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Abstract—Magnetic core/shell (CS) nanocomposites (MNCs) are synthesized using a simple method, in
which a magnesium ferrite nanoparticle (MgFe,O,) is a core, and an amorphous silicon dioxide (silica SiO,)
layer is a shell. The composition, morphology, and structure of synthesized particles are studied using X-ray
diffraction, field emission electron microscopy, transmission electron microscopy (TEM), energy-dispersive
spectroscopy (EDS), scattering electrophoretic photometer, thermogravimetric analysis (TGA), and Moss-
bauer spectroscopy. It is found that the MgFe,0,/SiO, MNC has the core/shell structure formed by the
Fe—O—Si chemical bond. After coating with silica, the MgFe,0,/SiO, MNC saturation magnetization sig-
nificantly decreases in comparison with MgFe,O, particles without a SiO, shell. Spherical particles agglom-
erated from MgFe,0,4 nanocrystallites ~9.6 and ~11.5 nm in size function as cores coated with SiO, shells

~30 and ~50 nm thick, respectively. The total size of obtained CS MNCs is ~200 and 300 nm, respectively.
Synthesized CS MgFe,0,/Si0O, MNCs are very promising for biomedical applications, due to the biological

compatibility of silicon dioxide, its sizes, and the fact that the Curie temperature is in the region required for

hyperthermal therapy, 320 K.

DOI: 10.1134/S1063783418090147

1. INTRODUCTION

Due to their unique magnetic properties, magnetic
nanoparticles (MNPc) of magnesium ferrite spinel
(MgFe,0,) are promising for a wide spectrum of
applications in biomedical fields, such as a contrasting
agent in magnetic resonance tomography, carriers for
targeted drug delivery, heat sources in hyperthermal
therapy, and biochemical sensing [1—4]. It was shown
that the ferrite—spinel MgFe,O, MNPs have a higher
heatability under an external ac magnetic field, than
other ferrite—spinels, and, hence, are the most effi-
cient MNPs for magnetic hyperthermal therapy of
human malignant tumors [5—10]. Furthermmore, fer-
rite MgFe,0, consists of elements being nontoxic and
biologically compatible for a living organism [10].

MgFe,O, MNPs were synthesized using various
methods, i.e., coprecipitation, sol—gel, mechano-
chemical, burning, and microwave hydrothermal syn-

thesis and polymerization (see [ 10—12] and references
therein). However, there are difficulties in MgFe,0,
MNP synthesis, e.g., at the synthesis stage or after
MNP annealing, grains of sintered particles can be
formed in air [13, 14], which prevents the uses of such
particles in biomedicine. One of the efficient methods
for producing MgFe,O, MNPs is ultrasonic aerosol
pyrolysis (UAP), which allows for obtaining dried
spherical nanoparticles in the superparamagnetic state
with controlled composition, high purity, good crys-
tallinity, and morphology for a rather short time [10—
13, 15].

The specificity of MgFe,O, MNP biomedical
applications is significantly restricted due to the poor
dispersibility of these particles in aqueous solutions,
and the tendency to agglomeration and oxidation with
possible decomposition caused by an ambient
medium [16—18]. The development of core/shell
magnetic nanocomposites (MNPs) in which the non-
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magnetic shell coats the magnetic nanoparticles sur-
face offers new opportunities for preventing the above
restriction and increasing the particle efficiency [19].
The MNP shell can be biologically compatible organic
surfactants, gold, silica SiO,, polymers, and others.
Among the above materials, silica is the best one as a
shell, since it is nontoxic, easily dispersed in water,
thermostable, and has a high biocompatibility [16, 19,
20]. The SiO, shell also provides a chemically inert
surface protecting nanoparticles from leaching in an
acidic medium. The silica surface contains silane
groups allowing conjugation of its surface with various
functional materials and the formation of covalent
bonds —Si—O—Si— in biological systems [21]. MNPs
were coated with silicon dioxide using various meth-
ods, i.e., microemulsion [16], sol—gel [18], and Stober
methods [21]. Increasingly widespread is the method
for coating MNPs with a silica layer by the sol—gel
method, which has a number of advantages, e.g., sys-
tematic monitoring of reaction parameters, and
growth of high-purity and homogeneous layers of
controllable thickness [18, 22—24]. Furthermore,
chemical substances harmless to an ambient medium,
such as water, ethanol, and silicon dioxide, are used in
the sol—gel method.

