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Nanoparticles of barium hexaferrite have been synthesized by hydrothermal method. Copper and
cobalt ferrite nanoparticles have been prepared via a novel coprecipitation technique. The
particles were characterized by scanning electron microscopy, transmission electron microscopy,
dynamic light scattering, magnetic granulometry, wide angle x-ray diffraction, small angle x-ray
scattering, small angle neutron scattering. For preparation of the ferrofluids, relatively large
nanoplates have been stabilized by a double layer. A stabilization method has been developed
and the stable ferrofluids with large particles have been obtained. Magneto-optical effects in the
ferrofluids containing both spherical and anisometric ferrite nanoparticles have been studied. The
ferrofluids with relatively large nanoplates—61 and 51 nm—have been found to be efficient
magneto-optical media. Magneto-optical response in these media has been shown to be one or
two orders of magnitude higher, than the one in the colloids with particle size about 10 nm.
Characteristic frequencies and aggregate sizes have been determined using experimental data.

Keywords: ferrites, nanoplates, hydrothermal synthesis, coprecipitation method, ferrofluids,

magneto-optical response, small angle neutron scattering
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1. Introduction

Ferrite nanoparticles exhibit amazing magnetic, electrical,
dielectric, and microwave properties. These nanoscale objects
have attracted an increasing interest in the past decade in the
field of nanoelectronics, energy storage, medicine, high-den-
sity recording media, electromagnetic interference shielding,
catalysis, wastewater treatment etc [1-3]. Magnetic particles
are of considerable interest, as their magnetism enables
remote excitation by magnetic fields as well as recording of
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the response by flux sensors of various types. Their static and
dynamical properties provide the physical basis for a broad
range of technologies in medical diagnostics and therapy [4],
magnetic particle based volumetric biosensors [5] and
magnetic bead-assisted microrheology [6-8].

Magnetic fluids, or ferrofluids, are the colloids of
magnetic nanoparticles in a liquid medium. The size of the
nanoparticles is usually about 10 nm, and in a colloid
magnetic core is stabilized by surfactants, the most common
being oleic acid. Owing to the combination of fluidity of the
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medium and magnetic properties of the particles, magnetic
fluids have been extensively studied for many years. When a
ferrofluid is subjected to external magnetic field, the chain-
like aggregates are formed along the field direction. This
field-induced structure is characterized by excellent optical
properties, such as tunable refractive index, thermal lens
effect, magnetochromatics, magneto-optical effect, nonlinear
optical effect, birefringence [9-12].

In all applications of the magnetic fluids, the particle size
remains the most important parameter, as many of the che-
mical and physical properties associated to nanoparticles are
strongly dependent on the nanoparticle shape and diameter
[13]. So numerous microscopic and spectroscopic methods
are used for characterization of the particles, often in com-
bination, for more detailed description of the particle shape,
size, composition, morphology and core—shell structure.

The physical properties of ferrites depend on their com-
position, morphology and particle size, which are largely
determined by synthetic method. At present the following
synthetic methods are used for preparation of nanosized fer-
rites: solid-phase reactions, mechanical grinding, thermal
decomposition of metal acetylacetonates, hydrothermal
methods [1, 14, 15], coprecipitation, citrate sol-gel process,
thermal decomposition of metal carboxylates, microemulsion
method.

Among these synthetic approaches, the hydrothermal
process can be distinguished as a low-temperature synthetic
method for nanocrystalline spinel ferrite particles. Copreci-
pitation is also relatively simple method, although it often
requires calcination as a final ferritization stage. The nano-
particles obtained by coprecipitation are usually characterized
by a homogeneous composition, predetermined stoichiometry
and narrow size distribution [16].

In present study, a number of ferrofluids, based on
divalent metal ferrite particles and hydrocarbon or aqueous
media were synthesized. The particles were characterized by
different methods, magneto-optical behavior of the ferrofluids
was studied and the physical background of magneto-optical
properties was described.

In this paper, preparation of both nanoparticles and fer-
rofluids, as well as the instruments, used for characterization
of the particles and magneto-optical response, are described in
the section ‘Methods’. The section ‘Results and discussion’
includes theoretical description of magneto-optical phenom-
enon, the scheme of the device designed for magneto-optical
measurements and discussion of experimental data obtained
for a number of ferrofluids. In addition, characterization of the
ferrofluid with ‘large’ nanoplates by small-angle x-ray and
neutron scattering methods is given. In the last part of this
section the novelty of present study is discussed. The main
results, conclusions, and future research trends are presented
in the section ‘Conclusion’.

2. Methods

2.1. Preparation of barium hexaferrite

Barium hexaferrite nanoplates were prepared according to the
hydrothermal procedure described in [17, 18]. Initial aqueous
solution with concentrations of 0.05M ferric nitrate Fe(NO3);
and 0.01M barium nitrate Ba(NO3), was prepared. 40 ml of
2.72 N alkali solution was added to 40 ml of initial salt
solution at vigorous stirring. The resulting suspension of
Fe(OH); iron hydroxide in a strongly alkaline medium was
placed into an autoclave. The reaction mixture was heated to
160 °C at a heating rate of 3 °C min~', kept at this temper-
ature for 2 h, cooled to 100 °C, then removed from an oven
and cooled to room temperature.

