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Nanosized iron oxides still attract significant attention within the scientific community, because of
their application-promising properties. Among them, ε-Fe2O3 constitutes a remarkable phase, taking
pride in a giant coercive field at room temperature, significant ferromagnetic resonance, and coupled
magnetoelectric features that are not observed in any other simplemetal oxide phase. In this work, we
review basic structural and magnetic characteristics of this extraordinary nanomaterial with an
emphasis on questionable and unresolved issues raised during its intense research in the past years.
We show how a combination of various experimental techniques brings essential and valuable
information, with regard to understanding the physicochemical properties of the ε-polymorph of
Fe2O3, which remained unexplored for a long period of time. In addition, we recapitulate a series of
synthetic routes that lead to the formation of ε-Fe2O3, highlighting their advantages and drawbacks.
We also demonstrate how magnetic properties of ε-Fe2O3 can be tuned through the exploitation of
variousmorphologies of ε-Fe2O3 nanosystems, the alignment of ε-Fe2O3 nanoobjects in a supporting
matrix, and various degrees of cation substitution. Based on the current knowledge of the scientific
community working in the field of ε-Fe2O3, we finally arrive at two main future challenges: (i) the
search for optimal synthetic conditions to prepare single-phase ε-Fe2O3with a high yield, desired size,
morphology, and stability; and (ii) the search for a correct description of the magnetic behavior of
ε-Fe2O3 at temperatures below the characteristic magnetic ordering temperature.

1. Introduction and Milestones in the Study

of the ε-Fe2O3 Phase

Nanosized iron oxides still attract significant attention
within the scientific community, becauseof their application-
promising properties.1-3 Besides technologically based ap-
plication branches (e.g., magnetic recording media, infor-
mation storage, magnetizable printing of copy, permanent
magnets),4,5 some of iron oxide phases have found their
prospective utilizations in various fields of medicine6-13

(e.g., drug delivery, medical diagnostics, ferrofluids) em-
powered by their magnetic properties (e.g., superparamag-
netism, high values of saturation magnetization) and
eminent biochemical characteristics (e.g., nontoxicity, bio-
degradability, biocompatibility). They are also important
for theoretical studies (e.g., quantum tunneling of magneti-
zation, effects of interparticle magnetic interactions on a
magnetic regime of a nanoparticle system) when they are
used as model systems to clear up certain magnetic features
typical of nanoscaled objects, not observed in their bulk
counterparts.14

Iron oxides represent the most common iron compounds
found in nature, and, apart from some exceptions, they

can be very easily synthesized. Until now, apart from

amorphous iron(III) oxide, we have recognized six crystal-

line nonhydrated iron oxides:4,15 Fe3O4 (i.e., magnetite);

four polymorphs of Fe2O3, labeled as R-Fe2O3 (i.e.,

hematite), β-Fe2O3, γ-Fe2O3 (i.e., maghemite), and ε-Fe2O3;

and FeO phase (i.e., w€ustite).R-Fe2O3, γ-Fe2O3, and Fe3O4

are themost frequent iron oxides that exist in both bulk and

nanosized forms and commonly occur in nature; in addi-

tion, there are a rich variety of synthetic routes to prepare

them having thus many different morphologies, various

sizes, and particle size distributions. In contrast, β-Fe2O3

and ε-Fe2O3, which were first observed in the laboratory,

are regarded as rare phases with scarce natural abundance;

they exist only as nanosized objects, it is very difficult to

prepare them as single phases, and they are thermally

unstable. Recently, renewed interest in the ε-polymorph of

Fe2O3 has been encouraged by the discovery of its giant

coercive field that is exhibited at room temperature and the

coupling of its magnetic and dielectric properties.16,17

ε-Fe2O3 is a dark brown magnetic phase of iron(III)
oxide. The natural occurrence of ε-Fe2O3 phase has
been recently reported in some plants18 (i.e., as biogenic
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nanoparticles) and it has been found as a thermal decom-
position product of almandine garnets19 and iron-rich
clays.20,21 From the viewpoint of thermal phase transfor-
mations and crystal structures, it is considered as an inter-
mediate phase that occurs, under certain circumstances,
during the thermal conversion from a cubic spinel γ-Fe2O3

nanoscaled phase to a rhombohedral corundum R-Fe2O3

nanosized polymorph.22-26 The crystal structure of
ε-Fe2O3 phase is described as an orthorhombic noncentro-
symmetric structure with Fe atoms occupying four distinct
nonequivalent crystallographic sites, including one tetra-
hedral site and three different octahedral sites.24,27-29 It
exhibits a magnetic transition from a paramagnetic state to
an ordered magnetic regime at a Curie temperature (TC) of
∼490 K.24,30-32 However, its room-temperature ground
magnetic state has been not unambiguously clarified. It is
claimed that, at room temperature, it behaves either as a
collinear ferrimagnet16,24,29,33,34 or as a canted antiferro-
magnet.28,35 In addition, at ∼110 K, the ε-Fe2O3 phase
undergoes another magnetic transition, accompanied by a
series of structural transformations and spin reorientation
phenomenon and manifested by a dramatic decrease in
ε-Fe2O3 coercivity.

28,29,36,37 Again, two possible scenarios
havebeenproposed.The results of variousworks show that
the ε-polymorph of Fe2O3 magnetically transforms either
from a ferrimagnetic state to some incommensurate mag-
netic structure (probably of a square-wave-modulated
origin)29,36 or from one canted antiferromagnetic state to
another canted antiferromagnetic state with a possible
metamagnetic behavior at low temperatures.28,35

This new crystalline polymorph of Fe2O3 was discov-
ered by Forestier and Guiot-Guillain38 in 1934, but it
started to be labeled as ε-Fe2O3 by Schrader and
Buttner30 later in 1963. There had not been much atten-
tion devoted to this polymorph of iron(III) oxide until
1998, when Tronc et al.24 reported the first detailed
structural characterization of this phase, which was later
refined independently by Sakurai et al.37 and Kelm and
Mader.27 In 2004, Jin et al.16 first synthesized a pure
ε-Fe2O3 phase and observed a giant coercive field (BC) of
∼2 T exhibited by this rare iron(III) oxide polymorph at
room temperature, which is widely regarded as one of the
fundamental milestones in the research of the ε-Fe2O3

phase. Since the discovery of such a huge coercivity of
ε-Fe2O3,which isquiteunexpected for simpleandsingle-valent
iron oxides, many research works have emerged with the
objective of preparing ε-Fe2O3 as a single phase,

16,27,28,39-49

to explain such a room-temperature magnetic hardness of
ε-Fe2O3 and its drastic collapse observed at∼110K,16,36,37,50

to determine a correctmagnetic phase diagramof ε-Fe2O3 as
a functionof temperature derived fromvarious experimental
data,16,24,28,29,33-35 and even to enhance the value of the
coercive field of ε-Fe2O3 somehow at room temperature.51

However, the ε-polymorph of Fe2O3 is not easy to fabricate
in the form of bare nanosized objects, because of its sig-
nificant thermal instability. Thus, it turns out that either a
certain degree of agglomeration in the precursor powders26

and/or a need for a supporting medium16,39,52 (e.g., silica
matrix in most cases) play an essential role to synthesize

the ε-Fe2O3 phase in the form of nanoparticles, nanorods,
and nanowires. By that time, the last milestone concerning
this remarkable nanomaterial is being connected with the
work of Gich et al.,53 who have first prepared ε-Fe2O3 as a
thin film, thus enriching the family of already-existing ε-
Fe2O3 nanoobjects.
Before the discovery and development of hard mag-

netic materials such as highly anisotropic magnetoplum-
bite barium hexaferrite (BaFe12O19), SmCo5, Nd2Fe14B-
type compounds, and FePt nanoparticles,54,55 γ-Fe2O3

and/or Fe3O4 particles, modified later by an adsorption
of suitable elements (e.g., cobalt), have beenwidely used in
technological applications, including magnetic recording
and information storage media.4,56 Their utilization in the
traditional magnetic recordingmedia has been encouraged
because of many advantages, such as availability, low cost,
low toxicity, stability, high corrosion resistance, and high
resistivity accompanied with low eddy-current losses.57

However, since high-density magnetic recording requires
very small nanoparticles still retaining significant magnetic
hardness and uniform magnetization within the nanopar-
ticle, γ-Fe2O3 and/or Fe3O4 phases become inapplicable by
reason of a superparamagnetic phenomenon, connected
with finite-size effects and manifested by a thermally
activated spontaneous reversal of nanoparticle magnetiza-
tion, and surface effects, reflected by inhomogeneous
magnetization spatial profile within the surface layers of
the nanoparticle, which they commonly exhibit at such
demanded sizes of their nanoparticles at room temp-
erature.14,58-62 In addition, it, nevertheless, is not feasible
to enlarge their coercive fields and make them thus magne-
tically harder, because of their low magnetocrystalline
anisotropy constant controlled by their face-centered cubic
crystal structure. This is not the case for the ε-Fe2O3 phase,
which has a giant coercive field that is believed to be caused
by a large magnetocrystalline anisotropy (KMC ≈ (2-5) �
105 J/m3) drivenbyanorthorhombic crystal structure, a low
saturation magnetization (MS ≈ 15-25 Am2/kg), the
establishment of a single magnetic domain character due
to conveniently sized nanoparticles, and a nonzero orbital
component of theFe3þmagneticmoment.16,50 The value of
the coercive field of the ε-Fe2O3 phase is much larger than
that observed for hexagonal magnetoplumbite BaFe12O19

(BC≈0.64T) and/orhexagonally closed-packed cobalt and
related Co-ferrites (BC ≈ 0.74 T) falling in the family of
materials widely used in magnetic recording applications.
Moreover, the coercivity of ε-Fe2O3 phase can be further
increased by an alignment of its nanosized crystals (e.g., in
the form of nanorods and/or nanowires) along a particular
direction by an external magnetic field applied during the
synthesis.51 However, because of the relatively low satura-
tion magnetization (and, thus, remanent magnetization) of
the ε-Fe2O3 phase, which is reflected by weak magnetic
forces to attract smallmetallic objects, it is not regarded as a
good permanent magnet for hard magnetic utilizations,
where a high residual magnetization of a material is re-
quired, along with its high coercivity. Nevertheless, because
of its high coercivity, the ε-polymorph of Fe2O3 may
become a promising candidate for a recording medium,
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thanks to the high sensitivity of current giant-magnetore-
sistance-based reading devices. In addition, there is a grow-
ing interest in magnetic materials with a large coercivity
expected to exhibit a high-frequency resonance with elec-
tromagnetic waves of millimeter wavelengths for effective
suppression of the electromagnetic interference and stabili-
zation of the electromagnetic transmittance.63-65 Since the
effect of high-frequency resonance has been recently re-
ported in the ε-Fe2O3 phase and its Ga-substituted and Al-
substituted analogs,65,66 it unlocks the doors to possible
applications of this Fe2O3 polymorph in electronic devices
intended for high-speed wireless communication. In addi-
tion, because it possesses both spontaneous magnetization
and polarization, it is being classified as an advanced
magnetoelectric material with a possible applicability in
various technological branches including electric/mag-
netic field-tunable devices.17

If synthesized as a pure phase and with a high yield,
ε-Fe2O3 phase will definitely enter a class of the most
important functional magnetic materials and its practical
exploitation will probably enable the current material
limits of certain technological applications, requiring
materials with a considerable magnetic hardness, to be
overcome and/or will give rise to new technological areas
benefiting from its remarkable coupled magnetoelectric
properties and ferromagnetic resonance capability, both
unusual for simple iron oxides.
In this work, with regard to the significant application

potential of the ε-Fe2O3 phase and an unresolved dispute

that currently exists concerning the questions of its ground

magnetic state and magnetic behavior at low temperatures,

we briefly review its structural and magnetic characteristics,

which have been either determined unambiguously or pro-

posed so far. In this context, we also report on various

synthetic routes, leading to nanosized ε-Fe2O3 with various
morphologies, and point out the difficulties associated with

its synthesis, phase purity, admixture problems, and phase

stability.We also emphasize the effect of cation substitution,

which seems to be an effective way of tuning the magnetic

properties and subsequent possible applications of the

ε-Fe2O3 phase. Taking into account various already published

results of several research works, exploiting experimental

techniques such asX-ray and neutron powder diffraction,
zero-field and in-field temperature-dependentM€ossbauer
spectroscopy, and magnetization measurements, we fi-

nally discuss a physical picture of ε-Fe2O3 phase unwind-

ing from its current knowledge put forward by the

scientific community and considering an ambiguity in

the description of its magnetism that still persists as an

open issue.