There are a number of publications and develop-
ments of the sol—gel method, e.g., by studying the
effect of various parameters, such as the temperature,
precursor composition, catalyst type, and others [22,
25, 26]. The amorphous SiO, layer was mostly grown
by hydrolysis and condensation of alkoxysilanes such
as tetraethyl orthosilicate (TEOS) with an added
acidic or basic catalyst. Physical and chemical proper-
ties of synthesized MNPs depend to a large extent on
the catalyst type used in the reaction.

The objective of this study was (i) to synthesize CS
(MgFe,0,/Si0,) magnetic nanocomposites (MNCs)
in which cores are ferrite—magnesium (MgFe,0,)
MNPs and shells are amorphous layers of silicon diox-
ide (or silica Si0O,); (ii) to select a catalyst promoting
the formation of a homogeneous amorphous SiO,
layer on the MgFe,O0, MNP surface without changing
the MNP microstructure; and (iii) to perform system-
atic studies of obtained MgFe,O, MNPs and
core/shell MgFe,0,/Si0, MNCs to determine the CS
MNP synthesis technology and to understand the
effect of the SiO, shell on structural and magnetic
properties of MgFe,O, MNPs being cores.

2. SYNTHESIS OF MAGNETIC MgFe,0,
NANOPARTICLES AND MgFe,0,/SiO,
NANOCOMPOSITES

CS MgFe,0,/Si0, MNCs were synthesized in two
stages: the first stage is MgFe,O, MNP synthesis by
the ultrasonic aerosol pyrolysis method; the second
stage is the development of core/shell MIN Ps by apply-
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ing a SiO, shell by the sol—gel method on MgFe,0,
MNPs. MgFe,0, MNPs were synthesized using 99%
pure grade materials with high solubility in water, i.e.,
magnesium nitrate hexahydrate (Mg(NO5), - 6H,0)
and iron (I1T) nitrate nonahydrate (Fe(NO;); - 9H,0).
SiO, shell was applied using tetraethyl orthosilicate
(TEOS, 99.9%); 1-M hydrochloric acid (HCI, 99.9%)
was used as a catalyst. Deionized water was used as a
solvent.

In the first stage, MgFe,O, nanoparticles were syn-
thesized from magnesium and iron nitrate solutions in
distilled water in the molar ratio Mg : Fe = 1 : 2 in con-
centrations 0.06 and 0.12 M, respectively, as it was
described in [11]. Precursors for synthesizing
MgFe,0, nanoparticles of different sizes by the ultra-
sonic aerosol pyrolysis (UAP) method were prepared
by mixing these solutions. In the UAP method, the
precursor is sprayed using an ultrasonic vibrator at the
resonant frequency of 1.6 MHz, and the obtained
drops are transferred by a gas flow to a tube-shaped
quartz reactor mounted in an electric furnace (ARF-
50KC, Kobe, Japan). Drops are evaporated in the
reactor, decay, and/or crystallize into ferrite—spinel
particles [10, 11, 15]. During pyrolysis, a temperature
of 700°C was maintained in the furnace, since MNPs
with good crystallinity and morphology were obtained
at this temperature [11, 15]. As a result, as studies
showed, MgFe,O, nanocrystallites ~9.6 and ~11.5 nm
in size were synthesized from precursors of 0.06 and
0.12 M, respectively, which are agglomerated into
spherical particles from ~200 to ~300 nm in diameter.

In the second stage, silicon dioxide (SiO,) shells
were applied on MgFe,O, particles synthesized by the
sol—gel method. To this end, MgFe,0, particles were
dispersed into deionized water and were deglamorized
in an ultrasonic cleaning bath for 1 h. A solution con-
sisting of deionized water (10 mL), TEOS (330 mL),
and catalyst HCl (14.5 mL) was added into the
obtained suspension, and the mixture was continu-
ously stirred for 12 h at a temperature of 70°C.