2.2. Preparation of copper and cobalt ferrites

Coprecipitation method was used for preparation of copper
and cobalt ferrites. The novelty of our variant of coprecipi-
tation method lies in the type of the oxidant used for trans-
formation of Fe (I) to Fe (III), relatively low temperature and
a short reaction time.

For preparation of initial solution, 5.6 g (20 mmol) of
iron sulfate heptahydrate FeSO,*7H,0, 2.75 g (11 mmol) of
copper sulfate pentahydrate CuSO4*5H,O and 0.84 g (5
mmol) hydroxylamine sulfate (NH,OH),*H,SO, were dis-
solved in 25 ml of deionized water. Hydroxylamine sulfate
was added for oxidation of Fe (II) to Fe (IIT). Then 4.5 g of an
alkali solution with concentration of 8.88 mmol g~ (40 mmol
NaOH) was added at vigorous stirring until a brown pre-
cipitate was formed. The reaction mixture was heated up to
the boiling point at stirring and the second portion of the
alkali solution was added (6.75 g, or 60 mmol NaOH). The
resulting mixture was heated and boiled for 10 min. Upon
boiling the precipitate was washed with water to pH = 8§,
then concentrated hydrochloric acid was added dropwise until
constant pH = 4 was achieved. For neutral medium, the
precipitate was washed several times with deionized water. A
black precipitate was separated using a magnet.

The same procedure was used for preparation of cobalt
ferrite.

2.8. Preparation of ferrofluids

In case of barium hexaferrite, two variants of preparation
method were described in [17]. In this work, to obtain a stable
colloid, the particles were treated by a common surfactant
used for stabilization of ferrofluids—oleic acid. The order of
surfactant addition, before or after hydrothermal process, was
shown to be rather important in terms of resulting particle
size. If oleic acid is added before heating, only fine particles
are obtained (see Ferrofluid 1). If it is added upon heating, the
particle size distribution is much broader. So, in [17] the
authors could not obtain a colloid in the second case (see
Ferrofluid 3). Here we use the definitions ‘small’ and ‘large’
nanoplates to make difference between the particles of the
size 10 and 50-60 nm, as these two types of particles are
characterized by different behavior in a colloid.
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Figure 1. Nanoparticle stabilized by surfactant double layer: the first
layer consists of oleic acid molecules (yellow ‘heads’); the second
layer consists of statistically distributed molecules of lauric acid and
sodium dodecyl sulfate (green and blue ‘heads’).

For preparation of the Ferrofluid 1, 0.3 g of oleic acid
was added to the reaction mixture before the hydrothermal
treatment. A paste-like precipitate of barium hexaferrite was
washed and easily peptized in hydrocarbons. A stable ferro-
fluid containing ‘small’ hexaferrite particles was obtained
(Ferrofluid 1).

For preparation of the Ferrofluids 2 and 3 the surfactant
was added after hydrothermal treatment. Upon centrifuging,
barium hexaferrite precipitate was suspended in a 1-2%
aqueous ammonia solution, and then 0.1 g of oleic acid was
added. The mixture was heated at stirring, until the acid was
completely dissolved, and boiled for 10min to remove
excessive ammonia. 1 M hydrochloric acid was added until
pH =~ 3 was achieved. The paste-like precipitate, containing
coated particles and excessive oleic acid, was separated,
washed with deionized water, and dried in an oven at 105 °C.

The paste was suspended in a portion of n-octane and
boiled for better surfactant adsorption. After the solvent was
removed, the precipitate was washed from excessive acid with
ethyl acetate. The separated precipitate was dried and pep-
tized in petroleum ether. So, ‘small’ particles were transferred
into a colloid (Ferrofiuid 2), and the ‘large’ fraction coagu-
lated and settled down.

In present study, an additional surfactant was empirically
selected for a colloid, containing the ‘large’ nanoparticles
(Ferrofiuid 3), could be obtained.

The surfactant mixture contained equimolar amounts of
sodium dodecyl sulfate (SDS) and lauric acid (LA). SDS was
dissolved in water, solution was heated to 50 °C and LA was
added at stirring. As a result, an emulsion, stable upon cooling
to 20°C, was obtained. The emulsion peptizes ‘large’
hydrophobic nanoplates due to the second surfactant layer
with hydrophilic groups at the interface with the aqueous
medium; as a result, non-transparent stable Ferrofluid 3 is
obtained. In Figure 1 the schematic view of the particle sta-
bilized by a double layer of the surfactants is presented.
Hydrocarbon tails are depicted as black curved lines and polar
end groups as circles—yellow in case of oleic acid in the first
layer, blue and green—SDS and LA. Polar groups at the
surface make the particles lyophilic, so an aqueous colloid
can be prepared.

