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The €-Fe, O3 magnetic structure has been analyzed using the synchrotron radiation source. Time spectra of
nuclear forward scattering for isolated nanoparticles with an average size of 8 nm immobilized in a xerogel matrix
have been recorded in the temperature range of 4-300 K in applied magnetic fields of 0—4 T in the longitudinal
direction at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). It has been found that the
external magnetic field does not qualitatively change the Hy,¢(T) behavior, but makes a strong opposite impact
on the hyperfine fields in the nonequivalent iron sites, leading to the divergence of Hys polar angle dependences
below 80 K. A complete diagram of the €-Fe,O; magnetic structure in the temperature range of 4-300K is
proposed. At 300 K, the e-Fe, O3 compound is confirmed to be a collinear ferrimagnet. The experimental results
show that the magnetic transition at 150-80K leads to the formation of a noncollinear magnetic structure.
Furthermore, in the range of the 80—4 K, the ground state of a magnetic spiral is established. The experimental
results are supplemented by the analysis of the exchange interactions and temperature dependence of the

magnetization in a magnetic field of 7 T.
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I. INTRODUCTION

The e-Fe,O3 oxide nanoparticles are a unique material
with intriguing magnetic properties that has been the focus
of research for the past two decades. Despite using different
modern techniques [1-7], the type of a magnetic structure of
this material is still unclear. The e-Fe, O3 magnetic structure
undergoes a complex evolution, which especially concerns
the well-known transition at 80—150 K [7]. This transition is
accompanied by a huge change in the coercivity [7,8]. In view
of recent developments [9], the temperature of the transition
to the paramagnetic state seems ambiguous. According to the
early data [10,11], this temperature is 500 K, but a thorough
examination of the magnetic properties shows that it can be
about 800 K, which was noticed first in Ref. [12] during the
magnetization and electron spin resonance measurements and
then observed in later works [9,13].

The magnetic structure of €-Fe,O3; around the magnetic
transition at 80-150K is difficult to determine because
€-Fe, 03 is a nanoscale material, which can only be obtained
in the form of nanoparticles [14,15], nanotubes [16], or thin
films [17]. The nanocrystallinity of this material leads to
a strong broadening of diffraction peaks and, consequently,
to their overlap, which decreases a number of effectively
available neutron diffraction reflections [7]. Furthermore, a
complex crystal structure with different local surroundings of
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iron atoms complicates the interpretation of the experimental
data. The magnetic structure is unanimously considered to be
collinear and ferrimagnetic above 150 K (although canting of
the magnetic moments of the third and fourth sublattices is
determined), whereas at lower temperatures the structure is
interpreted using two different models.

The first model suggests that the magnetic structure rep-
resents a complex spiral structure incommensurate with the
crystal lattice [7,18]. Although the neutron diffraction data
were thoroughly analyzed, the attempts to unambiguously
take into account all the factors in the spiral magnetic structure
model were unsuccessful. It was mentioned that the spiral
magnetic structures that could be compatible with the ob-
served narrow Mossbauer lines of the low-temperature phase
are inconsistent with the neutron diffraction data. Therefore,
in order to match the results of different techniques, a rectan-
gular modulated structure was proposed, which represents a
superposition of a series of sinusoidally modulated structures
with harmonics as propagation vectors.

The alternative model is based primarily on the M&ssbauer
spectroscopy data obtained in an applied magnetic field and
the magnetization measurements. According to these data, the
magnetic structure can be described as a canted antiferro-
magnet [3,4] and the magnetic transition in the temperature
range of 80—-150 K results in the change of the canting angle
between the magnetic moments. The rotation of the magnetic
moment in the tetrahedral sites during the magnetic transition
was confirmed also by conventional Mossbauer spectroscopy
and nuclear forward scattering of synchrotron radiation in
zero magnetic field [19].
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At present, it is known for certain that the e-Fe, O3 oxide
crystal structure contains four nonequivalent iron sites (oc-
tahedral distorted Fe-D1 and Fe-D2, octahedral undistorted
Fe-R, and tetrahedral FeT) [1,2]. In the Mossbauer study,
the designation of the nonequivalent sites is somewhat dif-
ferent and hereinafter given in accordance with Refs. [3,4].
Specifically, the distorted octahedral Fe-D1 and Fe-D2 sites
are hereinafter referred to as Fe2 and Fe3, respectively, and
the Fe-R and Fe-T sites as Fel and Fe4, respectively. As was
shown in Refs. [3-5,7], the tetrahedral iron site Fe4 strongly
affects the magnetic behavior of the nanocrystalline €-Fe, O3
oxide.