To provide complete MNP coverage by silicon
dioxide, the obtained suspension was ultrasonicated
for 24 h. After that, the precipitate was separated from
the solution using a centrifuge and, to minimize parti-
cle agglomeration, was sprayed into ethanol. This rins-
ing process was repeated three times. Then the precip-
itate was removed and dried at 80°C for 5 h. As a result,
as studies showed, CS spherical MgFe,0,/SiO,
nanoparticles were synthesized.

3. EXPERIMENTAL TECHNIQUE

X-ray diffraction patterns (XRDPs) of powder
samples of synthesized MgFe, O, MNPs and
MgFe,0,/Si0, MNCs were measured using an X-ray
diffractometer (D8 Advance, Broker Analytik, Ger-
many) with CuKo,, radiation (A = 1.5418 A), at a volt-
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age of 40 kV and a current of 40 mA, in the 26 mode
with a scanning rate of 0.01 s~'. The particle phase
composition was analyzed using the TOPAS software
with the ICSD PDF database [27]. The MNC shell
morphology was studied using a field emission scan-
ning electron microscope (FESEM) (JSM-700F,
JEOL Ltd., Tokyo, Japan) with an accelerating voltage
of 15 kW and a scanning transmission electron micro-
scope (STEM) (JEM-2100F, JEOL Ltd.) with an
accelerating voltage of 200 kW. The chemical compo-
sition was analyzed using an energy-dispersive X-ray
spectrometer (EDXS) incorporated into the TEM.
The particle size distribution was measured using a
scattering electrophoretic photometer (Photal SELS-
800Y, Otsuka Electronics Co. Ltd. Tokyo, Japan). For
these measurements, a powder was dispersed into eth-
anol and was ultrasonicated for 10 min; one drop was
precipitated on a grid coated with carbon, and was
dried overnight before the STEM analysis. Samples of
MgFe,0, MNPs without shell and CS MgFe,0,/Si0O,
MNC were studied using a differential thermal and
thermogravimetric analyzer (DT-TGA) with a Ther-
moplus TG 8120 spectrometer (Rigaku, Japan) in air
with an Al,O; reference container. Measurements
were performed in a temperature range of 25—1000°C;
the heating rate was 10°C/min.

The magnetic parameters were measured at room
temperature using a vibrating sample magnetometer
(VSM) (BHV-35; Riken Denshi Co. Ltd. Tokyo,
Japan) with a maximum magnetic field of 10 kOe. The
magnetization was calibrated by the standard sample
of Ni foil. The temperature dependences of magnetic
parameters were obtained in a magnetic field strength
to 100 Oe in the temperature range of from room tem-
perature to 400°C. All measurements were performed
at identical sweep rates and step sizes.

One of the most important problems in studying
synthesized nanoparticles is the phase and magnetic
state identification. To these ends, Mossbauer spec-
troscopy is very efficient. The hyperfine interaction
parameters obtained from Mossbauer spectra (MSs)
for various ferrite—shpinels or magnetic states differ
significantly, which makes it possible to solve the
important problem of the phase analysis, magnetic
structure, and magnetic states of materials using
Mossbauer spectroscopy. Therefore, to study synthe-
sized particles, ’Fe Maossbauer spectroscopy with
Y-ray recording in transmission mode was used. The
reference signal in the motion system of the Doppler
modulator in the spectrometer was triangle-shaped to
set the Co*’(Rd) gamma-ray source velocity with con-
stant acceleration. The velocity scale was calibrated at
room temperature using an alpha-iron foil 6 um thick;
more accurate calibration was performed using a laser
interferometer.
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Fig. 1. X-ray diffraction patterns of powder samples:
(I) MgFe,O4 nanoparticles and (2)  core/shell
MgFe,04/Si0, nanocomposites. The inset shows the
(311) X-ray diffraction line intensities for (/) MgFe,Oy4
nanoparticles and (2) MgFe,04/SiO, nanocomposites.

