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Structure and properties of Co,Mn,_,Fe,04 nanoparticles depending
on the amount of Co ions (0 < x < 1.0)
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The properties of magnetic nanoparticles (MNPs) of spinel ferrites CoxMn;_xFe;O4 (at x = 0.0; 0.2; 0.3; 0.4;

0.5; 0.6; 0.8; 1.0) synthesized by chemical co-precipitation method have been studied. The studies of the synthesized
CoxMn;_yFe,04 MNPs were carried out using X-ray diffraction (XRD), Raman scattering and Mossbauer
spectroscopy. The results of XRD, Raman and Mdssbaur studies indicate that the obtained CoxMn;_xFe;O4
MNPs are single-phase. It was established from XRD measurements that the average size of CoxMn;_xFe;O4
crystallites is 34.86 nm for MnFe;O4 (X = 0) and decreases to 1499 nm for CoFe;O4 (x = 1.0) with increasing
Co ions concentration. An analysis of the Mossbaur spectra showed that the average crystallite size varies from
25nm for MnFe;O4 (X = 0) to 12nm for CoFe,04 (X = 1.0). On the Raman spectra of CoxMn;_yxFe;Os MNPs,
in the region of ~ 620cm™", splitting of the Alg line is observed, which means that the studied MNPs have a
reverse spinel structure. The intensity ratio of the Alg (1) and Alg(2) peaks indicates a significant redistribution
of the Co®" and Fe*' cations between tetra- and octahedralpositions in MNPs of the CoxMn;_xFe,04 ferrite,
which is confirmed by Mossbauer data. Mossbaur spectroscopy data indicate that the synthesized CoxMn;_xFe,O4
MNPs consist of large particles with magnetic ordering and small particles in the paramagnetic phase. With an
increase in the concentration of Mn ions, the proportion of fine particles increases, which leads to a decrease
in the magnetic blocking temperature. The saturation magnetization of MNPs at X = 0.2 (Cop2Mng sFe;04) is
57.41 emu/g and this sample, as was found in [V. Narayanaswamy, LA. Al-Omari, A.S. Kamzin, B. Issa, H.O. Tekin,
H. Khourshid, H. Kumar, A. Mallya, S. Sambasivam, I.M. Obaidat. Nanomaterials 11, 1231 (2021)] has the
highest specific absorption rate. As shown by Mossbauer studies, this is due to the fact that these particles are
in a superparamagnetic state and the magnetic blocking temperature of these MNPs is in the region of ~ 315K,
which is most suitable for the treatment of malignant tumors by magnetic hyperthermia. Thus, the synthesized

CoxMn;_4Fe,O4 MNPs are promising for biomedical applications.
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1. Introduction

Substantial differences of properties of the magnetic
nanoparticles (MNPs) from their bulk analogs and unique-
ness of the MNP characteristics are of huge interest of
researchers both in terms of fundamental studies of the
magnetic nanoparticles [1-4] and practical applications (see,
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for example,the paper [5] and references therein), including
usage in various biomedicine fields [6-10].

The most utilized in the biomedicine are magnetic
nanoparticles of magnetite (Fe;O4), which is due to its
biological compatibility. However, the biomedicine appli-
cation of the magnetite is limited by its toxicity due to
Fe?* ions [6] as well as by weak magnetic characteristics.
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The search for new magnetic particles with higher and
more biocompatible characteristics, wherein advantages
inherent to the iron oxide MNPs are not lost, has led
the researchers to ferrites with a spinel structure with
the general formula M>**Fe3*02~, where M?* are two-
valence ions of metals (Ni, Cu,Co,Mn, etc.) [4,8-11]. In
comparison with the magnetite, these spinel ferrites (SF)
have higher magnetic characteristics and better chemical
resistance [10,11]. SF magnetism formation is sourced in
superexchange interactions of cations in tetrahedral (A)
and octahedral (B) positions via oxygen ions, these are
the exchanges A—B as well as B—B and A—A (see,
for example, [5,7]). Therefore, the magnetic properties
of the spinel ferrite are correlated to the distribution of
the cations by the A and B positions, by varieties of
the cations, which is determined by the SF chemical
composition. Extensive studies of SF MNPs have resulted
in the fact that the chemical composition and synthesis
methods significantly affect not only particle sizes and an
SF structure, but electric, optic and magnetic SF properties,
such as magnetization, anisotropy, coercive and hyperfine
fields [6,8-11]. By technological methods and ion alloying
of the metals, it is possible to control ion distribution across
nonequivalent positions of the crystal lattice, a structure
of a surface layer, a type of crystal faceting of particles,
and therefore, to change and adapt their physical properties
for various purposes and, consequently, to synthesize the
SF MNPs with required specific properties [8-22]. For
biological compatibility of the MNPs surfaces of the SF
particles, such as MnFe,04, MgFe;04, CoFe;04, ZnFe; 04,
can be easily modified and/or properly functionalized
without damaging their external magnetic field’s controlla-
bility to produce good-quality materials to amplify contrast
of magnetic resonance imaging images and treatment of
malignant tumors by means of magnetic hyperthermia. The
above-listed advantages of the SF MNPs, as well as their
lower toxicity, lower values of saturation magnetization,
high corrosion resistance, magnetocrystalline anisotropy and
magnetic susceptibility, minor coercivity and high stability
and colloidal dispersibility in saline liquids make the SF
MNPs especially promising for biomedicine [8-21].

