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Abstract In this study, observations of structural transitions in ferronematics based
on the thermotropic nematic 4-trans-4′-n-hexyl-cyclohexyl-isothiocyanato-benzene
(6CHBT) are described. Droplets of the nematic phase in the isotropic phase were
observed in solutions of nematogenic 6CHBT dissolved in phenyl isocyanate and
6CHBT dissolved in phenyl isocyanate and doped with magnetic particles of differ-
ent shapes (nanorods and chain-like particles). Magneto-dielectric measurements of
structural transitions in these new systems enable to estimate of the type of anchoring
of the nematic molecules on the magnetic particles surface.
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1 Introduction

Liquid crystals possess the anisotropy of the physical properties that allow changes
of the orientation of the liquid crystal optical axis (named director n) under the influ-
ence of external electric or magnetic fields. In restricted geometry this effect is called
the Fréedericksz transition. The classical Fréedericksz transition has been well stud-
ied experimentally and theoretically [1]. However, due to the small anisotropy of the
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liquid crystal diamagnetic susceptibility, the threshold magnetic field is large. In an
effort to enhance the magnetic susceptibility of liquid crystals, the idea of doping them
with fine magnetic particles was theoretically introduced by Brochard and de Gennes
[2]. These dilute suspensions of magnetic particles based on nematic liquid crystals
are called ferronematics. They have been intensively investigated in recent years both
experimentally and theoretically [3–16]. The influence of the magnetic field on ferro-
nematics depends on the coupling energy and mutual orientation of magnetic particles
and liquid crystal molecules. The Brochard and de Gennes [2] theory predicted a
rigid anchoring with m ‖ n, where the unit vector n (director) denotes the preferential
direction of the nematic molecules and the unit vector m denotes orientation of the
magnetic moment of the magnetic particles. Later experiments with thermotropic fer-
ronematics excluded the presence of parallel orientation of m and n. So, Burylov and
Raikher’s theory was constructed [3–5]. This theory considers the finite value of the
surface density of the anchoring energy W at the nematic–magnetic particle boundary.
The finite value of W , as well as the parameter ω that is defined as a ratio of anchoring
energy to elastic energy of a liquid crystal (ω = W d/K , where d is the size of the
magnetic particles and K is the orientational-elastic Frank modulus), characterize the
type of anchoring of nematic molecules on a magnetic particle surface. The parameter
ω � 1 characterizes rigid anchoring. Soft anchoring is characterized by the param-
eter ω ≤ 1, and unlike rigid anchoring, permits both types of boundary conditions
(m ‖ n and m ⊥ n). Thus, the Burylov and Raikher theory could be applied for ther-
motropic ferronematics. In its framework the instabilities of the uniform texture in
ferronematics exposed to an external magnetic or electric field (Freedericksz transi-
tions) [3–5] could be studied, and the expressions for their critical fields in different
geometries have been derived.

In the study of Kedziora et al. [17], the coexistence of nematic and isotropic phases
was observed in the 6CHBT liquid crystal dissolved in a nonpolar medium (benzene)
in the vicinity of the temperature of the isotropic-to-nematic transition. Due to the
existence of a short-range orientational order of the mesogenic molecules 4-(trans-
4′-n-hexylcyclohexyl)-isothiocyanatobenzene (6CHBT), the pseudonematic domains
(droplets of 500 nm to 1000 nm in size depending on the temperature) were formed in
the isotropic phase. The size of these droplets increased as the temperature of the liquid
decreased. The phase diagram of the mixture of 6CHBT and benzene was determined
with a polarizing microscope. These results have inspired us to perform similar exper-
iments with the nematogenic liquid crystal 6CHBT dissolved in phenyl isocyanate
(that is more stable than benzene) doped with spherical-shaped magnetic nanoparti-
cles [18]. In this study, structural transitions in the liquid crystal 6CHBT dissolved
in phenyl isocyanate and doped with nanorods or chain-like magnetic nanoparticles
were investigated.

2 Experiment

Magnetic nanorods were synthesized through hydrolysis of FeCl3 and FeSO4 solu-
tions (molar ratio Fe3+/Fe2+ was 2:1) containing urea. The morphology and size
distribution (Fig. 1) of the prepared nanorods were measured by transmission electron
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Fig. 1 TEM image (left) and histogram (right) of rod-like particles

Fig. 2 TEM image of magnetotactic bacteria with magnetosomes (left) and histogram of magnetosomes
obtained from magnetotactic bacteria (right)

microscopy (TEM). The average diameter of the nanorods was 20 nm, and the mean
length determined from a histogram of size distribution was 400 nm.

