nematic-like and the other is more magnetic-like. Both are in
principle observable by light scattering, but the nematic-like fluctuation
is more pronounced. Whereas in the usual nematic phase the depend-
ence of the relaxation rates on the external fields is quadratic, in the case
of the presence of spontaneous magnetization Ms a linear term domi-
nates, which is again an indication that the inversion symmetry of the
nematic phase is broken. From the free energy density (equation (1))
we can calculate the relaxation rate of fluctuations in the magnetic field
along the director (Methods, equation (4)). Experimental results are
shown in Fig. 5. For small H, the relaxation rate depends linearly on the
external field. At these magnitudes of magnetic field, the relaxation rate
of pure 5CB does not change measurably. From values of spontaneous
magnetization obtained from Fig. 3 and from the known K of 5CB, we
can again estimate the coupling constant c < 50–150, in accordance
with the value obtained from magnetization curves.

Conclusion and outlook
We have demonstrated the existence of a ferromagnetic nematic col-
loidal suspension that was theoretically predicted long ago but not until
now experimentally obtained. The system has the standard properties
of a ferromagnet: monodomain samples can be prepared by cooling in
an external field, and the system shows hysteretic behaviour, magneti-
zation reversal in a flipped external field, and domain walls and domain-
wall motion. It is an intriguing liquid that possesses two order parameters
n and M and can therefore be considered a new class of multiferroic
material. Ferromagnetic ordering is made possible by the shape of the
magnetic nanoparticles that have the form of thin platelets. The quad-
rupolar nature of the nematic elasticity-mediated interaction prevents
particle aggregation and causes the magnetic dipolar interaction to
favour ferromagnetic ordering. The new phase switches at very small
magnetic fields and may lead to new magneto-optic devices. Magne-
tization of the particles is a new degree of freedom that is coupled to
the nematic order, which could lead to new effects—for example, oscil-
lating director relaxation and field-dependent viscoelastic properties30.
Incorporating the particles in other liquid crystal phases with chiral or
smectic order would open up a new field of research, that of magnetic
phenomena in complex fluids.
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Figure 5 | Dependence of the relaxation rate of director orientational
fluctuations on external magnetic field in samples with different
concentration of magnetic nanoplatelets. Main panel, data for four different
concentrations of platelets are shown (see key): t21, relaxation rate. Inset, plot
of k versus concentration of platelets (here k is the slope of t21 versus m0H).
The given concentrations include all platelets, both well dispersed and
aggregated, so the actual concentration of dispersed platelets is smaller than
shown. Error bars, 1s uncertainty of the least-squares fits.
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METHODS SUMMARY
Barium hexaferrite nanoplatelets with the nominal composition BaFe11.5Sc0.5O19

were hydrothermally synthesized at 240 uC (ref. 22). The nanoplatelets were dis-
persed in 1-butanol using dodecylbenzenesulphonic acid as a surfactant21. The
thickness of the synthesized magnetic platelets is about 5 nm; the distribution of
the platelets’ diameter is approximately log-normal, with a mean of 70 nm and a
standard deviation of 38 nm. Saturated mass magnetization of the platelets mea-
sured in the dried suspension was 32 A m2 kg21, so the magnetic moment of an
average platelet is 3 3 10218 A m2.