In their attention to spinel ferrites, the researchers are
attracted by manganese (MnFe;O4) and cobalt (CoFe;04)
ferrites due to their chemical stability, catalytical activity,
natural abundance, a high specific heat capacity, a low
melt temperature, which can be adapted for various
applications [4,8,9,17-24]. The CoFe,04 ferrite — a
well known magnetically hard material, which is used in
various fields and in the biomedicine due to high levels of
magnetocrystalline anisotropy, coercivity and magnetoopti-
cal coefficients, moderate saturation magnetization, good-
quality chemical stability and mechanical hardness [20-24].
The MnFe,04 SF MNPs (a magnetically soft material with
low magnetocrystalline anisotropy) are of big interest due to
the biocompatibility of the Mn?* ions, controllable magnetic
properties and excellent chemical stability [8,9,17-20,24].
The MnFe;0O4 nanoparticles were reported in the paper [25]
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as being a new material for magnetic hyperthermia and
MRI-contrast. The important advantage of the Mn-based
ferrites is that manganese can be consumed by a human
body in a quantity of 0.67—4.99 mg at the average demand
of 2.21 mg per day [26].

But, the high magnetocrystalline anisotropy of the
CoFe,0O4 nanoparticles impedes obtaining a high initial
susceptibility required for biomedicine applications. On
the other hand, the low magnetocrystalline anisotropy of
the MnFe,O4 SF MNPs provides for an effective way
of reducing the anisotropy of the CoFe,O4 particles by
creating the CoxMn;_yxFe,O4 solid solution, in which
a part of the Co’>" ions is substituted by the Mn>*
ions. As a result, it was established that it is possible
to control properties of the CoxMn;_yxFe,O4 solid solu-
tions which combine the MnFe,O4 and CoFe,O4 spinels
(which are so different in their characteristics) during
their synthesis and to produce single-phase mixed solid
solutions CoxMn;_yxFe,04, which have unique magnetic
properties and a wide range of the applications, including
in the biomedicine (for example, MRI, medicine delivery,
magnetic hyperthermia) [9,10,14,15,27-37].

Thus, it was established that the saturation magnetiza-
tion of the CoyMn;_xFe,O4 MNPs is maximum when
X = 0.3, but reduces with further increase in the Mn
concentrations [38]. The MnxCoj_xFe;O4 MNPs can
decompose contaminants more effectively than pure cobalt
ferrite [38,39]. The possible technical applications of
the CoxMn;_xFe,O4 spinel ferrites were studied in the
papers [28,40].

However, despite a big number of the papers devoted
to studies of the CoyxMn;_yFe;O4 MNPs, the obtained
results are contradictory, for example, in determining a
structure transformation degree (inversion parameter) of the
nanoparticles. The published experimental data are often
inconsistent. There is wide scattering of data on magnetic
properties of the particles, even in case of the MNPs of
the same size and composition. Such a wide dispersion
is usually attributed to a presence of distributions in terms
of sizes and a shape, stoichiometric gradients, inter-particle
interactions and structure flaws, which greatly depend on
a synthesis procedure and it is difficult to define their
contributions. In application of the CoxMn;_yxFe,O4 MNPs
for the magnetic hyperthermia, it was established that
similar MNPs can exhibit strong differences in their heating
efficiency due to internal flaws correlated to the synthesis
method or due to differences in a local spin structure.
In these cases it is difficult to explain a dependence of
the physical properties on the synthesis methods, also
because it is necessary to compare the magnetic responses
of the differently produced MNPs based on a comprehensive
structural and magnetic characteristic [10,23,39,40]. Thus, it
is expedient to carry out the studies of the CoxMn;_xFe;O4
MNPs with using different well-recommended methods,
such as, the Mdssbauer spectroscopy.

The present paper provides results obtained in the
study of the structural and magnetic properties of the
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CoxMn;_xFe;O4 SF MNPs depending on a content of
the Co?* ions, which has been carried out to develop
MNP research for biomedicine applications as started in the
paper [10].

2. Materials and methods

2.1. Synthesis of Co,Mn;_,Fe,0, MNPs
(x =0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8 and 1.0)

The studied CoxMn;_xFe,O4 MNPs of the mixed SF
(where 0 < x < 1.0) were synthesized by a simple method
of coprecipitation in a water medium, as it was described
in the paper [10]. The synthesis of each composition of
the CoxMn;_yFe,O4 MNP requires an estimated quantity
of the salts MnCl,, CoCl,, ¢H,O and FeCl; to be dissolved
in 200 ml of deionized water. The produced mixture was
heated to 80°C and the 1N NaOH solution was dropped
into it, continuously mixing it, to get pH to 12—13. The
solution mixture was heated at 85°C during 1h and cooled
down to the room temperature. The synthesized MNPs
were filtered and then flushed several times with deionized
water, dried under an infrared lamp and the produced
particles were used for the studies. The MNP composition
was analyzed by means of SEM-EDS, and it was found that
the composition of the produced CoxMn;_xFe;O4 MNPs
agrees with used synthesis components (x = 0, 0.2, 0.3, 0.4,
0.5, 0.6, 0.8 and 1.0).

