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The successful development of ferromagnetic nematic liquid crystals (FNLCs) has opened up a new
direction for research in liquid crystals, which has the potential for technological applications. Previous
research has predominantly focused on FNLCs based on positive dielectric anisotropy liquid crystals.
In this paper, we report the preparation and comprehensive characterization of an FNLC with low bire-
fringence and negative dielectric anisotropy. The suspension was prepared by dispersing and stabilizing
barium hexaferrite nanoplatelets in the nematic liquid crystal. The suspension exhibits superior magneto-
capacitance and magnetoviscous effects compared with conventional isotropic ferrofluids. We show that
electric and magnetic fields applied simultaneously perpendicular to the director have competing effects
on the director’s alignment and the nanoplatelets’ magnetic moments. This ferromagnetic nematic suspen-
sion broadens the scope of fundamental studies and has the potential for applications in magnetoelectric

and magneto-optic sensors.

DOI: 10.1103/PhysRevApplied.23.054040

I. INTRODUCTION

Liquid crystals (LCs) are partially ordered fluids made
of shape-anisotropic organic molecules [1]. The molecules
have a rigid core connected to flexible alkyl chains [2].
The core part of the molecules is made mainly of ben-
zene rings; hence, liquid crystals are diamagnetic materials
[1,3]. Since the diamagnetic susceptibility is very small
(Ax =~ 1079), a strong magnetic field (approximately 1 T)
is required to reorient the director (the average direction
of molecular alignment) along the magnetic field, which
is crucial for applications. Such a high magnetic field is
difficult to achieve for device applications, and this pre-
vents the liquid crystals from being used in magneto-optic
devices.

The discovery of ferromagnetic suspension by dispers-
ing monodomain ferromagnetic nanoplatelets in ordinary
diamagnetic liquid crystals has not only expanded the
scope of liquid crystals for fundamental studies but also
opened possibilities for new applications [4—12]. The
direction of the magnetic moment of the nanoplatelets
is perpendicular to their plane. The LC molecules are
anchored orthogonal to the nanoplatelets due to the sur-
factant molecules. This results in an effective coupling
between the nematic director and the magnetic moment
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of the platelets, causing them to preferentially align in
the same direction, as shown in Fig. 1(b) [4,13]. A
small concentration of ferromagnetic particles does not
appreciably affect the long-range orientational order of
the molecules, but the suspensions become ferromag-
netic, showing a giant response at small magnetic fields
(< 10mT). Hence, ferromagnetic nematic suspensions
have drawn attention for possible device applications
[14-17]. So far, cyanobiphenyl-based compounds such
as 5CB (4-Cyano-4'-pentylbiphenyl), 8CB (4'-Octyl-4-
biphenylcarbonitrile), and E7 (nematic mixture) with lon-
gitudinal -CN groups have been used for preparing such
ferromagnetic suspensions [18]. These materials have a
large positive dielectric anisotropy and moderate birefrin-
gence. In the previously mentioned suspensions, both the
magnetic and electric fields have a synergistic aligning
effect when simultaneously applied perpendicular to the
director, i.e., the electric and magnetic fields both tend to
align the director in the field direction.

To enhance the scope of fundamental studies and pos-
sible applications, suspensions with negative dielectric
anisotropy are desirable. In such suspensions, the simul-
taneous electric field and magnetic field will have an
antagonistic aligning effect, i.e., the director would tend
to reorient parallel to the magnetic field or perpendicular
to the electric field depending on the competing effects
of the magnetic and electric torques. Here, we report
the preparation of a ferromagnetic nematic suspension by

© 2025 American Physical Society
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(a) Molecular structure of CCN-mn (cyanobicyclohexane liquid crystals) compounds. (b) Schematic diagram showing the

orientation of the magnetic moments of the nanoplatelets and the director in a uniform nematic liquid crystal. (c) Magnetization versus
magnetic field of the suspension (1.2 wt % barium hexaferrite in CCN mixture). (d) Polarizing optical microscope (POM) image under
crossed polarizers and at zero magnetic field. (e),(f) POM images with an 80-mT magnetic field applied parallel to the director but
in opposite directions. (g)—i) Corresponding images with the retardation plate (A plate, 530 nm). The director in the bright domains
is twisted throughout the cell gap. Cell gap = 9.8 pum. Scale bar = 100 wm. Temperature 7' = 26 °C. Double-headed blue arrows
indicate the rubbing direction. 4 and P represents analyzer and polarizer, respectively.