2. Synthetic Routes toward the ε-Fe2O3 Phase

As has been already mentioned, the natural abundance
of the ε-Fe2O3 phase is very limited. In addition, the
ε-polymorph of Fe2O3 cannot be obtained in bulk form
and exists only as a nanoparticle, because of its low sur-
face energy,52 thus suggesting an important role of the
surface effects on its formation and existence. Being highly

thermodynamically unstable, it very easily transforms to
R-Fe2O3, which is considered to be the most thermody-
namically stablephaseoutof all four crystallinepolymorphs
of Fe2O3.

15 It is very difficult to synthesize ε-Fe2O3 as a
single product, because most of the synthetic routes lead
to a mixture of ε-Fe2O3 with R-Fe2O3 and/or γ-Fe2O3 in
varying contents, depending on the precursor used, utiliz-
ation of the supporting matrix, the presence of Group
IIA metal ions (e.g., Sr2þ, Ba2þ), and conditions secured
during the synthesis.16,22-28,30-32,39,40,67-71 For an anal-
ysis of physicochemical properties of ε-Fe2O3 and
its subsequent promising applications, R-Fe2O3 and
γ-Fe2O3 constitute an impurity and may drastically affect
the overall physical behavior of the system, possibly leading
to some incorrect conclusions. Note that, although some of
the former works concerning the synthesis and study of
ε-Fe2O3 reported a single-phasematerial,30-32,38 subsequent
renewals of the studies showed that yields of>70% ε-Fe2O3

in the mixture are difficult to achieve.15 Since most of the
proposed syntheses are based on the growth of precursor
nanoparticles toward the ε-Fe2O3 phase, a new strategy
employing a supporting matrix with pores of definite sizes
hasbeen introduced toobtainmuchhigheryieldsof ε-Fe2O3,
either as a single phase16 (without experimentally detected
traces of admixtures of other iron oxide phases) or with an
experimentally detectable but, in some cases, negligible
portion of other Fe2O3 polymorphs.22-24,39 Because of its
highly porous structure that has restricted nanospaceswith a
high specific area,72,73 mesoporous amorphous silica has
been recently suggested to be a suitable medium for the
controlled preparation of nanosized crystals of ε-Fe2O3. In
other words, the porous nature of the amorphous silica
matrix provides nucleating sites for ε-Fe2O3 nanoparticles
and significantly prevents their aggregation, isolating the
nanoparticles from each other. In addition, the confinement
of ε-Fe2O3 nanoparticles within the pores of the supporting
matrix enhances their thermal stability (see section 3). Gen-
erally, all the current synthetic routes that havebeenproposed
for the preparationof ε-Fe2O3 imply that the formationof the
ε-Fe2O3 phase is very sensitive to the synthesis conditions,
such as oxidizing power of the atmosphere, duration of the
oxidation, and/or the presence of hydroxyl groups (i.e., excess
water, high hydrolysis ratio, etc.).39

So far, two different morphologies of ε-Fe2O3 nano-
particles have been reported in the literature, i.e., sphere
(or spherelike) shapes22-24,26,28,29,36,39,46-49,67-71 and nano-
rod (nanowire) shapes.16,27,40,42-45,51Recently, ε-Fe2O3 has
been synthesizedas a thin film∼100nmthick.53 In the caseof
spherical ε-Fe2O3 nanoparticles, their diameter ranges from
∼10nmto>200nm,39,41whereasnanorods (nanowires) are
typically ∼20 nm to 2 μm long and ∼10-50 nm wide (see
Figure 1).40,43,45 The systems that are comprised of either
ε-Fe2O3 nanospheres or ε-Fe2O3 nanorods (nanowires) gen-
erally exhibit a size distribution character that is presumably
governed by the particular synthesis method and its condi-
tions and/or, in some cases, by theparticle size distributionof
the precursor (e.g., inmethods based on thermal transforma-
tions of Fe2O3 polymorphs and Fe3O4). The sphere mor-
phologies of ε-Fe2O3 can be obtained via the thermal
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decompositions of suitable iron-containing precursors26,38 or
their oxidation advanced by high-energy deposition techni-
ques, including electric discharge,30 gamma irradiation,74

laser-assisted pyrolysis,75 and sol-gel methods, followed by
heat treatments at a certain temperature and for a definite
time.28,39,46,76On the other hand, nanorods andnanowires of
ε-Fe2O3 can be synthesized employing combination of the
reverse-micelle and sol-gel methods (where Fe(NO3)3 is
used as a precursor),45 microemulsion/sol-gel method
(where Fe(NO3)3 is used as a precursor),16,40,51 and/or by
vapor-liquid-solid mechanisms assisted by pulsed laser
deposition (where Fe3O4 is used as a precursor).42,43 Pre-
paration techniques based on thermal decompositions and
oxidation involve heat treatment of Fe-bearing precursors
such as a mixture of Fe2O3 polymorphs, Fe3O4, basic ferric

salts, and other precipitates derived from the ferric iron salts
in basic solutions. Concerning high-energy deposition syn-
thetic methods, they promote the oxidation of vaporized
iron, iron(II) formate, andanFe(CO)5-N2Ogasmixture. In
the case of sol-gel methods, often iron nitrate22-24,77 (i.e.,
Fe(NO3)3) and/oryttriumirongarnet(i.e.,Y3Fe5O12)

28,35,67-71,78

are mixed with silicon alkoxides (e.g., tetraethoxysilane
(TEOS) and Si(C2H5O)4) and, upon heating to a certain
temperature, nanocomposites of ε-Fe2O3/SiO2 are formed.
In general, the sol-gel method is comprised of four steps: (i)
hydrolysis, (ii) condensation, (iii) drying, and (iv) thermal
treatment. Recently, a new sol-gel approach for the pre-
paration of ε-Fe2O3/SiO2 nanocomposites has been reported
when a single precursor (i.e., ethylenediaminetetraacetic acid
dianhydride (EDTA)) involving both functional groups for

Figure 1. Representative examples of variousmorphologies of the ε-Fe2O3 phase: nanospheres and nanoparticles (top row), nanowires (middle row), and
nanorods (bottom row). Panel (a) has been taken from Taboada et al.,49 panel (b) has been taken from Popovici et al.,39 panel (c) has been taken from
Morber et al.,42 panel (d) hasbeen taken fromSakurai et al.,45 panel (e) hasbeen taken fromKelmandMader,27 andpanel (f) has been taken fromSakurai et al.51
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silica matrix and iron oxide has been used.48 However, some
authors have noted the disadvantages of a sol-gel method
connected with the existence of silica impurities and small
grain size of synthesized ε-Fe2O3 nanoparticles, which nor-
mally falls below200nm.43Toget anoverviewof thepossible
reaction routes toward ε-Fe2O3, several synthesis methods,
including some historical works, are presented below.
As previously stated, the first synthesis of the ε-Fe2O3

phase was reported by Forestier andGuiot-Guillain, who
carried out a thermal decomposition of Fe2O3 3 4BeO and
found a formation of Fe2O3 phase unknown by that
time.38 Almost 30 years later, this new Fe2O3 polymorph,
along withR-Fe2O3 and γ-Fe2O3, was obtained by Schrader
and Buttner,30 using a method based on the electric arc
discharge of an iron oxide aerosol under an oxidizing
atmosphere. They were the first authors who called it
ε-Fe2O3. Subsequently, Walter-L�evy and Quemeneur
prepared a mixture of ε-Fe2O3 with R-Fe2O3 by heating
a basic sulfate salt (i.e., calcination of 6Fe2(SO4)3 3Fe2O3 3
nH2O).79 This suggests that the mixing of Fe atoms and
OH groups in a nanoparticle seems to be crucial to
prepare ε-Fe2O3 nanocrystals. The ε-Fe2O3 phase can
be also synthesized upon boiling an aqueous mixture of
potassium ferricyanide (K3[Fe(CN)6]), sodium hypo-
chlorite (NaClO), and potassium hydroxide (KOH), as
it was shown by Trautmann and Forestier31 and later by
Dezsi and Coey.32 However, similar to the case of the
previously mentioned preparation routes, this synthetic
procedure does not yield a single ε-Fe2O3 phase since
R-Fe2O3 and possibly γ-Fe2O3 polymorphs are also pro-
duced in a certain amount. Thus, to eliminate the appear-
ance of phase impurities associated with the synthesis of
ε-Fe2O3, there was a necessity to develop a completely
different synthetic approach. As previously stated, the
usage of a supporting matrix (organic polymers or inor-
ganic silica matrix in most cases) has opened up a new
strategy to synthesize ε-Fe2O3 nanoparticles with a higher
yield and a significantly lower portion of undesired other
Fe2O3 polymorphs. It was encouraged by Ni�z�nansk�y
et al.,80 who reported that the thermal stability of meta-
stable iron oxides can be readily increased by encapsula-
tion of the nanoparticles into a silica matrix. The spatial
restriction of nanoparticle growth definitely represents a
crucial point for the production of ε-Fe2O3 nanoparticles,
as reported by Chan�eac et al.22 and Zboril et al.,26 who pre-
pared ε-Fe2O3 with R-Fe2O3 with andwithout a supporting
matrix, respectively. Their results show that, at a certain
temperature range, the restricted agglomeration of γ-Fe2O3

nanoparticles favors the formation of the ε-Fe2O3 phase,
which converts to theR-Fe2O3 polymorph upon subsequent
heating.With a silicamatrix enhancing the thermal stability
of precursor γ-Fe2O3 nanoparticles, theγ-Fe2O3f ε-Fe2O3

transformation is observed to occur at temperatures higher
than 1300 K.39 In the case of an absence of the supporting
matrix but meeting the requirement of the limited agglom-
eration of precursor γ-Fe2O3 nanoparticles, this phase trans-
formation occurs at much lower temperatures (>700 K)26

and the as-formed ε-Fe2O3 nanoparticles are readily
prone to the conversion to R-Fe2O3 nanoparticles upon

