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Abstract—The trivalent iron oxide e-Fe,Oj is a fairly rare polymorphic iron oxide modification, which only
exists in the form of nanoparticles. This magnetically ordered material exhibits an intriguing magnetic behav-
ior, specifically, a significant room-temperature coercivity Hc (up to ~20 kOe) and a magnetic transition in
the temperature range of 80—150 K accompanied by a sharp decrease in the H¢ value. Previously, the tem-
perature of the transition to the paramagnetic state for €-Fe,O5; was believed to be about 500 K. However,
recent investigations have shown that the magnetically ordered phase exists in €-Fe,O5 also at higher tempera-

tures and, around 500 K, another magnetic transition occurs. Using the data on the magnetization and tem-
perature evolution of the ferromagnetic resonance spectra, it is shown that the temperature of the transition
of e-Fe, 05 particles 3—10 nm in size to the paramagnetic state is ~850 K.

DOI: 10.1134/S1063783419030053

1. INTRODUCTION

The trivalent iron oxide €-Fe,O; is a magnetic
material with unique properties, which was reliably
characterized first in 1998. [1]. It exists in the form of
nanoparticles up to ~25—40 nm in size [1—11] or
nanowires up to ~100 nm in size [10—19] character-
ized by a significant room-temperature coercivity
(~20 kOe and higher) and absorption of millimeter
electromagnetic waves [10, 11, 16], which opens new
prospects for application [20—22]. The e€-Fe,0;
nanoparticles are formed, as a rule, in the SiO, matrix
using the modified sol—gel technique [1, 3—5, §, 13,
23, 24] and silica gel impregnation [25, 26]. In addi-
tion, the e-Fe,0; particles can form in a K,0—Al,0;—
B,0; glass matrix [27].

The e-Fe,0; compound has an orthorhombic non-
centrosymmetric structure (sp. gr. Pna2;) at room
temperature. As was shown in [2, 9], in the tempera-
ture range from ~150 to ~500 K, the e-Fe,0; magnetic
structure can be considered to be collinear ferrimag-
netic (iron atoms are localized in four nonequivalent
positions; the intersublattice coupling is antiferromag-
netic and directed along the c axis [9]). It is the hard-
magnetic phase. In the temperature range of 80—
150 K, a magnetic transition in €-Fe,O5 occurs [2, 6,
8—11, 14, 15, 17, 18, 24, 28—30], which is accompa-
nied by a significant decrease in the coercivity. At low
(below 80 K) temperatures, the €-Fe,O; magnetic

structure is characterized as incommensurate [2, 9,
30]. According to another point of view [7, 8], in the
range of 80—150 K, the £-Fe,O; compound undergoes
a metamagnetic transition from a canted antiferro-
magnetic structure (weak ferromagnetism) to another
structure with different cant angle.

It has been believed for a long time that the transi-
tion from the paramagnetic to magnetically ordered
state in e-Fe,O; occurs around ~500 K. The authors of
[30], using the magnetic measurements and neutron
diffraction, elucidated the picture of the magnetic
state in the iron oxide €-Fe,0;. In the authors’ opin-
ion, the transition from the paramagnetic to magneti-
cally ordered state occurs at 7Ty; ~ 850 K, rather than
at 500 K. The new magnetic phase, which exists in the
range of 500—850 K, is soft-magnetic (its coercivity is
no higher than 0.5 kOe) and the magnetization is
lower than in the hard-magnetic phase (150—500 K).
In [30], the description of the magnetic phase in the
range of Ty, < T'< Ty, was reduced to the fact that, at
Tni ~ 850 K, two magnetic iron sublattices are fer-
rimagnetically ordered and, at a temperature of Ty, ~
500 K, the other two iron sublattices are ferrimagneti-
cally ordered; i.e., below 500 K, there are four fer-
rimagnetic sublattices.

Note that, previously, sufficiently high tempera-
tures of magnetic ordering were also detected in the
e-Fe,0; compound [3, 31, 32]. On the one hand, this
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behavior was interpreted as a specific feature of the
extremely small e-Fe,O; particles [31, 32]. On the
other hand, it is well known that €-Fe,O; can rarely be
obtained without admixtures of another polymorph
(hematite Fe,05) and the detected high temperature of
the magnetic transition is probably caused by the pres-
ence of hematite (7 ~ 950 K for bulk samples). The
data reported in this study are indicative of the fact
that the e-Fe,0; compound undergoes a transition to
the paramagnetic state at a temperature about 850 K,
which is consistent with the conclusions made in [30].
This is demonstrated by the static magnetic measure-
ments and ferromagnetic resonance (FMR).