dispersing barium hexaferrite (BaHF) nanoplatelets in a
bicyclohexene liquid crystal with a transverse -CN group
that exhibits a large negative dielectric anisotropy and
small birefringence. We study the effect of magnetic field
on the alignment, dielectric permittivity, birefringence, and
shear viscosity. We show that the prepared ferromagnetic
nematic displays profound magnetocapacitance and mag-
netoviscosity effects. Further, large simultaneous magnetic
and electric fields decouple and reorient the nanomagnets
orthogonal to the director.

II. EXPERIMENT

A. Preparation of ferromagnetic nematic suspension

We synthesized scandium-substituted BaHF nano-
platelets with nominal composition BaFe;; 5S¢y 5019 using
a hydrothermal method [4,19,20]. The nanoplatelets have

a thickness of approximately 5 nm, and the diameter
distribution is approximately log-normal, with a mean
of 60 nm and a standard deviation of 20 nm. The
nanoplatelets were functionalized with dodecylbenzene-
sulphonic acid (DBSA) in 1-butanol. The direction of
the magnetic moment is perpendicular to the plane of
the nanoplatelets. The DBSA functionalization favors the
perpendicular orientation (homeotropic) of the nematic
director at the nanoplatelet’s surface. Hence, the mag-
netic moment (77 ) is parallel to the director 7 [Fig. 1(b)]
[4]. The chemical structure of the LCs, trans, trans-4,4 -
dialkyl-(1a, I’a-bicyclohexyl)-4 8-carbonitrile (CCN), is
shown in Fig. 1(a). The molecules of CCN-47 have a
transverse dipole moment of 3.14 D, and in the nematic
phase (7 = 30°) it exhibits low birefringence (An =
0.033) and large negative dielectric anisotropy (Ae =
—5.7) [21-25]. The compounds show the following phase
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transitions: CCN-47, Crystal 25.6 °C Smectic-A 28.2°C
Nematic 57.3°C Isotropic; and CCN-55, Crystal 25°C
Smectic-B 30°C Nematic 66.4°C Isotropic [25]. These
compounds were mixed in 1 : 1 ratio. The resulting mix-
ture shows the isotropic-nematic transition at 7y = 62 °C
and exhibits the nematic phase till room temperature [26].
The ferromagnetic nematic suspensions were prepared by
adding BaHF dispersion to the LC mixture above the
isotropic temperature. The concentration (wt %) of BaHF
nanoplatelets in LC was fixed at 1.2 wt % in all the experi-
ments. The suspension was placed in a furnace at 90 °C for
16 h to evaporate the 1-butanol solvent. After the evapora-
tion of the solvent, the remaining suspension was quenched
from the isotropic phase to the nematic phase. The suspen-
sion was then centrifuged at 10 relative centrifugal force
for 2030 min to remove the aggregated nanoplatelets and
used for the experiments.

B. Experimental methods

The suspensions were studied in cells made of indium
tin oxide (ITO)-coated glass plates. To obtain planar cells,
the ITO plates were spin-coated with polyimide (AL-
1254) and cured at 180°C for 1 h. The cured ITO plates
were machine-rubbed unidirectionally and assembled in an
antiparallel way. The cell thickness (7—11 wm) was mea-
sured using a fiber spectrometer (Ocean Optic, HR-4000).
The ferromagnetic nematic samples were filled into the
cell in the nematic phase. The alignment of the sample
was observed using a polarizing optical microscope (POM)
(Nikon, LV100 POL). The birefringence measurements
were carried out with the POM using a Berek compensator
(U-CTB, Olympus). To observe the effect of an in-plane
magnetic field on the texture and to measure the transmis-
sion, a lab-made setup was used [Fig. 3(h)]. In this setup,
two disc-shaped rare earth strong magnets of strength 0.3
T (neodymium iron boron, Nd-Fe-B) of thickness 5 mm
and diameter 20 mm were placed diametrically opposite in
a circular track of diameter 40 mm. These magnets were
axially magnetized, i.e., one circular flat face was a north
pole, the other circular flat face was a south pole. The mag-
nets were rotated simultaneously in the track to rotate the
magnetic field direction. The magnetic field at the centre
was calibrated using a Gauss meter.

