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Abstract: The effect of the liquid crystalline host on structural changes in magnetosomes based
on ferronematics is studied using the surface acoustic wave (SAW) technique supported by some
capacitance and light transmission measurements. The measurement of the attenuation response of
SAW propagating along the interface between LC and the piezoelectric substrate is used to study
processes of structural changes under magnetic field. The magnetosome nanoparticles of the same
volume concentration were added to three different nematic LCs, 5CB, 6CB, and E7. Unlike to
undoped LCs, the different responses of SAW attenuation under the influence of magnetic and
electric fields in LCs doped with magnetosomes were observed due to characteristic structural
changes. The decrease of the threshold field for doped LCs as compared with pure LCs and slight
effects on structural changes were registered. The threshold magnetic fields of LCs and composites
were determined from capacitance measurements, and the slight shift to lower values was registered
for doped LCs. The shift of nematic-isotropic transition was registered from dependencies of
SAW attenuation on temperature. The acoustic anisotropy measurement approved the previous
supposition about the role of bulk viscosity in used SAW measurements. In addition, capacitance
and light transmition investigations supported SAW results and pointed out conclusions about their
magnetic field behavior. Obtained results are discussed and confronted with previous ones and
coincide well with those observed using acoustic, optical, or dielectric techniques.

Keywords: liquid crystals; ferronematics; magnetosome particles; SAW attenuation response

1. Introduction

The improvements in nanomaterial preparation and control of properties for nanometre-
scale structures during the last decades enable the development of new products, appli-
cations, and technologies in high-tech devices and in medicine [1,2]. From the designing
point of view, liquid crystal-based nanomaterials are very attractive as they can be aligned
or reoriented by external stimuli such as temperature, light, magnetic, and/or electric
fields. Besides, combining the unique properties of nanoparticles with the anisotropy
of liquid crystals (LCs) creates new opportunities for tuning the properties of LCs for
novel materials that contribute to the nanotechnology revolution, mainly in areas such
as nanoscale electronics, electro-optics, sensors and display devices [3–5]. Nematic LCs
doped with magnetic nanoparticles (ferronematics) are magnetically active anisotropic
fluids, which are a manifestation of the original idea [6], suggesting that doping liquid
crystals by fine magnetic particles may enhance their sensitivity to magnetic fields. The
theoretical models concerning the LC-magnetic particles interaction and their behavior in
magnetic field [7–9] and following experimental investigation on ferronematics [10–12]
confirmed that magnetic particles are essentially affected by external fields and verified
that the interaction between the LC molecules and magnetic particles is interesting in term
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of practical application and entirely complicated. The basic pecularity of ferronematics is a
coupling between magnetic moments and the nematic LC matrix. The coupling between
average magnetic moment m and director n characterizing the preferential direction of
the nematic molecules under applied magnetic field can result in the reorientation of LC
molecules [13,14]. The small volume concentration of magnetic particles can ensure that
the inter-particle magnetic dipole-dipole interaction can be ignored.

For more then last two decades, magnetosomes have attracted scientific interest due to
their interesting biophysical properties and potential applications [15,16]. Magnetosomes
are magnetotactic bacteria that belong to a phylogenetically and morphologically diverse
group of microorganisms that can align in and navigate along geomagnetic fields. Recent
studies have also shown that magnetosomes possess a high efficacy in hyperthermia
treatment [17,18]. Magnetosomes are synthesized in a biomineralization process by a group
of bacteria called magnetotactic bacteria. They consist of a nanometer-sized magnetosome
crystal (magnetite Fe3O4 or greigite Fe3S4) and a bilayer membrane surrounding the
crystal [19]. They are magnetic monodomain, well-crystallized, and thermally stable
nanoparticles at the physiological temperature with a limited size distribution [15,20,21].
Magnetosomes can also form linear chains and eventually closed loops [22]. The magnetic
properties of magnetosomes depend on the crystal purity and chain formations, including
crystal size and their arrangwment along the magnetic axis [23,24].