The ferrofluids, based on cobalt (Ferrofluid 4) and cop-
per (Ferrofluid 5) ferrite particles, stabilized by a double layer
of surfactants, were prepared according to the procedure,
described for Ferrofluid 3.

2.4. Instruments and methods for characterization of ferrite
nanoparticles and ferrofluids

The physical properties and structure of ferrite nanoparticles
were characterized by various techniques. The phase purity
and crystal structure of the ferrite nanoparticles were exam-
ined using a Shimadzu XRD-7000 diffractometer with CuK,,
radiation (\,, = 1.541 84 A). The diffraction patterns were
recorded in the 26 range of 10°-80° in a step scan mode (step
size—0.01°-0.005°; accumulation time—1.5-2 s).To identify
the structure of ferrites, the JSPDS database was used. The
morphologies of ferrite nanoparticles were observed using a
JOEL JEM2100F transmission electron microscope. The
content of metal ions in acidic ferrite solutions was deter-
mined using a Thermo Scientific iCE 3500 atomic absorption
spectrometer with flame atomization. Each sample for trans-
mission electron microscopy (TEM) was prepared by making
a suspension of the ferrite powder in deionized water. The
particle size of the sampled nanoparticles was determined by
the mean linear intercept, which was acquired from TEM
micrographs. Particle size in case of cobalt ferrite was
determined by magnetic granulometry using a device
designed in the Institute of Continuous Media Mechanics
(Perm, Russia), described in [19].

Some methods were used for characterization of the
particles in a colloid and in magneto-optical measurements
the response of a colloid was registered.

An average hydrodynamic diameter and particle size
distribution were determined by the dynamic light scattering
(DLS) method using a Brookhaven ZetaPALS analyzer.

Magneto-optical measurements were carried out using a
device designed in the Institute of Continuous Media
Mechanics (Perm, Russia) and described in ‘Results and
Discussion’ section.

The Ferrofluid 3, containing ‘large’ barium hexaferrite
nanoplates, was studied by small-angle x-ray scattering
(SAXS) and small-angle neutron scattering (SANS).

SAXS measurements were carried out using a Rigaku
instrument with a rotating Cu-anode for two sample positions
[20]. SANS measurements were performed using the two
detector mode YUMO spectrometer in function at the 4th
IBR-2 reactor neutron beamline [21, 22].

In the SAXS experiment, the samples of colloid were
introduced into a capillary cell and in the SANS - into a
Helma cell, the path way being 1 mm in both cases.

Initial data on small-angle diffraction were processed
using a Rigaku software for SAXS and SAS software in a
two-detector system mode for SANS [23].
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Figure 2. General scheme of light birefrigence—the beam is split
into two orthogonally polarized rays with angle ¢ between them.

3. Results and discussion

3.1. Theoretical description of magnetic-optical phenomenon
in ferrofluids

In physical optics, the Cotton—Mouton effect refers to bire-
fringence in a liquid in the presence of a constant transverse
magnetic field [24].

This effect arises due to constant magnetic moment of a
molecule, which becomes oriented when the medium is
subjected to magnetic field. In this case birefrigence can be
registered, though its value is low enough for practical
application in optical devices. Similarly, in a magnetic col-
loid, the moments of both spherical and anisometric particles
are oriented along applied field. A uniaxial optical anisotropy
appears in ferrofluids in magnetic field, either due to the
orientation of anisometric dipole particles in an external field,
or because of the reversible formation of chain aggregates
composed of spherical particles and oriented along the field
[25]. An anisotropy arising in magnetic fluid subjected to
magnetic field results in splitting of the beam into two beams,
like in anisotropic crystals. After the beam passes through the
sample, elliptically polarized light is registered. The magneto-
optical medium becomes birefringent and dichroic with
respect to a passing optical beam: the refractive index and the
absorption coefficient of this medium depend on the angle
between the plane of polarization and optical axis, coinciding
with the direction of magnetic field.

In alternating magnetic field at some constant amplitude,
pronounced birefringence can be observed only if the fre-
quency of magnetic field is lower than or comparable with
characteristic frequency of Brownian rotation of the particle.

The optical anisotropy of a sample in an alternating
magnetic field is proportional to the degree of particle
orientation, similarly to magnetic susceptibility [26]. Conse-
quently, the frequency dependence of the magneto-optical
effects can be described by the same function with a correc-
tion taking into account the particle shape. When a linearly
polarized wave propagates perpendicular to magnetic field, it
can become elliptized. General scheme of light birefrigence is

shown in Figure 2. Here the beam passing through the layer
of magnetic fluid is split into two orthogonally polarized rays
with a phase shift angle 6 between them. Optical response is
proportional to the intensity and phase shift of the beams.