A suspension of 0.6 wt% magnetic platelets in 1-butanol was mixed with liquid
crystalline material pentylcyanobiphenyl (5CB, Nematel) in the isotropic phase in
different volume ratios. The mixture was kept in the isotropic phase at 50 uC for
24 h to evaporate 1-butanol. The final concentration of platelets in 5CB ranged
from 0.06 wt% to 0.6 wt%. Suspensions, still in the isotropic phase, were used to fill
planar glass cells, with surfaces imposing parallel orientation of the director (Instec,
Inc.). The thickness of the cells was 20.4mm. The cells were then quenched to give
nematic phase. Quenching is necessary because in the samples that were slowly
cooled into nematic phase, aggregation of platelets at the nematic–isotropic phase
boundary appeared. In samples with a high concentration of platelets many aggre-
gates were visible, however, the surrounding liquid crystal showed strong response
to the external field (Extended Data Figs 1 and 2). The number and size of the
aggregates decrease with decreasing concentration. At concentrations lower than
about 0.06 wt%, the response of the sample to an external magnetic field is weak
and inhomogeneous. The nematic–isotropic phase transition temperature of the
suspensions is within experimental error (0.1 K) the same as for pure 5CB. Slow
heating of the suspensions to give the isotropic phase again causes aggregation of
the platelets at the nematic–isotropic boundary.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS
Sample preparation. Barium hexaferrite nanoplatelets with the nominal com-
position BaFe11.5Sc0.5O19, were hydrothermally synthesized at 240 uC (ref. 22).
The nanoplatelets were dispersed in 1-butanol using dodecylbenzenesulphonic
acid as a surfactant21. The thickness of the synthesized magnetic platelets is about
5 nm; the distribution of the platelets’ diameter is approximately log-normal, with
mean of 70 nm and standard deviation of 38 nm. Saturated mass magnetization of
the platelets measured in the dried suspension was 32 A m2 kg21, so the magnetic
moment of an average platelet is 3 3 10218 A m2.

A suspension of 0.6 wt% magnetic platelets in 1-butanol was mixed with liquid
crystalline material pentylcyanobiphenyl (5CB; Nematel) in the isotropic phase in
different volume ratios. The mixture was kept in the isotropic phase at 50 uC for
24 h to evaporate 1-butanol. The final concentration of platelets in 5CB was from
0.06 wt% to 0.6 wt%. Suspensions, still in isotropic phase, were used to fill planar
glass cells, with surfaces imposing parallel orientation of the director (Instec). The
thickness of the cells was 20.4 mm. The cells were then quenched into the nematic
phase. Quenching is necessary because in the samples that were slowly cooled into
the nematic phase, aggregation of platelets at the nematic–isotropic phase boundary
appeared. In the samples with high concentrations of platelets, many aggregates
were visible, however, and the surrounding liquid crystal showed strong response
to the external field (Extended Data Figs 1 and 2). The number and size of the
aggregates decrease with decreasing concentration. At concentrations lower than
about 0.06 wt%, the response of the sample to an external magnetic field is weak
and inhomogeneous. The nematic–isotropic phase transition temperature of the
suspensions is within experimental error (0.1 K) the same as for pure 5CB. Slow
heating of the suspensions to the isotropic phase again causes aggregation of the
platelets at the nematic–isotropic boundary.
Dynamic light scattering. We used a standard photon correlation set-up using a
He-Ne laser with a wavelength of 632.8 nm, and an ALV-6010/160 correlator to
obtain the autocorrelation functions of the scattered light intensity. The intensity
of the laser beam was low and the measured correlation function did not depend
on the intensity, so we conclude that no heating effects due to absorption were
present in our measurements. The direction of the external magnetic field was
along the director and in the same direction as the field used during the sample
preparation, so that no reorientation of the director occurred when the magnitude
of the field was increased. The director was in the scattering plane, and the wave
vector of incoming light was perpendicular to the sample and the director. The
scattered light was collected at a scattering angle of 2u. The polarizations of
incoming and scattered light were horizontal, that is, both were extraordinary
polarized, so that the splay-bend mode was measured28. The direction of gravity
was in the plane of the sample perpendicular to the scattering vector. The scatter-
ing experiments were performed in samples with different concentration of pla-
telets and in parts of the samples that were free of aggregates.
Polarizing microscopy. A Nikon Optihot 2-Pol microscope was used with an M
Plan SLWD (203) objective. Images were taken with a BW CCD camera (Pixelink
PL-B957U) using PixeLINK Capture OEM software (Ver. 1.5.2.0). Gain was set to
0 and Gamma to 1.
Transmission electron microscopy. A drop of particle suspension in 1-butanol
was deposited on a Cu grid and dried in air for transmission electron microscopy
(TEM, Jeol, 2100). Images were taken with Gatan Digital Micrograph Software.