2.2. Methods of characterization of
the Co,Mn;_,Fe,0, MNPs

The phase composition of the  synthesized
CoxMn;_xFe;O4 MNPs and crystallite sizes were
determined by an X-ray diffraction profile using the
XRD Shimadzu-6100 powder diffractometer with the
Cu-Ka radiation and the wave length of 1.542 A. The
transmission electron microscope (TEM) FEI Titan
Themis 300kV was used to obtain light field images and
electron diffraction images on the selected areas. The
magnet measurements in the constant magnetic field were
carried out using the vebrating sample magnetometer in
Quantum Design meter system. The Raman spectra of
the MNP pills were obtained by means of the NOST
Raman-scattering spectrometer using the solid-state laser
with diode pumping, which operates at the wave length
of 532nm and a charge-coupled detector.

Due to high sensitivity to the nuclear hyperfine interac-
tions, the Mossbauer spectroscopy is an effective method
for the MNP studies and allows studying a dependence
of the MNP properties on a particle size, a temporary
measurement window and a magnetic anisotropy [41-45].
The important advantage of the Mossbauer spectroscopy
is unambiguous identification of iron oxides, which have
very close values of the crystal lattice constants, which is
unavailable in other procedures. That is why the Mossbauer
spectroscopy allows definitely determining the phase state,

the ion distribution across the nonequivalent positions, the
magnetic structure and the hyperfine interactions in iron-
containing materials [41-45]. If the time of oscillations of
a MNP magnetization direction exceeds 10~%s, then the
Mossbauer spectrum has an evident Zeeman sextuplet indi-
cating a magnetically-ordered state of the substance. When
the fluctuation time is below 1078s, the time-averaged
hyperfine field being created by the magnetic moment,
becomes zero during the Mossbauer measurements and,
therefore, the Mossbauer spectrum will consist a doublet
or a single line, which corresponds to a paramagnetic or
superparamagnetic state of the substance.

The Mossbauer studies of the magnetic structure and the
phase state of the synthesized CoxMn;_xFe;O4 MNPs were
carried out by the spectrometer with recording gamma-rays
from the Co’(Rh) source in a sample transmission geome-
try. The scale was calibrated by a-Fe foil of the thickness of
6 mum at room temperature. The experimental Mossbauer
spectra (MS) of the CoxMn;_xFe;O4 MNPs were mathe-
matically processed by a special software application [46],
which describes spectrum lines by Lorentz-shaped peaks
using the method of least squares. Divergence of the
theoretical values of the HFI parameters is determined from
the statistical deviations. The software procedure of chi-
square functional minimization (x?) include searching for
optimal values of the parameters, particularly, a width,
intensities and positions of the spectrum lines. Using
the positions of the spectrum lines, the parameters of
the hyperfine interactions (HFI) are calculated: IS — the
isomer shift of the Mossbauer lines, QS — the quadrupolar
splitting, Her — the effective magnetic hyperfine field.

3. Results and discussion

3.1. X-ray diffraction patterns
of the Co,Mn;_,Fe; 04 MNPs
(x =0, 0.2, 0.4, 0.6, 0.8 and 1.0)

Fig. 1,a shows the X-ray diffraction patterns (XD) of the
CoxMn;_xFe;O4 MNPs at room temperature. The obtained
X-ray diffraction patterns are similar to those published in
the literature for CoFe;Oy4 in [19,22], for Mn;_xCoxFe;O4
in [11,14,32] and for MnFe;O4 in [19]. The narrow
widths of the XD lines indicate a high quality of particle
crystallization, while their positions mean formation of a
face-centered cubic structure of the spinel. No additional
peaks belonging to the secondary phases have been found
on the X-ray diffraction patterns of the samples under study.
Calculated values of the elementary cell parameters for
CoFe,04 are 8.3891 A, while for MnCoFe,04 — 84889 A,
which agree with the values for the bulk analogs 8.391 A for
CoFe,04 (JCPDS Ne 22-1086) and 8.499 A for MnFe,0,
(JCPDS Ne 10-0319). The calculated values of the lattices
constant for the CoyxMn;_yxFe,O4 solid solution decrease
with increase in the quantity of the Co** ions, since the
Co?* ion radius is less than that of the Mn?* ion. The
obtained values of the lattice parameter for the MnFe,O4

Physics of the Solid State, 2022, Vol. 64, No. 6
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Figure 1. a — X-ray diffraction patterns of the CoxMn;_xFe;O4 MNPs (0 < x < 1.0). » — the change inthe position of the peak of

maximum intensity (311) as a function of cobalt content.

(84889 A) and CoFe,0O4 (8.3891A) nanoparticles agree
with data of the papers (see, for example, [47]).

Fig. 1, b shows the dependence positions of the XD line
of maximum intensity (311) depending on the Co concen-
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Figure 2. Size change of the crystallites CoxMn;_xFe,O04 (1), the
lattice constant (2) dependence on the content of the Co ions (X).
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tration. As the Co ion concentration is increasing, the
positions of the XD lines are shifting towards a higher
diffraction angle, which has been also observed in the
study [14]. The widths of the XD line (Fig. 1,5) belonging
to MnFe,O4 are substantially smaller than for CoFe;Oy,
indicating that the average sizes of the CoFe,O; MNPs
are smaller. Using the XD data and the Scherrer formula,
the sizes of the CoxMn;_yFe,O4 crystallites have been
calculated, which are shown in Fig. 2 as function of the
Co concentration. Fig. 2 shows that the average size of
the MnFe,0y4 crystallites of 34.86 nm is sharply decreasing
during the substitution of the Co ions to reach the value of
1499 nm for CoFe,O4. The evident difference of the sizes
of the MnFe,04 and CoFe,04 particles can be attributed to
a different diffusion rate of the Co?* and Mn>* ions in the
water medium.