subsequent thermal treatment. However, if a large number
of γ-Fe2O3 nanoparticles are sintered, we straightly get an
R-Fe2O3 phase, as in the case of powdered γ-Fe2O3 nano-
particles, where the phase transformation to R-Fe2O3 is
observed from∼600K to∼1300K.81An interesting forma-
tion of ε-Fe2O3 nanoparticles has been described by
Taketomi et al.67 In their synthetic procedure, amorphous
yttrium-iron garnet nanoparticles were dispersed in a
kerosene solvent and these colloids were then introduced
into the nanosized pores of controlled porous glass. After a
high-temperature treatment, a very small fraction of the
uncalcined amorphous nanoparticles has been conse-
quently spontaneously crystallized to ε-Fe2O3 nanocrystals.
Recently, Barick et al.82 focusedon the synthesis parameters
that affect the preparation of ε-Fe2O3 nanoparticles, em-
ploying the sol-gel method with an inorganic SiO2 matrix.
They have found that changing the synthesis conditions,
such as the concentration of precursor Fe3þ ions and the
temperature of thermal treatment, leads to a random or
homogeneous dispersion of ε-Fe2O3 nanoparticles with a
different size distribution and with a different degree of
γ-Fe2O3 admixture. In addition, it has been confirmed that
the chemical environment of Fe3þ ions and the gel structure
undergo several changes, depending on the concentration
of precursor Fe3þ ions and the temperature of thermal
treatment.
A remarkable synthesis of ε-Fe2O3 has been proposed

byKelm andMader.27 They obtained an ε-Fe2O3 powder
material via thermal decomposition of the clay mineral
nontronite ((CaO0.5,Na)0.3Fe2(Si,Al)4O10(OH)2 3 nH2O)
at 900-970 �C and subsequent isolation of the ferric
oxide by leaching the silicate phases. In addition, they
showed that crystals of ε-Fe2O3 can grow as precipitates
via the internal oxidation of a Pd96Fe4 alloy. Kusano
et al.44 have recently emphasized that no supporting
matrix is needed to produce pure ε-Fe2O3 phase. They
observed ε-Fe2O3 nanoparticles crystallizing epitaxially
on needlelike crystals ofmullite (i.e., 3(Al,Fe)2O3 3 2SiO2),
formed after heat treatment of Japanese traditional
stoneware known as “Bizen” clay (composed of quartz
(SiO2), halloysite (Al2O3 3 2SiO2 3 4H2O), montmorillonite
((Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2 3 nH2O), and feldspar
((Na,K)AlSi3O8) as the main crystalline phases) covered
by a rice straw. Interestingly, it was found that the crystal
shape and size of ε-Fe2O3 nanoparticles and their relative
orientations, with regard to needlelike mullite crystals,
remarkably change with oxygen partial pressure.
Most of the synthetic routesmentioned above involve a

temperature-induced phase transformation from γ-Fe2O3 to
ε-Fe2O3 in their final step. Thus, the well-known γ-Fe2O3

f ε-Fe2O3 f R-Fe2O3 pathway is widely recognized as
an easy way to prepare ε-Fe2O3 nanoparticles, where
γ-Fe2O3 acts as a precursor phase. However, some works
indicate other iron oxides to be a source material for the
formation of ε-Fe2O3.Ding et al.43 have recently reported
the synthesis of ε-Fe2O3 nanowires upon thermal conver-
sion of Fe3O4 (i.e., the Fe3O4f ε-Fe2O3 pathway), which
is believed to happen because of either an overabundance
of iron and/or an oxygen deficiency in the starting phase.
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In addition, the authors claim that, if oxygen had ab-
sorbed into the lattice (or iron desorbed from the lattice)
in a random manner, leaving Fe site occupation nonperiod-
ical, γ-Fe2O3 would preferentially form.43 Thus, the forma-
tionof ε-Fe2O3 isunderstoodasa resultof aperfectlyordered
species evolution. It is shown that if Fe3O4 nanowires grow
along theFe3O4 [110] direction, the ε-Fe2O3phase is found in
every instance, fulfilling a fixed structural relationship of
(001)ε-Fe2O3

|| (111)Fe3O4
, [010]ε-Fe2O3

|| Æ110æFe3O4
. Since the

nanowires grown along this crystallographic direction reach
the longest lengths, compared to those grown along other
investigated directions (i.e., [111] and Æ211æ directions), Ding
et al.43 supposed that the nanowires growing along the fast-
growth Fe3O4 [110] nanowire direction allow an Fe3O4-to-
ε-Fe2O3 oxidation to occur, because of their surfaces being
sufficiently exposed toanoxidativeprocess. In contrast to the
well-known phase transformation route between various
Fe2O3 polymorphs, Tadic et al.47 observed the formation
of an ε-Fe2O3 phase upon the heat treatment of 4 nm
R-Fe2O3 nanoparticles dispersed in a silicamatrix. However,
according to our opinion and experience, this route seems to
be highly improbable, taking into account the considerably
higher thermal stability of the R-Fe2O3 polymorph, com-
pared to the ε-Fe2O3 phase.
According to the results of the phase transformation

studies, it is expected that the ε-Fe2O3 phase converts to
theR-Fe2O3 polymorph if the particle size (i.e., a diameter
in the approximation of spherelike nanoobjects) exceeds a
value of∼30 nm. Larger ε-Fe2O3 nanoparticles, with sizes
up to 100-200 nm, can be prepared and are stable when
an appropriate amount of Group IIA metal ions (e.g.,
Sr2þ or Ba2þ ions) are added into the reaction system.16,40,41

It was proposed that the presence of Group IIA metal ions
causes an acceleration of growth of ε-Fe2O3 nanoparticles
and enhances their thermal stability against the transforma-
tion to theR-Fe2O3 polymorph. In otherwords, the alkaline-
earth ions control the growth and size of resulting Fe2O3

nanoparticles in the silica matrix. In addition, because the
Ba2þ ions have been shown to adsorb preferably onto the
crystal planes of (010) or (001) being parallel to the a-axis of
ε-Fe2O3 crystal, it allows one to synthesize ε-Fe2O3 nanowire
structures that grow along the respective axis.45 It also
appears that the amount of Ba2þ ions also has an impact
of the phase purity of the synthesized nanoparticle system. If
theFe/Ba ratio ranges from10 to20, a single ε-Fe2O3phase is
formed. However, if more Ba2þ ions are added, it results in
prevailing formation of the R-Fe2O3 polymorph.40 To date,
this synthetic approach employingGroup IIAmetal ions and
a silica matrix definitely represents the way to produce the
purest ε-Fe2O3 phase without any other iron(III) oxide
polymorphs (especially R-Fe2O3 and/or γ-Fe2O3) as admix-
tures, since they have not been detected by various experi-
mental techniques, allowing the analysis of the sample phase
composition, including recently employed zero-field and in-
field M€ossbauer spectroscopy.
Recently, the ε-Fe2O3 phase has been first synthesized

as an epitaxial thin film∼100 nm thick with (001) texture
via pulsed laser deposition.53 These thin films were
grown on several substrates, including Si(100), MgO(110),

yttria-stabilized zirconia(111), and STO(111). The authors
claim that the alternating Ti4þ and SrO3

4- layers, having
3-fold symmetry in the STO(111) substrate, serve as nuclea-
tion sites for ε-Fe2O3 basal planes. However, because of the
large crystal latticemismatch between the STO substrate and
the ε-Fe2O3 film, it is believed that only very small domains
(of a few nanometers) have been nucleated, showing atom-
ically sharp interfaces. The authors speculate that the stabi-
lization of the ε-Fe2O3 phase is governed by this domain
structure, rather than by an epitaxial strain, because the
observeddomain structure causesminimizationof the energy
of ε-Fe2O3(100) surfaces.

3. Crystal and Magnetic Structure of the ε-Fe2O3 Phase,

Phase Transformations, and Substitutions by Foreign Cations

From the crystallographic viewpoint, ε-Fe2O3 exhibits
an orthorhombic crystal structure with a space group of
Pna21 and lattice parameters a = 5.072 Å, b = 8.736 Å,
c= 9.418 Å, and R= β= γ= 90�.27,37 The structure is
isomorphous to that of GaFeO3, AlFeO3, and κ-Al2O3.
Formerly, the crystal structure of ε-Fe2O3has been reported
as being deformed rhombohedral38 or monoclinic,30 but
the Rietveld refinements of powder X-ray diffraction
pattern (XRD) were very poor, in contrast to the later
proposed orthorhombic crystal family,24,83 which is cur-
rently being widely recognized as a correct description of
ε-Fe2O3 crystal structure.

27,37 The orthorhombic unit cell
of ε-Fe2O3 consists of triple chains of edge-sharing FeO6

octahedra running along the a-axis, which are connected
to each other by sharing corners of the FeO6 octahedra,
leaving one-dimensional cavities that are filled by the
chains of the corner-sharing tetrahedra (see Figure 2).
Thus, the crystal structure of ε-Fe2O3 contains four inde-
pendent crystallographically nonequivalent iron sites, i.e.,
three different octahedral sites (denoted hereafter as the A-,
B-, and C-sites) and one tetrahedral sites (denoted hereafter
as theD-sites), and the structure is polar being similar to that
of MM0O3, where M=Al, Ga, or Fe andM0 =Fe. Based
on the refined atomic coordinates byRietveld analysis, it has
been found that all four cation coordination polyhedra, i.e.,
three octahedra and one tetrahedron, exhibit a different
degrees of distortion (see Figure 3).29 Taking into account
the measured values of the parameter (Δ) that describes the
degreeofdistortionof the cation coordinationpolyhedron, it
turns out that two of the octahedral iron sites are more
distorted, compared to the distortion displayed by the third
octahedral site. From this aspect, the A- and B-sites are said
to possess distorted octahedral coordination, while the
C-site is regarded as having a regular octahedral coordina-
tion. These distortions, especially those which occur in the
local environment of the octahedral A- and B-site and the
tetrahedral D-site, seems to be of crucial importance to
understand the magnetic characteristics of ε-Fe2O3 phase,
since they are responsible for a generation of a nonzero
orbital component to the total Fe3þ magnetic moment,
leading to an unexpectedly significant spin-orbit coupling
phenomenon in this Fe2O3 polymorph (see below).50 In
addition, the magnetic frustration due to site topology
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cannot be excluded a priori. To secure the valence considera-
tion, all Fe atoms are trivalent and in the high spin state

(i.e.,S=5/2) as a result of aweak ligand field. In contrast to

γ-Fe2O3, all cation crystallographic sites are occupied by Fe
atomswith novacant sites in the crystal structure. In fact, the
crystal structure of ε-Fe2O3 involves similarities with both
the structure of γ-Fe2O3 (a cubic spinel structure composed
of a tetrahedron of four-coordinated Fe3þ ion and an octa-
hedron of six-coordinated Fe3þ ion) and the structure of
R-Fe2O3 (a rhombohedral structure consisting of stacked
sheets of octahedrally coordinated Fe3þ ions between two
closed-packed layers of oxygens).15

The existence of four nonequivalent Fe sites in the crystal
structure of ε-Fe2O3 predestinates its magnetic structure.
Therefore, ε-Fe2O3 is said to be a 4-sublattice magnetic
material, characterized by four sublattice magnetizations
with different temperature behaviors. The orderedmagnetic
regime of ε-Fe2O3 is driven by antiferromagnetic super-
exchange interactions that occur between Fe atoms inter-
mediated by an O atom placed between them. To gain
insight into the strength of individual superexchange inter-
actions between Fe atoms belonging to different magnetic
sublattices in the structure of ε-Fe2O3, there recently has
been an attempt to calculate the values of the exchange
integrals corresponding to various intersublattice exchange
paths theoretically.34 The model, employing the molecular
field theory, defines individual sublattice magnetizations,
denoted as MA, MB, MC, and MD, where MA, MB, and
MC are the sublattice magnetizations that are related to the
three different octahedral sites, whereas MD represents the
sublattice magnetization on the tetrahedral sites. During the
calculation, it is found that MB and MC are positive sub-
lattice magnetizations, whereas MA and MD are negative

Figure 3. Details of various crystallographic Fe sites in the crystal
structure of the ε-Fe2O3 phase showing the bond lengths at 300 K
(plotted from XRD data presented by Kelm and Mader27 and included
in the Inorganic Crystal Structure Database (ICSD No. 415250)) and
distortions, Δ200 K, of cation polyhedra at 200 K (distortion values taken
from Gich et al.29 and calculated as Δ= (1/n)

P
i=1
n [(Di - D)/D]2, where

Di is the distance to a given neighbor, ÆDæ the average distance to the first
neighbor, and n the coordination number).

