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1. Introduction

Spinel ferrite nanoparticles of Cog.2 Nig.s Fea O; composition are utilized as filler magnetic par-
ticles in the carrier fluid of sesame oil to prepare a magnetorheological fluid. The hydrothermal
method is adopted to prepare CoNi ferrite nanoparticles. X-ray diffraction analysis is used to
check the crystalline phase, and transmission electron microscopy is used to image the par-
ticles to find the size and shape of particles. The average size is about 18 nm. The magnetic
properties are determined by measuring the hysteresis loop by the superconducting quantum
interference device technique. The saturation magnetization is 59.4 emu/g, and the coerciv-
ity is 30 Oe. The Langevin fitting is applied to the hysteresis loop to show that the particle
moment is about 16 x 103up. The viscosity and shear stress are measured against the shear
rate, where the latter parameters are extracted from the viscosity and the viscometer spindle
speed. The viscosity behavior showed the shear thinning against the shear rate. The viscosity
increases with the magnetic field. The shear stress increases with the shear rate and has a very
good matching with the Bingham model, rather than with the Herschel-Bulkley model, while
describing the measured data. We observed a clear high static shear stress at low shear rates
that are growing with the magnetic field. The yield stress was increased linearly with magnetic
field strength.

Keywords: Cop.2NiggFeaO4, magnetorheological fluid, magnetic properties, static shear
stress, yield shear stress, shear thinning.

bility, and green as much as possible. Smart materials

There is always a necessity for modern materials that
are used to do a significant function in enhancing the
human health and life modality. Smart materials can
do these functions. The new smart materials should
have some features such as safety, good quality, relia-
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must have a high response to the control signals to
modify their properties. In addition, smart materials
should have stable properties to help one in design-
ing the innovative systems with various applications
[1]. One of the most important smart materials is a
magnetorheological fluid (MRF) [2]. MRF is usually
composed mainly of a carrier fluid such as a synthe-
sized oil, and micro-size magnetic particles commonly
carbonyl iron in micron size, where the larger parti-
cle size will support the chains. However, there is a
chance to prepare a magnetizable colloidal or MRF
with ferrite nanoparticles with unique magnetorheo-
logical properties, sometimes called ferrofluid [3]. De-
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spite MRF with large iron particles (>1 pm) having a
stronger yield stress, two orders of kPa, compared to
a fluid containing iron oxide particles with nanoparti-
cles (<100 nm) about one order of kPa. On the other
hand, MRF with nanoparticles is more stable due yo
a high dispersivity. Besides, the nanoparticles are less
abrasive [4].

Magnetorheological fluid (MRF) as a significant
smart material has different applications in different
fields and is continuously developed; they are involv-
ing automation, aerospace, the manufacturing indus-
try, and medical application. The common MRF de-
vices are the MRF damper (shock absorber), brake,
clutch, mount, prosthetic leg, lower-limb exoskeleton,
hydraulic pump, lubrication, MRF valve [5], MRF
brake, MRF seals, MRF pneumatic actuator, MRF
polishing, MRF fixture, seismic isolators, and exer-
cise equipment [6].

MRF usually functions in the post-yield zone (not
the pre-yield zone), i.e., the stress is larger than the
yield stress, where the stress depends on the magnetic
field greatly. In this zone, the MRF is used mainly
in the dampers to absorb vibrations, vehicle suspen-
sion development, and seat suspension implementa-
tion [7]. While in the pre-yield zone, the MRF must
have low viscosity, as it is known by off-state [6].

When fluids flow, they may behave themselves like
the Newtonian fluid or non-Newtonian one. The non-
Newtonian flow means that the viscosity depends on
time and displays a special relationship between the
shear rate and shear stress. One of these special re-
lations or manners is the shear thinning. The shear
thinning means reducing the apparent viscosity, as
the shear rate is rising. The larger the shear rate, the
lower the viscosity. Furthermore, the shear thicken-
ing means an increase in the apparent viscosity asso-
ciated with the shear rate increases. The larger the
shear rate, the higher the viscosity [8]. Fluids that
show the shear thinning are also known as pseudo-
plastic fluids. They are commonly complex fluids like
blood and MRF. Despite the behavior is not fully
realized, it is commonly treated as a result of the mi-
crostructural ordering in the fluid. The shear Thin-
ning is frequently accompanied by other effects like
the heating or nonlinear high shear stress [9].