In Ref. [18], the authors studied the interplay of the
magnetic transition and local surrounding of iron atoms in
the nonequivalent crystallographic sites. It was established
that the e-Fe,Os; oxide undergoes a second-order structural
transition caused by the simultaneous coordination change in
one of the octahedral Fe-D1 sites and in the tetrahedral FeT
site. This leads to the change in the charge density due to a
significant (by about 10%) decrease in the Fe-O bond length.
The x-ray magnetic circular dichroism (XMCD) data show
that this transition changes the spin-orbit coupling because of
the instability of the orbit contribution to the iron magnetic
moment. The spin component of the iron magnetic moment
remains temperature independent in the temperature region
of the magnetic transition, and the orbital component of the
magnetic moment first decreases, attains its minimum value
at ~120K, and then increases to the values observed above
the transition at 200 K.

Certainly, the study of the e-Fe,O3; magnetic structure are
not limited by the experimental investigations. In particular,
in one of the first attempts to theoretically describe the mag-
netic structure, the values of the indirect exchange interac-
tions were determined in the framework of the molecular
field model without taking into account the intrasublattice
exchange [20,21]. The results are qualitatively consistent with
the experimental data reported in Refs. [7,18]. The €-Fe, 03
magnetic structure determined by the theoretical calculations
is ferrimagnetic due to the incomplete compensation of the
iron magnetic moments in sites 1 and 4 (Fe-R and Fe-T). The
iron magnetic moments in sites 2 and 3 (Fe-D1and Fe-D2) are
antiparallel and equal to each other.

Therefore, the determination of the complex behavior
of the e-Fe,O3; compound becomes a nontrivial task. The
nanoscale origin demands precision experimental techniques
highl sensitive to any changes in the magnetic structure to be
used. The synchrotron radiation source is the most suitable
tool for studying nanoobjects. In this work, we used the syn-
chrotron radiation source to clarify the effect of the structural
transition at 80—150 K on the magnetic structure and studied
the temperature dependence of magnetization and nuclear
forward scattering (NFS). The investigations were carried
out on synthesized ultrafine €-Fe,O3 nanoparticles using lin-
early polarized synchrotron radiation in the temperature range
of 4-300K in applied magnetic fields of 0—4T. The NFS
technique with the nuclear scattering measurement on the
timescale was chosen because it allows one to distinguish the
ferro- and antiferromagnetic structures of the samples [22],
which is impossible in conventional Mdssbauer spectroscopy
in the energy scale.

Storage ring

FIG. 1. Geometry of the experiment. The blue circumference
schematically shows the storage ring. The arrows denoted by h, e, H,
and k show the electric, magnetic, and wave vector of synchrotron
radiation and the external magnetic field, respectively. The sample
plane is perpendicular to the synchrotron radiation.

Synchrotron
radiation

Sample

II. EXPERIMENTAL METHODS

We investigated €-Fe,O3 nanoparticles (20 wt.%) immo-
bilized in a xerogel matrix. The synthesis was performed
by embedding the Fe* salt FeSO, x 7H,0 into the SiO,
hydrogel by diffusion exchange in the H,SO4 (pH = 2) aque-
ous solution, followed by annealing at 900 °C in air. The
details of the synthesis were described in Ref. [23]. The high
resolution transmission electron microscopy (HRTEM) and
x-ray diffraction (XRD) investigations of the sample proved
the formation of €-Fe,O3; nanoparticles in the silica matrix.
Neither noticeable admixtures of other iron oxide polymorphs
nor agglomeration of the nanoparticles upon annealing were
found. According to the HRTEM data, the average nanoparti-
cle size was 8 nm with a standard deviation of 3.4 nm [23].