3.2. Raman spectra of the Co,Mn;_,Fe, 04 MNPs
(x = 0.0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8 and 1.0)

The Raman spectroscopy is a non-destructive and highly-
efficient experimental method of directly studying the lattice
dynamics and structural and vibratory properties in different
types of the materials [48]. Fig. 3 shows the Raman spectra
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Figure 3. Raman spectra of the CoxMn;_xFe;O4 MNPs
(0 <x < 1.0) (correspondence of the peaks is shown in the
figure).

(RS) of the synthesized CoxMn;_xFe;O4 MNPs, which are
obtained by means of the spectrometer with the solid-state
laser of the wave length of 532nm and with recording
the data by a highly-sensitive semiconductor charge-coupled
detector. The laser power was optimized so that the ferrite
particles do not oxidize with forming the Fe,O3 phase [10].

Occupation of the octahedral and tetrahedral positions of
the crystal structure is a factor on which the line positions
and their intensities in RS depend, whose analysis has
shown the following. The Raman-scattering spectra of
light indicate a inverse spinel structure of the CoFe,O4
nanoparticles. For the composition with X = 0, there is
an evident spectrum, whose line positions coincide with the
positions observed for the MnFe,04 SFs [49].

The spectrum of the composition of X = 0.4 has evident
splitting of the Alg line,and the splitting increases with the
increase in the Co** quantity in the CoxMn;_yFe,O4. It
means that the input of the Co?* ions (at x > 0.2) led
to redistribution of the (Co?*, Mn%**, Fe3*) cations in
CoxMn;_xFe,04. The analysis of the line intensity ratio
in the spectra for the compositions of X =1.0 and 0.8
has shown that Co?>* and Fe’* are uniformly distributed
in the tetrahedral positions, whereas for X = 0.4 and 0.6 the
intensity ratio indicates that there are less Fe* ions in the
tetrahedral positions [10]. This is due to the fact that the

Mn2* ions prefer the tetrahedral position by displacing the
Fe** ions. The Raman spectra of the Fe3O4 powders have
an evident line at 292 cm™!, which is absent at the spectra
of the CoFe,0O4 and MnFe,O4 spinels [50]. The spectra of
the CoxMn;_yFe,O4 MNPs under study have no evident
line at 292 cm™!, and thus we can state with certainty that
there is no Fe;O4 phase in the MNPs under study, and no
line indicating existence of other impurity phases. It should
be noted that the obtained Raman spectra of the MNPs and
MnFe;04 and CoxMn;_xFe,04 (Fig. 3) are similar to those
specified in [49] and [48,51], respectively.

3.3. Mossbauer spectroscopy
of the Co,Mn;_,Fe; 04 MNPs

Important information about the phase composition, local
electron configurations, magnet interactions and magnetic
relaxation phenomena of the nanosized systems can be
provided by the Mossbauer spectroscopy. The experi-
mental Mossbauer spectra (MS) of ’Fe MNPs of the
CoxMn;_xFe,;Oy4 ferrite recorded at the room temperature
are shown in the Fig. 4. The experimental values are the
dotts in the Fig. 4, while the model spectra, which are
obtained in the mathematical processing of the experimental
Mossbauer spectra by means of the program [46], are
shown by the solid lines. Good compliance of the used
models with the experimental Mossbauer spectra of the
CoxMn;_xFe;O4 MNPs is confirmed by minimum values
of the difference between the model and experiment values,
which are shown above each spectrum and by the values x>
within 1.0—1.2. The parameters of hyperfine interactions
(HFT), which are calculated based on the positions of the
Zeeman lines in Mossbauer spectra of the CoxMn;_xFe;Oq4
MNPs are shown in the table. The values of the isomer
shifts (IS) are given relative to the a-Fe metal foil. The
impurity phases of the iron oxides should appear distinctly
on the Mossbauer spectra of CoxMn;_yFe,04 as additional
Zeeman sextuplets (ZS) or doublets with different HFI
parameters. The detection limit of the secondary phase is
about 1—3 at.% of the iron and any phase even with such an
iron quantity can be easily determined from the Mossbauer
spectra.  The analysis of the experimental Mossbauer
spectra of the CoxMn;_yxFe,O4 MNPs has not revealed any
additional lines. Thus, there are no impurity phases in the
MNPs under study, which coincides with results of XD and
Raman studies.

The Mossbauer spectra of the CoxMn;_yxFe,O4 MNPs
(Fig. 4) substantially differ in the shape from the spectra
of the macroscopic crystals (for example, [14,52-56]).
As it is clear from Fig. 4, the experimental Mossbauer
spectravconsist in the ZS wide lines on whose background
with reduction of the quantity of the Co ions there are
within the zero rate range evident doublet lines, whose
intensity increases with increase in the concentration of the
Mn ions. It should be noted that the obtained Mossbauer
spectra of the CoxMn;_xFe,O4 MNPs (Fig. 4) are similar
to those observed at x =0 (for MnFe;04) in [8,18,19],

Physics of the Solid State, 2022, Vol. 64, No. 6
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Figure 4. Mossbauer spectra of the CoxMn;_xFe,O4 MNPs obtained at the room temperature. The experimental values are the dotts,
while the model sextuplets are shown by solid color lines: The sublattices A are designated by a number I, while the sublattices B1, B2
and B3 — 2, 3 and 4, respectively, the doublet — 5 (in accordance with the colors).

and at x = 1.0 (for CoFe;04) in [57], as well as for the
CoxMn,_,Fe,0y4 particles in [4,9,18,58].