Away from Newtonian fluids, by approaching the
non-Newtonian fluids, those fluids have some “static
viscosity”, i.e., a minimum shear stress before it starts
to flow, which obeys the Bingham plastic model
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[10]. It depends on the apparent viscosity and experi-
mental temperature [11], which can be measured by a
bench-top tuning fork viscometer and a magnetome-
ter in view of vsrious factors that affect the rheologi-
cal properties of MRF like magnetic particle fraction,
carrier fluid and particle densities, particle size [12],
particle shape, their distribution, and physical prop-
erties of the carrier fluid (13|, as well as additional
additives, exerted magnetic field, and temperature
[14]. Some of the factors are typically necessary to in-
crease the yield stress; such as increasing the volume
fraction of MR particles and /or increasing the exerted
magnetic field strength [15]. Sometimes, these tech-
niques may be considered undesirable, because they
may add a sensible weight to the MRF devices and
increase the off-state viscosity of MRF [16].

NiFe;O4 nanoparticles were synthesized by the gel
burning method and showed the ferromagnetic nature
of their magnetic properties as measured by a vibrat-
ing sample magnetometer. The NiFe;O4 nanoparti-
cles were utilized in the preparation and character-
ization of MRF. The viscosity was raised by an in-
crease in the magnetic flux density. There was an
enhancement in the yield stress with an increase in
the particle content and also an increase in the vis-
cosity due to the dipole—dipole interactions of mag-
netic nanoparticles. The behavior of MRF was ex-
plained basing on the Bingham plastic model [17]. In
another study, Co ferrite was added in different ra-
tios to the Li grease. The off-state viscosity of MR
grease was measured, and these particles showed
a decrease in the off-state viscosity with increas-
ing the magnetic field. The magnetorheology grease
samples with concentrations of Co ferrite in the in-
terval 1-5 wt.%, were tested by SEM, a vibrat-
ing sample magnetometer, and a rheometer. The
MR grease samples showed that, at the addition of
5 wt.% Co ferrite powder, the initial off-state vis-
cosity was decreased by 86% with respect to the
pure MR grease. The initial viscosity of MR grease
grew, when the field is raised to 0.64 T, as the
amount of Co ferrite nanoparticles is increased. In ad-
dition, an improvement in the shear stress and yield
stress was observed, as the Co ferrite content is in-
creased compared to the reference MR grease sample
[18]. In work [19], Co ferrite nanoparticles were pre-
cipitated on multiwall carbon nanotubes using the
co-precipitation technique. The produced composite
samples were used as filling magnetic particles for
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Fig. 2. The XRD pattern of the prepared Cog.2Nig.gFeaO4

preparing a magnetorheological fluid. The viscosity,
shear stress, yield stress, storage modulus, and loss
modulus were found to depend mainly on the applied
magnetic fields.

In this study, a Cog.oNig gFe;O4 ferrite was pre-
pared, and its structural and magnetic properties
were determined. Then an MR fluid was prepared
by mixing these particles with sesame oil to inves-
tigate the magnetorheological properties and exactly
the static shear stress. It is the first time to check
the magnetorheological properties of such a suspen-
sion. The novelty is also concentrated on sensing and
investigating the static shear stress experimentally at
a low shear rate, which was not measured previously
as far as the author knows.
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2. Experimental Part
2.1. Sample preparation

Hydrothermal synthesis was adopted to prepare the
ferrite nanoparticles. The analytical grade precur-
sors NiCl, - 6H20O, CoCls,, and FeCl; have weights of
0.52 g, 2.08 g of NiCly - 6H20, and 6.48 g of FeCls, re-
spectively. Distilled water (DW) of a volume of 150 ml
was used as a solvent. After the mixing, the salt with
DW for 10 min, the aqueous NaOH solution of 0.25 M
concentration was added very slowly in the form of
drops to the salt solution up to the pH reaches 7,
accompanied by a robust stirring. Then the product
was transferred to a Teflon cup in a stainless con-
tainer and heated to 160 °C for 4h by a hotplate. Af-
ter the power was off, the suspension was left to reach
room temperature on the second day. The suspension
was washed three times with DW and one time with
ethanol to remove the salts and any organic residu-
als. As a final step, the suspension was dried at about
70 °C to get the final black powder with a noticeable
attraction to the magnet.