One useful tool for investigating structural changes in LCs, especially those doped
with various kinds of nanoparticles, appears technique using the surface acoustic wave
(SAW) [25–27]. Comparing with the case when the longitudinal wave is used, the SAW
technique has advantage because only a very thin layer of LC is required for the experi-
mental investigation. The SAW generated on a piezoelectric substrate propagates along the
surface as an elliptically polarized wave as long as SAW arrives the LC located on its way.
The SAW amplitude, due to the generation of a longitudinal wave into LC, is then damped
and SAW propagates at the LC/substrate interface further as a leaky SAW. The generation
of a longitudinal wave into LC is caused just by the vertical displacement of original SAW
at the surface. Two different waves are then propagating in this way, represented particu-
larly by longitudinal and shear vertical particle displacement. As the longitudinal wave is
strongly absorbed by LC, which is subsequently indicated by changing SAW amplitude
in the direction of SAW propagation, it can indicate any changes in LC structure. Hence,
SAW technique can be applicable for utilization in the study of LC structural changes since
a SAW attenuation response reflects any changes in the orientation of LC molecules that
result from field application or varied external conditions.

In some previous works [27–29] the effect of various types of magnetic nanoparticles
with respect to their shape, i.e., nearly spherical, chains of magnetosomes from magnetotac-
tical bacteria and rod like nanoparticles, on the behavior of nematic LCs in magnetic field,
including magnetic Freedericksz transition and light transmission was studied. It was
shown that the shape and size of nanoparticles has significant influence on the interaction
between particles and molecules of LC and by that on structural transitions. In this paper
we present for the first time the results of investigation of influence of chains of magneto-
somes of the selected size and concentration as magnetic particles in several different LCs
(5CB, 6CB, and E7) to determine their effect on structural changes mainly under external
magnetic but also electric fields as well as the effect on the shift of threshold fields and
transition temperatures for individual LCs are presented. The SAW amplitude response
was used as a main investigating technique, supported by optical (light transmission) and
capacitance measurements.

2. Experimental Details
2.1. Magnetosomes

Investigated magnetosomes were magnetic crystals of iron oxide nanoparticles (mag-
netite Fe3O4) covered and connected by a biological membrane (phospholipid bilayer) and
formed chains. The chain of magnetosomes can consist of 12–20 crystals, which multi-
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plies their sensitivity to the magnetic field. Magnetosomes were cultivated and extracted
from the Magnetotacticum Spirillum AMB 1 bacteria in laboratory conditions using the
biomineralization process already described as well as their other properties [28,30,31].
The isolation process of magnetosome chains from the body of the bacteria addressed one
general recipe and three consecutive cycles with different buffers [30].

The TEM analysis was performed in a Philips CM300ST FEG TEM, and the image in
Figure 1 represents a few long chains of isolated magnetosomes.
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Figure 1. TEM image of isolated magnetosomes.

Chains composed of several particles are clearly visible. The size distribution of
magnetosome particles that was studied using the procedure published previously [32],
led to the following mean size: 43 ± 12 nm. Magnetization measurements of the prepared
isolated magnetosomes in the powder form were carried out by a Vibrating Sample Magne-
tometer installed on a cryogen-free superconducting magnet (Cryogenic Ltd., London, UK).
The magnetization curves (Figure 2) were measured at room temperature and an applied
magnetic field up to 0.4 T.
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2.2. LC Sample Preparation for Experiments

For the experiments, liquid crystals 4-cyano-4′-alkylbiphenyls with alkyl group pentyl
(5CB) and hexyl (6CB) and E7, which is a mixture of four liquid crystals-5CB, 4-cyano-4′-n-
heptyl-biphenyl (7CB), 4-cyano-4′-n-octyloxy-biphenyl (8OCB) and 4-cyano-4′′-n-pentyl-
terphenyl (5CT), were chosen. The composites of liquid crystal and magnetosomes with



Nanomaterials 2021, 11, 2643 4 of 15

the concentration of 0.2 wt% were prepared by the following procedure. Magnetosomes
of required mass in powder form were dispersed in cyclohexane, and to break clusters,
the mixture was sonicated for 10 min and afterward stirred for 16 h at room temperature.
After that, the liquid crystal was admixed, and subsequently, the sample was stirred in the
isotropic phase for 16 h to allow the cyclohexane to evaporate.