The Mossbauer spectroscopy allows reliably identifying
the spectrum lines belonging to the Fe?* and Fe** ions
by their chemical shifts making up ~ 0.2—0.5mm/s for
Fe** and ~ 0.9—1.1mm/s for Fe?* [59]. However, for
the spinel ferrite MNPs the IS values belonging to the
iron ions in the high-spin state Fe’* are usually within
the range of 0.3—0.6 mm/s. There are not higher values
of the chemical shifts (from 0.9 to 1.1 mm/s), which belong
to the Fe ions in the low-spin state Fe’* [59]. As it is
clear from the table, the values are within 0.3—0.5 mm/s. It
means that the CoxMn;_yxFe,O4 MNPs under study have
only the iron ions in the high-spin state Fe’*. That is why a
group of the sextuplets observed at the Mdssbauer spectra
of CoxMn;_yxFe;O, (Fig. 4) are due to to the iron ions
occupying the A and B sublattices, was determined by a
value of the effective magnetic fields, as it is well known

Physics of the Solid State, 2022, Vol. 64, No. 6

that in the MFe,Oy4 spinel ferrites (where M — metal ions)
the hyperfine magnetic field of the Fe ions is bigger in the
A sites than in the B sites [14,52.56).

The satisfactory description by the x? criterion of the
Mossbauer spectra of CoxMn;_yxFe,O4 MNPs was obtained
by using four Zeeman sextuplets and one doublet. The first
sextuplet with the maximum effective magnetic hyperfine
field corresponds to the Fe ions occupying the tetrahedral
A positions, while the three others designated as B1, B2 and
B3 correspond to the Fe ions in the octahedral B positions
Table 1). The formation of such spectra in the spinel
ferrites is observed in the studies [60-62] and attributed
for the first time to random distributions of the cations in
the A sublattice. The presence of the three different cations
(iron, cobalt and manganese) in the samples under study
significantly increases the chances of random distribution
of these cations, thereby leading to formation of several
octahedral positions which differ in the occupation. The
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Values of the widths of the first and sixth lines (G) of the Zeeman splitting as well as the isomer shifts (IS), the quadrupolar splittings
(QS), the effective magnetic hyperfine fields (Hcr) and the areas of the Zeeman sextuplets (S) for the Fe ions in the tetrahedral (A) and
octahedral (B) positions and of the doublets (D) in the CoxMn;_xFe;O4 MNPs depending on a composition of the Co ions (X).

X Components G (mm/s) IS (mm/s) QS (mmy/s) Her (T) S (%)
1.0 A 0.341+4/-0.033 0.339+/-0.004 0.035+/-0.008 48.85+/-0.06 10
B1 0.453+/-0.042 0.309-+/-0.003 0.018+/-0.006 47.27+/-0.05 18
B2 0.632+/-0.061 0.319+/-0.002 0.001+/-0.005 45.24+/-0.08 28
B3 1.154+/-0.043 0.334-+/-0.005 0.0234/-0.010 42.05+/-0.18 41
D1 0.631+/-0.064 0.3344/-0.013 0.662+/-0.032 - 4
0.8 A 0.391+4/-0.033 0.329+/-0.003 0.028+-/-0.007 48.35+/-0.07 9
B1 0.512+/-0.037 0.309+/-0.002 0.0134/-0.004 46.62+/-0.04 20
B2 0.670+/-0.050 0.324+/-0.002 0.022+4/-0.004 44.26+/-0.07 31
B3 1.134+/-0.033 0.338-+/-0.005 0.024+-/-0.009 40.87+/-0.14 36
D1 0.478+/-0.020 0.348-+/-0.005 0.630+/-0.011 - 4
0.6 A 0.361+/-0.014 0.330+/-0.001 0.019+/-0.003 48.64+/-0.03 17
B1 0.426+/-0.021 0.313+/-0.002 0.013+/-0.003 47.154/-0.03 15
B2 0.665+/-0.028 0.328+/-0.002 0.011+/-0.003 45.24+/-0.04 28
B3 1.190+/-0.031 0.332+/-0.004 0.028+/-0.007 42.00+/-0.12 33
D1 0.500+/-0.012 0.337+/-0.003 0.674+/-0.007 - 7
0.5 A 0.353+/-0.045 0.331+/-0.004 0.020+/-0.009 48.66+/-0.09 17
B1 0.455+/-0.071 0.317+/-0.005 0.017+/-0.009 47.05+/-0.09 18
B2 0.561+/-0.092 0.329+/-0.004 0.004+-/-0.009 45.03+/-0.14 25
B3 1.160+/-0.066 0.342+/-0.010 0.042+/-0.019 41.93+/-0.28 34
D1 0.633+/-0.041 0.328+/-0.009 0.656-+/-0.020 - 9
04 A 0.387+/-0.013 0.323+/-0.001 0.018+/-0.002 48.43+/-0.03 17
B1 0.472+/-0.024 0.323+/-0.002 0.011+/-0.003 46.79+/-0.03 20
B2 0.621+/-0.035 0.344+/-0.002 0.002+/-0.003 44.69+/-0.05 21
B3 1.1174/-0.023 0.348+/-0.003 0.012+4/-0.006 41.53+/-0.10 35
D1 0.554+/-0.013 0.3284-/-0.003 0.638+/-0.007 - 7
0.3 A 0.387+/-0.013 0.323+/-0.001 0.018+/-0.002 48.434/-0.03 17
B1 0.472+/-0.024 0.323+/-0.002 0.011+/-0.003 46.79+/-0.03 20
B2 0.620-+/-0.035 0.344+/-0.002 0.002+/-0.003 44.69+/-0.05 21
B3 1.118+/-0.023 0.348+/-0.003 0.012+4/-0.006 41.53+/-0.10 35
D1 0.554+/-0.013 0.3284-/-0.003 0.638+/-0.007 - 7
0.2 A 0.345+/-0.021 0.320+/-0.002 -0.017+/-0.004 48.60+/-0.05 12
B1 0.436-+/-0.043 0.328+/-0.003 -0.017+/-0.005 47.06+/-0.06 18
B2 0.620+/-0.054 0.3444-/-0.003 -0.000+/-0.005 45.11+/-0.09 21
B3 1.181+/-0.043 0.345-+/-0.005 0.036+/-0.010 41.88+/-0.19 33
D1 0.537+/-0.009 0.339-+/-0.002 0.635+/-0.004 - 16
0.0 A 0.315+/-0.012 0.318+/-0.003 -0.005+/-0.006 49.80+/-0.03 12
B1 0.360+/-0.029 0.345+/-0.002 0.006+/-0.004 47.69+/-0.04 15
B2 0.420+/-0.031 0.361+/-0.003 -0.005+/-0.006 46.23+/-0.04 10
B3 0.892+/-0.021 0.375+/-0.003 0.029+/-0.005 42.514/-0.09 25
D1 0.254+/-0.035 0.478+/-0.006 0.709+/-0.008 - 2
D2 0.498+/-0.004 0.318+/-0.004 0.672+4/-0.001 - 35