The powder sample was checked by the XRD Ex-
pert Panalytical Diffractometer to identify the crys-
talline phase. To analyze the particle image, the
Philips CM12 TEM was utilized. The magnetization-
field curve was obtained by Quantum Design MPMS
XL SQUID. Sesame oil supplied from Kadoya/Japan
was used as a carrier fluid. The ferrite weight of
1.9152 g was mixed with 1.123 g of oleic acid supplied
by Hebei Guanlang Biotechnology Co in an ultrasonic
bath. Then it was dried with ethanol to remove the
extra oleic acid. After that, the oleic-coated ferrite is
mixed with 5 g sesame oil by the strong magnetic stir-
ring for 20 min and then in an ultrasonic bath for 2h
to achieve a good dispersion and the mixing of fer-
rite particles in the sesame oil. VISCO BASIC PLUS
ROTATIONAL was used to measure the magnetorhe-
ological properties. Figure 1 illustrates the magne-
torheological measurement setup. The magnetic field
was measured by PHYWE digital Tesla meter.

3. Results and Discussion

3.1. Structural Properties

In Fig. 2, the X-ray diffraction (XRD) pattern of the
prepared Cog oNiggFeaO4 sample is presented. The
base solution acts to yield metal hydroxides that sub-
sequently are converted to ferrite during the drying
process. This action can be summarized through the
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Table 1. Some crystalline parameters that are related

to the XRD pattern for the prepared Cog.2Nigp.sFe2O4 sample

The lattice
constant (a), A

The XRD
density, g/cm3

The average
crystallite size (t), nm

Dislocation
density (dg), line/m?

Hoping
length (S4), A

Hoping
length (Sg), A

8.34 5.31 13

3.63 2.95 2.26 x 1015

following chemical reaction:

0.2CoCls + 0.8NiCl, - 6H5O + 2FeCl3 + 8NaOH —
— COO.QNi0v8F6204 + 8NaCl + 88H20 (1)

The pattern of the sample matches the 044-1485
card of the spinel ferrite that is related to the sym-
metry family of Fd-3m, where the main seven peaks of
the sample match the mentioned card peaks. Table 1
shows some extracted parameters that are related to
the XRD pattern. The average crystallite size (t) is
smaller than ferrite crystals synthesized by different
chemical routes [20-23], while it can be considered
close to other ferrite crystals [21] and larger than
other ferrites [24]. The tolerance in the crystal sizes
is related mainly to the different preparation condi-
tions and the difference in the compositions [25]. The
lattice constant (a) value is in between that for Ni fer-
rite and Co ferrite [26]. The XRD density is in agree-
ment with the other studies [27], and it is considered
a high density due to the suitable preparation condi-
tions that were chosen.

The hoping lengths for tetrahedral S4 and octa-
hedral Sp sites are calculated using Eq. (2) [28] and
given in Table 1. We have )

a

Sy = \/53 and Sp = V27. 2)

The S4 and Sp parameters represent the distance
between the magnetic ions, and they are slightly
larger than for Ni ferrite, which may not degrade
the magnetic properties through reducing the inter-
action between these ions [29]. To calculate the dis-
location density (dg) in line/m? of the synthesized
Cog.2Nig gFe2O4 nanoparticles, Eq. (3) was used [30],
and the result is shown in Table 1. The parameter
(dq4) influences the magnetization by reducing the
anisotropy constant [31]

dg =1/t2 (3)

The ionic radii of Cc32+, Fe?t, and Ni?t are
0.745 A, 0.60 A, and 0.69 A, respectively. This may be
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the reason for that the lattice constant of these par-
ticles is greater than for Ni ferrite ones (8.31 A) [26].