In a colloid, optical response is proportional to the par-
ticle orientation degree, similar to magnetic susceptibility
[27]. According to Debye law, the dependence of ferrofluid
magnetic susceptibility on magnetic field frequency at con-
stant field amplitude is expressed as:

=)

where y—magnetic susceptibility; xo,—magnetic suscept-
ibility in a constant field; f—frequency of applied magnetic
field, fo—characteristic frequency.

Hence, in case of magnetooptical media, susceptibility y
in Debye equation (1) can be substituted by the value of
optical response, measured at a photodiode:

2

S
U, =Uy/|1 =1 |
°/[ +(ﬁ)]]

Here U, is response at constant magnetic field registered in
the device, i.e. it is a combined characteristic of a device and a
sample; f—frequency of applied magnetic field,
fo—characteristic frequency.

The value fy, characteristic frequency, depends on the
time of the Brownian rotation of the particles 7g:

fo =1/27m. 3)

From characteristic frequency, characteristic time of Brow-
nian rotation of the particles in a colloid can be calculated by
the formula:

ey

@)

= 3nV/kT, “)

where 7—viscosity of the medium; V—hydrodynamic
volume of the particle; k—Boltzmann constant; 7—absolute
temperature.

In experiment, approximation of magneto-optical curve
by Debye function (equation (2)) gives the value of char-
acteristic frequency (equation (3)). If we know viscosity of
the medium, hydrodynamic volume of the particle coated by a
stabilizing layer, and, hence, particle size or diameter can be
calculated (equation (4)).

Taking into account the concepts and phenomena given
above, the following conclusion seems to be rather evident.
The optical anisotropy of magnetic fluids with anisometric
particles, nanorods or nanoplates, should be much more
pronounced, than the one in the media with isometric parti-
cles. In other words, the magneto-optical effects will be
substantially more sensitive to an applied magnetic field, or a
less concentrated magnetic fluid can be used to obtain the
same effect. This is important because of the strong absorp-
tion by magnetic particles in the optical spectral range.

The idea was to enhance the birefringence signal of a
ferrofluid, using anisometric particles with the highest pos-
sible dimension ratio, in case of nanoplates it is the ratio of
platelet diameter to its thickness. For such ferrofluids at low
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Figure 3. Magnetooptical device: scheme (a) and photo (b). In the scheme:1-helium-neon laser; 2-electromagnet with ferrite core; 3-sample

cuvette; 4-analyzer; S5-photodiode; 6-magnetic field measuring coil.

concentrations the origin of magnetic induced birefringence
can be explained by the only dominating factor—shape
anisotropy of nanocrystallites.

3.2. Magneto-optical device

Magneto-optical measurements were carried out using a
device designed by the authors. The photo and general
scheme of the device are shown in figure 3. A cuvette with a
sample is placed between the poles of a magnet producing
vertically directed alternating magnetic field. A beam from
helium-neon laser (A = 633 nm) passes through the cuvette
and polarizer-analyzer, installed at the angle 90° to the laser
beam polarization plane, and then falls on a photodiode. The
incident beam flux on the photodiode results in the photo-
diode generating output voltage. The angle between the
polarization plane of the laser beam and the principal plane of
the optical system is 45°. The distance that light travels
through a ferrofluid layer, or the path length, is 8§ mm. The
beam passing through a birefringent medium becomes ellip-
tically polarized [24].

At the photodiode, mounted next to the polarizer,
intensity / of the transverse component of the elliptically
polarized beam is registered. This value is connected with the
phase difference ¢ between the ordinary and extraordinary
beams:

I=(0 — cosyp)/2. (5)

For magnetooptical measurements the ferrofluids were diluted
by the solvent until the registered intensity of the light passing
through the cuvette was 30% of initial one.

The amplitude of magnetic field was 2 kA m™" (~25 Oe).

3.3. Characterization of nanoparticles

The size of ferrite nanoparticles was determined by different
methods. SEM-images of barium hexaferrite ‘large’ particles
and copper ferrite nanoplates are presented in Figures 4 and 5,
respectively. A plate-like irregular shape of the particles and
the size of the order of 100 nm is clearly seen in both cases. In

I
400 nm

Figure 5. SEM-image of copper ferrite nanoplates.

these ferrofluids, containing ‘large’ particles, it was possible
to obtain the data using a light scattering device. In case of
small particles, less than 10 nm, as in Ferrofluids 1 and 4
(‘small’ particles of barium hexaferrite and cobalt ferrite)
DLS device could not be used due to the particle size below
the detection limit. Particle size distribution curves are shown
in Figure 6. The Brownian translation diffusion time,
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Figure 6. Particle size distribution in barium hexaferrite (a) and
copper ferrite (b) colloids with ‘large’ nanoplates according to
DLS data.

registered by the DLS method, is higher than the character-
istic time of Brownian rotation 7g, and diffusion of nanoplates
and nanospheres of equal diameter can be considered to be
identical processes.

The prevailing hydrodynamic diameter of barium hex-
aferrite (Figure 6(a)) and copper ferrite (Figure 6(b)) particles,
calculated from the DLS data, is 61 and 51 nm, respectively.
The values are consistent with the particle size seen on SEM-
images (Figures 4 and 5).