Magnetization measurements were carried out using
a physical property measurement system (Dynacool™
PPMS) over a range of magnetic fields from —30 to 30
mT. The magnetoviscosity measurements were made using
a rheometer (Anton Paar MCR-501) with a magnetorheo-
logical cell. The cell was composed of two parallel plates
with a diameter of 20 mm, and the gap between the plates
was fixed at 0.2 mm. The bottom plate was fixed, and
the top plate was sheared at different shear rates. The
sample temperature was maintained using a Peltier tem-
perature controller attached to the bottom plate. The coil

that generates the magnetic field was attached below the
bottom plate of the rheometer. A magnetic cover was
used to prevent a temperature gradient and magnetic field
fluctuations in the system. Before the measurement, the
sample was presheared at a fixed shear rate 100 s~! for
5 min to remove heterogeneity in the deformation in the
quiescent state. The shear viscosity was measured as a
function of the magnetic field at a fixed shear rate of 20 s ™!
Magnetodielectric measurements were made using an LCR
meter (Agilent E4980A) by placing the cell between the
two plates of the rheometer and varying the magnetic field.
In this experiment, only the magnetic field was varied
without any shear.

I11. RESULTS AND DISCUSSIONS

To begin with, we put the ferromagnetic nematic suspen-
sion in a thin capillary tube provided by Quantum Design
for magnetic measurements of liquid samples and mea-
sured the hysteresis curve [Fig. 1(c)]. The paramagnetic
contributions due to the sample container and the liquid
crystal were subtracted from the raw data before plotting.
The coercivity was about 2.9 mT, and the approximate sat-
uration magnetization was about 11 Am~'. The suspension
was put into a planar cell without an external magnetic
field for microscopic observations. The POM image of the
sample in the absence of any magnetic field is shown in
Fig. 1(d). The dark texture and the corresponding image
taken with a A plate [Fig. 1(g)] show that the director
n is aligned homogeneously along the rubbing direction.
When the magnetic field of 80 mT was applied along the
director, two types of domains were observed [Figs. 1(e)
and 1(f)]. When the field was applied parallel to the rub-
bing direction (right to left), some green domains separated
by domain walls with dark surroundings were observed.
When the direction of the magnetic field was reversed (left
to right), the green domains became dark, and the dark sur-
roundings became green. Corresponding A-plate images of
the domains are shown in Figs. 1(h) and 1(i). These sug-
gest two magnetic domains are present in the sample. The

magnetization M in the black regions is parallel to the

magnetic field E’), and in the green domains, M is twisted
throughout the thickness with respect to the rubbing direc-
tion. When the magnetic field direction is reversed, an
opposite effect is observed, i.e., the magnetization of the
domain switches and, consequently, the domains change
color. A schematic diagram of the director in two neighbor-
ing domains under zero magnetic field and their responses
under the opposite horizontal magnetic field is shown in
Fig. 2(a). It may be mentioned that the domains disappear
and the texture becomes uniform when the magnetic field
is removed and it reappears at the same locations when the
magnetic field is switched on.

To see the effect of the out-of-plane magnetic field, a
disc-shaped permanent magnet was placed almost above
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FIG. 2. Schematic diagram of the director in a planar sample
with (a) horizontal and (b) vertical magnetic field. Red arrows
indicate magnetic dipoles.

