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Abstract: Precipitation of nanopowders with mixed magnetite–maghemite composition was carried
out under different conditions and with different separation techniques. The exact character of
interactions of different iron oxide phases in the nanopowder was the main object of interest. The
obtained nanopowders have spherical particles about 10–20 nm in size. Electron paramagnetic
resonance (EPR) study showed that iron ions incorporate fully into magnetite and maghemite
structures. The shape of the EPR line points out that single homogenous solid solutions were formed
during synthesis. In the studied solid solutions, different ratios of vacancies and Fe2+/Fe3+ ratios
were observed but in spite of different synthesis techniques in both cases, there were no additional
diamagnetic structural phases presented.
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1. Introduction

Iron oxides have been known for a long time but they still attract definite attention [1–3].
Magnetic iron oxides (magnetite Fe3O4 and maghemite γ-Fe2O3) possess a wide range of
useful properties. Their nanoparticles can be used as magnetic agents in medicine and
biology for marking biomaterials, for penetrating cells of living organisms, or for local
heating [3–9]. They also can be photocatalytically active [10], and can be used in agriculture
as bioactive fertilizers [11–13].

Magnetite (Fe3O4) is ferrimagnetic at room temperature. The paramagnetic/ferrimagnetic
transition temperature for bulk samples, TN, equals 858 K [14]. This temperature can go
down to ~600 K for 10 nm nanoparticles and to ~450 K for 6-nm-sized nanoparticles [15].
The Verwey transition (structural phase transition) at T~123–125 K is also known [16].
Structural ordering of the positions of Fe3+ and Fe2+ ions occurs at this temperature.
Maghemite (γ-Fe2O3) is ferrimagnetic with the phase transition from TN = 545 K for 5 nm
nanoparticles and up to TN = 918 K [17] for bulk materials [18]. Koksharov et al. [19]
discovered the transition of maghemite to the spin glass state is at T = 40 K. A possible
component of the FeO solid solution is a ferrimagnet with the Néel temperature TN = 198 K
and TC = 570 K [20].

It is worth noting that magnetite and maghemite both share a spinel structure type and
elemental composition; therefore, their nanoparticles have close physical and mechanical
properties. Because of that, there is a definite problem of phase distinction. Magnetite
nanoparticles can oxidize to maghemite during a wet precipitation synthesis process or
after the synthesis during aging [21,22]. Oxidation can also occur partially, which leads to
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the appearance of core-shell nanoparticles [22,23]. Usual methods for phase identification
in such systems are X-ray diffraction, FTIR, and Mossbauer spectroscopy [24–26].

But, even if the magnetite/maghemite ratio in the nanopowder is established, it is still
difficult to determine the nature of the composition: solid solution, mechanical mixture, a
gradient diffusion structure, or a core-shell structure. The electron paramagnetic resonance
(EPR) method was used in the present work for this purpose. Magnetite and maghemite
are ferrimagnets at room temperature, and all Fe2+ and Fe3+ ions are coupled by exchange
interactions in magnetically ordered structures; therefore, the resulting broad line in the
EPR spectrum is the line of ferrimagnetic resonance of magnetic nanoparticles. In this
case, a cluster of magnetic nanoparticles with individual magnetic moments behaves like a
paramagnet; such a substance can be called a superparamagnet. An analysis of the EPR
lines in superparamagnets makes it possible to conclude whether the studied magnetic
compound is a solid solution or a mixture of different phases (FeO, Fe2O3). In the case of a
mixture of different phases, the EPR spectrum should be a superposition of signals from
different phases. The aim of this study was the synthesis of ferrimagnetic nanoparticles of
maghemite and magnetite using a technologically simple method of chemical precipitation
from aqueous solutions and the determination of the exact type of interaction between
magnetite/maghemite phases in the nanopowders.

2. Materials and Methods

Iron oxide nanopowders were synthesized using wet coprecipitation according to the
previously reported method and the literature data [1,11,27–29]. All the reactants used in
syntheses were puriss p.a. grade (99%), manufactured by “NevaReactiv”.

Magnetite (sample № 17) was prepared as follows. A total of 0.1 mol (35.45 g) of
FeCl3x6H2O and 0.05 (9.95 g) mol of FeCl2x4H2O were mixed in 100 mL of distilled water
and then bubbled with Ar for 1 h (0.2 L/min) to remove oxygen from the solution. Then,
precipitation with 100 mL of 6.25% NH4OH solution was carried out dropwise under
constant Ar bubbling and at 60 ◦C temperature.

Maghemite (sample № 87) was prepared in similar way. A mix of solutions of iron
chlorides was precipitated with 50 mL 12.5% NH4OH solution under ultrasonication
(US-bath, 400 W, Vilitek, Russia).