For preparation of copper and cobalt ferrites, a novel
synthetic method, developed by the authors, was used. So,
additional analytical method was used for identification of
these substances. From the data on metal content, obtained by
atomic absorption spectroscopy, the formulas of ferrites were
calculated. ~For cobalt ferrite it is close to
stoichiometric-Cog 9,Fe>04, and content of copper in copper
ferrite is much lower than stoichiometric-Cug ¢sFe,O4 The
particle size of cobalt ferrite, determined from magnetization
curve, was about 9 nm. Unlike DLS, in this method the size of
magnetic core is determined, and for hydrodynamic particle
size the stabilizing layer thickness can be calculated [28] from
atomic bonds given in reference books.

/ CoFe,0,

Ji v
(n'l%z()4

| J\
M”“"WKJ wh”” J\‘J AR
10 20 30 40 50 60 70 80
20

I BaFe 0

12719

/ | il .
/ I/“ VLT NN

10 20 30 4(] 5() ()0 70 80 90

Figure 7. X-ray diffraction patterns for cobalt ferrite, copper ferrite,
barium hexaferrite.

Crystalline structure of ferrite nanoparticles was studied
by X-ray diffraction method. Diffraction patterns of the
samples are given in Figures 7(a)—(c). A single phase dif-
fraction pattern can usually be readily identified by searching
a data base of reference powder patterns, so the standard cards
were selected. It should be noted that no complete incidence
of the patterns and cards is observed due to the structure with
some sites of divalent metal, substituted by iron. However,
the main intense peaks of the diffraction patterns, shown in
Figures 7(a), (b), correspond to the ASTM 00-003-0864 card
(cobalt ferrite) and ASTM 00-025-0283 card (copper ferrite).

In Figure 7(c), the X-ray pattern of BaFe;,O;9 nano-
particles is given, most intensive diffraction peaks from ICDD
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Figure 8. Frequency characteristics of magnetic optical signal for
ferrofluids: (1)-Ferrofluid 3, ‘large’ nanoplates, BaFe;,0;9/H,0;
(2)-Ferrofluid 5, ‘large’ nanoplates, Cug 4Fe>04/H,0; (3)-Ferro-
Sluid 2, ‘small’ nanoplates, BaFe 5019 /C;1Hpg,

98-006-0984 card coincide with experimental diffraction
peaks. It means that the XRD pattern has a hexagonal struc-
ture. However, magnitudes of diffraction peaks intensities
mismatch with ICDD. This fact can be explained by a high-
level imperfection of the unit cells.

3.4. Magneto-optical properties of ferrofluids

3.4.1. Ferrofluid 1. 1In the Ferrofluid 1 barium hexaferrite
particles were dispersed in a hydrocarbon medium. It was
prepared via the first variant of hydrothermal procedure, i.e.
oleic acid was added before autoclaving. The diameter of
nanoplates was 8 nm and thickness—3 nm [17]. Weak
magnetism of these particles can be explained by the
thickness of two nonmagnetic layers on the nanoplate
surfaces—1.6 nm in total. Subtracting this value from the
particle thickness (3 nm), we obtain too thin magnetic core.
So, no measurable signal was observed at magneto-optical
measurements of this ferrofluid due to very small magnetic
moment of the particles.

3.4.2. Ferrofluid 2. For magneto-optical measurements, a
hydrocarbon colloid, obtained upon dispersing of
hydrophobized ‘large’ barium hexaferrite particles in
petroleum ether (Ferrofluid 2) was diluted with undecane.
Petroleum ether was evaporated, so viscosity of the medium
(undecane) was close to 1 mPa s. A low voltage value,
registered at the photodiode (Figure 8-(3)), was twofold
higher than the one observed in case of the Ferrofluid 4
(cobalt ferrite). The approximation gives f, = 185 Hz and
d = 61 nm. This particle diameter is equal to the average
diameter of ‘large’ barium hexaferrite nanoplates obtained by
the DLS method. Deviation of the experimental data from the
approximating curve is considered to be due to a wide particle
size distribution. Probably, main fraction in Ferrofluid 2 is
weakly magnetic ‘small’ particles. This fraction gives no
contribution to the magneto-optical effect. Some amount of

nanoplates with diameter of ~60 nm, or ‘large’ particles, are
transferred into a colloid, and optical anisotropy arises. In
figure 8 the curves of frequency characteristics of magnetic
optical signal for 3 ferrofluids are given. Obviously, the
intensity of the magneto-optical response depends both on the
shape and size of the particles.

3.4.3. Ferrofluid 3.. In figure 9 the photo of synthesized
aqueous magnetic colloid containing ‘large’ barium
hexaferrite nanoplates (Figure 9(a)) is presented with the
schematic picture explaining behavior of the particles in
initial ferrofluid (Figure 9(b)) and when subjected to magnetic
field (Figure 9(c)). In the field the multidirectional magnetic
moments of particles become oriented parallel to the applied
field [29].