2.3. Capacitance Measurements

The LC cells consisting of two glass plates with transparent ITO electrodes and rubbed
polyimide layer that ensures the planar alignment of liquid crystal molecules were filled
with the sample for the capacitance measurements. Before the filling, the composites were
sonicated in the isotropic phase. To determine the isotropic to nematic transition tempera-
tures, the dependences of capacitance on temperature were obtained from measurements
performed on samples in cells with thickness D = 5 µm. Afterward, the magnetic depen-
dences of capacitance were acquired at the temperature of 25 ◦C for samples in cells with
D = 50 µm and D = 20 µm, respectively. The capacitance was measured at the frequency of
1 kHz by a high-precision capacitance bridge (Andeen Hagerling). To compare the data for
pure liquid crystals and liquid crystals doped with magnetosomes, dependences of reduced
capacitance (C − Cmax)/(Cmax − min) on temperature and magnetic field were plotted. C
denotes actual capacitance where Cmax and Cmin are values of capacitance measured at a
maximal and minimal value of temperature and magnetic field.

2.4. SAW Measurements

The LC cell of the thickness 100 µm was prepared right on the center of the LiNbO3
substrate, supplied by two interdigital transducers. The LC layer was thus sandwiched
between the delay line and the optical glass plate, both coated with gold electrodes. The
thickness of LC layer was provided by adequate spacer. The substrate with LC cell was
installed in the sample holder inserted in the measuring chamber. SAW pulses of frequency
10 MHz and wideness of ~1 µs were generated by the first interdigital transducer using
high frequency pulses of the Pulse Modulator and second transducer received SAW signal
passing through the interface between substrate and LC cell that was processed in the
following by the Receiver (MATEC 7700, USA). The response of SAW attenuation α was
recorded by MATEC Attenuation Recorder 2470 A. To register shorter times when the
jumped fields were applied, the Gated Integrator and Boxcar Averager SR 250 were used.
Programable 15 Hz Function Generator HM 8131-2 was used as DC-supply. The config-
uration of experimental arrangement has already been described [25,27]. The maximal
determined deviation for the measurement of attenuation changes ∆α was±0.02 dB and for
magnetic field determination was 0.1–1.0 mT, depending on the magnetic field magnitude.
The temperature could be stabilized in the range of 5–80 ◦C with an accuracy of ±0.1 ◦C.

2.5. Light Transmission Measurements

To find the effect of magnetosomes on LC behavior, light transmission investigations
were done in similar LC cells as in the case of capacitance measurements (D = 50 µm),
that is they consist of two float glasses coated with ITO transparent conductive layers,
and alignment layers rubbed in a parallel direction to electrodes to promote the parallel
alignment. The Green DPPS Laser Module CW532 (Roithner LaserTechnik GmbH, DE)
generated laser beam (532 nm, 5 mW) illuminated the cell’s glass in normal incidence
using an optical triangular prism and polarizer. The initial position of this polarizer, for
all investigated suspensions, ensured the linearly polarized incident light beam, and the
position of LC cells provided for maximal transmittance registered by a photodetector.
The second polarizer was adjusted peralelly with first one or could be also crossed. After
passing another polarizer and prism, the intensity of transmitted light was recorded by
a photodetector (Thor LABS PDA36A 350–1100 nm) connected to the multimeter and
subsequently registered by a computer monitoring the light intensity as a function of
magnetic or electric field, alternatively time. The scheme of experimental configuration has
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already been described [26,29]. The light transmission was expressed in the case of parallel
polarizers as I/I0, here I0 and I are the intensity of incident light passing through the LC
cell without applied field and under the field, respectively. In the case of crossed polarizers
the light transmission was expressed as (I − I0)/I0.