Figure 2. (a) Schematic representation of the unit cell of the ε-Fe2O3

phase employing ball-stick model, (b) crystallographic structure of the
ε-Fe2O3 phase represented by the cation polyhedra, and (c) typical XRD
pattern of the ε-Fe2O3 phase at room temperature, with the major atomic
planes assigned to the corresponding Miller indices.
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sublatticemagnetizations. TheMtotal= (MBþMC-MA-
MD) value of ε-Fe2O3 then shows a maximum at 338 K and
reaches zero at 0 K, which implies that ε-Fe2O3 is a N�eel
P-type ferrimagnet. Taking into account the number of

exchange pathways (described by the Zij parameter, where
i, j = A, B, C, D) that exist between respective Fe3þ ions

via several oxygen ions, it was found thatMA andMD, and
MB andMC are parallel to each other, respectively, whereas
MAandMDareantiparallel tobothMBandMC (seeFigure4).

The values of the effective exchange integrals (Jij) were
estimated to be JAB = -5.43 cm-1, JAC = -4.32 cm-1,
JAD=-4.67 cm-1, JBD=-3.99 cm-1, and JCD=-3.85

cm-1.34 Since the sublatticemagnetizationof the tetrahedral
magnetic sublattice is smaller in magnitude than the sub-

lattice magnetizations for the octahedral sites, the model
implies an imperfect antiferromagnetic ordering with an
uncompensated overall magnetization of the structure that

manifests itself as a ferromagnetic component. In other
words, MD determines the value of the net magnetization
of ε-Fe2O3. This theoretically derived magnetic ordering of

ε-Fe2O3 sublatticemagnetizations isobserved tocorrespond
with the results of room-temperature neutron diffraction

measurements performed by Gich et al.29 Their neutron

diffraction study introduces two different states of ordering
of magnetic moments of Fe3þ ions in one tetrahedral and
three different octahedral crystallographic sites, as a func-
tion of temperature. At higher temperatures (generally
above 150 K and below 490 K, denoted hereafter by the
abbreviation “HT”), the magnetic moments (mHT(Fei), i=
A, B, C, and D) of Fe3þ ions point along the crystal-
lographic a-axis with mHT(FeA) = -3.9 μB, mHT(FeB) =
3.9 μB,mHT(FeC) =3.7 μB, andmHT(FeD) =-2.4 μB.

29 In
other words, following Figure 4, Fe3þ magnetic moments
occupying distorted octahedral A- and B-sites mutually
cancel, because of their perfect antiparallel arrangement
and the net magnetization of ε-Fe2O3 arises as a result from
magnitude-uncompensated oppositely aligned Fe3þ mag-
netic moments sitting at the regular octahedral C-sites and
tetrahedral D-sites. Based on these values of magnetic
moments of Fe3þ ions at different crystallographic sites,
it is then easy to show that we get a net magnetization of
∼0.3 μB per Fe

3þ ion at 300 K, which is in accordance with
the experimental value found from the magnetization mea-
surements and in-field M€ossbauer spectroscopy (see sec-
tions 4 and5). Sucha lownetmagnetizationvalueoffers two
possible conclusions, concerning the room-temperature
magnetic ground state of ε-Fe2O3. It behaves either as a
collinear ferrimagnet16,24,29,33,34 or as a canted antiferro-
magnet;28,35 still, agreement regarding this issue has not been
reachedwithin the scientific communityyet.However, at low
temperatures (below 110 K), the HT arrangement of the
magnetic moments of Fe3þ ions in the structure of ε-Fe2O3

does notmatch the experimental data from low-temperature
neutron diffraction, which suggests a different magnetic
ground state. At ∼110 K, a disappearance of (011) and
(120) magnetic reflections is observed, followed by a rise of
new magnetic peaks near these two reflections. These new
peaks are satellites of the (011) and (120) Bragg positions,
implying an emergence of an incommensurate magnetic
structure below ∼110 K (see Figure 5).29,36 After testing
various helimagnetic and sine-modulated structures to fit the
profiles of the low-temperature neutron diffraction patterns,
it turned out that, below 110 K, the ordering of magnetic
moments of tetrahedrally and octahedrally coordinated Fe
atoms becomes rather complicated, which can be correctly
described by a sine-modulated structure with a periodicity
of ∼10 crystalline unit cells and with all Fe3þ magnetic
moments lying in the xy-plane. However, this does not
appear to be an absolutely correct description of the low-
temperaturemagneticorderingofatomicmagneticmoments
within the four crystallographic sites, as noted by the
M€ossbauer spectroscopy results.29 The spectral components
of the M€ossbauer spectra (four sextets ascribed to four
different crystallographic sites), measured at 10 and 200 K,
exhibit almost the same line width values for all of the sites,
which suggests that the sextets related to the Fe3þ ions
located at the particular crystallographic sites of ε-Fe2O3

structure are quite narrow and, consequently, the corre-
sponding magnetic moments of Fe3þ ions should be almost
constant in modulus. Indeed, this is not fulfilled in the case
of a sine-modulated magnetic structure with a periodicity of
∼10 unit cells. Thus, to satisfy the neutron diffraction data

Figure 4. Schematic diagram describing the arrangement of magnetic
moments of Fe atoms occupying various crystallographic sites in the
structure of the ε-Fe2O3 phase including the magnitudes of iron magnetic
moments and the values of ZijJij parameters at 300 K. (Adapted from
Ohkoshi et al.34)
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and the results derived from the M€ossbauer spectra, a

square-wave-modulated magnetic structure (i.e., the super-
position of a series of sine-modulated structures with the

harmonics of wave vectors as the propagation vectors) has

been finally proposed to characterize the low-temperature
magnetic stateofFe3þmagneticmoments in ε-Fe2O3.At this

point, a crystallographic phase transformation cannot be
excluded unambiguously, since most of the magnetic transi-

tions occur simultaneously with the structural changes.
The conclusions stemming from the results of neutron

diffraction measurements obtained by Gich et al.29 have
been recently confirmed by Tseng et al.50 Similar to that
reported in the work byGich et al.,29 it was proposed that
the transition from high-temperature commensurate
magnetic structure to low-temperature incommensurate
magnetic structure occurs in at least three stages between
80 K and 150 K. In this temperature interval, changes in
the coordination of octahedral A-sites and tetrahedral
D-sites are assumed to occur that arise simultaneously
and/or as a consequence of the emergence of the incom-
mensurate magnetic regime. This second-order structural
transition dampens out below 80 K and ε-Fe2O3 enters a
magnetic state characteristic of a square-wave incommen-
surate magnetic structure. Occurring along with this
gradual magnetic transition, Tseng et al.50 observed a
change in the strength of spin-orbit coupling caused by
instability in the orbital contribution (morb) to the Fe3þ

magnetic moment. It has been shown that, while the spin
component (mspin) of the Fe

3þmagnetic moment remains
temperature-independent, as the temperature falls down,
the orbital component of the Fe3þmagnetic moment first
reduces, reaching its minimum value at ∼120 K, after
which it strengthens back to attain a value of the same
order as that at 200 K (see Figure 6). In other words,
spin-orbit interactionsweaken, leading to partial loosen-
ing of a tight bond between mspin of the Fe3þ magnetic
moment and strong local crystal electric fields generated

by surrounding (oxygen) ions. This remarkable behavior
of morb is closely connected with the lattice distortions
and structural changes (the c-axis suffers an increased
contraction, in contrast to the a- and b-axis, as documen-
ted by results from temperature-dependent XRD) that
accompany themagnetic transition from a high-temperature
commensurate to low-temperature incommensurate
magnetic ordering in ε-Fe2O3. This is then manifested in
the decrease of magnetocrystalline anisotropy constant
and a drastic decline of coercivity at∼110 K. In addition,
combining the analyses of experimental data from XRD,
magnetization measurements, and M€ossbauer spectros-
copy indicates that significant changes in morb of Fe3þ

ions and the collapse of coercivity in ε-Fe2O3 appear only
in a limited temperature range (80-150 K). Because a
change in the profile of the neutron diffraction pattern of
ε-Fe2O3 has been also detected in this temperature
interval,28 all the experimental results thus unambigu-
ously confirm the existence of the magnetic transition at
∼110 K, driven by structural changes involving distor-
tions predominately affecting the surroundings of the
A- and D-sites.29 However, similar to that observed

Figure 5. Neutron diffraction patterns of ε-Fe2O3 nanoparticles em-
bedded in the silica matrix measured at 80, 90, 100, 110, 120, 300, and
488K.Themost relevant reflections are indicated for the pattern at 300K,
and the arrows mark the appearance and disappearance of relevant
magnetic diffraction peaks as the temperature decreases. (Adapted from
Gich et al.36)

Figure 6. Temperature dependence of (a) the effective orbital moment
(morb) and (b) effective spinmoment (mspin) of theFe

3þmagneticmoment in
the ε-Fe2O3 phase. (Adapted from Tseng et al.50)
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above 150K, there are still doubts about the nature of the
ground magnetic state of ε-Fe2O3 at low temperatures,
since some authors claim that a transition at ∼110 K
separates two canted antiferromagnetic regimes with
different canting angles rather than a collinear ferrimag-
netic and square-wave incommensurate magnetic state
(see section 5).28,35

As it has been already mentioned, this fourth polymorph
of iron(III) oxide exists only in the form of nanoobjects.
Since it is thermodynamically unstable, it easily transforms
to R-Fe2O3 upon heating.15 This phase transformation is
accompanied by the size increase of the iron(III) oxide
nanoparticles (i.e., the transformation is triggered at the
temperature when the size of the ε-Fe2O3 nanoparticles
reaches a certain value above which they become thermo-
dynamically unstable). In unconfined samples (i.e., space-
unrestricted ε-Fe2O3 nanoparticles), a wide range of tem-
peratures (from∼700Kto∼1300K) havebeen reported for
the ε-Fe2O3 f R-Fe2O3 transformation.38,75 However, if
confined in the pores of a silicamatrixwith defined sizes, the
stability of ε-Fe2O3 is enhanced, shifting the transformation
temperature even to ∼1700 K.22 The presence of a silica
matrix thus prevents the growth of ε-Fe2O3 nanoparticles
within the silica pores, avoiding particle coalescence.
In general, there are two main factors that affect what