MSs of studied MgFe, O, MNPs were measured at
room temperature. The mathematical treatment of
experimental MSs was performed using the pro-
gram [28].

The divergences of the theoretical parameter of
hyperfine interactions are determined from statistical
deviations presented by the mathematical treatment
program [28].

4. EXPERIMENTAL RESULTS
AND DISCUSSION

4.1. X-Ray Diffraction Data

Figure 1 shows the X-ray diffraction patterns
(XRDPs) of synthesized MgFe,O, MNPs without
shell and CS MgFe,0,/Si0, MNCs. The lines
obtained for MgFe,0O, MNPs and MNC
MgFe,0,/Si0O, MNCs are in agreement with to the
positions of XRDP database lines for MgFe,O, (ICSD
no. 01-0171-1232), pointing to the high phase homo-
geneity of obtained magnetic particles. The XRDP
lines are sufficiently wide, which indicates the nano-
crystalline nature of formed particles, and the sharp-
ness (clearness) of lines indicates the high degree of
crystallization. Using the TOPAS software, it was
found that the average size of MgFe,O, nano-
monocrystallites is ~9.6 and ~11.5 nm, which is con-
sistent with the data of [ 11, 15]. The absence of distinct
lines attributed to SiO, of MgFe,0,/Si0, MNCs in
XRDP is caused by the shell structure amorphicity
and the absence of crystallization. However, the broad
Vol. 60
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Fig. 2. FESEM micrographs of powder samples: (a) MgFe,O,4 nanoparticles and (b) core/shell MgFe,0,4/SiO, nanocomposites.

line observed in the MgFe,0,/SiO, MNC XRDP in
the range between 20° and 25° indicates the silicon
dioxide presence on the MNC surface, which is con-
sistent with the data of [18]. For comparison, the inset
in Fig. 1 shows the (311) X-ray lines for MNPs and
MNC:s; we can see that lines are identical in width at
half height of peaks; however, in the case of
MgFe,0,/Si0, MNCs, the line intensity is lower than
for MgFe,0, MNPs without a shell. This is probably
due to the presence of a silica layer on the
MgFe,0,/SiO, MNC. A similar pattern was observed
on the magnetite MNP in silicon [29]. The data
obtained allow the conclusion that there is a silica
layer on the MgFe,0,/Si0, MNC surface, which does
not change the MgFe,O, MNP crystal structure.

4.2. MgFe,0, Nanoparticle and MgFe,0,/Si0O,
Nanocomposite Morphology

Morphological features of MNPs and MNCs were
analyzed by FESEM micrographs shown in Figs. 2a
and 2b, respectively. We can see in Fig. 2a that the
MgFe,0, MNP has a smooth surface and a regular
spherical shape without any cavities, grooves, or asym-
metry. The average MgFe,O, MNP diameter is larger
than the size calculated based on the XRD data.

Hence, it can be concluded that the MgFe,O, MNCs
are associated (agglomerated) into nanoclusters as was
described in [11, 15] for MgFe,0, nanoparticles from
[14] for barium hexaferrite particles. Figure 2b shows
that MgFe,O, MNPs in SiO, shells retain spherical
morphology, but the MNC surface becomes slightly
rough. When comparing Figs. 2a and 2b, we can see
that MgFe,0,/Si0O, MNCs are significantly larger
than MgFe,0O, particles, which also indicates the shell
formation on the MgFe,O, MNP surface. In Fig. 2b,
we can see particle agglomeration regions.

The elemental composition of samples, deter-
mined using energy-dispersive X-ray analysis
(EDRA), is shown in Table 1. An elemental analysis
shows that MgFe, O, MNPs contain only Mg, Fe, and
O ions. The experimentally determined percentages of
elements are close to theoretical values. Si ions in syn-
thesized MgFe,O, MNPs without shell are absent,
although the presence of Si is possible due to a quartz
tube used for UAP [30]. It is well known that the
EDRA method allows the determination of the atom
concentration in the crystal surface layers. After
applying a silica shell on the MgFe,O, MNP, one
more line (see Table 1(b)) appears, attributed to Si
ions, whose intensity is 11.74 at %. From this it follows
that MgFe,0,/SiO, MNCs consist of two phases, i.e.,