2. EXPERIMENTAL

The samples containing €-Fe,O; nanoparticles in a
silica gel matrix were formed from iron(II) sulfates by
incipient wetness impregnation followed by drying
and calcining in air at 900°C [25, 33]. Here, we report
the data for the samples containing 0.74 and 3.4 wt %
of iron, which are hereinafter referred to as 05FS and
3FS, respectively. The average e-Fe,O; particle sizes,
according to the high-resolution transmission electron
microscopy images obtained on a JEOL JEM-2010
microscope at an accelerating voltage of 200 kV, were
3.4 and 3.8 nm for samples 05FS and 3FS, respec-
tively. The obtained images show that the interplanar
spacings are consistent with the parameters observed
in the of €-Fe,0; X-ray diffraction patterns. The par-
ticle size distribution histograms for the investigated
samples are shown in the inset in Fig. 1.

The X-ray diffraction analysis revealed the €-Fe,0;
phase only in sample 3FS, since the €-Fe,O; oxide
content in sample 05FS is small. The iron oxide
B phase was identified by Mossbauer spectroscopy.
The analysis of the Mossbauer spectra showed that €-
Fe,0; is the only iron-containing phase in the samples
[34]. No hematite impurity was found. Thus, samples
05FS and 3FS can be considered as model e-Fe,0,
nanoparticle systems without foreign phases.

The magnetic properties were examined using a
vibrating sample magnetometer [35] in the tempera-
ture range of 4.2—300 K and a Quantum Design
PPMS 6000 facility at temperatures above 300 K. The
temperature dependences of the magnetization M(T)
at temperatures below 300 K were measured in the
zero-field cooling (ZFC) and field cooling (FC)
modes. The experimental data on magnetization are
normalized to the Fe,O; iron oxide mass.

Ferromagnetic resonance (FMR) spectra were
obtained on a Bruker ELEXSYS 500 three-centimeter
spectrometer operating in the X band.
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Fig. 1. Temperature dependences of magnetization for the
investigated samples containing €-Fe,03 nanoparticles in

the temperature range of 4.2—1000 K. Vertical dashed lines
show the temperature range of the well-known magnetic
transition in €-Fe,05. Inset: particle size distribution his-

tograms for the investigated samples, according to the high
resolution transmission electron microscopy data.

3. RESULTS AND DISCUSSION
3.1. Magnetization

Figure 1 shows temperature dependences of mag-
netization M(T) for the samples in the range from 4.2
to 1000 K measured in an external field of H = 1 kOe.
Let us consider first the M(7) dependences obtained
in the low-temperature range (Fig. 2). Sample 3FS is
characterized by a nonmonotonic temperature depen-
dence of magnetization in the range from 4.2 to 150 K
(Fig. 2). The visible anomaly in the range of 80—150 K
(shown by vertical dashed lines) corresponds to the
well-known magnetic transition in €-Fe,0;. At tem-
peratures below 80 K, the strong effect of thermomag-
netic history is observed. The magnetization of sample
05FS behaves differently: the monotonic magnetiza-
tion growth with a decrease in temperature, the pres-
ence of a sharp M(7T) maximum under the ZFC con-
ditions at 20 K, and effect of the thermomagnetic pre-
history, which starts in the vicinity of 20 K. The
maximum particle size in sample 05FS is no larger
than 6 nm, and, as was shown in [28, 32], particles of
such sizes do not undergo a magnetic transition in the
range of 80—150 K. The observed ZFC M(7T) maxi-
mum corresponds to the superparamagnetic blocking
temperature 7y (according to our data, the Ty value
shifts toward lower temperatures as the external field
increases).

The temperature dependence of magnetization for
sample 05FS above the blocking temperature (Figs. 1,
2) is caused by the paraprocess characteristic of the
superparamagnetic state, in which the M(7) depen-
dence is usually proportional to 1/7. In sample 3FS,
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Fig. 2. Temperature dependences of magnetization for the
investigated samples with different thermomagnetic pre-
histories in the low-temperature range (4.2—200 K). Verti-
cal dashed lines show the temperature range of the well-
known magnetic transition in €-Fe,O03. The superpara-

magnetic blocking temperature 7y for sample 05FS is
indicated.

on the contrary, most particles remain in the blocked
state up to high (~500 K) temperatures, which results
in the M(T) dependence typical of ferromagnets
(Fig. 1). One can see a sharp decrease in magnetiza-
tion around 500 K (7y, in Fig. 1). This feature
undoubtedly corresponds to the magnetic transition,
which was previously considered to be a transition to
the paramagnetic state.