the sample near the microscope objective, as shown in
Fig. 3(a). In this case, the direction of the magnetic
field was nearly perpendicular (approximately 80°). Again,
two types of domains separated by domain walls were
observed [Fig. 3(b)] and the domain colour did not change

when the direction of B was reversed [Fig. 3(c)]. How-
ever, corresponding A-plate images show that the domains
switched color due to the opposite twist in the two domains
[Figs. 3(d) and 3(e)]. Figure 2(b) shows a schematic dia-
gram of the director in neighboring domains under zero
magnetic field and their responses under opposite verti-
cal magnetic fields. We can obtain a magnetically mon-
odomain sample with uniform magnetization by applying
a magnetic field parallel to the rubbing direction during
the cell filling. In this case, the magnetic moments of all
the platelets orient in the direction of the magnetic field.
Figure 3(f) shows the POM images of a monodomain sam-
ple without the magnetic field (rubbing direction oriented
at 45°). When the disc magnet was placed above the cell,
the magnetic field reoriented the magnetization; hence,
the director reoriented towards the magnetic field, and the
texture appeared uniformly dark [Fig. 3(g)].

We carried out magneto-optical measurements on a
monodomain sample. A planar cell was placed under

a polarizing optical microscope, keeping the rubbing
direction fixed along the x axis. The transmitted light inten-
sity was measured with the help of a photodiode by rotating
the magnetic field 360° stepwise around the cell, as shown
schematically in Fig. 3(h). Figure 3(j) shows the polar
plot of normalized transmittance at different angles of the
magnetic field. It shows two lobes indicating two extinc-
tion directions (0° and 180°). Figure 3(i) shows the polar
plot of the normalized transmittance without any mag-
netic field when the microscope stage was rotated by 360°.
It has four lobes indicating four extinction directions as
expected. This means the director reorients twice when the
magnetic field rotates by 360° around the cell. The direc-
tor’s reorientation leads to a moving domain wall, directly
observed by the POM. It may be mentioned that the direc-
tor at the surface remains fixed, while in the bulk, it twists
from 0° to an angle that is somewhat lower than 180°, and
returns to 0° through a domain reversal. A similar response
was reported in ferromagnetic suspensions of 5CB liquid
crystal [4].

In what follows, we study the magnetodielectric, bire-
fringence, and magnetoviscosity of the ferromagnetic
nematic suspension. Figure 4(a) shows a planar cell’s
magnetic-field-dependent dielectric constant (¢') when the
magnetic field is increased perpendicular to the plane of
the cell. At zero magnetic field the effective dielectric
constant ¢'(B = 0) ~ ¢/, = 10.3. It decreases rapidly with
increasing field and the director finally becomes parallel
to the field above 190 mT, where we can consider &' (B =
190 mT) ~ & = 5.9. Here, the subscript is in reference to
the director n. From the magnetic-field-dependent dielec-
tric constant, we calculated magnetocapacitance (Cpag)
using the equation [27,28]

_ e(B) —£(0)

Cve = 100, 1
e £0) )

where &(B) and ¢(0) are the dielectric constants with
and without the magnetic field, respectively. The inset
of Fig. 4(a) shows a large negative magnetocapacitance
(Cmag = 42%) at a small magnetic field. This is much
larger than many solid-state composites [28—31]. Hence,
these suspensions are promising for magnetoelectric sen-
SOrs.

Using the Berek compensator, we measured the
magnetic-field-dependent birefringence of a planar cell
with a magnetically monodomain sample. A lab-made
solenoid of radius 25 mm and height 20 mm was placed on
the stage of the polarizing optical microscope, as shown
in Fig. 4(b). It produces a maximum vertical magnetic
field of 20 mT. The cell was placed in the middle of the
solenoid. Figure 4(c) shows the variation of birefringence
as a function of the applied magnetic field. The birefrin-
gence An = 0.035 at zero magnetic field further decreased
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(a) Schematic arrangement for applying a nearly vertical magnetic field to the cell. A disc-shaped permanent magnet is

placed above the cell (near the microscope objective) that produces an 80-mT magnetic field 10° away from the vertical direction.
POM images of a polydomain sample (b) when the disc-shaped magnet is placed above the cell and (c) when the magnet is reversed
to reverse the magnetic field direction. (d),(e) Corresponding images taken with the X plate. (f) POM images of a monodomain sample
with the director oriented at 45° without any magnetic field. (g) POM image of the monodomain sample with the disc-shaped magnet at
the top. (h) Schematic arrangement for applying a rotating magnetic field (20 mT) by moving two diametrically opposite disc-shaped
magnets. (i) Normalized transmittance of a monodomain sample when the POM microscope stage with the cell is rotated in the absence
of a magnetic field. (j) Normalized transmittance when the magnets are rotated, keeping the cell fixed at the centre and the rubbing
direction along the x axis. Cell gap 10 pm. Scale bar = 100 wm. Double-headed orange arrows indicate the rubbing direction.

to 0.018 when the field was increased to 20 mT. This mea-
surement was made up to 20 mT due to the limitation of
the maximum magnetic field achievable with the present
solenoid.