values of the hyperfine field of the A sublattice of the SF
depend on a quantity of the cations in another sublattice,
particularly, the B sublattice.
interaction A—B, these cations determine the hyperfine
fields of the ions of the A positions, which have twelve
adjacent neighbors in the B positions and, therefore, depend

Via the superexchange

less on a random distribution of the cations in the B points.
However, for the B positions, the adjacent neighbors include
only six cations in the A positions and the random cation
distribution across these positions is much more important
for the hyperfine fields of the Fe ions of the B sublattice. In
other words, the change in the cation distribution across the
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B positions affects the A positions only by 1/12, whereas
the change in the cation distribution across the A positions
leads to the changes in the B sublattice by 1/6 [62].

Thus, the Zeeman sextuplets with the biggest effective
fields belong to the iron ions occupying the A sublattice in
the crystal lattice of CoxMn;_yxFe,O4 SF MNPs, while the
other sextuplets are related to the Fe ions in the B positions.
That is why the B3 sextuplet with the lowest values of the
hyperfine field and large widths of the lines also occurs due
to random ion distribution. Moreover, a large surface-to-
volume ratio of the nanoparticles leads to a much bigger
role of the iron ions located in the surface layer of the
particles. That is why the B3 sextuplet can be contributed
by the surface Fe ions, which have a smaller number of
magnetic bonds [29] and/or a less biased state of their
magnetic moments [62-64].

As it is clear from the Fig. 4, at x = 1.0, the Zeeman
sextuplet’s background has evident lines of small inten-
sity within the velocity rate range, which belong to the
quadrupolar doublet. The doublet intensity increases with
the increase in the number of the Mn ions. At X =0
(MnFe,04), there are evidently two doublets, whose total
area can take up to 37% of the whole area of the spectrum
lines. The formation of Zeeman and doublet lines on
the Mossbauer spectra is typical for superparamagnetic
relaxation of the MNPs and can be explained by taking into
account two populations: one is based on bigger particles,
whose magnetic moments slowly fluctuate and the Zeeman
sextuplet is observed on the Modssbauer spectra, while the
other — on smaller particles with less relaxation time of
the moments, which form the quadrupolar doublet on the
Mossbauer spectra.

The QS values (Table 1) of the nonequivalent positions
of the iron ions in the studied CoxMn;_xFe,O4 SF MNPs
within the experiment error are close to zero (except for
IS for the doublets), thereby meaning maintaining the cubic
symmetry between the Fe’* ions and its environment. The
value of the QS doublets below 0.8 mm/s indicates that in
the CoxMn;_yFe,O4 MNPs of smaller sizes, the Fe ions are
also in the high-spin state Fe**, as for the Fe?* ions in the
low-spin state the QS value is significantly higher.

The change of the hyperfine magnetic field (Hey) of
the different sextets depending on the substitution value is
shown Table and in the Fig. 5. As it is clear from Fig. 5,
H.# of the B ions of the sublattice reduces at X = 0.2, and
further increase in the Mn?* quantity leads to insignificant
changes, reaching the maximum value 0of 49.80 T at x = 0. It
can be concluded therefrom that when increasing of the Mn
concentration Mn impurity the magnetization is changing
not only by simple substitution of the Fe3* ions with non-
magnetic Mn ions, but by a more complex process as well.