For the synchrotron radiation experiment, the xerogel with
the embedded e-Fe,O; nanoparticles was ground and the
obtained powder was poured into cylindrical holes with a
diameter of 3 mm in a 2-mm-thick aluminum plate. The NFS
study was carried out at the nuclear resonance beamline [24]
ID18 of the European Synchrotron Radiation Facility. The
synchrotron radiation was linearly o polarized. The measure-
ments were performed in the temperature range of 4-300 K
in external magnetic fields of 0—4 T using a cryo-magnetic
system. The external field was applied along the x-ray beam.
This experimental geometry allows one to distinguish the
ferro- and antiferromagnetic structures [22]. The experimental
scheme is sketched out in Fig. 1.

The ESRF storage ring operated in a four-bunch mode,
emitting short (/0.1 ns) synchrotron radiation pulses with
a period of 704 ns. Such a time window is convenient for
measuring the time spectra of nuclear scattering for the °'Fe
Mossbauer isotope with a natural lifetime of 141 ns. The
iron nuclei in the samples were excited by a beam of lin-
early polarized x rays with an energy of 14.4125 keV of
the first excited state of the 3'Fe nucleus. The x-ray beam
was monochromatized to an energy bandwidth of ~0.7 meV,
which is much greater than the characteristic hyperfine split-
ting of the nuclear levels (<1 ueV).

The time distributions (time spectra) of time-delayed re-
emitted y rays were measured using fast avalanche photo-
diode detectors [25] with a time resolution of ~1 ns. The
zero-time reference was marked by a moment of detecting
the prompt electron scattering. The measured time spectra
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FIG. 2. Nuclear forward scattering spectra for the €-Fe, O3 nanoparticles with the average size of 8 nm in the temperature range of 4-300 K
(a) without external magnetic field and (b) in a magnetic field of 4 T. The inserts show the schematic configuration of the magnetic moments

of nanoparticles.

reveal quantum beats resulting from the interference of elec-
tromagnetic waves emitted by different hyperfine components
of the nuclear transition with similar resonance frequencies
[22]. The shape of the spectra is determined by both the
magnetic state of iron nuclei and the magnetic structure of the
samples.

The spectra were processed by fitting the quantum beats
with a number of decaying in time harmonic wave compo-
nents using the MOTIF package [26], taking into account the
experimental geometry, polarization of synchrotron radiation,
and the direction of the external magnetic field. The MOTIF
package simulates the NFS spectra by direct calculations of
the first-order integrodifferential wave equation in space and
time. The solution of the wave equation was obtained using a
generalized procedure independent of the explicit form of hy-
perfine nuclear interactions. The hyperfine parameters of iron
nuclei corresponding to those in the conventional Mdssbauer
spectroscopy were obtained for each nonequivalent site of the
sample using the Fourier transformation of the time spectra. In
addition, the procedure makes it possible to determine the an-
gle between the vectors of the nuclear hyperfine field and the
magnetic field applied to the sample in the geometry shown
in Fig. 1. Since the applied magnetic field is stronger than the
magnetic anisotropy of the sample, we assume that the particle
size distribution does not make a significant contribution to
the analysis of the NFS spectra.

III. RESULTS

The NFS spectra measured on nanoparticles with an aver-
age size of 8 nm under different temperature and magnetic-
field conditions are presented in Fig. 2. At 280 K in zero

magnetic field, the spectrum shows the presence of
nanoparticles in the superparamagnetic state. This is reflected
as a coherent superposition of two types of the quantum
beats, specifically, the fast quantum beats for particles
with a hyperfine magnetic structure and the slow quantum
beats of the quadrupole transitions in superparamagnetic
particles. The coexistence of the two states in this system
was observed also by conventional Mossbauer spectroscopy
[27]. Upon cooling down, the contribution of the slow beats
decreases due to the blocking of the magnetic moments
of superparamagnetic particles and resolving the hyperfine
magnetic structure. At 4 K without magnetic field, all
nanoparticles pass to the blocked state. The spectra are
typical of the isotropic-in-space magnetization, which is
consistent with the random spatial orientation of the magnetic
moments of individual noninteracting nanoparticles [28].