As it was expected, for the ‘large’ barium hexaferrite
nanoplates (Ferrofluid 3), the maximum value of the
magneto-optical response was found to be two orders of
magnitude higher than that in case of Ferrofluid 2
(Figure 8-(1)). Excellent fitting of experimental points of
the frequency dependence with approximating curve indi-
cated particle size distribution to be rather narrow. In this case
the parameters, determined from the curve were: f, = 140 Hz,
d = 144 nm. So, calculated diameter is more than 2 times
higher than the average hydrodynamic diameter determined
by the DLS method (61 nm). This can be explained by a
strong dilution in DLS measurements—colloidal solutions
with particle concentration of ~2 x 107 vol% are used,
whereas in magneto-optical measurements, the concentration
is two orders of magnitude higher. Probably, an equilibrium
aggregation of rather coarse colloid particles is observed in
these samples, which leads to a larger effective size in
magneto-optical measurements. A slow sedimentation is also
observed in these colloids, which is also due to the particle
aggregation, because separate particles less than 500 nm in
size cannot settle down due to the thermal movement [30]. At
a stronger dilution (DLS), the aggregates dissociate and we
observe the diffusion of individual particles and determine
just their size.

In [31] absorption of light by ellipsoid-shaped particles is
analyzed. Besides, the influence of magnetic field on the
absorption and, hence, transmission, is evaluated. In present
study, for comparison of magneto-optical response to be
correct, the samples were diluted until the intensity of
transmitted light was 30% from the one of incident light. In
general, absorption and scattering decrease intensity of
transmitted light and magneto-optical response. The depend-
ence of transmittance on these phenomena in Ferrofluid 3 was
estimated and relative transmittance as a function of
frequency was built (Figure 10). In our experiments
polarization of light was found to be the only dominating
reason of magneto-optical phenomenon. It was shown, that
the contribution of absorption and scattering can be neglected.

3.4.4. Ferrofluid 4. The registered optical signal for cobalt
ferrite (Ferrofluid 4) was negligibly low, the values being
about the sensitivity limit of the device. The approximation of
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Figure 9. Synthesized aqueous magnetic colloid containing ‘big’ barium hexaferrite nanoplates (a); initial particles with multidirectional
magnetic moments (b); nanoplates with the moments parallel to the applied magnetic field (c).
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Figure 10. Dependence of relative transmittance on magnetic field
frequency for Ferrofluid 3.

the data by Debye function (equation (2)) gave the values
Jo =290 Hz and d = 113 nm. In this case magneto-optical
effect is likely to be due to anisometric aggregates present at a
low concentration, spherical colloid particles make no
contribution to optical anisotropy. In [32], electrostatic
stabilization of CoFe,O4 was carried out, and agglomeration
was not pronounced. The presence of small aggregates (~27
nm) at relatively high concentration resulted in a noticeable
magneto-optical effect.

3.4.5. Ferrofluid 5. Ferrofluid 5, an aqueous copper ferrite
colloid, demonstrated a considerable magneto-optical
response (figure 8-(2)). The shape and size of the particles
is quite similar to the ones in Ferrofluid 3. So, these
ferrofluids can be compared, though, according to the
reference books, magnetic properties of the bulk substances
are different. The particle size of 84 nm determined using
magneto-optical data, is much closer to the one, determined
by DLS (51 nm), than in case of Ferrofluid 3. This means the
aggregation degree is much lower. The absorbance of copper
ferrite in red spectral region is higher than the one of barium
hexaferrite, so concentration in the sample transmitting 30%
of the beam, prepared for the measurements, is lower. This
can be a reason for a weaker magneto-optical response. The
value of characteristic frequency for Ferrofluid 5 is 700 Hz

(compare with 140 for Ferrofluid 3). It is known, that the
higher is the frequency, the faster is the response of a
magneto-optical sensor. Additional experiments should be
carried out for amount of the solvent and precise
concentration value to be taken into account.

3.4.6. Comparison of magneto-optical properties of
ferrofluids. The data on characteristic frequency and
particle size in different ferrite colloids are given in table 1.
In this table both results obtained within the present research
and literature data are summarized.

In general colloids with ‘small’ particles are character-
ized by a weak or negligible optical response and high
characteristic frequency. Particle sizes calculated by the
formula, in all cases are much bigger than the ones
determined experimentally by different methods—transmis-
sion electron microscopy, magnetic granulometry, DLS—due
to more or less pronounced tendency to aggregation. In our
study the best result, or the highest value of magneto-optical
response, was observed in the case of barium hexaferrite
colloid, containing ‘large’ nanoplates. It should be noted, that
there are some reasons explaining the difficulties connected
with comparison and analysis of experimental data with the
information given in literature. The first reason is the lack of
information, for example, in [33] viscosity of the medium is
omitted. In some cases the data and values, which can be
calculated from magneto-optical curves, are lacking. In
[32, 33], no data on characteristic frequency for cobalt ferrite
colloid was found, so it could be visually determined from the
curve very approximately. As a rule, there are some
differences in design of magneto-optical devices and lacking
data on magnetic field amplitude. However, general tendency
can be traced, i.e. enhanced magneto-optical response and
lower characteristic frequency values for the colloids with
large anisometric particles or aggregates.

