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The nanostructured spinel ferrites with complex stoichiometry are an important family of the materials in a
number of applications, especially in electronics through their good electrical and magnetic properties. In the
framework of this study, a set of mixed cobalt and nickel ferrites was prepared with the sol-gel self-combustion
route. The structural and morphological features of particles were studied with X-ray diffraction (XRD),
Scanning Transmission Electron Microscopy (STEM) and Energy Dispersive X-ray analysis (EDX) techniques. The

prepared particles show a crystalline nature with a monotonic distribution of the elements and particles size
distribution in the range of 17-29 nm. The obtained particles demonstrate good magnetic properties with tun-
able saturation magnetization and magnetic anisotropy, i.e., coercivity depending on chemical composition.

1. Introduction

Owing to the good magnetic and electric properties such as high
electrical resistivity and high magnetization saturation, spinel ferrites is
a widely-used family of materials that have many applications in en-
ergy, electronics, microwave, absorption [1-5]. A general formula of
spinel ferrite is MeFe,O4, where Me is some divalent cation or a com-
bination of several cations (Fe?*, Co®™, Ni?*, Cu®*, zn%", ...). A ty-
pical crystal structure of a spinel is an assembly of two sublattices:
octahedral (B) cationic site and tetrahedral (A) cationic site. The super-
exchange interaction (Me-O-Me) is responsible for the anti-
ferromagnetic order between magnetic cations located in the A and B
interstitial sites. The net magnetization originates from the difference in
magnetic moments of these sublattices: M = ZMp gite — ZMa_site- COnN-
sequently, the magnetic properties can be controlled by replacing the
substituted cations with a different single-atom magnetic moment in
various stoichiometries [6,7]. Here Co?* (3up) and Ni2* (2pp) are of
greatest interest because CoFe,O,4 has stronger cubic magnetocrystal-
line anisotropy among ferrites ([8]) while Ni** allows improving
electrical properties ([9]) and to tune anisotropy to the lower value for
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applications’ requirements [10-13]. Nickel and cobalt ferrites are an
inverted spinel, which means that generally all Fe*>* ions are equally
distributed in two sites and hence mutually compensated while the net
magnetization comes from Me?* ions occupying the octahedral site.
However, in a real system, especially in nanostructured materials, a
non-equilibrium cations distribution between the spinel‘s sublattices
was observed, which may induce a significant change in anisotropy and
magnetization of material [14].

Nanostructure spinel ferrites have interesting electrical and mag-
netic properties ([4]), as well as a high surface-to-volume ratio, which
makes them more attractive in the field of sensors, catalysis, and bio-
medicine [15-18]. The small size of magnetic nanoparticles (MNPs)
leads firstly to the growth of coercivity, reaching a maximum at critical
diameters of ~70 and ~ 100 nm for CoFe,0O,4 and NiFe,O,, respectively
and then reduction due to superparamagnetic relaxations [17]. Many
attempts have been made to synthesize Co-Ni ferrite MNPs: co-pre-
cipitations method [12,19-21]; carbamide/glucose combustion route
[11]; polyol method [13]; hydrothermal method [10]; solvothermal
method [22], etc. Nonetheless, the development of a cheap and high-
throughput process for the production of single-phase spinel ferrite
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MNPs with a controllable grain size distribution is still in attracting the
great attention because the parameters of synthesis, for example, the
pH, the temperature and the precursors drastically affect the magnetic
properties of ferrites [20,23,24].

Earlier, it was demonstrated that the non-magnetic Zn3" (Oup) ions
doping of cobalt ferrite can occupy the tetrahedral site, replacing the
position of Fe**. In this case, the Fe> ions are no longer compensated
and contribute to the total magnetic moment; as a result, the saturation
magnetization at 5K reached a high value up to 157 + 3 Am?/kg for
7Zn.46C00 54Fe 0204 in respect to the value of 109 + 3 Am?/kg for the
stoichiometric cobalt ferrite [7]. This effect depends on the sizes of the
grains and on the method of material synthesis [2,14]. In addition, an
increase of magnetization saturation was observed for Nip 5Cog gFe-04
and Nig 4Cop ¢Fe>04 together with a non-regular dependence of the
coercivity [10]. It is worth noting that the size of particles varies sig-
nificantly, which makes an interpretation of results difficult. G. Muscas
and co-workers [13] observed the regular reduction of both saturation
magnetization and coercivity field with an increase of nickel content for
the Co-Ni ferrite MNPs with a narrow size distribution. The observed
behavior is strongly related to an interplay of cations’ distribution and
spin canting, which was confirmed by Mdssbauer spectroscopy per-
formed under an intense magnetic field. Nonhomogenous filling of
sublattices, namely the overpopulation of octahedral sites, led to a very
high value of saturation magnetization of about 130 + 10 Am?/kg at
5K. This point presents fundamental importance for development of
new materials, because the magnetic properties of ferrites can be en-
gineered by the tuning of chemical composition, although this requires
a complex investigation of structural and magnetic properties. In this
work, a simple and low-cost sol-gel self-combustion method has been
used to prepare the set of MNPs of cobalt ferrites with different Ni2™*
content in the range of 0-100%. This method is a simple one-step route
for ferrite powder synthesis with a good crystalline nature without the
need for further annealing; in addition, a large amount of product can
be obtained, making this synthetic approach interesting for industrial
applications [2,18,25].