The absence of magnetic interactions between the €-Fe, O3
nanoparticles can be explained by their isolation in the xe-
rogel matrix due to features of the synthesis of the material
[23]. Without interactions, the directions of magnetic mo-
ments of the particles are only determined by their magnetic
anisotropies and the random orientation of the particles in
space leads to the isotropic magnetization of the sample.
Then, any transformation of the magnetic structure during the
magnetic transition cannot be observed by NFS. However,
the problem can be overcome by applying a magnetic field,
which effectively aligns the magnetic moments of particles
along its direction [Fig. 2(b)]. As was shown in this study,
the required alignment of the magnetic moments of single-
domain particles is obtained already in an applied field of
2 T. Since no features in the behavior of magnetization as a
function of magnetic field are observed up to 7 T [23], we do
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FIG. 3. Hyperfine field in four nonequivalent iron sites as a
function of the external magnetic field at different temperatures in
the range of 4-280 K. At 4 K, open symbols show the interpolation
of the experimental data by a linear function. Error bars are shown.

not expect any significant change in the magnetic structure of
the sample in our experiment.

The NFS spectra recorded in a magnetic field of 4 T reveal
significant changes with decreasing temperature [Fig. 2(b)].
The data processing (see below) shows that this is not related
to the blocking of the magnetic moments of an ensemble
of nanoparticles, but follows from the transformation of the
€-Fe, 03 magnetic structure. The changes are especially pro-
nounced in the time interval of 20-40 ns. Below the tempera-
ture of the magnetic transition, the additional quantum beats
occurring in this time window indicate the transformation of
the magnetic structure of the sample.

The hyperfine parameters of the nanoparticles obtained
from the time spectra using the MOTIF package are consistent
with the values determined previously by conventional Moss-
bauer spectroscopy [3,7,27], including those measured in an
applied magnetic field [4,29]. Figure 3 shows the temperature
evolution of the hyperfine field on iron nuclei upon variation
in the external magnetic field. Our results are somewhat
different from the data reported in Ref. [29], where the effect
of the magnetic transition in an applied magnetic field was
only observed as a change in the Hy(T) slope. In contrast
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FIG. 4. Temperature dependence of the hyperfine field Hy¢ of the
ultrafine €-Fe, O3 nanoparticles in different external magnetic fields.

to this situation, our results reveal the obvious change in
these dependences before and after the magnetic transition.
In particular, in the temperature range of 280-150 K, the
hyperfine field in the Fel and Fe4 sites decreases with the
applied field, whereas below 80 K it does the opposite (Fig. 3).

Figure 3 shows that the dependence of the nuclear hy-
perfine fields on the external magnetic field changes at the
temperature of the magnetic transition. In the temperature
range of 280-150 K, the applied magnetic field decreases the
hyperfine field in the Fel and Fe4 sites, but increases it in
the two other sites, Fe2 and Fe3. This shows that, in the
range of 280-150 K, the magnetic moments in the Fel and
Fe4 sites are antiparallel to those in the Fe2 and Fe3 sites,
which is consistent with the results reported in Refs. [3,4].
However, after cooling to the temperature of the magnetic
transition, i.e., below 150 K, this trend qualitatively changes:
The applied magnetic field decreases the nuclear hyperfine
field in the Fe3 site, but increases it in all the other sites.
This possibly witnesses the change in the orientation of the
magnetic moments in the €-Fe, O3 structure.

The temperature dependences of the nuclear hyperfine
fields in different applied magnetic fields are shown in Fig. 4.
The sharp growth of the hyperfine field in the tetrahedral
Fe4 site with decreasing temperature reported in Refs. [3,4,7]
was also observed in our measurements. In addition, our data
clearly demonstrate the effect of the external field. The ex-
ternal magnetic field does not qualitatively change the Hy¢(T)
behavior, but makes a strong opposite impact on the hyperfine
field in the Fe2 and Fe3 sites, leading to the divergence of
Hp¢(T) dependences below 80 K. So far, this effect has not
been reported in the literature.