Like ordinary isotropic ferrofluids [32—34], the viscos-
ity of the ferromagnetic nematic suspensions is influenced
by the external magnetic field [13,14,17]. However, due to
the inherent anisotropy of the ferromagnetic nematic sus-
pension, the effective viscosity depends on the direction of
the magnetic field with respect to the flow direction. We
measured the shear viscosity of the ferromagnetic suspen-
sion using a magnetorheology setup [14]. The magnetic
field was applied perpendicular to the plates. Figure 4(d)
shows the effective viscosity n.g of the suspension with
increasing and decreasing magnetic field at a fixed shear
rate y = 20 s~!. The value of n.g at zero magnetic fields
is 144 mPas, which can be considered as the Miesowicz
viscosity 1,, assuming the director is aligned parallel to

the shear flow [14]. With increasing magnetic field, neg
increases rapidly and tends to saturate at 345 mPas above
190 mT. At this field, the director becomes parallel to the
magnetic field, hence ner = 11, where n; is the Miesowicz
viscosity as the director is perpendicular to the shear flow
direction. When the magnetic field is reduced, the effec-
tive shear viscosity decreases, but the viscosity does not
follow the same path. This is attributed to the fact that
the sample was initially magnetically multidomain when
the forward measurement started, and it transformed into a
monodomain sample at a higher magnetic field. However,
this transformation is incomplete due to the domain wall
pinning and surface imperfections [14].

In general, the magnetic-field-dependent viscosity of
a ferrofluid is a nonlinear function and is expressed as
et = no(1 + KH?), where nj is the effective viscosity at
zero magnetic field and K is the magnetoviscous coeffi-
cient. Although the origin of the magnetoviscous effect
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FIG. 4. (a) Real part of the dielectric constant ¢’ as a function of the magnetic field in a planar cell measured at 4.1 kHz and 0.1 V.

The inset shows the magnetocapacitance (MC) as a function of the magnetic field. (b) The schematic diagram for measuring the
effect of the transverse magnetic field on the birefringence (An). (c) Magnetic-field-dependent birefringence. (d) Effective viscosity
Nefr as a function of the magnetic field at a fixed shear rate y = 20s~!. The inset shows the parallel plates with shear and magnetic
field directions. Plate gap & = 0.2mm. (e) Variation of (1. — 10)/no With H?. Red lines show a linear fit to Eq. (2). Temperature

T=26°C.

in isotropic ferrofluids is quite different from that in fer-
romagnetic nematic suspension, their low magnetic field
responses are very similar, i.e., both vary quadratically
with the magnetic field. Hence, the linear part of the graph
in the low-field region can be expressed as [35]

Neff — 10
1o

= KH>. )

The magnetoviscous coefficient obtained from the fitting
is K = 7.1 x 1071 m?/A? [Fig. 4(e)], which is compara-
ble to many ferrofluids based on a high concentration of
particles dispersed in isotropic suspensions [34,35].
Finally, we study the magnetodielectric response at
different voltages. In this experiment, the real (¢’) and
imaginary (¢”) parts of the dielectric constants were mea-
sured as a function of the magnetic fields in a planar
cell at various voltages using the LCR meter. The mag-
netic field was applied between the two ITO electrodes.
In this experiment, at different fixed voltages, the dielec-
tric constant was measured as a function of the magnetic