In Fig. 3, a and b, the TEM images of the synthe-
sized particles are shown. Images (a) and (b) illus-
trate that particles have spherical shapes. The par-
ticle size is ranging from about 8 to about 70 nm,

No. of Particles
N
S
8

0-10 10-20 20-30 30-40 40-50 50-60  60-70
Particle Size (nm)

Fig. 3. The (a) and (b) sub-figures are the TEM images of
the prepared Cog 2Nig.gFe2O4 nanoparticles. The particle size
distribution of the synthesized particles (c)
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Table 2. Extracted magnetic parameters
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(a), and the low-field area to illustrate the intersection with axes

Magnetization Coercivity Remanent Squareness Initial Anisotropy
saturation Mg H. (Oe) magnetization ratio permeability pu; constant Kgn
c
(emu/g) M, (emu/g) M, /M, (emu/g - Oe) (emu- Oe/g)
59.4 30 2.6 0.0437 0.0771 891

where most particles are around 18 nm, as is illus-
trated in Fig. 3, c, where the particle size distribution
is given. As the particle size is larger than the crystal-
lite size, this supports that particles are mostly poly-
crystalline, especially the large ones, which explains,
in turn, the spherical shape of the particles.

3.2. Magnetic hysteresis characterization

The magnetic hysteresis loop of the prepared particles
is shown in Fig. 4, a. The prepared Cog oNig gFesOy
ferrite nanoparticles show a normal soft hysteresis
with (s) shape. Figure 4, b displays the magnifica-
tion of the low-field region, around the origin, of
the loop. The magnetic parameters are shown in Ta-
ble 2. The magnetization saturation My (59.4 emu/g)
is higher than in workss [28] and [30], but it is com-
parable to the ones of [32] and [33]. The measured co-
ercivity H., which is 30 Oe, is considered a low value
compared to that of other nanoparticles prepared by
other techniques [34]. The small H. value occurred
despite that the cobalt increases the coercivity of Ni
ferrite nanoparticles [35]. It is believed that this gives
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an indication that particles are always superparam-
agnetic ones. This analysis may be supported by the
measured particle size, where too many particles have
an average size lower than 25 nm for Co ferrite [36, 37|
and 15 nm for Ni ferrite [34]. The remanence magne-
tization is 2.6 emu/g, which is lower than that given
in [25]. The squareness ratio is low due to the high
My and low remanence. The anisotropy constant is
given by Eq. (4) [38]:

Kap = H,M, /2. (4)

The calculated magnitude of K, is 891 emu-Oe/g
(5.4 x 10 erg/cm?), it is much lower than K,, of
bulk Co ferrite (2 x 10° erg/cm?®) and for nano Co
ferrite 3.7 x 10° erg/cm? and higher than for Ni ferrite
(5 x 103 erg/cm?) [39], where K,,, is enlarged, as the
Co content is increased [40].

In ferrimagnetic materials, the saturation magne-
tization is superexchange interaction dependent be-
tween tetrahedral sites and octahedral sites [41]. So,
cations (Co?* and Ni?T) and their content at these
sites contribute directly to the Ms. Co?T prefers oc-
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Table 3. The fitting and calculated magnetic parameters

Particle moment

(mp)

The fitting saturation
magnetization (Ms)

The estimated
particle (De)

The experimental
magnetic moment (fexp)

16 x 103up

58.04 emu/g

11 nm 2.45 up

cupying A sites, but occupying B sites is possible,
while Ni?* prefers occupying B sites. On the other
hand, Fe3* can be in both sites. Co?* ions also tend
to both sites Co?T mostly substitutes Ni2*, when
it entered the lattice. This may be accompanied by
Fe3T migration to the B sites, which, in turn, raises
the magnetization of the B sublattice. This distribu-
tion is responsible for having such respectively high-
value M; [42].

The Langevin fitting for the measured loop pro-
vides a useful information about the magnetic satu-
ration and particle moment [43]. The fitting Langevin
equation is given in Eq. (5) [44]:

M(H,T) = M, {coth <m” H) - (kBTﬂ, (5)

kBT mpH

where M (H,T) is the magnetization at any field (H)
and temperature (T'), m,, is the particle moment. The
blue dashed line in Fig. 3 shows the Langevin fit-
ting curve for the measured Cog oNig gFeoOy 4 ferrite
loop, as it was done by OriginLab software. The re-
sults showed that M, equals 58.04 emu/g and m,, of
about 19.41 x 103 5. The measured particle moment
is comparable to that for nano Co ferrite in [45] and
[46], which is 16 x 103up, but it is lower than for
magnetite [47].