Fe2O3 nanosized polymorph is formed from a precursor
and how it is transformed to various iron(III) oxide
phases.40,53 These include the free energy (G) per volume
(V) of different i-Fe2O3 phases (i = R, β, γ, ε), and the
energy barrier that must be overcome for the phase trans-
formation to occur. These two parameters are dependent
on many factors, including the kinetics and nanoscaled
nature (e.g., enhanced surface-to-volume ratio) of a ma-
terial. The free energy (or, equivalently, the Gibbs energy)
per volume then takes into account the chemical potential
( μ) and the surface energy (σ), i.e., G/V= ( μ/υ) þ (6σ/d),
where υ is the molar volume and d denotes the size of
a nanoparticle. Generally, it is widely accepted that the
surface energy and surface stress, being characteristic
nanoparticle parameters, act as driving forces for the

formation and stability of crystalline phases. Considering
these facts, one can easily derive that the ε-Fe2O3 phase can
exist when the size of the Fe2O3 particle is -6υ(σε - σγ)/
( με- μγ) < d<- 6υ(σε- σR)/( με- μR) if (i) μR<με<μγ,
(ii) σR> σε> σγ, and (iii) (σε- σγ)/( με- μγ) > (σε- σR)/
( με - μR) (see Figure 7).40 Thus, it follows that, if Fe2O3

nanoparticles grow large enough, the existence of an ε-Fe2O3

phase is no longer favored. Inotherwords, the size reductionof
the Fe2O3 particle enhances a contribution of the surface (or
interface) energy to the Gibbs free energy, which stabilizes the
ε-Fe2O3 phase in the nanoscaled size. The validity of this rule
hasbeenrecentlysupportedbytheworkofSakuraietal.,84who
succeeded to first observe a successive phase transformation
that included all four crystalline polymorphs of Fe2O3 (i.e., the
γ-Fe2O3 f ε-Fe2O3 f β-Fe2O3 f R-Fe2O3 phase trans-
formation) upon increasing the Fe2O3 particle size precisely.
In the synthesis employinga silicamatrix as a size restrictor and
FeSO4asaprecursor, thethresholdsizes (diametersof spherical
nanoparticles) at which the γ f ε, ε f β, and β f R phase
transformations occur were estimated to be ∼8 nm, ∼30 nm,
and∼50 nm, respectively.
So far, few works have been focused on the effect of

substitution of non-Fe cations in the structure of ε-Fe2O3.
None of the works, published to date, has confirmed any
dependence of the morphology of ε-Fe2O3 nanoobjects
upon cation substitution; the morphology of the cation-
substituted ε-Fe2O3 nanoobjects does not change with the
replacement of Fe3þ ions by foreign metal cations.65,66,85,86

On the other hand, the average particle size and particle size
distribution have been found, to some extent, to be depen-
dent on a degree of cation substitution; however, its effect
does not follow any definite rule (i.e., it does not correlate
with a substitution-induced evolution of other physical
quantities whose dependences on the degree of cation
substitution can be described by an explicit rule).65,66,85,86

One of the first substitution-oriented studies involvedgallium-
doped ε-Fe2O3 rod-shaped nanoparticles (i.e., ε-Gax-
Fe2-xO3, where 0.10 e x e 0.67), because it turns out that
these nanomagnets are promising for a construction of a
millimeter-wave absorber exhibiting ferromagnetic reso-
nance in the region of 35-147 GHz (see section 7).65 It
was shown that the substitution of Ga3þ ions occurs pre-
ferentially at the D-sites and partially at the octahedral
C-sites, whereas the two distorted octahedral sites are
not doped, as a result of a smaller ionic radius of Ga3þ

(0.620 Å), compared with that of Fe3þ (0.645 Å). As
the amount of Ga3þ ions increases in the structure of
ε-Fe2O3, it leads to a progressive compression of the lattice
constants. In addition, the amount of gallium substitution
controls the value of the netmagnetization, reaching a value
of ∼30 Am2/kg for ε-Ga0.47Fe1.53O3 at 300 K, which is
almost twice as high as the room-temperature net magneti-
zation value reported for undoped ε-Fe2O3 (see section 5).
However, exceeding a certain amount of Ga atoms in the
structure of ε-Fe2O3 (if x > 0.47 in ε-GaxFe2-xO3), the
value of the room-temperature net magnetization decreases
as Ga atoms begin to substitute for Fe atoms, preferentially
at the C-sites.85 Apart from this, the degree of Ga3þ

substitution affects the value of the coercive field at 300 K,

Figure 7. Stability of individual polymorphs of Fe2O3 based on the
calculated dependence of the free energy per volume (i.e., G/V) on the
size (d) of the iron(III) oxide nanoparticles of a particular polymorph (the
dependencesderivedunder theconditionsofμR<με<μγ,σR>σε>σγ, and
(σε- σγ)/(με- μγ) > (σε- σR)/(με- μR)). (Adapted fromOhkoshi et al.40)
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which can be tuned over a wide range. As more Ga atoms
are substituted in the structure of ε-Fe2O3, the value of the
room-temperature coercivity decreases, which is believed to
happen because of the progressive decrease in the Curie
temperature with increasing Ga3þ substitution.85 Similar
substitution-driven effects on the structural and magnetic
properties of the ε-Fe2O3 phase have been observed for
aluminum-doped ε-Fe2O3 nanomagnets (i.e., ε-AlxFe2-xO3,
where 0.06 e x e 0.40), which are being considered
as another perspective candidate in the field of electro-
magnetic wave absorbers for high-speed wireless
communication.66 Within the substitution range studied,
it has been found that the Al3þ ion prefers to occupy the
D-sites, because of its smaller ionic radius (0.535 Å),
compared to that of the Fe3þ ion. As the aluminum
content increases in the crystal structure of ε-Fe2O3, the
lattice parameters are progressively reduced, as in the
case of Ga3þ substitution.66 Upon an increase of doped
Al3þ ions, the Curie temperature and room-temperature
coercivity (BC(300 K)) of aluminum-substituted ε-Fe2O3

nanosystems gradually decrease, whereas the room-tem-
perature net magnetization (M(300 K/5 T)) in an applied
magnetic field of 5 T increases, in comparison to the
corresponding values of TC, BC(300 K), and M(300
K/5 T) reported for an undoped ε-Fe2O3 phase.

66 How-
ever, if In3þ ions are gradually substituted in the crystal
structure of ε-iron(III) oxide polymorph (i.e., ε-In-

xFe2-xO3, where 0.12 e x e 0.24),86 the lattice constants
describing the crystal structure of undoped ε-Fe2O3 phase
progressively enlarge as a result of the bigger ionic radius
of the In3þ ion (0.790 Å) than that of the Fe3þ ion. In
contrast to the site occupation preference observed for
Ga3þ and Al3þ substituting ions, In3þ ions predominantly
occupy the distorted octahedral A- and B-sites of ε-Fe2O3

crystal structure. Similar to that observed in the case ofGa3þ

and Al3þ substitution, the values of TC and BC(300 K)
decrease as the concentration of doped In3þ ions increases.86

However, no change in the M(300 K/5 T) values has been
observed within the investigated range of In3þ substitution.

4. Zero-Field and In-Field M€ossbauer Spectroscopy
of the ε-Fe2O3 Phase

As it is well-known, 57Fe M€ossbauer spectroscopy is a
very sensitive experimental tool; it allows one to monitor
the changes in the local environment of the Fe atoms in
the crystal lattice. Hyperfine parameters, obtained from
the spectral line positions, such as the isomer shift (δ),
quadrupole splitting (ΔEQ), quadrupole shift (εQ), and
hyperfine magnetic field (Bhf), provide important infor-
mation on the electronic density, its symmetry, and
magnetic properties at the 57Fe M€ossbauer probed nu-
cleus. The method also yields valuable material charac-
teristics from the widths of the spectral lines, their relative
intensities, asymmetry of the spectrum, and temperature
and field dependence of the hyperfine parameters. The
valence and spin states of iron, quantification of none-
quivalent Fe sites in the crystal lattice, coordination of Fe
in its individual positions, level of ordering and stoichi-
ometry, type of the magnetic ordering, orientation of the

magnetic moments in external magnetic fields (i.e., spin
canting and spin frustration), magnetic anisotropy, and
magnetic transition temperature represent the principal
information that can extracted from the temperature-
dependent and in-field M€ossbauer spectra.87,88 In the
case of iron(III) oxide polymorphs, 57Fe M€ossbauer
spectroscopy, applied in a broad range of temperatures
and intensities of an external magnetic field, provides a
distinct separation of individual spectral components
belonging to R-Fe2O3, β-Fe2O3, γ-Fe2O3, and ε-Fe2O3,
because of different crystal structure andmagnetic behav-
ior of these Fe2O3 phases reflected in their characteristic
temperature- and field-dependent M€ossbauer hyperfine
parameters.15

With respect to the orthorhombic crystal structure of
ε-Fe2O3 and its N�eel temperature of ∼490 K, its room-
temperature zero-field M€ossbauer spectrum consists of
four magnetically split components with a ratio of spec-
tral areas of 1:1:1:1 (see Figure 8). This indicates equal ion
occupancies at all four crystallographic sites, assuming
that all Fe atoms in ε-Fe2O3 have the same recoilless
fraction. All four sextets exhibit a line intensity ratio of
3:2:1:1:1:2:3 valid for a powderedmaterial with a random
distribution of orientations of hyperfine magnetic field
(i.e., all possible orientations of the hyperfine magnetic

Figure 8. Typical M€ossbauer spectrum of the ε-Fe2O3 phase recorded
at 300 K and without an external magnetic field.
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field are equally probablewithin the entire 4π solid angle).
However, because of almost the same M€ossbauer hyper-
fine parameters of the two sextets belonging to themagnetic
sublattices of A- and B-sites, which implies almost the same
local surroundings of Fe atoms situated at the A- and
B-sites, the ε-Fe2O3 room-temperature overall spectral pro-
file is usually described by three sextets with a ratio of
spectral areas of 2:1:1.24,28,35,39 Contrary to γ-Fe2O3 for
which, at 300 K and without an applied magnetic field, it is
almost impossible to distinguish between the two sextets
arising from the tetrahedral and octahedral sites,81 the
separation of the spectral components related to the tetra-
hedrally and octahedrally coordinated Fe atoms in ε-Fe2O3

is clearly evident at 300 K, mainly because of a significantly
lower value of themagnetic hyperfine field at the tetrahedral
crystallographic positions. For the sake of lucidity, the
typical room-temperatureM€ossbauer hyperfine parameters
of ε-Fe2O3 are listed in Table 1. The values of the isomer
shift for all four sextets fall within the range expected for 6S
Fe3þ ions in a high-spin state (i.e., S = 5/2). The smaller
value of δ for sextet D, compared to the δ values for the
other three magnetically split components, indicates a
tetrahedral coordination of Fe atoms in the structure. The
difference between the values of δ for octahedral sextets and
tetrahedral sextet of ε-Fe2O3 is equal to∼0.12 mm/s, which
fully agrees with that between the tetrahedral sextet and
octahedral sextet in γ-Fe2O3.