3. Results and Discussion
3.1. Capacitance Measurements

Measured temperature dependences of reduced capacitance illustrated in Figure 3
shows that curves for composites lie basically on the curves for pure liquid crystals.
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doped with magnetosome particles of concentration 0.2 wt%.

From the measurements the isotropic to nematic phase transition temperatures were
determined as 33.7 ◦C, 28.4 ◦C, and 60.0 ◦C for 5CB and 5CB with magnetosomes, 6CB and
6CB with magnetosomes, E7 and E7 with magnetosomes, respectively. Figure 4 shows the
dependences of reduced capacitance on magnetic field for samples in 50 µm cells (a) and
20 µm cells (b), respectively.
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Since the threshold magnetic field depends inversely proportional on the sample
thickness, the measurements in 50 µm show cell full transition region while the measure-
ments for samples in 20 µm cell show the region around threshold magnetic field. The
reduced capacitance dependences on the magnetic field acquired for samples in 20 µm
cells (Figure 4b) show a slight shift to lower values for liquid crystal 5CB and E7 doped
with magnetosomes compared to pure liquid crystals. The threshold magnetic fields of
liquid crystals and composites in 20 µm cells are listed in Table 1.
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Table 1. The threshold magnetic fields of pure liquid crystals and liquid crystals doped with
magnetosomes measured in 20 µm cells.

Sample Bc (T)

6CB 0.32
6CB + magnetosomes 0.32

5CB 0.34
5CB + magnetosomes 0.33

E7 0.40
E7 + magnetosomes 0.38

3.2. SAW Measurements

The initial intrinsic arrangement of LC in the case of the SAW attenuation measurement
was supposed to have a predominate alignment in the plane of electrodes (director n
parallel to electrodes), and the magnetic field was then applied perpendicular to them. The
applied magnetic field should turn LC molecules due to the coupling between magnetic
moments of magnetosomes and LC molecules, starting at the center of the LC cell, to
the perpendicular direction with respect to the electrodes surface. When an LC is placed
on the SAW path on the piezoelectric substrate, the SAW amplitude after reaching an
LC layer is exponentially attenuated because when the substrate is in contact with LC,
SAW radiates a longitudinal wave into LC under Rayleigh angle θR, giving rise to the
propagation losses [33]. Due to the strongly absorbed longitudinal wave generated by
SAW into the LC, the SAW attenuation α subsequently responds to any changes in LC
orientational structural changes initiated by external conditions (temperature, magnetic
and electric fields, illumination). The total attenuation α through that path along the
substrate/LC interface is then the sum of the attenuation of a fluid-damped Rayleigh SAW
αs and the attenuation of a plane longitudinal wave αlc in a viscous LC. As αs is practically
independent of viscosity coefficients, αs = ρlcvlc/(ρsvsλSAW), measured SAW attenuation
changes are registered due to the changes in the attenuation of a longitudinal wave αlc
propagating into a liquid crystal. Here vlc is the velocity of the longitudinal wave in LC
and νs is the velocity of the Rayleigh wave on the substrate, symbols ρlc and ρs are the LC
and substrate densities, respectively, and λSAW is the SAW wavelength. The comparison
of experimental results with the theory using hydrodynamic approximation [27,34–36]
uniquely determined that the bulk viscosity should dominate in the attenuation in the
present SAW technique.