Relaxation rate of orientational fluctuations and critical field. Magnetization is
a new degree of freedom that is coupled to the nematic director, so for each
director mode in a normal nematic, there are two coupled modes in the ferromag-
netic nematic. The relaxation rates of these modes can be calculated as follows.

The free energy density of a nematic liquid crystal in an external magnetic field
that includes the lowest order of coupling between the director and magnetization
can be written using equation (1) from the main text, which we reproduce here28,29:

f ~fnemz
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Let Q be the angle between the unperturbed nematic director n0 and n, and y the
angle between n0 and M. We take the magnetic field to be along n0 and neglect the
last term in f. Then:
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due to magnetic dipolar interactions. The

coefficient A is spin-wave stiffness and can be estimated31 to be of the order of
A < 10214 N, which is much smaller than the typical value of K < 10212 N, and is
neglected. The addition of this term would renormalize elastic constant K in the
expressions for relaxation rates. Expansion to harmonic terms for small fluctua-
tions in Q and y and taking fluctuations with a given wavenumber q leads to two
coupled modes with relaxation rates:

1
t
~

1
2g

Kq2z2cm0M2zm0HM+
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kq2{m0HMð Þ2z4c2m2

0M4

q� �
ð3Þ

Here g is an effective viscosity. Expansion to linear terms in H gives for the slower
mode:

1
t
~

1
2g

Kq2z2cm0M2{

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2q4z4c2m2

0M4
q�

zm0HM 1z
Kq2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

K2q4z4c2m2
0M4

p
 !# ð4Þ

Comparing the term independent of H and the coefficient of H with experiment,
and using the known value of K 5 3.5 3 10212 N, we get an estimate for c.

The threshold field Bc for the beginning of the reversal of Ms is obtained from
the relaxation rate of the fundamental director mode (with q 5p/d, where d is the
sample thickness), which at threshold goes to 0 and leads to:

Bc~m0Hc~{
cm0M2

s Kp2

Kp2zcm0M2
s d2

ð5Þ

31. Liechtenstein, A. I., Katsnelson, M. I. & Gubanov, V. A. Exchange interactions
and spin-wave stiffness in ferromagnetic metals. J. Phys. F 14, L125–L128
(1984).
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Extended Data Figure 1 | Images of polydomain samples with different
concentrations of magnetic nanoplatelets in an external magnetic field.
The director lies in the plane of the sample either parallel or perpendicular to

the external magnetic field, B. P and A show directions of polarizer and
analyser, respectively. The scale bar in the first image is 40mm.
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Extended Data Figure 2 | Images of monodomain samples with different
concentrations of magnetic nanoplatelets in an external magnetic field.

The director lies in the plane of the sample either parallel or perpendicular to
the external magnetic field. The scale bar in the first image is 40mm.
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Extended Data Figure 3 | Sequence of images showing domain growth.
The external magnetic field is slowly increased in a sample that was quenched in
the absence of an external magnetic field. The direction of the external field
is perpendicular to n. If the field is switched off, the initial dark field is obtained.

However, if the field is switched on immediately or within a few hours, the
formed domains are still visible. The concentration of the platelets in 5CB
was 0.16 wt%. The scale bar in the first image is 40mm.
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Extended Data Figure 4 | Sequence of images showing transition from a
polydomain to a monodomain sample. The external field is parallel to n.

The white lines are the edges of domain walls. The concentration of the platelets
in 5CB was 0.3 wt%. The scale bar in the first image is 40mm.
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Extended Data Figure 5 | Sequence of images showing the complete
switching of a monodomain sample. The field is applied parallel to n and in
reverse direction to the field that was used during the quench to nematic phase

and then switched off. Travelling white lines are the surface domain walls,
where the director rotates by p. The concentration of the platelets in 5CB was
0.16 wt%. The scale bar in the first image is 40mm.
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