Further insights into the magnetic structure can be made
by analyzing the temperature dependence of the hyperfine
field directions in different iron sites. The MOTIF processing
of the NFS spectra shows that, in an applied magnetic field
up to 4 T, the hyperfine field directions are inclined to the
external field axis at some polar angle ® [Fig. 5(a)] and
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FIG. 5. Temperature dependence of the magnetic structure of €-Fe, O3 in an applied magnetic field of H = 4 T. (a) Polar angle ® between
the external magnetic field and the hyperfine field quantization axis in different iron sites. The solid lines show the average polar angles and
the shaded areas show the divergence of the angles. The negative ® values emphasize the orientations of the hyperfine fields in the Fel and
Fe4 sites opposite to those in the Fe2 and Fe3 sites (see the text). (b) Vector presentation of the magnetic structure.

randomly distributed over the azimuth angle around this axis.
We note that the ® values are almost independent of the
applied magnetic field. Therefore, Fig. 5 shows the ® values
only for an external field of 4 T. Thus, the magnetic moments
of each sublattice form a cone with the opening given by
the corresponding polar angle [Fig. 5(b)]. Within this random
azimuthal distribution, however, the azimuthal angles of the
hyperfine fields in the Fe2 and Fe3 sites are always opposite
to those in the Fel and Fe4 sites [Fig. 5(b)]. In Fig. 5(a), this
is emphasized by using positive values for the polar angles
for the Fe2 and Fe3 sites and negative values for the Fel
and Fe4 sites. The weak field dependence of the ® value can
be indicative of a minor impact of the applied field on the
magnetic structure of the sample. In other words, the system
satisfies the condition E,, < MHq < E., where E,, is the
particle anisotropy energy, M Hey; is the energy of the external
magnetic field, and Ey is the exchange energy of the sample.
The angles determined in this study are consistent with the
Mossbauer data obtained in an external magnetic field [3].
The analysis of the field dependences Hps(Hex; ) (Fig. 3) and
the NFS processing results allow us to distinguish the relative
orientation (parallel or antiparallel) of the projection of the
nuclear hyperfine field and external magnetic field vectors.
In the temperature range of 4-80 K, the polar angles ® for
all iron sites are noticeably different from 90 deg [Fig. 5(a)];
i.e., the hyperfine magnetic fields are essentially inclined to
the external field axis [Fig. 5(b)]. Under these conditions, a
decrease in the hyperfine field in the Fe3 site with increasing
external field is indicative of the antiparallel orientation of
the Hy¢ projection and H.y, vectors. For the Fel, Fe2, and
Fe4 sites, the field dependences (Fig. 3) show the opposite
trend (increase with the field). Therefore, the vector of the Hy¢
projection for these sites is antiparallel to the applied field.
According to the results discussed above, the e-Fe,O3
magnetic structure in the temperature range of 4-300 K is
summarized in Fig. 5. At 280 K, €-Fe;O3 is a collinear
ferrimagnet with the resulting magnetic moment determined
by the uncompensated moments of the octahedral sites, in
accordance with the results from Refs. [7,21]. A decrease in

temperature leads to the canting of the magnetic moments
and induces the noncollinear orientation of the hyperfine field
projections below 150 K. Since in the temperature interval of
150-80 K the orbital magnetic moment of iron in the Fe4 site
shows a pronounced slippage [18], the energy of the spin-orbit
coupling should behave similarly and the coupling between
the magnetic moment and crystal field should weaken. This
leads to the divergence of the Fe4 and Fel magnetic moments
and it is what we can see from our NFS data (Fig. 5). Below
the magnetic transition, in the temperature range of 804 K,
the orbital moment in the Fe4 site is almost equal to that
observed above 150 K. Thus, the spin-orbit coupling of the
Fe4 iron is restored and the magnetic moment in this site is
tightly coupled to the lattice field again. As a result, at 4 K,
the angles ® in the Fel and Fe4 sites are almost equal (148°
and 150°, respectively).

In recent studies [30,31], it was shown by Mossbauer
spectroscopy and XMCD in strong magnetic fields that the
low-temperature magnetic structure is only established in the
vicinity of ~50K. Below 50 K, the spin configuration of
€-Fe, O3 becomes stable, which is consistent with our NFS
data obtained in the temperature range of 80-4 K. Further-
more, the temperature dependence of magnetization contains
a pronounced anomaly in the strong magnetic field (7 T)
around 50 K (the arrow in Fig. 6). We suppose that the
magnetic moment rotation in the Fe4 site in this temperature
range can be reflected by this macroscopic M(T) feature.