The chain-like particles have been obtained from the magnetotactic bacteria mag-
netotacticum magnetospirillum (AMB-1) [19]. The morphology and size distribution
of the obtained magnetosomes were measured by TEM. Figure 2 shows a TEM image
of magnetotactic bacteria with magnetosomes and a size distribution of magneto-
somes. The mean size of a single magnetic particle coated with surfactant, i.e., of the
magnetosome was 36 nm, and the mean length of the chain as a whole was 400 nm. The
magnetic properties of nanorods and magnetosomes were investigated by a SQUID
magnetometer (Quantum Design MPMS 5XL).

The studied ferronematic samples were based on the thermotropic nematic 6CHBT.
The 6CHBT is a low-melting enantiotropic liquid crystal with high chemical stability
[20]. The temperature of the nematic-to-isotropic transition (clearing point) of the
studied nematic is TN−I = 42.8 ◦C. The critical magnetic field of pure 6CHBT is
2.63 T. The doping was done by adding nanoparticles, under continuous stirring, to
the liquid crystal in the isotropic phase. The volume concentration of the magnetic
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Fig. 3 Cross section of the cell in the initial state, after heating to the temperature T > TN−I and after
cooling to the temperature T < TN−I in a magnetic field higher than the critical magnetic field. The
magnetic field was applied perpendicular to the electrode surfaces

particles was 5 × 10−4. The homogeneity and stability of the samples were verified
by optical microscopy and by dielectric measurements indirectly [14]. The formation
of droplets of the nematic phase in the isotropic phase was achieved near the isotro-
pic–nematic transition temperature, in the 6CHBT dissolved in phenyl isocyanate and
in the 6CHBT dissolved in phenyl isocyanate and doped with nanorods and chain-
like magnetic particles, respectively. The structural transitions in the prepared sam-
ples were indicated by capacitance measurements in a capacitor made of ITO-coated
glass electrodes (LINCAM Co.). The capacitor with the electrode area approximately
1 cm×1 cm was connected to a regulated thermostat system; the temperature was
stabilized with an accuracy of 0.05 ◦C. The distance between the electrodes (sample
thickness) was D = 5 µm. The capacitance was measured at the frequency 1 kHz by
a high-precision capacitance bridge Andeen Hagerling.

In the experiment, the liquid crystal had an initial planar alignment; i.e., the director
was parallel to the capacitor electrodes (see Fig. 3). It should be pointed out for the next
consideration that a minimal value of capacitance is observed for planar alignment
while a maximal value for homeotropic alignment, i.e., when the director n is perpen-
dicular to the capacitor electrodes. Then the samples were heated to the isotropic phase
(approximately 35 ◦C). An external magnetic field was applied perpendicular to the
electrode surfaces when samples were in the isotropic phase. Then the samples were
cooled at a rate of 2 ◦C · min−1 in the external magnetic field. The dependence of the
measured capacitance on the external field reflects the re-orientation of the nematic
molecules. The stability of the samples in the strong magnetic fields was verified by
repeating the capacitance measurements after 5 months on the same samples, with
reproducible results.

3 Results

Nematic droplets of 6CHBT in the isotropic phase were created in the 6CHBT
liquid crystal dissolved in phenyl isocyanate and in the 6CHBT liquid crystal dis-
solved in phenyl isocyanate and mixed with a small volume concentration of mag-
netic particles φ = 5 × 10−4, near the isotropic-to-nematic transition temperature.
The magnetic particles used for doping were of two different shapes: nanorods and
chain-like. Figure 4 shows droplets of the nematic phase of 6CHBT in the isotro-
pic phase, created in the 6CHBT dissolved in phenyl isocyanate, observed under a
polarizing microscope. The sample was deposited between two glass slides heated
above the nematic-to-isotropic transition point and then slowly cooled. When the
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Fig. 4 Formation of the nematic droplets in the isotropic phase in 6CHBT mixed with phenyl isocyanate
(molar fraction X = 0.906) at temperatures 24 ◦C, 23 ◦C, and 22 ◦C (from left to right)

temperature is decreased, micro-droplets occur, and as the temperature decreases, the
size of droplets increases until the whole sample becomes nematic. A similar behavior
was observed also in the case of samples doped with either nanorods or chain-like
magnetic particles.