2. Materials and methods
2.1. Nanoparticles preparation

Samples of MNPs were prepared by the self-combustion method
described in detail elsewhere [25]. The metal salts Fe(NO3)39H,0
(Carlo Erba Reagenti SpA 100%), Co(NO3),6H,0 (Scharlab S.L. 98%),
and Ni(NO3),6H,0 (Carlo Erba Reagenti SpA 100%) were mixed with
the molar ratio to establish the stoichiometry of spinel ferrite Ni,Co;.
Fe,04 with X =0, 0.25, 0.5, 0.75 and 1. The citric acid (Scharlab S.L.
99.5%) was added to aqueous solutions of prepared mixtures in molar
ratio 1:1 to metal salts. The pH-level was adjusted to the value of 7 by
dropwise adding of 30% ammonia solution (Carlo Erba Reagenti SpA).
Under magnetic stirring at 150 °C, the sol was dried to the gel condition
and in about 60 min the temperature of 300 °C was set to induce the
self-combustion reaction producing a black-brown “tree-like” structure.
The resulting powders were collected and labeled as Njgp, N75Cos,
Ns5oCso, N2sCys and Cpgo according to nickel/cobalt content in
NixCol — xFe204,

2.2. Magnetic and structure properties

The X-ray diffraction (XRD) studies were performed with a Bruker
DaVinci2 diffractometer using Cu Ka (A = 1.54056 A) in the 20 geo-
metry in the range of 10-75°. The elemental analysis was carried out
with a scanning transmission electron microscopy with X-ray spectro-
scopy detector option (STEM-EDX, Hitachi TM 3000). The morphology
of the samples was investigated with scanning electron microscopy
(SEM) with a JEOL JEM-2100 electron microscope operating at 30 kV.
The dc magnetic properties were measured with a VSM magnetometer
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Fig. 1. XRD patterns of mixed ferrite powders. Positions of Bragg peaks are
illustrated with lines for cubic spinel, “+” for hematite and “*” for metallic
nickel.

Table 1

Chemical composition and microstructural properties of Ni,Co; Fe,Oy
with x =0, 0.25, 0.5, 0.75 and 1. Crystallite size (dxrp) were calculated with
Scherrer's equation on the (4 4 0) peak. Uncertainties in the last figure are given
in brackets.

Sample Composition dxrp, NmM
Cio0 CoFe,04 17(2)
Nos C7s Nio.25C00.75F€204 29(3)
Nso Cso Nig.50C00.50F€204 25(3)
Nzs Cas Nio.75C00.25F€204 23(3)
Ni0o NiFe,0, 20(2)

(7400 System Vibrating Sample Magnetometer, Lake Shore Cryotronics
Inc.) in the field range up to 1.1 T at room temperature (295K). To
prevent any movement of the powder samples during the measure-
ments, the powder was fixed in an aluminum sample holder with a
negligibly small magnetic signal. M —H hysteresis loops were recorded
in continuous mode, where 225 points were collected with a time of
measurement of 10s. Because the maximum field is not sufficient to
fully saturate the sample, magnetization saturation was extrapolated
with the fitting of the high-field region using the Law of Approach to
Saturation (LAS) [13,26]: M(H) = Mg(1-A/H-B/H?), where A and B are
fitting parameters. The direct current demagnetization protocol was
involved to study irreversible magnetization processes, for that the
magnetization at zero field (Mpcp) was used after application of gra-
dually increasing field H,., to the sample previously saturated in the
opposite direction [13,26].