The solution of the integrodifferential wave equation using
the MOTIF package during the processing of the spectra ob-
tained in an external magnetic field yields satisfactory results
only when the analysis includes the spatial divergence of the
magnetic moment in each iron site from the average axis. This
parameter accounts for the angular divergence of the hyperfine
field directions [shown by the shaded area in Fig. 5(a)] around
the average direction (shown by the solid lines). Physically,
this can be interpreted as the occurrence of an additional
degree of freedom, which leads to a finite angular divergence
for the magnetic moment vector. The observed increase in
the angular divergence upon cooling [Fig. 5(a)] indicates
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FIG. 6. Temperature dependences of magnetization M(T) of the
sample in different magnetic fields for different thermomagnetic
prehistories: zero field cooling (ZFC), field cooling (FCC), and field
cooled warming (FCW). The magnetization is normalized to the iron
oxide mass in the sample. The arrow shows the feature at 50 K.

that, at lower temperatures, the noncollinear ordering of the
magnetic moments transforms into the spiral structure, which
agrees with the neutron diffraction data obtained at 10 K
[7]. Our results show that, above 150 K, the divergence of
the magnetic moments remains zero for all the sites. At
lower temperatures, the divergence of the directions of the
magnetic vectors gradually opens around its average value
and the temperature dependences of the opening are different
for different nonequivalent sites [Fig. 5(a)]. Obviously, the
formation of a spiral structure is completed only at 4 K, where
the divergence angle is identical for all the sites and equal
to 55°.

Dealing with the polycrystalline samples, we cannot deter-
mine the wave vectors k of the spirals in the nonequivalent
sites. However, the different temperatures of the formation of
the spiral magnetic structure in different nonequivalent iron
sites [Fig. 5(a)] could be indicative of different anisotropies
in these sites. This is equivalent to the entire range of wave
vectors K, i.e., to some modulated spiral structure, as was
observed using neutron diffraction in Ref. [7]. Normally,
the modulated structure is not a unique magnetically or-
dered phase of a magnetic material and there are allowed
transitions between the modulated spiral structure and the
commensurate magnetic phase. These transitions can be in-
duced by varying the temperature or applying a magnetic
field, as was observed, for example, in CuB,0O4 [32]. Our
results and the neutron diffraction data from Ref. [7] show
the possibility of such a behavior in €-Fe,;03. The formation
of such structures and magnetic transitions between them
are often caused by frustration of the magnetic structure
(see below).

IV. DISCUSSION

The drastic growth of the hyperfine field in the tetrahedral
Fe4 sites upon cooling the sample in the temperature range
of 80-150 K was observed in our (Fig. 4) and other e¢-Fe, 03
samples [4,7,18]. On the one hand, the significant distortions
of the e-Fe, 03 crystal lattice result in the elongation of the
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FIG. 7. Temperature dependence of the chemical shift in
€-Fe,0O; measured by conventional Mossbauer spectroscopy.
Adapted from Ref. [19].

Fe-O bonds for the Fe4 sites by 2% [7]. On the other hand,
the iron orbital moment decreases in this temperature range
[18]. The elongation of the bond reduces the probability of
admixing an oxygen electron. Therefore, we may assume that
the orbital moment of the ferric iron is induced by admixing
of 2p oxygen electrons to the iron e, orbitals, which have
the lower energy in the tetrahedral surrounding. The sharp
growth of the local distortions in the tetrahedral sites leads
to the divergence of the iron e, orbitals in energy. Therefore,
the probability of electron hopping to these orbitals decreases
and the induced orbital moment of iron in the tetrahedral
sites decreases as well. On the contrary, during this process,
the effective magnetic moment increases, which leads to an
increase in the hyperfine field due to the enhancement of
the polarization of electrons in the iron s shells. This effect
was also observed when studying the temperature dependence
of the orbital moment in Refs. [7,18]. This explanation is
confirmed by the increasing chemical shift for the Fe4 site
upon cooling below 150 K (shown by the arrow in Fig. 7),
which is caused by a decrease in the electron density on iron
nuclei, as was observed both in this experiment and using
conventional Mossbauer spectroscopy [19,27].