In our previous study [14], from measurements of the 6CHBT-based ferronematics,
we have obtained the parameter ω = 10−2, which characterizes soft anchoring, and
the boundary condition between m and n was found to be parallel. These results are in
good agreement with Burylov and Raikher’s theory [3–5]. However, our experiments
on the droplets indicated that the orientation of the nematic molecules in the droplets
could be more complicated than in the case of the pure nematic [18]. The uniform
alignment of a liquid crystal matrix is distorted by the inclusion of particles due to
the local constrains imposed by the anchoring of the liquid crystal molecules at the
surfaces of the magnetic nanoparticles. These constrains can impose conflicting ori-
entations to the liquid crystal, which results in the formation of local defects. These
defects depend on the shape and size of the particles and lead to a different behavior
of ferronematic samples [21].

Figures 5, 6, and 7 show the temperature dependencies of the capacitance in pure
6CHBT dissolved in phenyl isocyanate (molar fraction of liquid crystal was X =
0.906), and in the 6CHBT liquid crystal dissolved in phenyl isocyanate doped with
magnetic nanorods and chain-like magnetic particles, respectively. The temperature
dependencies of the capacitances were measured first without a magnetic field (B =
0 T) and then after application of magnetic fields of 1 T, 2 T, 3 T, 4 T, 6 T, 8 T, and
12 T. The samples were first heated to the isotropic phase, then a magnetic field was
applied, and samples were slowly cooled to the nematic phase.

As seen from Figs. 5, 6, and 7 for the magnetic fields 1 T, 2 T, and 3 T, as the
temperature reaches a value at which the droplets of the nematic phase in the isotropic
phase occur, the capacitance of all samples decreases with decreasing temperature,
i.e., the applied magnetic field is not strong enough to turn the molecules in droplets
to its direction. For B > 4 T, the applied magnetic field is strong enough to rotate the
director to its direction, i.e., the liquid crystal molecules are oriented perpendicular
to the electrodes (the capacitance increases with decreasing T ). However, for pure
6CHBT at B = 2 T the capacitance does not reach the minimal value (the value of the
capacitance at B = 0) also at T = 14 ◦C. In the case of samples doped with magnetic
nanoparticles, the same behavior is observed at a magnetic field B = 3 T. In the case
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Fig. 5 Temperature dependences of the capacitance of 6CHBT dissolved in phenyl isocyanate

Fig. 6 Temperature dependences of the capacitance of 6CHBT dissolved in phenyl isocyanate doped with
magnetic nanorods

of doping with spherical magnetic particles, a decrease of the critical magnetic field
due to doping was observed [18]. We assumed a similar effect would be observed due
to doping with magnetic nanorods as well as with chain-like magnetic particles. How-
ever, as one can see from Figs. 6 and 7, in the case of doping with magnetic nanorods
and chain-like magnetic particles, more complicated behavior is observed. While in
the case of a sample without doping at a magnetic field of 2 T, the competition between
planar and homeotropic orientation is observed; for the doped samples, a magnetic
field of 2 T has no influence on the orientation of the nematic molecules.
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Fig. 7 Temperature dependences of the capacitance for 6CHBT dissolved in phenyl isocyanate doped with
chain-like magnetic particles

In our previous study [18], an increase of the temperature of the isotropic-to-nematic
phase transition via a droplet state due to doping the 6CHBT liquid crystal with spher-
ical magnetic particles was observed. A similar behavior was observed also in the
samples doped with magnetic nanorods as well as with chain-like magnetic particles.
The increase in the temperature of the isotropic-to-nematic phase transition via a drop-
let state is shown in Fig. 8 and is summarized in Table 1. Moreover, the increase of
the capacitance of the sample doped with nanorods is very sharp.

The obtained results suggest the following possible explanation. In the case of dop-
ing with spherical particles, we assumed that the interaction between the magnetic
particles and the liquid crystal molecules favors a parallel initial orientation of the
magnetic moments of the magnetic particles and the director around them [18]. A
similar situation is also seen in the case of doping with the nanorods and the chain-like
particles. The mean size of the spherical particles was 10 nm, while the mean size of
the nanorods and chains of magnetosomes was 400 nm. As was shown in previous
studies [9,16,21], the particle size and functionalization of the particles play an impor-
tant role in the coupling between the magnetic moment of the magnetic particles and
the director of the liquid crystal. The obtained results indicate that orientation of the
magnetic moment and the director in both the cases (nanorods and chain-like particles)
is parallel. In the nematic phase, the preferred orientation of molecules is parallel to
the surface of the electrodes due to the surface treatment. We suppose the orientation
of the magnetic moment of the magnetic particles and the director is parallel, and so
the magnetic moment of the magnetic particles is oriented parallel to the surface of
the electrodes as shown in Fig. 9. As the sample is heated to a temperature higher than
TN−I , the sample is in the isotropic phase and the molecules as well as the magnetic
moments are disordered. The applied magnetic field stabilizes the orientation of the
magnetic particles. For magnetic fields lower than the critical, as the temperature is
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Fig. 8 Temperature dependences of the capacitance of 6CHBT dissolved in phenyl isocyanate without mag-
netic particles and doped with magnetic nanorods and chain-like magnetic particles at an applied magnetic
field of 12 T