The table shows the IS values for the Fe3* ions
in the tetrahedral A and octahedral B positions in the
CoxMn;_xFe,O4 MNPs depending on the substitution
value. As it is clear from the table, the IS values of the
Fe ions in the B positions almost coincide with the IS for the
A iron ions and do not depend on the Mn ion concentration,
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Figure 5. Dependences of the effective magnetic fields on
the iron ion nuclei, which occupy different sublattices in the
CoxMn;_xFe;O4 MNPs, depending on the substitution value of
the Co ions.

Figure 6. Dependences of the areas of the spectrum lines of the
different sublattices in the CoxMn;_xFe,Os MNPs, depending on
the substitution value.

thereby meaning insensitivity of the s-electrons of the Fe™3
ions to the Mn quantity. The range of the IS values for the
A and B positions is within 0.3—0.5 mm/s, indicating that
in the ferrites under study the iron is in the valence of the
high-spin configuration Fe3*.

As it is clear from the table, the widths of the lines of
the sextuplets of the Fe ions in the A positions almost do
not depend on the quantity of the Mn ions in the solid
solution, but their values are less than for the Fe ions in
the B positions for the whole range of substitution by the
Co”* ions. The line widths, corresponding to the ions in
the A and B sublattices, increase in the ions in the B points
from 0.45 to 1.19 mm/s, while for the A sublattice they vary
from 0.31 to 0.39 mm/s. Increased line widths of the Fe ions
in the B positions can be correlated to the distribution of the
Mn?* ions in the environment of the Fe** ions occupying
the B positions. The line widths of the doublets are within
0.48—0.63 mm/s (Table), which is close to the values of 0.6
and 0.7 mm/s, which are obtained for the MnFe,O4 doublet
in papers [9,65].
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The dependences of the areas of the spectrum lines for
the CoxMn;_4Fe,O4 SF MNPs on the substitution value are
given in Table and the Fig. 6. They clearly show that the line
areas of the B2 and B3 sextuplets for the MnFe;O4 (X = 0)
are smaller than for the CoFe;O4 (X =1). This can be
attributed to the fact that the CoFe,O4 particles are smaller
in sizes than the MnFe,Oy4 particles and the contribution of
the Fe ions in the surface layer of the CoFe,O4 particles is
bigger. The doublet area for the MnFe,0, is significantly
higher than for the CoFe,0O4, which is attributed to the
lower temperature of the magnetic blocking of the MnFe,O4
particles in comparison with the CoFe,O4.

The values of the areas of the spectrum lines of the
sextuplets and doublets (S in Table) in the Mdossbauer
spectra (Fig. 4) allowed determining a relative quantity
of the magnetic and paramagnetic phases in the MNPs
under study. As the concentration of Mn ions is increas-
ing, the line area ratio of the sextuplets and doublet in
the Mossbauer spectra of the CoxMn;_yFe;O4 MNPs is
decreasing. Therefore, with decrease in the content of
the Co ions, the blocking temperature (BT) value of the
CoxMn;_xFe;O4 MNPs is decreasing, but failing to reach
the room temperature at X = 0.

3.4. Distribution functions of effective magnetic
hyperfine fields P(Hes)

No distinct resolution of the sextuplets in the Mossbauer
spectra of the CoyxMn;_yFe,O4 MNPs under study sub-
stantially impedes using the distinct physical model for
describing such spectra. That is why the experimental
Mossbauer spectra of the CoxMn;_xFe,O4s MNPs have
been used by the dedicated software application [46] to
recover probability distribution functions of the magnetic
hyperfine fields fields (P(Hes)), which are shown in the
Fig. 7. The obtained functions P(Heg) differ from P(Heg) of
the SF macrocrystals, which evidently have only two maxi-
mums belonging to the iron ions in the two nonequivalent
sublattices. The functions P(Heg) of the CoxMn;_xFe;O4
MNPs (Fig. 7) have evident maximums within the two Heg
ranges: from 0 to 5T and from 32 to 53 T. The range from 0
to 5T corresponds to the doublet lines on the Mossbauer
spectra, which are related to a fraction of the particles in
the paramagnetic state and whose availability probability
is increasing, as it is clear from Fig. 7, as the quantity
of Mn ions is increasing in the CoxMn;_yFe,O4 MNPs.
The curves P(Hcg), which are observed within the range
from 32 to 53T (Fig. 7), are related to the ZS lines, which,
however, have different environments. The separation of
the functions P(He) into the two areas (Fig. 7) means
that there are two groups of particles in the synthesized
CoxMn;_xFe;O4 MNPs: fine particles, which correspond
to Her within the range from O to 5T, and large MNPs,
which are described by the functions P(Her) within the
range from 32 to 53T As it is clear from Fig. 7, the
curves obtained for X 4+ 0 and X = 1.0 are narrower than the
others and distributed within the range of 30—53 T. Besides,
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Figure 7. Distribution functions P(Hcr) recovered from the
experimental Mossbauer spectra of the CoxMn;_xFe;Os MNPs
(Fig. 4) by means of the software application [46].

at X = 1.0 the curve P(Heg) can be distinguished to have
two maximums belonging to the iron ions in the A and
B1 positions. At the substitution values within the range X
from 0.2 to 0.8, the functions P(Hegr) have evident long
Htails® directed towards reduction of H.s. It means that
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when introducing the Co ions into the MNPs, there are
nonequivalent positions being formed, which are correlated
not only to the change of the environment of the Fe resonant
ions, but to varying properties of all the surrounding ions,
thereby leading to formation of a number of the tetrahedral
coordinations with insignificantly different parameters.

