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ABSTRACT ARTICLE HISTORY
This work is devoted to the study of composite systems of the liquid Received 28 October 2016
crystal 4-n-hexyl-4-cyanobiphenyl (6CB) doped with differently shaped Accepted 12 January 2017
magnetite nanoparticles. The ferronematic samples were prepared with KEYWORDS

i —10-5 . .
the volgme concentration of ¢ =10 .c.)f sp_herlcal, as we_II as of rod-like Liquid crystals; magnetic
magnetic particles. The structural transitions in ferronematic samples were particles; ferronematics;
observed by capacitance measurements in a capacitor made of indium- magnetic field
tin-oxide-coated glass electrodes in combined electric and magnetic fields.

1. Introduction

The combination of fluidity of ordinary liquids with the direction-dependent electric and optical
properties of crystalline solids make liquid crystals (LCs) attractive for the use in various commercial
exploitations. Anisotropy in mechanical, electrical and magnetic properties permits LCs to be easily
oriented, realigned or deformed by electric or magnetic field, by heating, or by mechanical stresses.
These materials have attracted great attention for many practical applications in LC display industry
[1], in photonics [2] and magneto-optics [3], in nanosensing and biosensing [4]. The search for new
materials with exotic properties and for new technologies continues, in order to comply with the
needs of the above, and other novel applications.

Thermotropic LCs are compounds whose liquid crystalline properties are induced purely by tem-
perature variation. They possess one or more mesophases at temperatures between their melting
point, below which the material is a crystalline solid, and the clearing point, above which the mate-
rial is an isotropic liquid with properties of a conventional liquid phase, characterized by random
and isotropic molecular ordering. Since their discovery, many LC phases have been identified [5].
One of the mesophases is the nematic phase, in which molecules have no positional order but tend
to point in the same direction (along the director 7).

One of the most important discoveries in the control of LCs by electric or magnetic fields was the
threshold behaviour in the reorientational response of LCs. The effect was described by Fréedericksz
and named after him as ‘Fréedericksz transition’ [6]. It laid the foundation for LC applications in
modern technology. The dielectric anisotropy ¢, of LCs is relatively large, and the driving voltage of
the order of a few volts is sufficient to control the orientational response. Although LCs can also be
controlled by a magnetic field, the magnetic sensitivity is rather low (the anisotropy of the
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diamagnetic susceptibility x, is of the order of 1077). It usually requires very high magnetic induc-
tion strength, of the order of tesla, to trigger the reorientation in LCs [5].

Brochard and de Gennes suggested a method, which would increase the magnetic sensitivity of
LCs. In 1970, they presented the first theory for colloids of ferromagnetic nanoparticles in nematic
LCs-ferronematics (FNs) [7]. The most essential feature of FNs is a strong coupling between the
magnetic particles (their magnetic moment 1) and the LC matrix (the director 7). This coupling
ensures that the effect of the magnetic field on the particles will be transferred into the nematic host.
The theory of Brochard and de Gennes [7] predicted a rigid anchoring of LC molecules on the surfa-
ces of magnetic particles with m || 71. Based on the estimations given in [7], first lyotropic [8,9] and
then thermotropic FNs [10] have been prepared and studied.

Later experiments on thermotropic FNs have indicated that besides the predicted m || 7 condi-
tion, the case of m L 7 is also possible. Based on the experiments, Burylov and Raikher modified
the theoretical description of FNs [11-13]. They considered a finite value of the surface density of
the anchoring energy W at the nematic-magnetic particle boundary and defined a parameter w as
the ratio of the anchoring energy to the elastic energy of the LC due to the presence of the particles
(w = Wd/K, where d is the size of the magnetic particles and K is the relevant orientational-elastic
Frank modulus). The parameter w defines the type of anchoring of nematic molecules on the surface
of magnetic particles. For rigid anchoring w > 1, while the soft anchoring is characterized by w<1.
The latter type of anchoring permits both boundary conditions: m | # and m || .