3.4.7. The study of the Ferrofluid 3 by SAXS and SANS
methods. As the Ferrofluid 3 demonstrated the highest
optical response when subjected to an alternating magnetic
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Table 1. Characteristic frequency and particle size for ferrite colloids.

Calculated particle diameter

Ferrite Characteristic frequency fy, Hz d, nm Particle size, nm
BaFe 0,9, ‘small’ plates No measurable magneto-optical — 8 x 3 (TEM)
response
Ferrofluid 1
BaFe ,0,9, ‘small’ isolated 1850 61 Low fraction of ‘large’
from ‘large’

Ferrofluid 2

BaFe ,0,9, ‘large’ plates 140 144 (aggregates) 61 (DLS)

Ferrofluid 3

Coy 92Fe,04, nanospheres 290 113 (aggregates) 9 (magnetic granulometry)

Ferrofluid 4

Cug g4Fe>04 nanoplates 700 84 51 (DLS)

Ferrofluid 5

CoFe,0, [26] nanospheres ~20 000 27 (chains) ~7 (TEM)

CoFe,04 [27] nanospheres ~150 Chains 13 (core,TEM), 36 (core-+shell,
calculation)
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Figure 11. SANS and SAXS experimental and model fitting curves
for Ferrofluid 3.

field, some additional methods were used for a detailed study
of the stabilized nanoplates.

In Figure 10 the experimental SAXS and SANS curves
from the sample composed of colloidal suspension of
BaFe|,0,9 particles stabilized by a double layer surfactant
in water are represented. The double layer consists of oleic
acid (OA), the first layer, and SDS-LA, the second layer
(figure 1).

In Figure 11 some curves are presented, where the
scattering intensity is a function of the scattering vector is
presented. Scattering vector is described by the following
equation:

0= 47” sin % ©)

where A—the wavelength of incident X-rays or neutrons, 6—
the scattering angle.

Using SASView [34] software for fitting the exper-
imental curves, the following results were obtained
(figure 11):

() In the range of 0.0072 < Q < 0.1 A™"', the scattering
intensity corresponds to dilute, randomly oriented
sheets, ‘infinitely large’ in comparison with their
thickness.

(ii) In the range of 0.1 < Q < 0.5A™!, scattering char-
acteristic for dilute, randomly oriented particles of
ellipsoidal form is detected.

The model fitting of the experimental curves, as well as
the TEM image showed the system to be composed of a
polydisperse mixture: (i) sheets, ‘infinitely large’ as compared
to their thickness and (ii) ellipsoidal particles. In Figure 12 the
parameters of a core—shell structure, given in Table 2, are
illustrated.

The average thickness of the sheets is found to be about 7
nm according to SAXS data and about 8.8 nm according to
SANS data. The difference between the thicknesses obtained
by the two methods can be explained by their possibilities.
The SAXS method is not sensitive to the surfactant. However,
the surfactant layer can be detected by SANS. We can assume
that the surfaces of the sheets are coated with a single
surfactant layer, and at the edges—with a double layer
(figure 13).

The average dimensions of the ellipsoidal particles
obtained by means of SAXS and SANS methods are
2Ry ~8 nm and 2R, ~ 21 nm. The thickness of the
surfactant layer was obtained using SANS data, the values
in equatorial and polar directions of the ellipsoid being
different (figure 14).

From the SANS data, we conclude that two scenario of
surfactant distribution on the nanoparticle surface can be
possible:

(a) An uniform layer of OA on all the ellipsoidal particle
surface and the second layer of SDS+LA on the
elongated part of the particle;

(b) The layer of OA covers the elongated part of the
particle; polar regions of the ellipsoidal particle are
covered with a layer of SDS+LA surfactants; the
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Figure 12. The description of the model parameters for core—shell ellipsoid (a), (b) and ellipsoid (c) models.

Table 2. Model parameters calculated from SANS and SAXS data.

Method Q-range, A! Model Model parameters Model parameters values, nm
SANS 0.0072 < Q < 0.07  Sheets, ‘infinitely large Thickness 88 +£02
0.07 < 0 < 0.21 Core—shell Ry 39+03
Ellipsoid R, 10.8 £ 0.3
Ts; 44+0.2
Ts, 1.5+£0.1
SAXS 0.0072 < Q < 0.07  Sheets, ‘infinitely large Thickness 7.2 +0.1
0.07 < 0 <021 Ellipsoid R1 3.7+0.1
R2 10.6 £ 0.1

Figure 13. Schematic representation of an ‘infinitely large’ sheet
particle.

longitudinal edges of the particle are coated with a
double layer of surfactants.