Resulting substances were extracted from the solution by magnetic separation, then
washed with distilled water, and dried in air at 100 ◦C.

Morphology of nanoparticles was studied using high-resolution transmission electron
microscopy (HR-TEM) with Zeiss Libra 120 microscope.

X-ray diffraction was used to determine phase composition of the nanopowders. Mea-
surements were made with Bruker D8-Advance diffractometer (CuKα-radiation, 2θ = 20–80◦,
step 0.0075◦, exposition time 7 s). Unit cell parameters were calculated with PDWin 3.0
software. Crystal Scattering Domain (CSD) lengths were calculated with Scherrer equation
using 002 reflex.

Electron paramagnetic resonance (EPR) study was also exploited to investigate mag-
netic properties of these magnetic nanoparticles. The EPR spectrometer Bruker Elexsys E580
(X-BAND) was used to study the nanoparticles of magnetite (sample № 17) and maghemite
(sample № 87) at 100 and 295 K. As far as volumetric factors (sample amount and shape)
that can affect the EPR signal in magnetically ordered samples, spectra of samples were
measured without treatment and compared with spectra after diamagnetic dilution in
high-purity diamagnetic quartz, in the ratio 1:10.

3. Results and Discussion

The transmission electron microscopy showed that synthesized nanopowders gen-
erally consist of near-spherical particles about 5–25 nm in size (Figure 1). Maghemite
nanoparticles (№ 87) can form agglomerates up to 100 nm. X-ray diffraction showed that
poorly crystallized nanopowders were obtained in both syntheses, with a CSD length of
particles of 15–20 nm (see Table 1, Figure 2). Because of widened peaks, it is impossible to
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distinguish the magnetite and maghemite phases. The unit cell parameters of these phases
are also close (see Table 1), and are between the unit cell parameter values of magnetite
and maghemite etalons [27]; therefore, two variants are possible. The first one is a mixture
of magnetite and maghemite, either mechanical or in the form of core-shell particles with a
magnetite core and maghemite shell [23]. The second variant is the solid solution with a
magnetite structure, where Fe2+ atoms are partially oxidized and partially absent.
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3.1. EPR Investigation of Magnetic Nanoparticles

The magnetite nanoparticles with rather small dimensions are still superparamagnetic
at room temperature [32]. Particles of powder, which have big enough sizes for the
ferromagnetic ordering, exhibit true ferromagnetic resonance with a large linewidth. It
was found that for nanoparticles with a size of L ~20 nm or less, the magnetic nature is
superparamagnetic, and their EPR linewidth depends on L. Thus, when diluted in paraffin,
Fe3O4 nanoparticles with sizes of 20 and 10 nm show EPR spectra with the linewidths
∆Hpp = 180 and 80 mT, respectively [32].

Obtained nanopowders consist of ferrimagnetic near-spherical nanoparticles with an
average size of ~20 nm, so they can be considered superparamagnets that are characterized
by definite blocking temperatures and small values of the coercive field [15,17]. According
to the XRD results, sample № 17 can be considered close to magnetite and, therefore, has
more Fe2+ ions within its structure than sample № 87, which is closer to maghemite [18].
Indeed, all iron ions in magnetite and maghemite are coupled by strong exchanges and
magnetic dipole–dipole bonds. The strength of these bonds is determined by the compound
structure as well as by the number of iron ions in different valence states. The resulting
EPR spectrum should consist of broad and intensive lines [33], with the width and shape
reflecting the character of the exchange interactions. Kliava and Berger [34] analyzed
the shape of the EPR line in superparamagnets and concluded that this shape is mainly
determined by the distribution of nanoparticle diameters and their nonsphericity; however,
other factors (magnetic anisotropy) can also affect the shape of the line.

In our experiment, the width of EPR lines can distinguish paramagnetic centers (PC)
localized in magnetically ordered media from the PC with weak magnetic interactions. For
the materials with pure diamagnetic properties, narrow lines are typical with an average
width (∆Bpp) of about several-tens G. The EPR signal, with g ≈ 4.3, is typical for oxide
compounds with Fe3+ ions, which was shown in the work of Shahane et al. [35] and
Mamani et al. [5] on magnetite.

EPR spectra for samples 17 and 87 are shown in Figures 3 and 4, respectively.
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The EPR spectrum can be represented as a broad asymmetric line which is typical
for the PC with axial symmetry. According to the previously mentioned assumptions,
spin Hamiltonian (SH) with axial symmetry and an effective spin S = 1

2 was used for the
interpretation and modeling, i.e., each magnetic nanoparticle was assigned an effective spin
S = 1/2, and then this magnetic nanoparticle was considered as an analog of a paramagnetic
ion. The following spin Hamiltonian was used [36]:
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HS = gxµBBxSx + gyµBBySy + gzµBBzSz, (1)

where µB—Bohr magneton; i = x,y,z; gi—principal matrix values g; Si—electron spin com-
ponents S (S = 1/2); Bi—components of the external magnetic field vector B; gx = gy < gz.
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The parameters of the SH describing our anisotropic EPR spectra are presented in
Table 2.