Table 1. Elemental composition of (a) MgFe,O, nanoparticles and (b) MgFe,0,/SiO, nanocomposites, determined from

the energy-dispersive X-ray spectra (Wt is the weight percent, At is the atomic percent)

(a) Chem. element Wt % At % (b) Chem. element Wt % At %
(0] 37.93 63.48 0] 41.33 63.84

Mg 10.87 11.97 Mg 7.57 7.70

Fe 51.20 24.55 Si 13.38 11.78

Total 100.00 100.00 Fe 37.71 16.69

Total 100.00 100.00
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Fig. 3. Transmission-type micrographs obtained using a high-resolution electron microscope: (a) MgFe,0O4 nanoparticles, (b and

c) core/shell MgFe,0,/SiO, nanocomposites, (d) electron diffraction in a chosen MgFe,0,/SiO, nanocomposite area.

MgFe,0, and SiO,. No Cl or other ion impurities that
can be formed during MNP coating with shell were
observed, which is consistent with the data of [30]. A
quantitative estimation of EDRA data for MgFe,0,
MNPs showed that the MNP composition close to the
nominal one (I,U,W),ie.,1:2:4.

4.3. Transmission Electron Microscopy (TEM) Data

Figures 3a—3c show the TEM micrographs of syn-
thesized MgFe,O, and MgFe,0,/SiO, particles.
MgFe,0, MNPs represent a magnetic material; there-
fore, the area of MgFe,0, particles in Fig. 4a is dark
with distinct undiffused boundaries. Silica (SiO,) is a
nonmagnetic oxide; therefore, this material is seen in
TEM micrographs as a bright area. After applying sil-
ica shells on MgFe,O, MNPs, as seen in Fig. 3b, a
bright halo formed by a relative homogeneous amor-
phous SiO, layer is observed around magnesium fer-
rite particles. A similar pattern was observed in the

PHYSICS OF THE SOLID STATE

case of the core/shell SrFe;,0,,/SiO, MNC [31].
Hence, the MgFe,0,/SiO, MNC consists of two
phases, i.e., MgFe,O, and SiO,. We can see in the
high-magnification TEM micrograph (Fig. 4c) that
the SiO, shell tightly contacts with the MgFe,O, par-
ticle and forms the CS structure with pronounced
boundary layer. The thicknesses of SiO, shells coating
particles of agglomerated nanomonocrystallites ~9.6
and ~11.5 nmin size are ~30 and ~50 nm, respectively.
The MgFe,0,/Si0, MNC structure was studied in
detail by the electron diffraction micrograph of a cho-
sen sample area shown in Fig. 3d. The observed dif-
fraction rings correspond to the spinel structure; rings
indicating the presence of another phase are not
observed. Based on the EDRA experimental data and
HRTEM micrographs of MgFe,O, MNPs and
MgFe,0,/Si0O, MNCs, it can be argued that MgFe,O,
particles are coated with a silicon dioxide layer, form-
ing CS MNCs in which the MNP is the core and SiO,
is the shell.

Vol. 60

No.9 2018
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Fig. 4. Room-temperature hysteresis loops of (/)
MgFe, 04 nanoparticles and (2) core/shell MgFe,0,4/SiO,
nanocomposites. The inset shows coercivity areas on an
enlarged scale.

4.4. Magnetic Properties

The magnetic parameters of MgFe,O, MNPs and
MgFe,0,/Si0, MNCs were measured using MBO.
Figure 4 shows the room-temperature dependences of
the magnetization on an external magnetic field to
+10 kOe; the inset in Fig. 4 shows these dependences
on an enlarged scale. The nonlinear shape of the hys-
teresis loop points to ferromagnetic ordering of
MgFe,O, MNPs; however, magnetization saturation
is not observed even under a maximum possible mag-
netic field. It can be assumed that magnetic moment
disordering on the MgFe,O, MNP surface prevents
magnetization saturation even at stronger external
magnetic fields.