81 A nonzero value ofΔEQ for
sextets A and B implies a slightly distorted surrounding of
Fe atoms sitting at the octahedral A- and B-sites, whereas a
negligible value of ΔEQ for sextet C predicates a highly
symmetric and undistorted local environment of Fe atoms
located at the octahedral C-sites. Based on the value ofΔEQ

for sextet D, the tetrahedral D-sites also exhibit a certain
degree of distortion; however, it is not expected to be as
pronounced as for the octahedral A- and B-sites (see
Table 1). Since the spherically symmetric distribution of
the electronic charge for Fe3þ ions results in zero contribu-
tionsof theorbital anddipolarmagnetic hyperfine fields, the
overall hyperfinemagnetic field is thendetermined only by a
negative Fermi contact term, which is oppositely oriented,
with respect to themagneticmoment of the Fe3þ ion. In this
case, the hyperfine magnetic field of the Fe3þ ion at a
particular site is directly proportional to the magnetization
at the sublattice to which this Fe3þ ion belongs. The values
of the hyperfinemagnetic fields corresponding to individual
spectral components of ε-Fe2O3 thus reflect the sublattice
magnetizations at particular sites at a given temperature.89

Therefore, in correspondence with the results of neutron
diffraction experiments and molecular field theory study,
both providing information on the magnitude of magnetic

moments of Fe atoms at different crystallographic sites of ε-
Fe2O3 (see section 3),

29,34,36 sextetsAandB exhibit the same
value of Bhf, which is somewhat higher than that observed
for sextetC, and sextetD shows the lowestBhf value of all of
the magnetically split components.
As the temperature is reduced, the zero-field M€ossbauer

spectrum of ε-Fe2O3 retains its features down to 150 K,
below which a radical change in its spectral profile is ob-
served. The analysis of low-temperature M€ossbauer spectra
shows that, between 150 K and 80 K, most of the hyperfine
parameters of various Fe sites deviate from the thermal
dependencesdisplayedathigher temperatures.Theseanoma-
lies particularly involve the tetrahedral sites in the structure of
ε-Fe2O3, for which a 20% increase inBhf (∼9 T) is registered
between 140Kand100K, accompaniedby a shift in both the
isomer shift and the quadrupole splitting in the same tem-
perature range (see Figure 9). As the ΔEQ,A parameter of
sextet A changes its sign from a negative value to a positive
value and δA unusually decreases within this temperature
range, Gich et al.36 guessed that, upon cooling the ε-Fe2O3

sample below 150K, some structural changes may affect the
A-site coordination octahedron, which, subsequently, may
induce some changes in the coordination of the D-sites
reflected in the value and the sign of ΔEQ,D (see Figure 9).
In addition, spin reorientations should also be taken into
account to play some role in the micromagnetic state of
ε-Fe2O3between 150Kand80Kas they commonlymanifest
themselves by significant changes in the quadrupole splitting
parameter.For example, thishappensat theMorin transition
temperature (TM) inR-Fe2O3 (at∼265K for bulkR-Fe2O3),
at which the transition from a high-temperature weakly
ferromagnetic state to a low-temperature antiferromagnetic
state, triggered by a 90� spin reorientation phenomenon, is
observed.15,90,91 Above TM, the magnetic moments of Fe3þ

ions lie in the basal plane of the crystallographic structure of
R-Fe2O3 and are coupled in an antiferromagnetic manner
across the shared FeO6 octahedron faces along the c-axis. In
the basal plane, two interpenetrating antiferromagnetic sub-
lattices are recognized. However, the atomic magnetic mo-
ments of these two sublattices are not exactly antiparallel and
are rotated by a small angle around the R-Fe2O3 [001]-axis
(i.e., are spin canted), giving rise to a weak magnetic moment
along the c-axis, because of the Dzyaloshinsky-Moriya
antisymmetric interaction.91-93 Below TM, the atomic mag-
netic moments of one sublattice are perfectly antiparallel to
those of the other sublattice, constituting pure antiferromag-
neticorderingwithanantiferromagnetic axisbeingparallel to
the R-Fe2O3 [001]-axis. The Morin transition in R-Fe2O3 is
thenaccompaniedbya change in thevalueof theΔEQparam-
eter from 0.20 mm/s for the weakly ferromagnetic state

Table 1. Typical Room-Temperature M€ossbauer Hyperfine Parameters of the ε-Fe2O3 phase
a

component
isomer shift,
δ (mm/s)

quadrupole splitting,
ΔEQ (mm/s)

hyperfine magnetic
field, Bhf (T)

relative spectral area of individual
spectral components, RA (%)

sextet A-FeA 0.37 ( 0.01 -0.25 ( 0.01 44.5 ( 0.3 25 ( 1
sextet B-FeB 0.37 ( 0.01 -0.25 ( 0.01 44.6 ( 0.3 25 ( 1
sextet C-FeC 0.38 ( 0.01 -0.03 ( 0.01 38.7 ( 0.3 25 ( 1
sextet D-FeD 0.23 ( 0.01 -0.15 ( 0.01 25.6 ( 0.3 25 ( 1

aThe listed isomer shift values are relative to the isomer shift value of R-Fe at room temperature.
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to-0.40mm/s for the antiferromagnetic state.15,94 Thus, the
structural transformations and possible spin reorientation
effects, taking place in the temperature interval from 150 K

down to 80 K, lead to a significant magnetic softening of

ε-Fe2O3. The changes in ΔEQ for sextets A and D can be
associated with an experimentally confirmed weakening of

the spin-orbit coupling of Fe cations (via diminution of the

orbital component of the overall Fe3þ magnetic moment),
which has a direct impact on the magnetic anisotropy of

ε-Fe2O3.
50 The fact that the transition from one magnetic

regime to another is rather broad and is accompanied by a

coexistence of severalmagnetically different phases between

80 K and 150 K is further documented by line width
parameters that increase for all magnetically split compo-

nents below 150 K (see Figure 9). The line broadening is

more pronounced in the case of sextet D, which fortifies the
hypothesis of emergence of some disorder at the crystal-

lographically different sites of ε-Fe2O3 structure. Hence, the
changes in all M€ossbauer hyperfine parameters of all four

sextets, including their substantial line broadening in the

temperature range from 150 K down to 80 K, suggest a
redistribution of electronic density in the local surrounding
of the probed Fe3þ ions and a change of geometry of the
iron sites in the structure of ε-Fe2O3 accompanied likely by
spin reorientation phenomena.28,29,33,35

Below 80K, inmost cases, only two sextets are resolved
in theM€ossbauer spectrum of ε-Fe2O3: the first one arises
from the three different octahedral sites and the second
one belongs to the tetrahedral sites. At 4.2 K, the analysis
of the octahedral sextet gives δO ≈ 0.49 mm/s, ΔEQ,O≈ 0
mm/s, and Bhf,O ≈ 51.6 T, whereas, for the tetrahedral
sextet, we find δT ≈ 0.31 mm/s, ΔEQ,T ≈ 0 mm/s, and
Bhf,T ≈ 45.8 T.33 Note that the value of Bhf for the
tetrahedral sites is much smaller than that reported for
tetrahedral positions in the structure of bulk γ-Fe2O3 (Bhf

≈ 52.0 T at 4.2 K). The temperature dependence of the
hyperfine magnetic field at individual sites of ε-Fe2O3,
derived from the measured M€ossbauer spectra, shows
that, for the distorted octahedral sites, the temperature
behavior of Bhf is governed by the Brillouin function with
S = 5/2, whereas the Langevin function seems to be
correct for a description of the temperature evolution of
the hyperfine magnetic field at the regular octahedral and
tetrahedral sites. Thus, it follows that, within the time
scale of theM€ossbauer technique (∼10-8 s), the magnetic
moments of the Fe3þ ions situated at the A- and B-sites
behave as quantum spins, contrary to the magnetic mo-
ments of the Fe atoms located at theC- andD-sites, which
behave as freely rotating classical spins.33

It turns out that if ε-Fe2O3 is exposed to an external
magnetic field, the measured in-field M€ossbauer spec-
trum then brings a deeper insight for understanding its
magnetic state. In general, in-field 57Fe M€ossbauer spec-
troscopy allows one to investigate the arrangement of the
atomic magnetic moments within the sample effectively
and is considered as a key experimental technique in
the study of unusual phenomena (i.e., spin canting, spin
frustration, spin-glass-like state of nanoparticle surface
atomic magnetic moments, etc.)81,95-98 that appear in
particles with sizes of units or tens of nanometers. In
addition, the separation of individual spectral contribu-
tions in an applied magnetic field enables one to deter-
mine the magnetic structure of the studied material
(i.e., different crystallographic sites establishing different
magnetic sublattices)88,89,99 and/or quantify the portions
of impurity phases that have very similar zero-field
M€ossbauer hyperfine parameters and are therefore un-
distinguishable in zero-field M€ossbauer spectra. In the
presence of an external magnetic field, the effective
hyperfine magnetic field (Beff) at the 57Fe nucleus is
expressed as a vector sum of the hyperfine magnetic field
(Bhf) and the external magnetic field (Bext), i.e., Beff =
Bhf þ Bext. The effective hyperfine magnetic field is
inclined at an angle θ to the γ-ray direction. It follows
thatBhf

2 =Beff
2 þBext

2 - 2BeffBext cos(θ). IfBhf.Bext,Beff

and Bext are practically collinear and Beff ≈ Bhf þ Bext

cos(θ). Because ε-Fe2O3 is composed of Fe3þ ions, the
direction of the hyperfine magnetic field is antiparallel
to the orientation of the magnetic moment of the Fe3þ ion,

Figure 9. Temperature dependence of hyperfine parameters of the
ε-Fe2O3 phase derived from its M€ossbauer spectra recorded at various
temperatures. (Adapted from Gich et al.29)
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as a result of the negative Fermi contact term. The
areas of the lines in a sextet are then in the ratio of 3:x:1:1:
x:3, with x = 4 sin2(θ)/[1 þ cos2(θ)].87 In an experimental
geometry when the applied magnetic field points in the
direction of γ-ray propagation, x = 0 if the alignment of
magnetic moments is parallel or antiparallel, with respect
to the direction of the applied magnetic field (i.e., ferro-
magnetic and ferrimagnetic materials of a powder, poly-
crystalline, and monocrystalline form with a dominant
magnetic dipolar hyperfine interaction and an absence of
the internal texture), and x=4 for a perpendicular orienta-
tion of magnetic moments to the direction of the external
magnetic field (i.e., antiferromagnetic materials of mono-
crystalline form with a dominant magnetic dipolar hy-
perfine interaction, an absence of the internal texture, and
for the case of the external magnetic field oriented along
the characteristic antiferromagnetic axis and with a mag-
netic induction higher that the characteristic spin-flop
field of the given antiferromagnetic material).100 To
determine the angle θ (i.e., the orientation of Bhf at a
particular Fe site, with respect to the direction of incom-
ing γ-rays and external magnetic field), it is then easy to
show that θ=arcsin{[6r/(4þ 3r)]1/2}, with r=A2,5/A1,6,
where A1,6 is the spectral area of the first and sixth sextet
lines (A1,6 = 3) and A2,5 is the spectral area of the second
and fifth sextet lines.
The in-field M€ossbauer spectrum of ε-Fe2O3 shows

that the effective hyperfine magnetic field increases for
theA- andD-sites, while it decreases for the B- andC-sites
compared to the values of respective hyperfine magnetic
fields at particular sites. Analyzing the pioneering in-field
M€ossbauer spectrum of ε-Fe2O3 at 9 K and under an
external magnetic field of 6 T, applied parallel to the
direction of the γ-rays,24 it was deduced that the hyperfine
magnetic field at the octahedral A-sites is canted by∼35�
from the orientation ofBext (see Figure 10). The hyperfine
magnetic fields at the octahedral B- and C-sites were
found to be parallel to each other and were canted in
the opposite direction by approximately the same angle
(∼144�). Finally, the hyperfine magnetic field at the
tetrahedral D-sites displayed canting at ∼65� from the
orientation of Bext. Thus, a ferrimagnetic structural ar-
rangement with three (or four) sublattices was proposed,
which gives a net magnetization of∼0.4 μB per Fe (taking
into account a value of 5 μB for the 6S Fe3þ ion). Later
refinements, based on the analyses of in-field M€ossbauer
spectra measured in the temperature range from 9 K to
250 K and under an applied magnetic field of 6 T, show
that ε-Fe2O3 behaves as a collinear ferrimagneticmaterial
with two magnetic sublattices, i.e., A = FeA þ FeD and
B = FeB þ FeC, which are canted symmetrically or anti-
parallel with incomplete alignment.33 The fact that the
magneticmoments of Fe3þ ions at theC- andD-sites obey
a Langevin-like behavior is associated with the existence
of multiple spin states, because of competing super-
exchange interactions and possibly dipolar interactions.
The in-field M€ossbauer data indicate that the spin struc-
ture of ε-Fe2O3 is mainly driven by strong antiferromag-
netic superexchange interactions that occur between FeA

and FeB ions. The magnetic moments of Fe3þ ions at the
A- and C-sites interact with each other in a similar way,
but the corresponding superexchange interaction are not
as strong as in the case of FeA-FeB interaction. Thus, the
magnetic moments of FeC ions become more affected by
intrasublattice interactions than FeA and FeB ions. The
topology thus causes frustration for both superexchange
and dipolar interactions, which induces spin disorder at
the octahedral C-sites. The orientation of FeD ions is
governed by an intersublattice magnetic coupling, but the
results imply that all the antiferromagnetic interactions
between an FeD ion and its seven FeB,C neighbors cannot
be energetically satisfied simultaneously.33