Table 2. SH parameters for the samples № 17 and 87 at T = 100 K and T = 295 K.

Sample T gx gy gz (∆Bpp)x)[G] (∆Bpp)y)[G] (∆Bpp)z)[G]

#17 Fe3O4
295 K 2.17 2.17 2.70 800 800 330
100 K 2.35 2.35 2.60 1000 1000 550

#87
g-

Fe2O3

295 K 2.12 2.12 2.42 600 600 270

100 K 2.17 2.17 2.70 650 650 350

Here, (∆Bpp)i—corresponding components of the EPR linewidth (peak-to-peak), used
for the simulation of the EPR lineshape.

In this approximation, a relatively satisfactory phenomenological description of the
position and shape of the resonance line has been obtained. This means that the studied
powders are homogeneous (monophase), and several sets of SH parameters are not re-
quired to describe them. The shape of the EPR line of sample № 17 (magnetite) can be
described mainly as a Gaussian shape; however, the contribution of the Lorentzian shape
for maghemite (№ 87) was estimated as ~40% at T = 295 K. The contribution of the Gaussian
shape can be explained by the influence of the distribution of nanoparticle sizes around
the average value inside the sample. In our case, the demagnetization factors—which
can be significant for nonspherical samples—can be excluded in the first approximation.
Therefore, the anisotropy of the position of lines in the spectrum (gx = gy < gz) can be
associated with the magnetic anisotropy of superparamagnetic nanoparticles, spherical
in shape, with an average diameter of 20 nm. The complex shape of the EPR spectra in
magnetite, discovered by Shahane et al. [35], is due to the inhomogeneity of the magnetite
samples.
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3.2. Asymmetry of EPR Signal in Superparamagnets [32]

The anisotropy of the EPR signal of Fe3O4 nanoparticles can be assigned to several
factors, as was described above; however, recently Shanina et al. [32] proposed a theoretical
model where the asymmetry of the EPR line in Fe3O4 nanoparticles was explained by the
distribution of nanoparticle sizes.

The EPR absorption in samples with Fe3O4 nanoparticles presents superparamagnetic
absorption, and the resonance field of the signal is determined by the magnetization of
the Fe3O4 particles; therefore, the shift of Hres depends on the size of the particles, L,
Hres = Hres,0 + 4 × π ×M, where Hres,0 is the resonance field for one paramagnetic spin,
and M = g× β×N× S× (S + 1) is the magnetic moment of the superparamagnetic particle
containing N spins. It is supposed that the spherical shape of the particles and, therefore,
demagnetization factors are negligible.

The simulated anisotropic EPR signals present a theoretically simulated convolution
of signals that are derivative of the superparamagnetic absorption with a Gaussian line
shape for particles with size L, and the Gaussian function for a random distribution of L
around the average value 〈L〉. The integration of numerous EPR signals from magnetite
nanoparticles with different sizes provides an asymmetric EPR signal.

Temperature dependence of EPR linewidth. Temperature changes in the spectra are
significantly less for sample № 87 (maghemite) than for sample № 17 (magnetite). The
sample temperature change leads to a change in the values of the perpendicular (gx, gy)
component of the spectrum line (Table 2). This can lead to changes in both the effective
position of the line in the spectrum and its width, measured as the distance between the
maximum and minimum (peak-to-peak) of the EPR line intensity. In addition, it is necessary
to take into account the fact that the Verwey phase transition is observed for magnetite at
T~123 K. The nature of this transition was discussed earlier [37]. The change in the EPR
spectrum during the Verwey transition was studied in detail by Nikiforov et al. [14], and
it was shown that it is associated with the structural ordering of Fe3+ and Fe2+ ions in
magnetite. Such structural orderings, especially in matrices with a spin exchange, can be
accompanied by changes in the EPR linewidth; therefore, such phenomena in the sample
matrix can lead to a significant difference in the spectra recorded at 100 K and 295 K.
Such changes in the EPR spectra were described in the work of Yurtaeva et al. [9], on the
magnetite in biological objects when the temperature of the sample changed from room
temperature to a temperature below the Verwey transition.