3. Results and discussion
3.1. Characterization of nanoparticles

The XRD-spectra of the samples indicated the high crystallinity of
the nanoparticles without any amorphous content (Fig. 1). The main
diffraction peaks were indexed to a cubic spinel lattice according to PDF
cards 22-1085 and 44-1485 for cobalt and nickel ferrite, respectively.
Obviously, the positions of the main peaks are equivalent for both
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Fig. 2. Elemental map obtained using the STEM-EDX technique. On the left
panel pictures of powder with low magnification and in dark-field are pre-
sented. The right panel is an elemental distribution of the presented powders,
where different colors are attributed to Fe, Co, Ni and O elements.

ferrites (Table 1), because the doped ions occupy the same positions in
the spinel, a small deviation of about 0.5° is due to the difference of
radii of the Co®* (0.74 A) and Ni?* (0.72 A) ions [10]. The average size
of crystallites, dxgrp, was calculated for the (4 4 0) peaks with Scherrer's
formula [27-29]:

dxrp = 0.94-1/(B-cos6)
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Fig. 3. Bright-field SEM image of Nig75C025Fe,04 powder. Scale bar is
100 nm.

where B is the full width at half maximum (FWHM) and 6 is the position
of the XRD peak. The obtained values are in the same order for all
samples, however, for Co-Ni ferrites these values of grain size are higher
than for pure cobalt and nickel ferrites. This behavior, the increase of
particle size with the increase of nickel content and the decrease of
particle size for a pure nickel ferrite was observed earlier for Co-Ni
ferrites prepared via a hydrothermal route [10]. The XRD-spectra for
cobalt ferrite sample and for the sample with the content of nickel less
than 0.75 suggests the presence of only one phase of cubic spinel but
with the increase of the nickel content, satellite peaks referred to hex-
agonal hematite and to cubic metallic nickel were observed [30].

Elemental maps of Ni, Co, Fe and O were obtained in a combined
STEM-EDX measurement (Fig. 2). The obtained elemental maps show a
uniform distribution of the elements in the nanoparticles, which in-
dicates the stoichiometric composition of the particles. Only for the
sample of nickel ferrite N1qp, the regions with a high nickel content
were detected, which agrees with the XRD data, which indicate the
small presence of metallic nickel in this sample. The particles have a
complex irregular shape with distinct cubic faces, as is shown on the
SEM image (Fig. 3). A sharp shape confirms the fact that the particles
have high crystallinity caused by the high temperature during the
growth and crystallization of particles. The particles are in a strongly
aggregated state in particular because of the strong dipole-dipole in-
teractions between them.

3.2. Magnetic properties

The room temperature hysteresis loops demonstrate a quasi-static
ferrimagnetic behavior for all samples (Fig. 4a). The monotonic shape
of the hysteresis loops without any kinks proves the lack of mixtures of
soft and hard phases according to a structural study with XRD and
STEM-EDX [7]. The monotonic decrease of coercivity with the increase
of nickel content from 132 + 1mT to 20.5 = 3 mT for C;9p and Nygo
samples respectively was observed (Table 2 and Fig. 4b). That is pre-
dictable because of the strong single ion anisotropy of the cobalt: in-
deed the CoFe,O, is a hard magnetic material with the bulk magnetic
anisotropy constant of ~3-10°J/m?> while the NiFe,0, is soft with the
magnetic anisotropy constant of ~7-10%J/m® (values of magnetic an-
isotropy constants adopted from [31]). These results are in agreement
with the switching field distribution (SFD) demonstrated in Fig. 5 ob-
tained as the first derivative of the remanent magnetizations after DCD
protocol versus reversal field, dMpcp/dH,ey. The set of dMpcep/dHiey
curves clearly reflects the soft and hard nature of cobalt and nickel
ferrites and the adjustable intermediate anisotropy for mixed ferrites.

The remanent magnetization ratio, Mr/Ms, of about 0.5 suggests
that the particles are uniaxial single-domain magnets according to the
Stoner-Wohlfarth model [32]. The single-domain state of the particles
is consistent with the grain sizes calculated from the XRD and observed
on the SEM images, which are less than the critical sizes denoted above.
Observed Mg/Mjs values suggest the uniaxial anisotropy of the samples
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Fig. 4. (a) Hysteresis loops of powders at room temperature. Inset: magnification of the region of coactivity and remanent magnetization; (b) top and bottom panels
represent the dependence of coercivity (Hc) and magnetization saturation (Mg) respectively on Ni>* content. Errors for coercivity value are in the range of the

symbols.

Table 2

Magnetic properties of powder at room temperature. Uncertainties in the last digit are given in brackets.