Since then, structural transitions have been investigated in FNs with different combinations of
magnetic nanoparticles (MNPs) and host nematic LCs [14-18]. Optical properties of magnetic fluids
and FNs, such as transmittance, birefringence as well as the figure of merit of optical properties have
also been tuned by the concentration of magnetic particles and that of the LC [19,20]. In addition, a
linear magnetodielectric [21] and magneto-optic [22,23] response has been detected in these systems
at low magnetic fields. It has also been shown that the isotropic-nematic phase transition tempera-
ture in FNs may be influenced by the shape anisotropy, as well as by the volume concentration of
the MNPs [24-26]. Doping LCs with small amount of MNPs can lead to the decrease as well as
to the increase of the threshold of the magnetic Fréedericksz transition [15]. The present paper
discusses the type of the anchoring between the MNPs and the LC molecules. Experimental observa-
tions on structural transitions in FNs based on the thermotropic LC 4-n-hexyl-4 -cyanobiphenyl
(6CB) doped with MNPs of different size and shape is reported.

2. Materials and methods

The thermotropic LC matrix of the FNs, 6CB, ensures the high chemical stability and the convenient
temperature range of the nematic phase [27]. The LC was doped with MNPs of spherical and rod-
like shapes. The synthesis of the spherical MNPs was based on the co-precipitation method
described in [15]. The rod-like MNPs were synthesized through hydrolysis of FeCl; and FeSO, solu-
tions containing urea [16]. The morphology and size distribution of the prepared nanoparticles were
determined by transmission electron microscopy [15]. The mean diameter of the spherical MNPs
was d = 10 nm. The rod-like MNPs had the average diameter of d = 11 nm and the mean length
was [ = 240 nm. MNPs were coated with oleic acid as a surfactant to prevent their aggregation. The
doping was done by adding MNPs suspended in a solvent to the LC in its isotropic phase under con-
tinuous stirring, and waiting till the solvent evaporates in the absence of a magnetic field, resulting in
compensated FNs with a ¢» = 107> volume concentration of the MNPs. Recently, it has been shown
[28] that such a composition (6CB with oleic acid covered Fe;O4 MNPs) results in a very stable sus-
pension, in which no micron-sized aggregates were observed more than three years after the prepa-
ration even at ¢ > 10°. The stability of our FNG is illustrated in Figure 1.

Structural transitions in FNs were monitored by capacitance measurements in a capacitor made
of indium-tin-oxide-coated glass electrodes with the planar alignment of LC molecules, i.e. the
director is initially parallel to the capacitor electrodes. The capacitor with the electrode area of
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Figure 1. Pictures of ferronematics with spherical (left-hand side), and with rod-like (right-hand side) MNPs, taken about three
months after the preparation.

approximately 1 cm X 1 cm has been placed into a thermostat system, regulated with the tempera-
ture stability of 0.05 °C, and the measurements have been done at the temperature of 23 °C. The dis-
tance between the electrodes (the sample thickness) was D = 50 pm. The capacitance C was
measured at the frequency of 1 kHz by a TiePie Handyscope HS5 instrument, using sinusoidal volt-
age signal of root-mean-square value of U that was switched to the cell.

Structural transitions in FNs, provoked by combined electric and magnetic fields, have been
investigated by the simultaneous application of a magnetic, and an ac electric field. The electric field
generated by U was applied perpendicular to, while the magnetlc field H (i.e. the magnetic induction
B = uyH) was parallel with the initial director orientation 7. In this geometry, the electric field
destabilizes the initial director orientation, while the magnetic field acts against and tends to stabilize
the initial (planar) state. Figure 2 shows the variation of the reduced capacitance
(C = Co)/(Cinax — Co) (where C, Cy and Cp,x are the sample capacitance, its value at U = 0 and
U = 7.5V, respectively) with U for H = 0 in the undoped 6CB, indicating an electric field-induced
splay Fréedericksz transition with a threshold voltage of Ur = 0.75 V. In Figure 2, the voltage
dependence of the reduced capacitance of the FNs is also presented, demonstrating that in the
absence of magnetic field, the electric Fréedericksz transition threshold is the same for all substances,
ie. Up = Ugp = 0.75 V. All subsequent measurements were performed under the condition of
U> UF

3. Experimental results

Magnetization curves of the nanoparticles are presented in Figure 3, and show that both spherical
and rod-like MNPs exhibit superparamagnetic properties.