A rather different explanation of the ground magnetic
state of ε-Fe2O3 has been proposed byRehspringer et al.35

The in-field M€ossbauer spectra of ε-Fe2O3, measured at
4.2, 120, and 160 K under an external magnetic field of
5 T applied perpendicular to the direction of γ-rays,
again indicate two magnetic sublattices (but this time,
A=FeA þ FeB and B = FeC þ FeD). At 160 K, the
magnetic moments of the two sublattices are antiparallel
to each other and are collinear with the applied magnetic
field. However, at 4.2K, an external magnetic field causes
the magnetic moments of the (FeC þ FeD) sublattice to
orient almost perpendicular to its direction. These results
were then explained in terms of different magnetic aniso-
tropy of the ε-Fe2O3 at 160 and 4.2K.Because of theweak
magnetic anisotropy at 4.2 K and the possible presence of a
low-temperature metamagnetic state (see section 5), the
magnetic moments that belong to one sublattice are easily
flopped under the external magnetic field, whereas above
120 K, the magnetic structure of ε-Fe2O3 resembles char-
acteristics of a collinear 2-sublattice antiferromagnet driven
by strong magnetic anisotropy.35

5. Magnetization Measurements of the ε-Fe2O3 Phase

While zero-field and in-field 57Fe M€ossbauer spectros-
copy gives information on the local magnetic properties
of the probed Fe atoms, data from the magnetization
measurements report on the macroscopic magnetic prop-
erties of the investigated samples. Similar to that indi-
cated by the analyses of the zero-field and in-field
temperature-dependent M€ossbauer spectra of ε-Fe2O3,
the interpretation of the magnetization measurements

Figure 10. Schematic representation of the orientation of the hyperfine
magnetic fields in the ε-Fe2O3 phase, derived from its in-field M€ossbauer
spectrum collected at 9 K and under an external magnetic field of 6 T
applied along the direction of propagation of γ-rays. (Adapted from
Tronc et al.24)
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suggests two possible ground magnetic states of ε-Fe2O3.

Thus, ε-Fe2O3 behaves either as a collinear ferrimagnetwith

a transition to the square-wave incommensurate magnetic

structure at low temperatures16,24,29,33,34 or as a canted

antiferromagnet characterized by differently canted anti-

ferromagnetic states with a sign of transition to ametamag-

netic state at low temperatures (see Figure 11).28,35

Generally, ε-Fe2O3 displays complex magnetic proper-
ties that dramatically change at two significant tempera-
tures, namely, at∼490Kand∼110K.At∼490K, ε-Fe2O3

passes from a paramagnetic state to a magnetically
ordered state. As the temperature decreases, the coercivity
of ε-Fe2O3 rapidly increases, reaching a value of ∼2 T at
room temperature (see Figure 12).16,29 Themagnetic hard-
ness of ε-Fe2O3 then first increases slightly when the
temperature decreases from 300 K to 200 K (∼2.2 T at
200K), then it drastically decreases to zero at∼100K, and
finally, it again strengthens down to 2 K (see Figure 13).29

Such a large change in the magnetic hardness of ε-Fe2O3

reflects a change in the magnetocrystalline anisotropy,
which may result from either a change in the geometry of
the Fe sites in the crystal structure and/or a reorientation
phenomenon of the Fe3þ magnetic moments, as reported
for R-Fe2O3.

29,36,37,50 Furthermore, the collapse in BC is
accompanied by a decrease in the squareness ratio (MR/
MS, where MR is the remanent magnetization) (see
Figure 13). The temperature-dependent magnetization
curves, recorded upon warming and cooling ε-Fe2O3 in
the same externalmagnetic field, show two anomalies, i.e., a
sharp change of the slope at ∼110 K below which the
magnetization abruptly decreases, and a weak change at
∼150K,where amaximum in themagnetization is observed
(see Figure 14). According to some research groups, the
unusual behavior of magnetization of ε-Fe2O3 at ∼110 K,
which has not been registered in the GaFeO3 and AlFeO3

isomorphous systems, is ascribed to the transition from
one canted antiferromagnetic state (characterized by a
certain canting angle) to another canted antiferromagnetic
state with a smaller resultant magnetic moment (i.e., with a
smaller canting angle).28 This transition,which is sometimes
referred to as a Morin-like transition, is also evidenced by

sharp peaks (centered at∼110K) appearing in both the real
and imaginary components of the AC susceptibility, which
is attributed to a change in the magnetic hardness of this

peculiar magnetic material. However, with increasing
frequency of the applied magnetic field, the maxima in the

AC-susceptibility parts shift to lower temperatures, in con-
trast to the responseof spin glasses, singlemoleculemagnets,

and an assembly of superparamagnetic particles.Moreover,

the magnetization curves upon warming and subsequent

cooling exhibit irreversibility below 110K if the temperature

dependence of magnetization is measured in a relatively

small applied magnetic field (from ∼0.5 mT to ∼0.1 T).

Some authors claim that the presence of this bifurcation

point between magnetization curves under warming and

cooling conditions can be regarded as a mirror image of the

transition associated with a paramagnetic-ferrimagnetic

transition of a hardmagnet.28 As the intensity of the applied

magnetic field increases, the separation between warmed

and cooled magnetization curves progressively diminishes

and the curves become identical when recorded under an

external magnetic field of >2 T. This suggests a possible

presence of a metamagnetic transition at ∼50 K with a

critical field (field required to change the orientations of the

magnetic moments) lying between 0.1 T and 1 T and

Figure 11. Proposed magnetic regimes of the ε-Fe2O3 phase at various
temperatures. (Adapted from Kurmoo et al.28)

Figure 12. Typical room-temperaturehysteresis loop (MvsBdependence)
of the ε-Fe2O3 phase. (Adapted from Jin et al.16)

Figure 13. Temperature evolution of the coercivity (BC) and squareness
ratio (MR/MS) of the ε-Fe2O3 phase. (Adapted from Gich et al.29)
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powered probably by the temperature dependence of the

anisotropy field increasing at low temperatures.28

The room-temperature canted antiferromagnetic state
of ε-Fe2O3 is further documented by an almost linear
dependence of the magnetization with the applied mag-
netic field, its nonsaturation at high external magnetic
fields (typically 5-7 T), and low magnetization values
exhibited under 5 T.35 This has been supported in terms of
an analysis of values of distances and angles between Fe
atoms sitting at four different crystallographic sites of the
ε-Fe2O3 crystal structure.

28 It turns out that intrasublat-
tice FeD-FeD magnetic interactions, which are supposed
to be of an antiferromagnetic nature, are responsible for a
frustration induced between ferromagnetic FeA-FeB-
FeC units establishing an overall antiferromagnetic ground
state of ε-Fe2O3 at room temperature. The canting then
probably arises as a consequence of this frustration, given
the absence of the single-ion anisotropy.
To decide whether the transition at ∼110 K exhibits the

features of the Morin transition as partly predicated by

M€ossbauer spectroscopy results, a theoretical analysis has

been presented by Sakurai et al.,37 taking into account the

temperature behavior of relevant contributions to the mag-

netic anisotropy of the system. In the case of R-Fe2O3, it is

known that theMorin transition, resembling characteristics

of the first-order thermodynamic transition, is driven by an

energy competition between a strong magnetic dipolar

anisotropy (favoring the orientation of spins in the basal

plane of R-Fe2O3 crystal structure) and local single-ion

anisotropy (originating from a spin-orbital interaction

and favoring the orientation of spins in the (111) plane of

the R-Fe2O3 crystal structure) with different temperature

dependencies. At TM, the magnetic dipolar anisotropy is

equal to the local single-ion anisotropy which leads to the

change in the signof the totalmagnetocrystalline anisotropy,

and a 90� spin-flop occurs, accompanied by a change in the

easy axis of the magnetic anisotropy.91 Therefore, a similar

mechanism has been used to explain the observed phase

transition in ε-Fe2O3. Within this approach, the magnetic

anisotropy energy (EMA) of ε-Fe2O3 is taken as the sum of

the energy of the magnetic dipole-dipole interaction ani-

sotropy (EMD) and the local single-ion anisotropy (Elsi), i.e.,

EMA ¼ Emd þElsi

when the directions of the magnetic dipole-dipole interac-

tion anisotropy and local single-ion anisotropy are assumed

to be perpendicular and parallel to the c-axis, respectively.

Thus, one can write that Emd=Kmd cos
2(j) and Elsi =Klsi

sin2(j), where Kmd and Klsi are the corresponding magnetic

anisotropy constants andj represents the angle between the

c-axis and the spin direction. It is then shown that, when the

ratio ofKlsi toKmd is 1.03 at 0K, the calculated curves of the

temperature dependences of Klsi and Kmd cross at ∼150 K

(see Figure 15). At this point of intersection of the Klsi and

Kmd curves, the phenomenon of spin reorientation occurs,

because of the change in the easy axis from the a-axis (or

b-axis) to the c-axis. In terms of this model and its results,

experimentally reportedanomalous temperaturebehaviorof

the magnetization and coercivity of ε-Fe2O3 can be ex-

plained. For example, a gentle decrease in themagnetization

below ∼150 K can be understood as a 90� rotation of the

easy axis and the strange decrease in the coercive field below

∼150 K can be interpreted by the disappearance of the

magnetic anisotropy due to the compensation between Emd

and Elsi. Thus, according to this theoretical study, the spin

reorientation seems to be happening, along with the mag-

netic transition occurring at∼110K, having attributes of the

Morin transition, as observed in R-Fe2O3.
37

However, as previously mentioned, there have been
numerous works establishing other ground magnetic
states of ε-Fe2O3. The first detailed structural and
M€ossbauer study on ε-Fe2O3, carried out by Tronc et
al.,24 found it to be a 4-sublattice ferrimagnetic material,
the magnetic behavior of which is governed by three
types of Fe-O-Fe bonds in the structure. These bonds

Figure 15. Calculated temperature dependences of magnetic anisotropy
constants derived from magnetic dipole-dipole interaction (represented
by Kmd) and local single-ion anisotropy (represented by Klsi). (Adapted
from Sakurai et al.37)