The dependences of SAW attenuation on temperature measured for LCs 5CB, 6CB,
and E7 containing magnetosome nanoparticles of the same concentration 0.2 wt% are
illustrated in Figure 5a,c.
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The temperature development of the SAW attenuation indicates the different role of
thermal motion on the structural changes detected through SAW interaction with differ-
ent types of LC molecules. Presented temperature dependences also show the effect of
magnetosomes on the shift of nematic-isotropic transition temperature TNI for individual
doped LC types compared to the corresponding pure ones. The most evident shift of
the temperature TNI corresponding to structural changes to the isotropic phase (TNI) was
registered in the case of E7 (~2.3 ◦C) toward higher temperatures. However, in the case
of 5CB and 6CB the shift of temperature TNI toward lower temperatures was registered,
~1.4 ◦C and ~1.1 ◦C, respectively.

Interestingly, for latter referred LCs (5CB and 6CB), the TNI shift is succeeded by
the slower transition to the isotropic state. The shift of phase transition towards lower
temperatures for doped LC can be attributed to the anchoring interactions between LC
molecules and nanoparticle surfaces that disturb the LC order. This effect predominates the
effect concerning the permanent polarization of nanoparticles that assists in the increase of
phase transition temperature [37]. Another reason for nematic-isotropic transition decrease
is related to the increasing volume of impurities occurring in LCs during their synthesis
due to the increased nanoparticles concentration [38]. However, the shift of the transition
point towards higher temperature, as in E7, could be attributed also to magnetosomes that
induce local magnetic moments with a sufficient number of neighboring LC molecules. The
addition interaction can then lead to an increasing transition point. The behavior of LCs at
temperature in the vicinity of the transition point can be generally explained by increase in
the bulk viscosity coefficients or the fluctuation of order parameter [29,39,40]. Concerning
the total registered changes of the SAW attenuation corresponding to structural changes in
the vicinity of transition points TNI, which are evident in detail inserts of Figure 5, they are
very similar for all investigated LCs at the used frequency 10 MHz (∆α ~1.2–1.5 dB).

While in the cases of 5CB and E7 (Figure 5a,c), no crystal-nematic transition (TCN) was
registered, the SAW attenuation in the case of 6CB (Figure 5b) shows at the temperature
corresponding to the crystal-nematic transition sharp decrease followed by the stable atten-
uation with increasing temperature up to the temperature of ~30 ◦C when the structural
changes to isotropic phase (TNI) are represented by a weak decrease of the SAW attenuation
(see also detail in the insert). However, comparing this transition for pure and doped 6CB,
following the attenuation decrease at the transition temperature TCN another peak was
observed at temperatures ~14.5 ◦C. This peak, observed also previously in 6CB doped with
suprionic nanoparticles [26], can be attributed to the polarization process connected with
the double layer creation on electrodes.

Comparing SAW results (Figure 5) with capacitance measurements (Figure 3), where
no evident shift of the transition point due to the doping process was registered, another
evident difference could be seen. Except for the nonregistered shift of the transition points
in the cases of doped LCs in capacitance measurements, practically stable capacitance in
the isotropic state could be observed in capacitance measurements for all investigated LCs.
However, in the SAW attenuation, only 6CB shows such behavior. 5CB and especially E7
shows the gradual transition to isotropic phase and on the side also the active influence of
magnetic field in the temperature region above TNI.

The influence of used frequency on measured dependences of SAW attenuation on
temperature for pure 5CB, as a representative sample, can be seen in Figure 6 for three
various frequencies (10 MHz, 20 MHz, and 30 MHz).
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Figure 6. Dependences of SAW attenuation on temperature for pure 5CB measured at
different frequencies.

It stands to reason that SAW of different frequencies is differently sensitive to pro-
cesses occuring in LCs during varied temperature. The measurement at higher frequency
(40 MHz) could not distinguish any transition point. Similarly, marked frequency effect on
acoustic attenuation was also registered in the case of another investigated LCs. If we take
account of the supposition that at the frequencies region that corresponds to realized SAW
measurements the bulk viscosity coeficients are frequency-dependent in contrast with the
shear viscosity coefficients that are frequency-dependent at high frequencies and [27,41,42],
then observed temperature dependences again support the supposition about the respon-
sibility of bulk viscosity coefficients for used SAW results, similarly as in the cases when
longitudinal acoustic waves were used.