It can be concluded that SAXS and SANS results are
consistent with particle sizes determined by TEM (Figure 15).

It is known that sizes in the range of 4 = 5 nm have
special properties associated with the surface-to-volume ratio
[35, 36]; therefore, the properties of the surfactant will be
selective to the sizes of the stabilized particles. Thus,
surfactants can be differently adsorbed on the surface of
small particles and on the top and lateral surfaces of the
sheets.

10

2R2

1
1
1
|
&

2R1 Tsl

Figure 14. Schematic representation of possible distribution of
surfactant molecules at the nanoparticle surface.

For more information it will be necessary to study the
samples of particle dispersions in deuterated water by SANS.

3.4.8. The novelty of present study. Thus, the main finding
of this study is an enhanced optical response of barium
hexaferrite and copper ferrite colloids in an external magnetic
field. This behavior is explained both by size and a high
aspect ratio of nanoplates. From synthetic point of view,
preparation of ‘large’ plate-like particles and colloids
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e

Figure 15. TEM-image of the particles in Ferrofluid 3.

containing these particles is a great achievement. In general,
copper ferrite is less studied and information on the synthesis
of nanoparticles is rather scarce. No data on copper ferrite
nanoplates and magneto-optical response of copper ferrite
colloids were found in literature. The magneto-optical signal
in the samples of Ferrofluid 3 and 5 was by orders higher than
that of the ferrofluids with ‘small’ nanoparticles, both
spherical and anisometric. Recently the authors have
established some regularities and mechanism of particle
stabilization in magnetic colloids [37]. In addition, the
structure of the surface layer has been described [28]. In
present work the mechanism of particle stabilization is not
clear enough due to some contradictory data, obtained using
SAXS and SANS methods. However, the idea of a double
layer formation and its implementation in experiment was
successful. Preparation of the ferrofluids containing ‘large’
particles became possible after a two-step coating procedure,
which resulted in a double surfactant layer on the particle
surface. It should be noted that stability of Ferrofluid 5
containing copper ferrite nanoplates, is over two weeks, and
in case of the Ferrofluid 3 (barium hexaferrite) the
concentration gradient, or beginning of sedimentation, can
be visually observed in two days. So, further efforts should be
directed to preparation of a more stable ferrofluid containing
barium hexaferrite particles and more detailed study of
magneto-optical properties, stabilizing mechanism and the
role of particle aggregation.

4. Conclusion

Magnetic nanoplates of barium hexaferrite were synthesized
by the hydrothermal method and aqueous colloids were pre-
pared. Nanoparticles of magnetic cobalt and copper ferrites
were synthesized via a novel method. For stabilization of the
‘large’ magnetic particles, a lyophilizing mixture of SDS and

11

LA was experimentally selected. A double layer allowed
aqueous ferrofluids, containing relatively large barium hex-
aferrite and copper ferrite particles, 61 and 51 nm respec-
tively, to be obtained. The colloids containing barium
hexaferrite nanoparticles were found to be stable over two
days, and those with copper ferrite nanoparticles—over two
weeks. The particle size of ferrites was determined by DLS
method and electron scanning microscopy. The element
content was determined by atomic absorption spectroscopy.
Metal ferrites have also been studied using such methods as
small angle x-ray scattering and small angle neutron scatter-
ing. Magneto-optical response in ferrofluids was found to be
rather different. A pronounced magneto-optical effect was
observed in aqueous colloid containing ‘large’ barium hex-
aferrite nanoplates. Hydrocarbon colloids containing ‘small’
barium hexaferrite nanoplates were characterized by a weak
magneto-optical effect, the value being by two orders of
magnitude lower than the one for the ferrofluid with ‘large’
particles. A colloid based on copper ferrite was also shown to
be an efficient magneto-optical medium. Nevertheless, its
response was about 5 times lower, than in case of ‘large’
barium hexaferrite nanoplates.

The characteristic frequencies f;, were determined using
experimental data and particle (aggregate) sizes were calcu-
lated. It was shown, that the aggregates consisting of 2-3
particles (144 nm), are present in barium hexaferrite colloid.
In case of copper ferrite colloid, aggregation degree is lower
—according the calculations from magneto-optical data,
aggregate size is 85 nm, i.e. only two-particle aggregates are
present.

The results of SAXS and SANS on particle size were
consistent with microscopic and DLS data. However, the
structure of a stabilizing layer and stabilization mechanism
are not still quite clear due to some contradictory results of
SAXS and SANS data treatment.

Thus, it was demonstrated, that in the media with equal
viscosity magneto-optical response largely depends both on
particle geometry and magnetic properties of the substance. In
future the magneto-optical media will be studied using the
light sources with different wavelengths. Further research,
connected with the synthesis and stabilization of magnetic
fluids with anisometric particles and optical response of these
media will contribute to the development of new technologies
and theoretical concepts. New ferrofluids with enhanced
magneto-optical response are also expected to find new
application areas.
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