field. Figure 5(a) shows that at 1 V, ¢ decreases from
10.3 to 6.2, suggesting the reorientation of the magne-
tization and the coupled director towards the magnetic
field [Fig. 5(d)] compared to the initial state [Fig. 5(c)].
At 2V, ¢ decreases from 10.3 to 8.5, and above 8 V, it
becomes almost constant. The imaginary part of the dielec-
tric constant &” is shown in Fig. 5(b). It shows that up to
4V, ¢” increases with the increasing magnetic field and
then saturates. At 8 V, the response is different: in par-
ticular, &” decreases with respect to the zero-field value.
With an increasing magnetic field, the magnetic torque
increases and tends to reorient the nanomagnets as well as
the director towards the magnetic field. At the same time,
the dielectric torque tends to keep the director perpendic-
ular to the electric field direction. Since the magnetization
and the director are coupled, the magnetic-field-dependent
data up to 4 V demonstrate a competing effect of these
two torques. Above 8 V, the dielectric torque is so large
that the anchoring of the molecules on the nanomagnets
is broken. As a result, only the nanomagnets reorient
towards the magnetic field, as shown in Fig. 5(e). No
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Variation of (a) the real part ¢’ and (b) the imaginary part ¢” of the dielectric constant as a function of the magnetic field

at a fixed frequency (f = 4111 Hz) and various voltages in a planar cell. The magnetic and electric fields were applied in the same
direction, perpendicular to the plane of the cell. Schematic diagram showing the orientation of the nanomagnets and the director of a
monodomain sample: (c) in the absence of any magnetic or electric fields; (d) at 1 V and B > 200 mT; (e) at 8 V and B > 200 mT.

Cell gap 8.5 pm. Temperature 7 = 26 °C.

further significant changes are observed in ¢’ and ¢” above
8 V. At the end, the measurement at 1 V was repeated,
and the data coincide almost with ¢ and &” measured
at 8 V, which suggests that the perpendicular anchor-
ing of molecules to the platelets is broken permanently.
Since ¢” = 0 /ggw, at a fixed frequency, ¢” data reflect the
variation of the conductivity of the sample with the mag-
netic field at different voltages. We believe the decrease
of ¢” at 8 V is a pointer to the permanent breaking of the
liquid crystal-nanoplatelet anchoring.

Here, two comments are made in order. First, we pre-
pared suspensions at a few other concentrations of the
nanoplatelets, but the comprehensive measurements were
made only on 1.2 wt%. Second, the viscosity of the flu-
ids depends on the shear rate. Here, the magnetic field and
the shear flow have opposite aligning effects, i.e., while the
magnetic field tends to reorient the director towards the
magnetic field, the high shear rate tends to align it towards
the shear flow direction. Our measurements were made at
a fixed shear rate of 20 s~! to minimise the effect of strong
shear flow.

IV. CONCLUSION

We prepared a ferromagnetic nematic suspension
employing a low-birefringence and negative dielectric
anisotropy nematic liquid crystal and studied the influence
of the magnetic field on magnetic domains and physical
properties. We found a large negative magnetocapacitance
at a small applied magnetic field. The viscosity increases
by 2.4 times due to the reorientation of the director, and the
magnetoviscosity coefficient is about 7 x 10710 m?/A2,
which is comparable to many isotropic ferrofluids with
much larger particle densities than used in the present
suspensions. This suspension is useful for applications
as a smart fluid, particularly in systems requiring real-
time adaptive control or enhanced fluid behavior under
specific conditions. The simultaneous magnetic field and
electric fields applied perpendicular to the director have
antagonistic aligning effects on the nanomagnets and the
director in the sense that when the magnetic field is try-
ing to realign the director from the homogeneous to the
homeotropic state, the electric field comes into play and
tries to restore the homogeneous state. Above a certain
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voltage, the perpendicular anchoring of the LC molecules
on the nanomagnet is permanently broken, and the mag-
netic moment of the nanoplatelets and the director orient
along mutually orthogonal directions. For device applica-
tions requiring simultaneous electric and magnetic fields,
the electric field strength should be limited such that it
does not decouple the nanoplatelets. This ferromagnetic
nematic suspension is useful for fundamental studies such
as noncontact manipulation of defects [36], ferrohydrody-
namics [37,38], and emerging applications such as mag-
netic field visualization [39], magnetic field tuning of
lasing [15], magnetic switches, etc.
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