SAW attenuation dependences on linearly increasing magnetic fields B, perpendicular
to the cell and wave vector kSAW, at temperature 22 ◦C and constant rate (15 mT/min)
measured for LCs doped with magnetosomes are illustrated in Figure 7 (full curves). This
Figure presents SAW attenuation changes for samples based on 5CB (a), 6CB (b), and E7 (c)
doped with magnetosomes of the same concentrations 0.2 wt%, including corresponding
pure LCs. Furthermore, it shows the effect of magnetosome nanoparticles on the decrease
of the threshold field regarding pure LCs and the role of magnetosomes on structural
changes. All observed dependencies, similarly as in the case of many other ferronematics,
can be resolved into three main phases, very weak increase depending on the type of LC,
in investigated samples up to ~50–70 mT, followed by a faster increase which gradually
merges into saturation. The main reorientation processes of LC molecules are realized
during the faster increase of the attenuation. Therefore, it was very important to find that
the effect of magnetosomes on LC compounds behavior under magnetic field was very
weak (5CB, 6CB), or even doping gave rise to the lowering of the field-effect (E7).

Concerning the behavior observed in the decreasing regime (memory effect), in all
cases of investigated samples (dotted curves), except the hysteretic development, the
significant remainder attenuation was registered at zero magnetic field, including pure
LCs. Similar behavior of dependences ∆α on magnetic field B was observed for 6CB but
doped with spindle magnetic particles [43]. However, comparing the presented results
with those obtained on 6CHBT liquid crystal, doped with chain-like, rod-like, spherical or
nanorod magnetic nanoparticles, eventually with carbon nanotubes, the residual behavior
belongs here to more marked. However, the development in decreasing magnetic field and
by that the residual structural changes registered by SAW attenuation can be influenced,
besides the kind of LC, also by the length and shape of magnetosome chains. It should be
noted that under jumped change of magnetic field, induced changes after magnetic field
removal vanished in a tenth of seconds.
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The dependences of SAW attenuation on the magnetic field for three different tem-
peratures near the transition point of doped E7 (~60 ◦C) are illustrated in Figure 8. This
Figure presents the decreasing SAW attenuation changes with temperature using three
dependences measured from room temperature (22 ◦C) through the transition point up
to isotropic state (65 ◦C). However, it also shows that structural changes are occurring
even at temperatures higher than TNI. This fact could be affected by LC molecules in
magnetosomes surrounding.
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The character of the effect of magnetosomes on the development of the SAW attenua-
tion under applied electric field in investigated LC samples corresponds in principle to the
development under magnetic field, reflecting the corresponding structural changes. The
voltage linearly raised from zero to 10 V in 10 min. The measurement of SAW attenuation
registered a slight decrease of the threshold voltage and, except 5CB, also the lowering of
the field-effect on the structural changes. The observed development of SAW attenuation
consisted of three regions, similarly as in the case of magnetic field or as in the case of LC
compounds doped with ferroelectrics [44,45]. Obtained results demonstrate that the effect
of the electric field that can initiate the reorientation of the director towards its direction
is different for investigated LCs. While in the case of 5CB, doping with magnetosomes
causes larger structural changes and only slight differences in the development compared
to pure LC, in the case of both 6CB and E7, the effect of the electric field consists of the
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decreasing effect of the electric field regarding the pure LCs, and in the case of 6CB even
more noticeable. So that the markedly larger and positive change of acoustic attenuation
compared to pure LC and the larger effect of doping with magnetosome nanoparticles is
evidently detected only in the case of 5CB.

The development of the switching processes for all investigated LCs for jumped
magnetic field (400 mT), in addition, measured for different temperatures or different
field orientation, is shown in Figures 9–11. The magnetic field in the jumped regime fas
been applied during 120 s. Experimental results confirmed on one side previous results
that structural changes initiated by jumped magnetic field reached the saturated state
depending upon the intensity of magnetic field [25] and on another side, they pointed out
practically to the independence of the rise time of doping by magnetosomes.
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Figure 11. Effect of jumped magnetic field (400 mT) on SAW attenuation of E7 doped with magneto-
somes (0.2 wt%) compared with pure LC.