The EPR linewidth. The EPR linewidth for sample № 17 is noticeably larger than for
sample № 87. This can be explained by both the wider distribution of internal magnetic
fields and their magnitude in magnetite. This is a result of the presence of magnetic ions
with different valences: Fe2+ and Fe3+; further, the lineshape of sample № 17 is closer to
the Gaussian shape, so it may indicate averaging the above-mentioned distributions over
the sample. In sample № 87, which is close to maghemite, the contribution of the Gaussian
component of the lineshape decreases significantly for T = 295 K. It indicates a greater
spatial homogeneity of the sample (due, probably, to the absence of Fe2+ ions). The next
source of broadening is the size of the nanoparticles [32]. The #87 nanoparticles have an
average size of 14 nm and the #17 nanoparticles have a larger size of 19 nm. Therefore, we
observed a slightly larger EPR line for sample #17 compared to #87.

If we assume that the nanoparticles consist of a core and a shell with different
Fe2O3/FeO ratios, then spatial phase separation is possible within the nanoparticle, which
should lead to the splitting of lines in the spectrum. In our case, the lines would have to
consist of two components, with their relative intensity proportional to the contribution of
each phase; however, such a model of spatial phase separation is not applicable in our case,
since no clear signs of line splitting are observed in the EPR spectra.

During the precipitation of nanoparticles from the solution, structural defects, such as
oxygen vacancies, can form in their crystal structure. Such a vacancy becomes paramagnetic
by electron trapping. A classic example of the formation of such PCs is the EPR spectra
of E′1–centers in quartz crystals. They are characterized by narrow EPR lines with g = 2.0,
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and their observation is possible only at temperatures close to the temperature of boiling
nitrogen. PCs of the same physical nature are observed and described for TiO2 crystals [38].
Andronenko and Misra [39] analyzed the mechanisms of the effect of various oxygen-
related defects on the magnetic properties of transition metal oxides and showed that their
presence can significantly change the magnetic properties of metal oxide nanoparticles (in
particular, phase transition temperatures). A similar picture can be expected in magnetite
with a change in the ratio of Fe3+ and Fe2+ and oxygen defects. Therefore, it is important to
make sure if this signal is present or absent in EPR spectra; however, careful investigation
of the observed EPR spectra did not reveal any sign of this kind of signal in the investigated
samples.

The stabilization of paramagnetic centers at the site of an oxygen defect in metal-based
crystals is associated with their participation in exchange and magnetic dipole–dipole
interactions with heterovalent iron ions. In this case, the exchange interactions lead to a
strong broadening of individual lines in the EPR spectra and, actually, to a disappearance of
the EPR line. Therefore, the EPR lines, which are due to oxygen defects, are not observable
in our case.

Further, the EPR signal, related to Fe3+ ions, could be observed only in a diamagnetic
environment; however, the samples of magnetite and maghemite may have residual mate-
rials within them that may contain paramagnetic Fe3+ ions that are not bound by magnetic
interactions. The EPR spectrum of paramagnetic Fe3+ ions in such cases is a narrow line
(with a width of several G), and they are usually recorded in magnetic fields of <<1500 G,
i.e., at g = 4.3. Such a signal was registered by Shahane et al. [35], and Mamani et al. [5] in
magnetite. The presence of this signal means that some part of the Fe3+ ions incorporate not
into magnetite but into some residual diamagnetic compound, which is formed as a result
of chemical reactions. The absence of this EPR signal in the magnetite and maghemite
samples investigated in this research means that all Fe3+ ions incorporate into the magnetite
structure and are coupled by exchange interactions. This also means the complete absence
of any additional residual phases containing iron ions, i.e., indicating the high quality of
magnetite synthesis.

The study of the EPR spectra in a wide range of magnetic fields at various temperatures
and values of microwave power did not reveal the presence of narrow EPR lines, even with
low intensity. The absence of this signal evidently confirms that under the chosen thermo-
dynamic conditions, the formed mineral phases of magnetite and maghemite do not contain
diamagnetic structural phases that contain isolated Fe3+ ions; therefore, the recorded EPR
spectra are formed only by ions that incorporate into the magnetite–maghemite structure
and reflect the exclusively cooperative interactions of a set of magnetically bound Fe3+ and
Fe2+ ions.

4. Conclusions

Magnetic powders with nanoparticles of about 10–20 nm—which are characterized by
a shape close to spherical—were obtained with precipitation from aqueous solutions of iron
(II, III) chlorides. The electron paramagnetic resonance showed the complete incorporation
of iron ions into the structure of magnetite and maghemite. Significantly wider distribution
of internal magnetic fields and their values are more typical for the nanopowder that is
closer to magnetite because of the presence of magnetic iron ions in different charge states.
In addition, nanopowders that are close to maghemite are distinguished by a greater spatial
homogeneity of the magnetic structure, which is due to the absence of Fe2+ ions. Generally,
solid solutions were obtained, not phase mixtures or “core-shell” particles, with different
Fe2+/Fe3+ ratios.
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