In addition, Fig. 1 shows that, at high (above
500 K) temperatures, the magnetizations of samples
05FS and 3FS are not vanishingly small. Figure 3
shows the smoothed M(T) dependences for the inves-
tigated samples at high temperatures. The experimen-
tal magnetization values significantly exceed the
response expected from iron atoms in Fe,O; in the
paramagnetic state in a field of H = 1 kOe calculated
using the Brillouin function (line in Fig. 3). This
implies the existence of a magnetic order in €-Fe,0; at
high temperatures. According to the data in Fig. 3, the
temperature of the transition to the paramagnetic
state, which is denoted as 7y, is about 850 K for both
investigated samples. This is consistent with the data
from [30].

As was mentioned above, for sample 05FS, no
anomalies around 500 K are observed. This fact, along
with the absence of a magnetic transition in the range
of 80—150 K, evidences for a modified magnetic struc-
ture of the €-Fe,0; particles smaller than 6 nm. The
analysis of the Mossbauer spectra of this sample dis-
closed a significant difference of the distribution of
cationic positions from the ideal ordered e-Fe,O,
structure [1]: the occupancy of tetrahedral positions
becomes much higher [28]. This is, most likely, due to
the defectness of the structure of e-Fe,O; particles
with such a small size. However, it can be seen in Fig.
3 that the temperature of the transition to the para-
magnetic state for sample 05FS is also about 8§50 K.
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Fig. 3. Temperature dependences of magnetization for the
investigated samples in the high-temperature (500—
1000 K) region (symbols). The solid line shows the
expected contribution of iron(Ill) ions in the paramag-
netic state. The temperature 7y of the transition to the

paramagnetic state is shown.

3.2. Ferromagnetic Resonance

Typical FMR spectra of the investigated samples
recorded at different temperatures are shown in Fig. 4.
In these spectra, a narrow intense absorption line is
observed, which points out the presence of particles in
the superparamagnetic state in the sample.

For an ensemble of single-domain magnetic parti-
cles in the superparamagnetic state, one may assume
that the integral intensity of the FMR absorption sig-
nal is proportional to the saturation magnetization
[36]. Figure 5 shows temperature dependences of the
integral intensity of the FMR spectra for samples
05FS and 3FS. In both samples, the FMR spectrum is
observed up to high temperatures, which shows the
presence of magnetic ordering in the samples under
study at high temperatures. In this case, the general
form of the dependence agrees well with the magnetic
measurement data (Fig. 3).
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Fig. 4. FMR spectra for the investigated samples at differ-
ent temperatures.
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Fig. 5. Temperature dependences of the integral intensity
of the FMR spectra of the investigated samples in the tem-
perature range of up to 900 K. Inset: linewidths AH of the

FMR spectra as a function of temperature.

The inset in Fig. 5 shows temperature dependences
of the FMR linewidth AH. In the general case, the
absorption linewidth for an individual single-domain
particle depends on the crystallographic anisotropy,
shape, and resonance conditions. However, when an
ensemble of superparamagnetic particles is involved in
the FMR spectrum formation, a great number of
parameters are averaged due to heat fluctuations [37—
39]. This leads, among other things, to averaging of
local inhomogeneities in the sample and a decrease in
the linewidth with increasing temperature (inset in
Fig. 5). However, in the samples under study, the
character of the AH(T) dependence at temperatures
above 500 K qualitatively changes. This may indirectly
indicate a change in the €-Fe,0; magnetic order.

4. CONCLUSIONS

Thus, the measurements of magnetization and
temperature evolution of the FMR spectra of the
investigated samples containing €-Fe,O; nanoparti-
cles without other iron oxide polymorph admixtures
showed the existence of a high-temperature magneti-
cally ordered phase in e-Fe,0;, which is consistent
with the conclusions made in [30]. The magnetic
order is retained up to a temperature of ~850 K and
observed also in particles several nanometers in size.
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