The  saturation  magnetization (Ms) of
MgFe,0,/Si0, MNCs is 11 emu/g that is below Ms in
MgFe,O, MNPs (16.8 emu/g). Such disagreement of
Ms probably reflects the effect of the amorphous non-
magnetic SiO, shell, leading to MgFe,O, MNP mag-
netism shielding. Hence, the nonmagnetic layer of the
SiO, shell can be considered as a magnetically dead
layer on the MgFe,0, particle surface, affecting the
surface layer magnetization. The MgFe, O, MNP
coercivity after coating with SiO, shell remains
unchanged, as is seen in the inset in Fig. 4. The hyster-
esis loops of MgFe, O, MNPs and MgFe,0,/SiO,
MNCs are almost completely reversible. This indi-
cates the insignificance of the remanent magnetiza-
tion and coercivity, hence, the feasibility of the super-
paramagnetic state of both MgFe,O, MNPs and
MgFe,0,/SiO, MNCs. The critical size is the size
smaller which particles are in the superparamagnetic
state. Experimental observations of the superpara-
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Fig. 5. Temperature dependences of the magnetization
(M) of (I) MgFe,O4 nanoparticles and (2) core/shell
MgFe,0,4/SiO, nanocomposites, measured in the external

magnetic field H = 100 Oe. The inset shows the inverse
susceptibility (1/y) as a function of temperature with the

indicated Curie temperatures (7 = 330°C).

magnetism phenomenon are possible if the relaxation
time is shorter than the measurement time. In the
magnetization measurements, the measurement time
is usually longer than the relaxation time. Taking this
into consideration, it can be argued that the critical
diameter of MgFe,O, MNPs is ~15 nm [32]. The
MgFe,0, nanomonocrystallite sizes using which CS
MgFe,0,/SiO, MNCs were synthesized are in the
range from 9.5 to 12 nm, which is below the upper
limit for the superparamagnetic behavior.

When using MNPs for hyperthermal therapy, the
requirement of nanoparticle heating turn off upon
reaching 45°C is extremely important. In MNPs
whose Curie temperature (7¢) is ~318 K, the heating
process under an external magnetic field (MF) is auto-
matically turned off upon reaching ~45°C. This is the
most important advantage of MNPs in applications
for hyperthermal treatment [22].

As seen in Fig. 5, the magnetization (M) decreases
with increasing particle temperature and approaches
zero. The values of 7 determined from the tempera-
ture dependence of the inverse susceptibility (1/y)
according to the Curie—Weiss law, as shown in the
inset of Fig. 5 for MgFe,O, MNPs and MgFe,0,/SiO,
MNC:s are identical and are ~320 K.

4.5. Mossbauer Studies of MgFe,0, MNPs
and MgFe,0,/SiO, MNCs

For Mossbauer measurements, MgFe,O, MNP
and MgFe,0,/Si0, MNC powders were placed into a
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Fig. 6. Room-temperature Mdssbauer spectra of (a, c) nanoparticles formed by agglomeration of MgFe,0,4 nanocrystallites
~9.6 nm and ~11.5 nm in size and (b, d) core/shell MgFe,0,4/SiO, MNCs synthesized based on MgFe,O, particles, respectively.
Dots are experimental values; model spectra obtained by processing using the SpectrRelax program are shaded. The differences
between experimental data and model spectra are shown over each spectrum.

special evacuated plastic container kept without air
access. Examples of room-temperature measurements
of Mossbauer spectra (MS) of MNPs and MNCs are
shown in Fig. 6. Room-temperature MgFe,O, MNP
and MgFe,0,/Si0, MNC MS (Fig. 6) have complex
structures and consist of a doublet imposed on broad-
ened Zeeman split lines. Such MS are characteristic of
magnets in the SPM state (see, e.g., [33, 34], and ref-
erences therein). The paramagnetic doublet can also
be observed if the sample contains fine particles in
which magnetic ordering is absent.