The estimated particle size in terms of the particle
moment and magnetization saturation is [44]:

D3 6y

© = Mon (6)

According to Eq. (5) the estimated particle size is
about 11nm. This value is within the interval fo par-
ticle sizes that was measured by TEM, but it is less
than the average particle size. It is believed that this
difference is attributed to the accuracy of the fitting
analysis.

The experimental magnetic moment can be found
in Eq. (7) [48]:

flexp = My, x M, /5585, (7)
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where M, represents the molecular weight, and the
resulting moment is in units of pup. Using the molec-
ular weight of Cog 2Nig gsFea04 as 234.418 g/mol, the
latter formula gives a net moment of 2.45 upg. It is
clear that pexp, follows My, as seen in Eq. (7). It
is less than that of the Co ferrite, Ni ferrite, and
Cogp 5Nig 5FeaO4 [46]. Table 3 shows the fitting and
calculated parameters.

3.3. Magnetorheological characterization

The used viscometer measures the viscosity as a func-
tion of the spindle speed. The speed is transformed
to the shear rate via Eq. (8):

ve=—-, (8)

where v is the spindle speed, and r, is the spindle
radius. The value of r, is 2 mm. On the other hand,
the stress was found from the equation [49]:

T=n7. 9)

Figure 5 shows the measured viscosity versus the cal-
culated shear rate at different magnetic fields (0-
85 mT). All samples are non-Newtonian liquids, and
all viscosity curves at different magnetic fields show

46500

37200

sec)

27900

18600

Viscosity n (mPa.

9300

o 10 20 30 40 50 60 70 80
Shear rate y' (sec”)

Fig. 5. The measured viscosity-shear rate behavior at different
magnetic fields
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an exponential decrease, as the shear rate increases
according to Eq. (9) and as the reflux to the shear-
thinning behavior. At the low shear rate and low spin-
dle speed, it is clear that, as the magnetic field in-
creases from zero to 85 mT, the viscosity is increased
about 5 times, as seen clearly in Fig. 6. While at a
high shear rate of 79.62 sec™! and a high speed such
as 100 rpm, the impact of a magnetic field on the
viscosity is found to be less than at low shear rate.
The slopes of the linear fitting to the viscosity at a
shear rate of 4 sec™! and a shear rate of 80 sec ~!
are significantly different, where the former is about
410 Pa-sec/T, while the latter is just 23 Pa-sec/T.
This may be attributed to the effect of the magnetic
field on the static viscosity rather than the dynamic
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one. It was found that this linear behavior tends to
be saturated at higher magnetic fields, larger than
400 mT in work [50]. Of course, this depends on some
other parameters like the particle fraction.

Jianrong et al. [51] showed the manner of the vis-
cosity of such fluid (Fig. 6) by supposing that, at
low shear rates, the magnetorheological fluid has a
large viscosity, because the magnetic particles have
a disorganized arranging that displays a larger mo-
tion impedance. While this impedance is reduced, as
the shear rates are greater as a result of the particle
arrangement in the shear rate orientation. Viscosity
was reduced, as a result of the magnetic particles’
organized arrangement [52]. The MRF viscosity is in-
fluenced by the original viscosity of the oil and the
particle fraction [53]. The more the particle content,
the more the MRF viscosity [54-55].