Magnetization curves of the undoped 6CB and of the two FNs, measured in the nematic phase (at
T = 23 °C) are presented in Figure 4. The undoped 6CB exhibits the usual diamagnetic behaviour,
while the FN composite with spherical MNPs, at low magnetic fields, behaves as a superparamagnet
displaying no hysteresis. The diamagnetic features of the host matrix become dominating only at
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Figure 2. Dependence of the capacitance of the LC 6CB and of the FNs on the applied voltage U at B = 0, in the classical electric
Fréedericksz transition. The thresholds are determined by linear extrapolation from the initial slope.

higher magnetic fields. Superparamagnetic features in the FN with rod-like MNPs are much less

pronounced, presumably due to the low concentration of MNPs.

Figures 5-7 show how the reduced capacitance depends on the external magnetic induction B
(which is related to H via the equation B = pw,H; ., is the permeability of vacuum) in the undoped
6CB, in 6CB doped with spherical, and in 6CB doped with rod-like MNPs, respectively, at various U
voltages. Here Cy and Cpax are the capacitance values measured at B = 0 and at B = Byx = 0.6 T,

respectively.
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Figure 3. Magnetization curves of the spherical and rod-like MNPs.
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Figure 4. Magnetization curves of the undoped 6CB, and of 6CB doped with spherical, as well as with rod-like MNPs. The inset rep-
resents the blow-up for the two FNs in the low magnetic field region.

We emphasize again, that the U values in Figures 5-7 are larger than the Fréedericksz threshold
voltage at B = 0 (Ur = Ugf, =0.75V). Therefore, U causes a deformed state approaching the home-
otropic alignment, which is then destabilized by the magnetic field, and at high enough B values
(above a critical magnetic induction B.) the initial planar alignment is reobtained. B, can
be obtained from the voltage—capacitance curves by linear extrapolation, as illustrated in Figure 5
for U =1.0 V. As one can see from Figures 5-7, the larger U shifts the required critical magnetic
field B, towards larger values in 6CB, as well as in both FNs.

1.0+

0.0 0.1 0.2 0.3 0.4
B=p,H (T)

Figure 5. Reduced capacitance vs. the external magnetic field for undoped 6CB measured at various U voltages.
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Figure 6. Reduced capacitance vs. the external magnetic field for 6CB doped with spherical MNPs in volume concentration

¢ =10"°, measured at various U voltages.

Figure 8 summarizes the data obtained from Figures 5-7, showing how the critical magnetic field
B. (which restores the initial planar alignment) depends on the voltage, for the undoped 6CB as well
as for the 6CB based FNs. In the case of the FN with rod-like MNPs, B, is increased just slightly
compared to that of the undoped 6CB, while for the FN with spherical MNPs, the increase is more
pronounced. In all cases, the critical magnetic field increases with the increment of U, which is

[T T B B P B H DA B DA
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S LAY
'
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Figure 7. Reduced capacitance vs. the external magnetic field for 6CB doped with rod-like MNPs in volume concentration

¢ =10"°, measured at various U voltages.
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Figure 8. Dependence of the critical magnetic field B¢ on the voltage U for the undoped 6CB and for 6CB doped with spherical
and rod-like magnetic particles.

understandable: a larger reorienting U requires larger restoring B, which is expressed by the relation