Mathematical treatment of experimental MS was
performed using the SpectrRelax program [28] based
on a multilevel relaxation model based on the quan-
tum-mechanical description of a uniformly magne-
tized particle [34, 35]. The model spectra obtained
using the SpectrRelax program [28] are shaded
(Fig. 6), and experimental MS are displayed by dots.
Over each spectrum in Fig. 6, the curves of disagree-
ments of model spectra from experimental ones are
shown, which indicate that experimental MS are quite
satisfactory described by model ones. The hyperfine
interaction parameters calculated from MS are shown
in Table 2. As the MS processing results showed,

PHYSICS OF THE SOLID STATE

MNPs and MNCs are characterized by a paramag-
netic doublet with a low-intensity Zeeman sextet
attributed to Fe?' ions caused by the short relaxation
times of spin moments.

If the observation time is much shorter than the
relaxation time, the used experimental method allows
observation of superparamagnetic phenomena. The
relaxation time increases with the particle size. In
Maossbauer spectroscopy, the observation time (7T) is
~10~195 [36]; therefore, MS of the disperse system of
magnetic nanoparticles represents a superposition of
the Zeeman sextet corresponding to large particles
with the relaxation time of the magnetization vector
longer than 10~8 s and the superparamagnetic doublet
with broad lines corresponding to smaller particles
with a relaxation time shorter than 10~ s. At relaxation
times shorter than 103 s, hyperfine magnetic splitting
disappears and a paramagnetic doublet is observed. If
the thermal energy is lower than the anisotropy energy
barrier, the relaxation time is longer than the measure-
ment time. In this case, magnetic moments of
nanoparticles “freeze” along the easy magnetization
axis, and Zeeman splitting lines appear in MS. Due to
Vol. 60
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Table 2. Effective magnetic fields (H.), isomeric chemical shifts (8) with respect to o-Fe, quadrupole splits (A), linewidths
('), and line areas (RA)% for MgFe,0, nanoparticles M = 0.06 and M = 0.12, 9.6, and 11.5 nm in size, respectively, and
core/shell (CS) MgFe,0,/SiO, composites, calculated from room-temperature Mossbauer spectra

Sample Fe (H.g) kOe (A) mm/s (0) mm/s (') mm/s (RA)%
M=0.06 Doublet - 0.34£0.01 0.32£0.01 0.62£0.02 27+6
9.6 nm Sextet 77+2 0.03£0.02 0.35+0.02 0.38+£0.13 7316
2702
M=0.12 Doublet - 0.33£0.01 0.31+£0.01 0.62+0.03 18+
11.5 nm Sextet 7912 —0.03£0.02 0.28 £0.02 0.231+0.05 82+
2802
360t 1
CS9.6 Doublet - 0.32+0.02 0.31£0.01 0.59+0.03 19£2
Sextet 8812 —0.01 £0.01 0.31+£0.02 0.71£0.09 81+2
320+2
395+2
CS 11.5 Doublet — 0.3210.01 0.32+0.01 0.60£0.03 8+
Sextet 98 £2 —0.02+0.02 0.30£0.02 0.29£0.12 92 +
325+2
410t 1

the particle size distribution, a wide relaxation time
distribution is observed in the sample, which leads to a
set quasi-independent blocking processes and a corre-
sponding blocking temperature distribution. The tem-
perature below which the magnetization is stable, and
particles behave as magnetically ordered crystals, is
the blocking temperature [36].