Figure 7 illustrates the shear stress variation as
a function of the shear rate at different magnetic
fields. The first note is that, despite the behavior at
a low shear rate, the curves generally again show the
clear shear thinning behavior [54], where the stress
increases exponentially, as the shear rate increase at
each magnetic field strength. This behavior was also
shown in some studies such as [55], [56], and [57]. The
second note is that, for all curves, the points of each
viscosity curve are increased, as the magnetic field is
increased as a result of the apparent viscosity increas-
ing [57]. The magnetic field increasing works on mak-
ing the magnetic chain structure of the MRF thicker
and more stable [58], which resists the externally ap-
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Fig. 9. Fitting parameters of the Bingham and the Herschel models as a function of the magnetic fields

plied stress [59]. The third note is the existence of
a clear static shear stress at low shear rate values
followed by an abrupt decrease, as the shear rate in-
creases, and follows the shear thinning behavior. The
static behavior of the shear stress versus the magnetic
field is illustrated in Fig. 8. Figure 8 shows the linear
relation of the static shear stress with the magnetic
field giving a slope of 1353 Pa/T. Again, indeed, the
stress is expected to be saturated at ultrahigh fields,
as was mentioned previously about the viscosity. It
is believed that nanoparticles have a lower response
than microparticles [60], which may reduce the rear-
ranging of the nanoparticles again in the chain beyond
the static shear rates.

Different models (Bingham model and plastic Her-
schel-Bulkley, Cross, and Carreau ones) were utilized
to understand the manner of this fluid. The three lat-
ter models showed the same behavior. So, the Her-
schel model was chosen to express the others. As a
result, the Bingham model and Herschel model have
been tried by the Originlab software for each curve
in Fig. 7, i.e., at each magnetic field strength. The
fitting process was applied after neglecting the point
with distinguished high static shear stress values. The
equations of the Bingham model and Herschel model
are given in the equations below [61]

T ="TyB + N7, (10)

T:TyH+n(7>na (11)
where 7,5 (or 7,m) equal 7o(H) sign(7y) are the yield
shear stress caused by a magnetic field. The subscript
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symbols B and H are standing for the Bingham or
Herschel model, 79(H) is the shear stress that de-
pends on the magnetic field (H), the sign is the
signum function, and 7 represents the MRF viscos-
ity. The parameter 7o(H) can be expressed by [63]:
70(H) = 70 + aHP, (12)
where H is the applied magnetic field intensity, o and
B are fitting parameters, and 7 is the zero-field yield
stress of the MRF.

Figure 9 presents the fitting parameters that re-
sulted from the Bingham model and Herschel-Bulkley
model in Fig. 9, a and Fig. 9, b, respectively. The
high fluctuations in some parameters for the Herschel
model may result from the not-good matching be-
tween the experimental data and the model. On an-
other hand, the parameters that resulted from the
Bingham model show very low fluctuations and a
good computation accuracy against a magnetic field;
besides, they show a simple calculation method. For
the Bingham model, it is clear that there is a linear
dependence between the yield stress (7yp) and the
magnetic field within the tested range of magnetic
fields. The linear dependence between the shear stress
and the shear rate was found also in [64] and [65] up
to the 0.86-T magnetic field strength. The Bingham
yield stress is about 1.5 times the one of the Herschel
model, while the viscosity in the Herschel model is
higher than that in the Bingham model.
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For Fig. 9, b presenting the fitting in the Herschel—-
Bulkley model, it can be found that the parameter
(n) is less than 1, which represents the shear thin-
ning state. The state of shear thickening is described
by n > 1. When n = 1, the Herschel model will be
similar to the Bingham model. Below 7, the MR fluid
acts as a viscoelastic fluid, but it works as a Newto-
nian fluid, when 7 > 7.

In the Bingham plastic model, when the magnetic
field is applied, the ferrite particles in the fluids are
aligned in chains [66]. As the movement begins, the
chains between the oil layers begin to be broken and
cannot be built up simultaneously. This leads to a re-
duction in the shear stress. At an increase in 7, i.e.,
at increasing the spindle speed, new chains are cre-
ated by the applied field H, and the viscosity is low-
ered. At a specified 7, the rate of chains’ breaking
will balance the rate of creating them, and the stress
will be nearly constant, as one can see from the shear
stress curves at the high shear rates in Fig. 7. In this
study, the analysis of the MRF behavior shows the
high static stress at a low shear rate, where it is be-
lieved that this behavior is related to the relatively
high ferrite content that works on building the strong
particle interactions, and the more number of chains
parallel to the applied field are formed, which im-
pedes the fluid movement. This appeared interaction
clearlys at the higher magnetic fields. Particle inter-
actions are grown, as the magnetic field is increased
to produce a strong chain structure resulting in an
increase in the shear stress [67].