In studies [33,34], it was shown that the formation of
the noncollinear and incommensurate magnetic structures in
ferrimagnets is accompanied by the magnetoelectric effect. In
our case, the abrupt change in the orbital moment and forma-
tion of the noncollinear magnetic structure occur in the same
temperature range. This correlation leads to the magnetoelec-
tric coupling in €-Fe,03, which was reported in Ref. [20].
Such a magnetoelectric coupling was not observed in other
nonsubstituted ferrimagnetic metal oxides. Study of the origin
of the noncollinear magnetic structure in €-Fe,O3 may bring
the light into the mechanism of the magnetoelectric effect.

The possible reasons for the formation of noncollinear
and spiral magnetic structures in €-Fe,O; were discussed
in Ref. [21], where a model of the noncollinear magnetic
structure at 300 K based on the calculated indirect exchange
interactions between the e-Fe, O3 sublattices was proposed.
However, the interactions within the magnetic sublattices
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Fe2-Fe3 layer

FIG. 8. Layered e-Fe,0; structure with the indicated crystallographic sites of the iron atoms. The bold lines show the indirect exchange
interactions within the layers. The interactions between the layers are shown by arrows.

were not considered. Therefore, the proposed model might
not reflect the effect of the frustration in the €-Fe,O3; magnetic
structure. Generally, the frustration is one of the causes of
the formation of incommensurate long-period modulated
spiral structures [35], which was observed by us in €-Fe, 03
by the NFS measurements. Here, we evaluated the indirect
exchanges taking into account also the interactions within
the sublattices using the indirect coupling model from
Refs. [36-38].

The crystal structure of €-Fe,03 is well studied [1,2,7].
It consists of the layers of two types formed by different
iron crystallographic sites (Fig. 8). The type-1 layers consist
of the triple chains of Fel octahedra and single chains of
Fe4 tetrahedra. The type-2 layers include the chains of
Fe2 and Fe3 octahedra. These chains are shown in Fig. 8.
The bold lines show the indirect exchange interactions
forming the magnetic structure of e-Fe,O3. The chains have
some features, which can affect the magnetic properties of
the material and manifest themselves during the magnetic
transitions. The cations in the tetrahedral Fe4 sites together
with the octahedral Fel sites form a honeycomb-like structure
of the indirect exchange interactions.

The most striking feature of the Fe2-Fe3 layers is the
absence of magnetic interactions between cations in the Fe2
sites. This leads to the separation of the chains of octahedra in
two uncoupled chains (Fig. 8). These chains form exchange
couplings with the triangular arrangement of cations, which
inevitably leads to magnetic frustrations in the structure.
Therefore, the magnetic cations in these chains can have a
noncollinear orientation of the magnetic moments.

Despite the seeming complexity, the entire set of the
exchange interactions in this system can be characterized
by four types of interactions, which are described by the
corresponding integrals. The interactions of cations in the
edge-sharing octahedral sites are of 90° character. They can

be expressed as

J ! 2U 16b + 22 (1)
0= —|— —bC C .
9707 45,5, 3

The interaction between cations through the common ver-
tices of octahedra is described as

. 1 16
80— m[—w<3b2 + 202>i||0039|. )

The interactions between the tetrahedral and octahedral
sites are expressed in the form

1 4
Jo_r = m |:—2U<§ab + 2ac>] | cosb|. 3)

The indirect exchange interaction between Fe3+ cations in
the tetrahedral positions is described by the integral

[—3a*U] cos 6. 4)

=45,

Here, 6 is the angle of the exchange interactions, which
can easily be determined from the x-ray diffraction data [1,7];
S; and S, are the spins of the interacting cations; U = 8eV
is the of energy of the electron excitation between oxygen
and the Fe3* cation; @ ~ 0.12 is the parameter of the electron
transport (covalence) for iron in the tetrahedral coordination;
and b~ 0.024 and ¢ ~ 0.012 are the analogous parameters
for the octahedral surrounding of iron along the o and 7
bonds, respectively. These values are similar to the corre-
sponding covalence parameters for spinel ferrites [38], where
the average metal-oxygen distances are similar to those in
€-Fe, 05 [20].