The hyperfine interaction parameters obtained
from experimental MS (Fig. 6) are given in Table 2. As
seen in Table 2, the isomer shifts (8) are from 0.31 to
0.35 mm/s, and quadrupole splittings (A) from 0.01 to
0.34 mm/s indicate that iron ions in MgFe,O, MNPs
and core/shell MgFe,0,/SiO, MNCs are in the high-
spin Fe3* state [36, 37]. The chemical shifts for iron
ions in the low-spin state (Fe?*") are from 0.9 to
1.1 mm/s [36, 38]; however, such values were not
detected in processing experimental MS; hence, iron
ions in the low-spin state (Fe?") are absent in the par-
ticles under study. The distribution function P(H ) for
MgFe,0,-0.006 M MNPs can be described by three
lines with maxima in the regions of 78, 270, and
350 kOe. In the case of MgFe,0,-0.12 M MNPs, these
maxima in the distribution function P(H) shift to the
values of 82, 280, and 360 kOe (Fig. 7). In the
MgFe,0,-0.06 M MNP MS, the paramagnetic dou-
blet area is 27 + 6%, whereas the Zeeman sextet area is
73 £ 6%. In the case of MgFe,0,-0.12 M MNPs, the
paramagnetic doublet area decreases to 18 £ 2% in
comparison with MgFe,0,-0.06 M MNPs, and the
Zeeman sextet areas increases to 82 * 2%. For
MgFe,0,/Si0, MNCs obtained based on MgFe,0,
particles 9.6 and 11.5 nm in size, a decrease in the
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paramagnetic doublet area from 19 £ 2% to 8 £ 2%,
respectively, is also observed, while the Zeeman sextet
area increases from 81 £2% to 92 + 2% (see Table 2).
Such a decrease in the areas of paramagnetic lines,
and an increase in the field peak positions in the
P(H.y) distribution curves clearly demonstrates that
sizes of MgFe, 0, MNPs synthesized from precursors
of 0.06 and 0.12 M, and CS MgFe,0,/SiO, MNCs
obtained on their basis increase, but they retain the
SPM state at room temperature.

According to calculations by the technique
described in [39], spherical MgFe,O, particles formed
by MgFe,0, nanocrystallite agglomeration are from
206 to 340 nm in size. However, this does not agree
with Mossbauer data showing that the sizes of
MgFe,0, particles under study are ~10 nm, which
allow superparamagnetic behavior. Based on the
Mossbauer spectroscopy data, it can be argued that
agglomeration of crystallites 9—11 nm in diameter into
spherical particles 206—340 nm in size does not lead to
the interaction of nanocrystallites with each other
within these spheres, and MNPs behave in these
spheres as individual crystallites from ~9 to ~11 nm
in size.

The paramagnetic transition temperature of the
bulk MgFe,O, sample is higher than 900°C [40].
Based on Mdssbauer and magnetic experimental data
presented in this paper, it can be argued that the Curie
temperature of synthesized CS MgFe,0,/SiO, MNCs
is in the region of 320 K, which corresponds to the
requirement on magnetic particles used in magnetic
hyperthermal therapy.
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Fig. 7. Distributions of effective magnetic fields P(H,¢s), reconstructed from experimental Mdssbauer spectra: (a, ¢) nanoparticles
formed by agglomeration of MgFe,04 nanocrystallites ~9.6 and ~11.5 nm in size; (b, d) core/shell MgFe,0,4/SiO, MNCs syn-

thesized based on MgFe, O, particles, respectively.

5. CONCLUSIONS

MgFe,0,/Si0, magnetic nanocomposites were
synthesized by the two-stage method. It was found
that obtained MgFe,0,/SiO, composites consist of
spherical ferrite—shpinel MgFe,O, particles forming a
core coated with a silicon dioxide shell ~30—50 nm
thick; thus, form core/shell (CS) MNCs. The sizes of
CS MNCs are 200—300 nm. The SiO, shell was
applied by hydrolysis and polycondensation of tetra-
ethyl orthosilicate in an aqueous solution with added
acid catalyst (HCI) playing an important role in the
formation of the amorphous SiO, shell and preventing
the formation of silica particles. Homogeneous dense
shell layers were formed due to the effect of acid cata-
lyst not changing the core shape. Magnetic and Moss-
bauer studies showed that the Curie temperature of
synthesized CS MgFe,0,/Si0, MNCs is in the region
of 320 K. CS nanospheres feature a narrow size distri-

PHYSICS OF THE SOLID STATE

bution and are not agglomerated, which promotes
weakening the interaction between particles. Thus, the
use of oxygen catalyst makes it possible to form a bio-
compatible silica layer on the surface of MgFe,0,
magnetic nanospheres by the sol—gel method, and to
produce CS MgFe,0,/Si0O, MNCs promising for bio-
medical applications as heat sources in magnetically
induced hyperthermal therapy.
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