4. Conclusion

Nanoparticles of CogoNiggFeoO4 can have a rela-
tively high magnetization saturation with good val-
ues of the other magnetic parameters, and the su-
perparamagnetic particles can be produced by the
hydrothermal synthesis at relatively low tempera-
tures. A good fitting between the experimental data
and the Langevin equation is observed, when us-
ing the hysteresis loop. The magnetorheological char-
acteristics of Cog.aNiggFesO,4 ferrite in sesame oil
show a Bingham behavior, as fitted by the Bingham
model with a shear thinning manner for such MRF
smart material. The viscosity shows a normal expo-
nent drop with increasing the shear rate according
to the shear thinning behavior. The new observation
of this prepared magnetorheological fluid is its high
static shear stress, which is increased from the nor-
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mal value according to the Bingham curve up to 3
times, as the magnetic field is increased from zero to
about 85 mT.
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Cadex X. Jlepma

JTOCJILIPKEHHSI CTATUYHOI'O 3CYBHOI'O
HATIPY>KEHHHA B CYCITEH3IT Cog 2Nig,sFeaO4
HAHOYACTHHOK ¥V KYHXKYTHIN OJIIT

Maruitni depurni nanouactuaku Cog,2Nig gFeaO4 i3 cTpy-
KTYypOIO IIIiHEJi BUKOPUCTAHO $IK HAIOBHIOBaY y KYHXKY-
THil oJil AJI CTBOPEHHSI MarHiTHOpeoJioridHOl pinmau. s
OTPUMaHHSI HAHOYACTHHOK BUKOPHCTOBYETHCS TiipOTEpMasib-
Huit Meron. PentreniBchbkumit gudpakiiinnit anasiz BHKOPH-
CTOBYETbCs JIJIsi TECTYBaHHS KpHUCTaJIidHOI das3u, a TpaHCMi-
cifiHa eJIeKTPOHHA MiKPOCKOIIiSI 3aCTOCOBYETHCA [IJIsI BU3HAUE-
HHs po3Mipy Ta dopmu yacTuaok. Cepenuiil po3Mip 4acTUHOK
CTaHOBHUTH 6/im3bKO 18 HM. MaruiTHi BIacTHBOCTI BH3HAYAIO-
ThCA IIJITXOM BHUMIPDIOBaHHS II€TJI ricTepe3ucy 3a JOIOMOI'OIO

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 6

TEeXHIKM HaIIPOBIIHOTO KBAHTOBOIO IHTEP@EPEHIIHHOTO IPU-
crporo. [Tokazano, no B’SI3KIiCTH Ta 3CyBHE HAIPY?KEHHS 3aJle-
2KaTh BiJ mBuakKocTi 3cyBy. [loBeninka B’s13koCTi CBiqYuTh IO
HasIBHICTH 3CYBHOI'O PO3PiJI?KEHHSI, 1110 3aJIE2KUTh BiJI MIBUIKO-
cri 3cyBy. B’si3kicTh 3pocTae 3 Mar"iTHUM mosieM. 3CyBHE Ha-
pY2KEeHHs 3pOCcTae 31 MIBUIKICTIO 3CYBY i J0Ope y3romKy€eThbCs
3 mozesuio Binrema, a He 3 mogesutio Iepens—Bankmii. Cro-
CTEePIraeThbCs BUCOKE 3HAYEHHSI CTATUYHOI'O 3CyBHOI'O HAIIPYXKe-
HHSI JIJ1s1 HU3bKUX IIIBUJIKOCTEH 3CYBY, sIKE 3pOCTa€ 3 MAarHiTHUM
nojieM. Merka IJIMHHOCTI 3pOCTae JIHIHO 3 HAIIPY2KEHICTIO Ma-
THITHOI'O TIOJIS.

Karwwoet caoea: Cog2Nig gFeaOy4, maruiTopeosoriuna pi-
JMHA, MarHiTHI BJIACTUBOCTI, CTATUYHE 3CyBHE HAaIPY>KEHHSI,
MeXKa IJIMHHOCTI, CHPUYMHEHE 3CYBOM PO3Pi/?KEHHS.
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