Detailed analysis of the Mossbauer spectra (Fig. 4) and
the distribution of the fields P(Her) has shown that in
order to satisfactorily describe the Mossbauer spectra of
the CoxMn;_xFe,O4 by the Xz criterion, it is necessary
to use the superposition of at least four partial Zeeman
sextuplets. That is why in order to get quantitative informa-
tion on values of the parameters of hyperfine interactions
of the Zeeman sextuplets and doublets, the experimental
Mossbauer spectra of the CoxMn;_xFe,O4 MNPs (Fig. 4)
have been processed by the superposition model of the
four partial sextuplets and doublet. Some differences in
the values of Hegr (Fig. 7) and the values of the cells in the
table are due to existence of different coordinations (types)
of the Fe atom environment in the CoxMn;_xFe,O4 MNPs
under study. Thus, features of the functions P(Heg) (Fig. 7)
reflect a complex magnetic structure of the CoxMn;_xFe,O4
MNPs under study, which can not be attributed only to the
change of the distribution of ions surrounding the iron ions
during inputting the Co ions, and it is necessary to take into
account a state of the environment ions, too.

Analysis of the experimental Mossbauer spectra of the
CoxMn;_xFe,O4 MNPs and the published results of Moss-
bauer studies allow evaluating the sizes of the MNPs under
study. Thus, the papers [9,18,19,24] provide results of the
Mossbauer studies of the MnFe,O4 MNPs with the sizes
from 3nm to 98nm. The studies of the CoFe,O4 MNPs
of the different sizes are provided in the papers [66-71],
while the paper [27] provides the Mossbauer data for the
CoxMn; _xFe,Oy4 particles of the sizes of 8 nm (for x = 0.1)
and 13 nm (for X = 0.5). The comparison of the Mossbauer
spectra data with the published data allows concluding
that the sizes of the CoxMn;_xFe,O4 particles under study
change from 25nm to 12 nm when being substituted by the
Co ions from X = 0 to X = 1.0.

4. Conclusion

For the first time, the systematic studies of the
Coj_xMnyFe,04 MNPs have been carried out in depen-
dence on the Mn ion concentration (x = 0.0, 0.2, 0.3,
04, 0.5, 0.6, 0.8, 1.0), which have been synthesized using
a simple method of coprecipitation. The structural and
morphology properties of the MNPs have been studied
by means of the X-ray diffraction (XD), the transmission
electron microscopy, the Raman and Mossbauer spec-
troscopy. The XD structural analysis and the data of the
Raman and Mossbauer spectroscopy confirm formation of
the Coj_xMnyFe;O4 single-phase ferrite with the cubic
structure of the inverce spinel ferrite (the spatial group
Fd3m) within the whole range of the substitution by the
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Co ions. The Raman-scattering method has established that
the MnFe, 04 MNPs are structured as a normal spinel and
when being doped by the Co?* ions, the Co*" and Fe3*
cations are redistributed between tetrahedral and octahedral
positions and the structure converts to the mixed ferrite.
Based on the X-ray diffraction data, it is established that the
average size of the MnFe;O4 (X = 0) crystallites is ~ 35nm
and the particles decrease in size with increase in the
Co quantity, reaching ~ 15nm for CoFe,O4 (X = 1.0). The
Mossbauer spectroscopy data indicate that the sizes of the
Coj_xMnyFe,O4 MNPs change within the range from 12
to 25nm when the value of substitution with the Co ions
is decreasing from X = 1.0 to x = 0, which insignificantly
differs from the X-ray diffraction results.

The Mossbauer spectra of the Co;_xMnyFe,O4 MNPs
consisting the Zeeman sextuplet with the wide lines, whose
background has an evident quadrupolar doublet, indicate a
typical superparamagnetic behavior of the Co;_xMnyFe,Oy4
MNPs. The Mossbauer spectra type is explained based on
the model of the two populations: one — large particles,
whose sizes are bigger than a critical value, wherein the
magnetic moments vibrate with the frequency below the
Larmor precession frequency, and the Mossbauer spectra
have the Zeeman sextuplets; the other population consists
of fine particles, whose sizes are below the critical ones
and the magnetic moments vibrate with the frequency
above the Larmor precession frequency, and the Mossbauer
spectra are evidently contributed by these particles as the
doublet lines. Increase of the substituting Mn ions in the
Coi_xMnyFe,O4 MNPs from X =0 to X = 1.0 leads to
increase in the line area of the paramagnetic doublet from 4
to 35%, which indicates decrease in the magnetic blocking
temperature in the MnFe,O4 to the temperature slightly
above the room temperature.

Taking into account that the paper [10] has es-
tablished that the Co;_yMnyFe;O4 MNPs at x =0.2
(Cop.2Mny gFe,04) have a high value of the specific absorp-
tion rate (the most important parameter for the magnetic
hyperthermia), it can be stated that the obtained results are
important and useful for developing the MNPs, which are
highly efficient for magnetic hyperthermia, by optimization
of the composition of the solid solutions of the spinel ferrite
nanoparticles.
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