The exchange interactions calculated using to the above
equations with regard to the number of nearest magnetic
neighbors and Fe-O-Fe bond angles are given in Table I. The
account for the interaction within the magnetic sublattices
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TABLEI. Calculated values of the indirect exchange interactions
in €-Fe,0; (K). The frustrating interactions are highlighted in bold.
Arrows show the relative magnetic moments’ directions.

1 21 34 4]
1 27 —40 —43 -18
24 —40 0 —41 ~102
3] —43 —41 -27 -75
4] -18 —102 -75 -82

makes it clear that the antiferromagnetic character of these
interactions and the similarity of their values to those of the
intersublattice interactions in the order of magnitude (except
for the noninteracting Fe2 cations) play an important role
in the formation of the magnetic structure. The triangular
arrangement of the cations [39] leads to a high level of frustra-
tions in the system. Our estimation of the level of frustrations
in the investigated magnetic system yields a relative value of
40-55 % for the Fe3 and Fe4 sites. A huge contribution of
the frustrations to the magnetism in €-Fe, O3 was established
using the density functional theory in Ref. [40]. Yafet and
Kittel showed [41,42] that there is a boundary condition for
the existence of the collinear configuration of the magnetic

moments. It is determined by the parameter u = A;JJ“, g’ , where
i and j are the indices of the magnetic sublattices, J;; is the
integral of the exchange interaction between the sublattices,
and S; and §; are the spins of the sublattices, which, in our
case, are equal to each other. According to Kaplan’s criterion
[35], the collinear configuration for tetragonal spinels exists
below the critical value of this parameter u = g For €-Fe, 035,
the value of this parameter for the magnetic sublattice of
a tetrahedron is much higher: u = 1.46. This suggests not
only the canting of the magnetic moments, but also the
possible formation of a spiral magnetic structure as a ground
state of the e-Fe, O3 system. Upon heating, such a structure
should collapse and transform to a more symmetric collinear
magnetic structure. This scenario confirms the temperature
evolution of the magnetic structure suggested by our NFS
data and the results of the neutron diffraction study [7].
This conclusion is indirectly confirmed by the existence of a
paraprocess in the temperature dependence of magnetization
and its nonmonotonic temperature evolution (Fig. 6). The pos-
sible transitions from the Yafet-Kittel’s canted structure to the
noncollinear spiral magnetic structures predicted already in
Ref. [39] were considered in theoretical studies [43,44]. The

results obtained showed that the noncollinear configuration of
the magnetic moments can transform to the state incommen-
surate with the crystal lattice cell at a certain frustration level
[43.,44]. This was possibly observed in the neutron diffraction
experiments [7], which revealed the formation of such a state.
Thus, one can distinguish two main factors contributing to
the occurrence of the incommensurate magnetic structure in
€-Fe, 3. First, iron atoms in the Fe2 and Fe3 sites form non-
coupled ribbons with the triangular arrangement of cations,
which leads to the strong frustrations of the magnetic system.
Second, the strong antiferromagnetic exchange interactions
between the Fed4 and Fe3 sites result from the occurrence
of the Yafet-Kittel magnetic configurations between layers,
which can transform into the incommensurate spiral magnetic
structure with a decrease in temperature.

V. CONCLUSIONS

In summary, we used a synchrotron radiation source to
investigate the magnetic structure of the nanoscale e-Fe,03
compound. We obtained time spectra of nuclear forward
scattering in the temperature range of 4-300K for isolated
nanoparticles with an average size of 8 nm immobilized in
a xerogel matrix. Furthermore, we applied a magnetic field
of 04T in the longitudinal direction for the first time. The
results of the polarized synchrotron radiation investigations of
the isolated e-Fe;O3 nanoparticles in a xerogel matrix show
that the magnetic structure of the system is collinear at room
temperature. However, as a result of the strong frustrations
of the magnetic structure, a cascade of magnetic transitions
occurs upon cooling, which leads to the formation of the
noncollinear magnetic structure with the magnetic spiral as
the ground state of the system. The experimental results
were confirmed by the estimation of the indirect exchange
interactions and the existence of a paraprocess in the temper-
ature dependence of magnetization, where the susceptibility
changes nonmonotonically.
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