Table 1 Temperatures of the isotropic-to-nematic phase transition for 6CHBT dissolved in phenyl
isocyanate without magnetic particles and doped with magnetic nanorods and chain-like magnetic particles

Sample Temperature (◦C)

6CHBT 24.55

6CHBT with nanorods 26.05

6CHBT with magnetosomes 26.80

decreasing, droplets of the nematic phase in the isotropic phase occur. The orientation
of the director inside the droplets is random at close to TN−I ; in the two-phase region,
the nematic droplets are surrounded by the isotropic phase, so the influence of the sur-
faces are negligible. As the temperature decreases and the droplets grow and develop
contact with the electrodes, the interaction with the aligning surfaces becomes more
effective and finally the director turns back towards the direction parallel to the elec-
trodes, i.e., the capacitance decreases with decreasing temperature. For magnetic fields
higher than the critical magnetic field, the director inside the droplets is oriented to the
direction of the applied magnetic field, i.e., the capacitance increases with decreasing
temperature. Moreover, the magnetic nanoparticles play the role of the walls (the size
of magnetic nanoparticles is several orders bigger than the size of liquid crystal mol-
ecules) that tend to align the molecules of the liquid crystal. Thus, a nematic order is
induced by the presence of the magnetic nanoparticles already above TN−I , i.e., the
isotropic–nematic phase transition is apparently shifted to higher temperatures.

The competition between the influences of the electrode surfaces and the exter-
nal electric field results in another interesting phenomenon near TN−I as depicted
in Figs. 10, 11, and 12. As one can see from these figures, the competition is more
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Fig. 9 Orientation of the ferronematic in the cell in the initial state, after heating to the temperature
T > TN−I and after cooling to the temperature T < TN−I in a magnetic field higher than the critical
magnetic field

Fig. 10 Temperature dependences of the capacitance of 6CHBT dissolved in phenyl isocyanate at magnetic
fields of 2 T, 3 T, and 4 T

significant in the case of the sample without magnetic particles. In the nematic phase,
the director is preferably oriented parallel to the surface of the electrodes due to the
surface treatment. However, close to TN−I in the two-phase region, the nematic drop-
lets are surrounded by the isotropic phase, so the influence of surfaces are negligible.
As a consequence, the magnetic field can turn the director, inside of the created nema-
tic droplets to its direction. As the temperature decreases and the droplets grow and
develop contact with the electrodes, the interaction with the aligning surfaces becomes
more effective and finally the director turns back towards the direction parallel to the
electrodes (see the change in the slope in Figs.10, 11, 12). A similar situation is also
observed in samples doped with the magnetic particles. Microscopic observation under
a magnetic field would be required to justify this assumption.

4 Conclusion

Embedding magnetic particles in a nematic liquid crystal causes an effective orien-
tational coupling between the magnetic moment of the magnetic particles and the
director of the nematic. This coupling may come from the anisotropy of anchoring
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Fig. 11 Temperature dependences of the capacitance for 6CHBT dissolved in phenyl isocyanate doped
with magnetic nanorods at magnetic fields of 2 T, 3 T, and 4 T

Fig. 12 Temperature dependences of the capacitance for 6CHBT dissolved in phenyl isocyanate doped
with chain-like magnetic particles at magnetic fields of 2 T, 3 T, and 4 T

of the nematic molecules on the particle surface. The obtained results suggest that
in the case of ferronematics based on the 6CHBT liquid crystal dissolved in phenyl
isocyanate and doped with magnetic nanorods and chain-like magnetic particles, the
anchoring of the liquid crystal molecules on the surface of magnetic particles is soft
and their orientation is parallel to the magnetic moment. Moreover, the tempera-
ture of the phase transition increases due to doping with magnetic particles due to a
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field-induced nematic order. Future studies will focus on the phase transitions in com-
bined electric and magnetic fields.
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13. P. Kopčanský, I. Potočová, M. Koneracká, M. Timko, A.G.M. Jansen, J. Jadzyn, G. Czechovski,

J. Magn. Magn. Mater. 289, 101 (2005)
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