Saturation magnetization Mg, Am?/kg

Remanent ratio Mg/Ms, a.u.  Anisotropy constant Keff, x 10° J/m>

0.44(4) 1.4(1)
0.49(2) 1.3(1)
0.49(2) 1.5(1)
0.54(5) 1.7(1)
0.43(5) 0.58(7)

Sample Coercivity poHc, mT  Switching field poHgpp, mT
Ci00 132(1) 175(5) 65.8(6)
Nas Crs 131(2) 149(5) 69.1(3)
Nso Cso  113(2) 132(5) 59.5(3)
Nys Cos  80.6(6) 91(4) 46.9(4)
Nioo 20.5(3) 21(1) 40.3(5)
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Fig. 5. Switching field distribution of powders at room temperature.

despite the cubic magneto-crystalline anisotropy of the bulk cobalt
ferrite, which predicts a value of about 0.8 [33]. This can be explained
as interparticle interactions or shape-induced demagnetization effects
because of the complicated shapes of the particles [34,35]. The impact
of the thermal relaxations on the remanent magnetization is expected to
be negligible because of the relatively big volume of the particles.

The SFD correlates with the distribution of particle coercivity fields
and, in general, it reflects only irreversible magnetization processes.
Positions of SFD maximums, poHspp, are in good proximity with coer-
civity field for the pure nickel ferrite sample N;q9, however, with the
decrease of the nickel content it becomes different, as shown in Table 2.
Considering the fact that all samples have an identical type of aniso-
tropy and the magnetic interactions are expected to be equal, a possible
explanation of the divergence is the forming of domains in highly an-
isotropic samples as the contribution of the biggest particles in the as-
sembly because of the broadness of the size distribution.

The room temperature saturation magnetization of the samples was
estimated using the LAS method explained in the experimental section
and the results are presented in Table 2. The sample with the smallest
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nickel content, N,5C;s5, showed a relatively good value of Mg with re-
spect to the sample of pure cobalt ferrite Co;go. This phenomenon was
observed earlier in the mixed ferrites, but it shows a strong dependence
on the synthesis method [20]. The deviation from linear behavior of Mg
versus Co>* /Ni®* ratio was attributed to the cation distribution or spin
canting effect on the surface, which is more important for fine particles.
We expect that further study of samples with low nickel content can
lead to important results for further applications. It should be noted
that the used method allows producing the magnetic nanoparticles with
high values of Mg and H¢ without additional processing of powders.
This advantage is very important for use in industry, so for example, the
particles of the same composition prepared with most commonly used
co-precipitation have comparable values of magnetization saturation
only after calcination at 600 °C [20].

For nanoparticles with uniaxial anisotropy, the values of effective
anisotropy constant (K.) can be roughly estimated from the anisotropy
field poHyk (field value when the hysteresis loop is close):

Keff = poHy-Ms/2

The calculated values of K. are reported in Table 2. All values for
samples with the cobalt content are in the same range, only the pure
nickel powder shows a lower value. Because the K. values depend
slowly on Co®* content, the low influence of magnetocrystalline ani-
sotropy on effective anisotropy can be concluded where the shape an-
isotropy probably is dominant. This fact does not agree with the earlier
results for smaller particles [13], where the influence of the surface and
magnetocrystalline anisotropy were predominant. Nevertheless, these
values are significantly high even with respect to the bulk material and
smaller MNPs at 5K [13].

4. Conclusions and future perspectives

The presented study reveals magnetic and structural features of the
Co-Ni ferrites powders depending on cobalt and nickel ratio. A relative
small deviation of the grain size in the range of 17-29 nm was con-
firmed for mixed ferrites. The predominant presence of the spinel ferrite
phase was indicated, however, satellites peaks on the XRD pattern were
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detected with the increase of nickel content, which happened because
the method initially was adjusted for pure cobalt ferrite MNPs. For
future research, the purity of mixed ferrites can be improved, for ex-
ample, with the variation of concentrations of salts and ratio of salts to
citric acid. All samples show relatively high values of Mg and Hc
without any thermal treatment. The higher value of magnetization sa-
turation was found for the Nig »5C0g 75Fe20,4 sample and approximately
equal values of coercivity for CoFe;O4 and Nig 25C0¢ 75Fe204. Notable
was the relatively high Mg and Hc values together with the higher
electrical resistivity observed elsewhere of nickel ferrite, making a
powder with a nickel content of about 0.25 very promising for future
the energy applications.
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