[16]
U\? B.\?
(a) ‘(s?) = M

Naturally, Equation (1) holds only for U > U (for U < Uy, there is no structural transition at
all). Here Bg is the Fréedericksz threshold induction at U = 0 in the same cell, just with the mag-

netic field normal to the cell surface:
g K1
Br =" bt 2)
D\ [l

Studying this magnetic Fréedericksz transition, Burylov and Raikher [13] established a theoretical
relation between the threshold magnetic induction of thermotropic ferronematics Bgs, and that of
the host LC Br. Under the assumption of a homeotropic anchoring of the LC molecules at the sur-
face of the MNPs, the obtained approximate formula has the form:

2y We
Xad

B, — Bp =+ : 3)

The sign depends on the relative orientation of m and 7: it is positive for m L 7 and is negative
form || n.
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The expression for the critical magnetic induction in our experimental geometry directly follows
from Equation (1):

U2 UZ
2 2 2 2
BY =B} (@ - 1>and B}, = B, (@ - 1) 4)
for the LC and the FNs, respectively.

Combining Equations (3) and (4), as well as taking into account that Ur = Ugy,, one obtains a
relation between the critical magnetic fields of the ferronematic (B.s,) and of the host LC (Bg):

B, — B;

cle

_ 2pgWo Zz_
-2 (G ®

As both B, and B, were measured, Equation (5) can be used to estimate the anchoring energy
density W at the nematic-magnetic particle boundary. The susceptibility anisotropy of 6CB was cal-
culated from Equation (2), yielding x, = 1.078 x 107 at T = 23 °C. Knowing the concentration
of the particles (¢ = 10~°) and using the data for different U, one obtains W ~107° N m™! for the
rod-like magnetic particles as well as for the spherical MNPs. Now, the parameter w = Wd/K; can
also be calculated. As for 6CB, at the measuring temperature, the corresponding elastic constant is
K; = 4.4pN [29], w ~ 107® < 1 is obtained for rod-like and @~ 1072 < 1 for spherical magnetic
particles. These values characterize a soft anchoring of the nematic director on the surfaces of the
MNPs in 6CB-based FNs, which permits both parallel and perpendicular orientation between
the magnetic moment of MNPs and the director. The fact that doping with both spherical and rod-
like MNPs increases the critical magnetic field B, indicates an m _L 7 initial orientation.

4. Conclusions

Our experimental results indicate soft anchoring at the MNP-LC surface, both in the case of spheri-
cal and of rod-like magnetic particles, as a doping material of FNs. The detected soft anchoring per-
mits both parallel and perpendicular orientation between the magnetic moment of MPs and the
director. Furthermore, in both the spherical and the rod-like MNP-containing FNs, the critical reor-
ienting magnetic field B, increased, which strongly implies an # L # initial orientation.

In a previous work [14], the structural transitions were studied in FNs based on the thermotropic
nematic LC 4-n-octyl-4 -cyanobiphenyl (8CB) doped with spherical MNPs in various volume con-
centrations: ¢; = 107, ¢, =103, ¢p3 = 5x 107> and ¢, = 10 2. By capacitance measurements,
m L n initial condition was found for these 8CB-based ferronematics. These results are in perfect
agreement with our findings on the 6CB-based FNs presented here; the good match is not surpris-
ing, since 8CB and 6CB are close members of the same cyano-biphenyl homologous series, differing
only by two carbon units in their alkyl chain.

On the other hand, the influence of the shape of MNPs on FN behaviour was studied in ferrone-
matics based on a nematic with different molecular structure, 4-(trans-4' -n-hexylcyclohexyl)-iso-
thiocyanatobenzene (6CHBT) [15]. Those experimental results indicated soft anchoring in the case
of doping with spherical MNPs and rigid anchoring when the FN contained rod-like or chain-like
MNPs. In all three cases, the initial orientation was m || #, which differs from the present results on
6CB.

Based on these findings, we can conclude that both the shape of the MNPs and the type of the
host LC are important in determining the anchoring of nematic molecules on the MNP’s surface.
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