The same situation was in the case of the decreasing regime (decay time), where the
magnetosomes played an inessential role. Furthermore, they pointed out that LCs, after
passing across the transition point TNI, remain magnetically active. The results obtained
for two different orientations of the magnetic field, magnetic field B perpendicular to both
the cell plane and kSAW and magnetic field B laying in the cell plane but perpendicular
to kSAW (Figure 10), also shows different (opposite) behavior of SAW attenuation due to
the different correlative orientation of B, kSAW, and n. Similar results were observed in
the SAW study of 6CB doped with spindle-like magnetic particles which have magnetic
moments oriented perpendicularly to their long axes [43] or in nematic LCs doped with
magnetic needles, studying the birefringence [45].

The angle dependence of SAW attenuation, ∆α (θ*), for E7 doped with magnetosomes
measured at magnetic field 300 mT is shown in Figure 12 as a representative measurement.
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The angle θ* is here the angle between magnetic field orientation and direction per-
pendicular to the Plane of LC cell. As the SAW attenuation consists of surface and volume
attenuation, αs and αlc, respectively, and the surface attenuation αs is practically constant
in our measurements (calculation gives value ~175 m−1), the measured SAW attenuation,
which increased with increasing angle should be caused by the volume component of
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attenuation αlc. The angle was changed by 10 degrees after 2 min of stabilization from
perpendicular orientated magnetic field B (0 degrees) to parallel orientation (90 degrees).
The presented dependence is then the fitting of measured points. The relation between
measured angle θ* and angle θ related to the direction of a longitudinal wave is given by
the expression

θ =
π

2
− (θ∗ − θR), (1)

where θR is the Rayleigh angle. The calculated Rayleigh angle for our arrangement is
θR = sin−1(vlc/vs) ≈ 22 degree. The angle θ* determined from anisotropy measurements
is ~10 degrees that is, compared to the calculated value for pure LC, something lower
value. However, some reason for the difference can be caused by the fact that longitudinal
wave velocity decreases with growing concentration of doped nanoparticles [27,45]. These
anisotropy results validates that the bulk viscosity should dominate the attenuation in
present SAW investigation. The SAW investigation that is orientated in particular to
determination of the role of magnetic dopants on the behavior of LCs under external fields,
got to results completely satisfying at acquiring underlying information related to the
influence of magnetosome nanoparticles on several LCs behavior. The light transmission
measurements are presented for the case when parallel polarizers were used.

3.3. Light Transmission Measurements

The magneto-optical behavior was investigated in the same set of LCs including
both doped with magnetosome nanoparticles and for comparison pure LCs using the
already described arrangement. The dependence of the light transmission on magnetic
field mea-sured at increasing regima at a constant rate (15 mT/min) in parallel polarizators
arrangement and temperature 25 ◦C for all investigated LCs doped with magnetosomes,
including pure LCs, are illustrated in Figure 13a–c.
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concentrations 0.2 wt% (a) compared with that of corresponding pure LCs.

This Figure presents the light transmission changes for magnetic field B perpendicular
to the cell plane for individual samples doped with magnetosome particles and is compared
with light transmission measured for pure LCs. According to pure LC, magnetosomes
caused the marked decrease of the threshold field in 5CB and 6CB and only a slight shift
to the higher field in the case of E7. Concerning the role of such magnetic particles on
the optical properties, it can be seen that although these particles improved slightly light
transmission, however, due to the existing oscillations, by contrast with nanorod, rod-like
magnetic nanoparticles or CNTs [25,27,29], they could not be applicable for optical devices.
The reason of observed oscillations can be explained by the redistribution of LC molecules
around the direction of the nematic director in equilibrium position, after its turns from
the planar alignment on the cell surfaces to the perpendicular at the center of the LC layer,
when magnetic field increases. Due to the weak influence of magnetosomes’ magnetic
moments on LC molecules in all investigated LCs, the oscillations also remain in doped LCs.
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The light-transmission characteristics without any oscillations, with smooth development,
were recently observed in the case of some carbon nanotubes (CNT) [25] and magnetic
nanoparticles of rod-like shape [29]. Structural changes were in those cases stable that is
important for switching processes application. It is apparent that a decisive role in the
stability of magneto-optical behavior that ensures stable magneto-optical responses should
play the magnetosome chain-like shape and particularly length of nanoparticle chains as
wall as their concentration.

4. Conclusions

In this contribution, the SAW technique supported by capacitance and light transmis-
sion measurements was used to study the effect of magnetosomes as liquid crystal host on
several nematic LCs (5CB, 6CB, and E7) behavior mainly in a magnetic field. The attenua-
tion response of SAW was mainly used to investigate structural changes that take place
under magnetic field. The slight decrease of the threshold field for doped LCs according
to pure LCs and only slight effects on structural changes were registered. The threshold
magnetic fields of LCs and composites were determined from the reduced capacitance
dependencies on the magnetic field. The measurement of the temperature dependence of
SAW attenuation indicated also the shift of nematic-isotropic transition to lower tempera-
tures in the case of 5CB and 6CB. However, in the case of E7 the shift of nematic-isotropic
transition to a higher temperature was registered and that structural changes were oc-
curring even at temperatures higher than TNI that could be affected by LC molecules in
magnetosomes surrounding. The measurement of both the acoustic anisotropy and SAW
frequency influence on the α(T) dependence approved our previous assumption about the
important role of bulk viscosity in present SAW experiments, typical obviously for cases
when longitudinal waves were used. Light-transmission experiments besides supported
some SAW results pointed out that particles improved slightly light transmission, however,
due to the existing oscillations composities could not be applicable for optical devices.
In addition, obtained results were discussed and compared in consideration of previous
results and coincide fully with those observed using bothe different magnetic nanoparticles
and experimental techniques.
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M.T.; writing—original draft preparation P.B. and M.M.; writing—review and editing, P.B., P.K. and
M.M.; project administration, P.B. and P.K.; funding acquisition, P.B. and P.K. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by VEGA project 2/0043/21 and by MVTS SAV FMF Flexible mag-
netic filament and Slovak Research and Development Agency under the Contract No. APVV-15-453.

Data Availability Statement: The data is not available due to further study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Kumar, A.; Chen, F.; Mozhi, Y.; Zhang, X.; Xue, X. Inovative pharmaceutical development based on unique properties of nanoscale

delivery formulation. Nanoscale 2013, 5, 8307–8325. [CrossRef]
2. Jeevanandam, J.; Barhoum, A.; Chan, Y.S.; Dufresne, A.; Danquah, M.K. Review on nanoparticles and nanostructured materials:

History, sources, toxicity and regulations. Beilstein J. Nanotechnol. 2018, 9, 1050–1074. [CrossRef]
3. Mukherjee, P.K. Effect of ferroelectric nanoparticles on the dielectric permittivity in the isotropic phase of the isotropic-smectic-A

phase transition. J. Mol. Liq. 2017, 225, 462–466. [CrossRef]
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42. Bury, P.; Veveričík, M.; Kopčanský, P.; Timko, M.; Lacková, V. Structural changes in liquid crystals doped with spindle magnetic

particles. Phys. E Low-Dimens. Syst. Nanostruct. 2021, 134, 114860. [CrossRef]
43. Qiao, X.; Zhang, X.; Guo, Y.; Yang, S.; Tian, Y.; Meng, Y. Boundary layer viscosity of CNT-doped liquid crystals: Effects of phase

behavior. Rheol. Acta 2013, 52, 939–947. [CrossRef]
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