Figure 14. Temperature dependence of magnetization (M) of the ε-Fe2O3

phase upon cooling and subsequent warming. (Adapted from Sakurai
et al.37)
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include the following: (i) strong antiferromagnetic bonds
at an angle close to 180�; (ii) bonds at an angle close to
120�, which are also antiferromagnetic but not as strong
as the close-to-180� bonds; and (iii) bonds at the angle
close to 90�, which are onlyweaklymagnetic. The analysis
shows that the ferrimagnetic response of ε-Fe2O3 is driven
by strong antiferromagnetic coupling between octahedral
FeA and (FeB, FeC) ions and frustrated antiferromagnetic
interactions involving tetrahedral FeD ions. Moreover,
the magnetic moments of Fe3þ ions, located at the tetra-
hedral D-sites, undergo dynamical phenomena, because
of weak magnetic coupling with their adjoining magnetic
partners, partly affecting the magnetic moments of Fe3þ

ions situated at the regular octahedral C-sites. Thus, three
magnetic sublattices, arising from different octahedral
sites, exhibit an almost-collinear ferrimagnetic orderingof
Fe3þ magnetic moments, whereas a lack of alignment,
togetherwithpossible disorder, is expected at the tetrahedral
sites.
Gich et al.29 have recently supported the idea of a ferri-

magnetic structure of ε-Fe2O3 and consequently clarified
what happens to magnetic moments of Fe3þ ions when
ε-Fe2O3 is cooled. They have proposed that, at room
temperature, ε-Fe2O3 behaves as a collinear ferrimagnet
with the Fe3þ magnetic moments oriented along the
a-axis and a net magnetization originating from the small
magnetic moment of Fe3þ ions occupying tetrahedral
sites. The room-temperature saturation magnetization
for the ε-Fe2O3 phase is found to be equal to ∼20 A m2/kg
(∼0.29 μB/Fe

3þ ion, in accordance with the value derived
from the room-temperature neutrondiffractiondataand the
M€ossbauer spectrum). Since the expected moment for Fe3þ

ions should be 5 μB, it is regarded as evidence that
ε-Fe2O3 is ferrimagnetic at room temperature.Themagnetic
structure remains ferrimagnetic down to150K,belowwhich
temperature a series of magnetic and structural transforma-
tions occur, terminating at∼80 K when ε-Fe2O3 enters into
a low-temperaturemagnetic state characterized by a square-
wave incommensurate magnetic structure having reduced
coercivity and a smaller magnetization, compared to the
high-temperature ferrimagnetic regime. The transition be-
tween these two magnetic states is not sharp and proceeds
over a broad temperature interval, implying its complexity.
Themeasurements of zero-field-cooled (i.e., ZFC) and field-
cooled (i.e., FC) magnetization curves at low applied mag-
netic fields (typically e0.1 T) show irreversibility between
them at <100 K, contrary to the reversibility reported at
>100 K. When heating from low temperatures, the ZFC
magnetization curve of ε-Fe2O3 exhibits a significant
increase when the temperature increases from ∼80 K to
∼150 K, indicating three consecutive stages. According to
the magnetization results, and, in agreement with neutron
powder diffraction and M€ossbauer analyses, Gich et al.36

claimed that between 150 K and 110 K, a second-order
structural transition, presumably powered by changes in
the coordination of FeA and FeD sites, occurs simulta-
neously with the emergence of an incommensurate mag-
netic order. The magnetic structure then undergoes
several transformations as the temperature is further

decreased, but no additional changes are observed at
<80 K. These structural and magnetic transformations
weaken the magnetic anisotropy, resulting in an extra-
ordinary magnetic softening of ε-Fe2O3 at <150 K. As the
large room-temperature coercivity is again retrieved after
warming ε-Fe2O3 back to 300 K, it is suggested that the
bizarre decrease in the coercive field is most probably
connected with the decrease in the magnetocrystalline
anisotropy constant. In this context,Gich et al.36 have noted
that a strong weakening in the magnetocrystalline anisotro-
py can be understood in terms of the transition from the
single-domain to an inhomogeneousmagnetization state, as
evidenced by a decrease in the squareness (MR/MS) ratio
from 0.50 at 300 K to 0.20 at 80 K (see Figure 13). The
decline in coercivity has been then ascribed to the loss of the
single-domain character of ε-Fe2O3 at low temperatures and
the Arrhenius nature of domain wall motion. At high
temperatures, the size of ε-Fe2O3 nanoparticles (dε-Fe2O3

) is
smaller than the critical size for the single-domain state
(dSD). Upon reducing the temperature, the magnetocrystal-
line anisotropy constant (KMC) of ε-Fe2O3 nanoparticles
decreases, which is reflected in a reduction of the critical
single-domain size, as dSD is dependent on KMC (for sphe-
rical nanoparticles, dSD � KMC

1/2 ). As dε-Fe2O3
>dSD at low

temperatures, ε-Fe2O3 nanoparticles are not single-domain
any longer. In addition, the decrease in KMC provokes an
increase in the width of the domain wall. Thus, according to
Gich et al.,36 if the width of the domain wall becomes larger
than the size of an ε-Fe2O3 nanoparticle with a sufficiently
lowKMC, the particlemagnetization is expected to enter into
an extended inhomogeneous state known as a “vortex
state”. In addition, as already discussed, the decrease in
KMC (and resultant collapse in BC) is a consequence of a
strong reduction in the spin-orbit coupling documented by
a dramatic decrease in morb between 150 K and 120 K (see
Figure 6). The recent study by Tseng et al.50 claimed that,
taking into account the anomalous behavior of the δ and
ΔEQparameters for theFeAandFeDsites in the temperature
interval from ∼110 K to ∼160 K (see Figure 9), this
weakening of spin-orbit coupling arises from the reduction
in the electron transfer between Fe and O ions for the FeA
and FeD sites, resulting in an increase in ionicity of some
Fe-O-Febonds (especially those between theFeAandFeD
ions). After warming the ε-Fe2O3 phase back through the
transition at ∼110 K, the spin-orbit coupling retains its
strength, indicating nonmonotonic behavior of the Fe-O
bond lengths. Assuming that the lattice distortions are
governed by changes in the magnetic structure in the course
of the gradual magnetic transition, Tseng et al.50 qualita-
tively understood the re-entrant behavior of the orbital
magnetic moment and, consequently, spin-orbit coupling,
in terms of the effect of lattice distortions onmorb reduction
and the resultant impossibility to stabilize these distortions.
From the viewpoint of a perspective application of

ε-Fe2O3, the search for a mechanism that yields a giant
room-temperature coercivity of ε-Fe2O3 has been the
scope of several research works. Such a large room-
temperature coercive field of ε-Fe2O3 is rather surprising
and cannot be solely caused by symmetric 6S Fe3þ ions
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with a half-filled d-shell, in contrast to cobalt-containing
materials, where a large coercivity is, in most cases, invoked
by highly anisotropic Co ions.101,102 One explanation, pro-
posed by Kurmoo et al.,28 sees defects playing an essential
role on the magnetic hardness of ε-Fe2O3. The presence of
defects is promoted by the crystal structure of ε-Fe2O3,
which belongs to a polar group. It is then supposed that the
defect induces two possible orientations within a crystallite,
thus enhancing the magnetocrystalline anisotropy of the
ε-Fe2O3nanoparticle. In this context, any contributions from
the multidomain behavior of the ε-Fe2O3 nanoparticle and
strong dipolar interparticle interactions are strictly excluded
as the former phenomenon does not, with the highest
probability, occur at room temperature and the latter effect
would not be so powerful to influence the magnetic anisot-
ropy of every ε-Fe2O3 nanoparticle in the system. On the
other hand, a hypothesis, raised by Jin et al.,16,41 has
identified other factors that seem to be crucial for achieving
such a high room-temperature coercivity in ε-Fe2O3. Since
BC is generally dependent on the magnetocrystalline anisot-
ropy and saturation magnetization (i.e., BC � KMC/MS),

54

the single-domain character of ε-Fe2O3 nanoparticles, evok-
inghighmagnetic anisotropy (KMC≈2� 105 J/m3), and low
values of magnetization (≈ 15 A m2/kg) observed at high
appliedmagnetic fields are considered to shape the resultant
giant BC of ε-Fe2O3. Note that, among the polymorphs of
Fe2O3, ε-Fe2O3 exhibits the highest value ofKMC, compared
to R-Fe2O3 (which has a KMC value of ∼104 J/m3) and
γ-Fe2O3 (which has a KMC value of ∼103 J/m3).
A rather different explanation why the ε-Fe2O3 phase

possesses such a high coercive field at room temperature
has been presented by Tseng et al.50 Based on the analyses
of experimental data from X-ray magnetic circular di-
chroism and application of sum-rules calculations, which
allows one to separate the orbital (morb) and spin (mspin)
components of the magnetic moment (see Figure 6), they
identified the morb value of Fe3þ magnetic moment,
having a significantly high value, being responsible for a
large magnetocrystalline anisotropy and, consequently, a
giant room-temperature coercivity. As the nonzero value
of morb is quite unexpected in the case of a half-filled 3d5

electronic state of Fe3þ ion (for 3d5 configuration, we
expect the angular momentum (L) to be equal to zero), its
origin is connected with distortions of Fe3þ coordination
polyhedra observed for the two different octahedral sites
(i.e., the FeA and FeB sites; see section 3) and the tetra-
hedral sites (i.e., the FeD sites; see section 3) in the crystal
structure of the iron(III) oxide ε-polymorph. According
to Tseng et al.,50 the distortions of Fe sites then lead to
Fe(3d)-O(2p) mixing and O(2p)-to-Fe(3d) charge trans-
fer, which, along with the crystal-field effects, lifts the
electronic degeneracy and causes the occurrence of non-
zero morb values for the ε-Fe2O3 phase, in contrast to the
case of other iron oxides, wheremorb≈ 0, because of their
crystalline symmetry. Considering the similar distortion-
induced behavior of themorb value reported for GaFeO3,
which is isostructural to ε-Fe2O3, the authors claim
that, because of the off-center displacement of Fe3þ ions
along the c- and b-axis, resulting in broken orbital parity

symmetries, the largest orbital magnetic moment is ex-
pected to be along the a-axis. Because of the emergence of
spin-orbit coupling caused by nonzeromorb values, the a-
axis then becomes the magnetic easy axis along which the
magnetic moments of Fe3þ ions that occupy various
nonequivalent crystallographic sites lie. Because the di-
rections of the magnetic moments are very firmly coupled
to this axis, themagnetocrystalline anisotropy gets larger,
thus stemming from a significantly large spin-orbit
coupling phenomenon. In addition, as noted by Tseng
et al.,50 the confirmed existence of large spin-orbit
coupling would clarify the question of why magnetic
and dielectric properties of ε-Fe2O3 are strongly coupled
(see section 6).17

In principle, the value of the room-temperature coer-
civity of ε-Fe2O3 is strongly dependent on the size, size
distribution, morphology, and degree of cation substitu-
tion of ε-Fe2O3 nanoobjects. A recently performed study
shows that the room-temperature coercive field can be
enlarged if the ε-Fe2O3 nanoparticles are not spherical.
For rodlike ε-Fe2O3 nanoparticles embedded in a SiO2

matrix, which have been oriented by an external magnetic
field (Bext,s) during the synthetic procedure, the coercive
field reaches a valueof∼2.34Tat 300K if a valueofBext,s=
2 T has been applied along the z-axis of the respective
matrix crystal for 24 h.51 Taking into account a magnetic
rotation process governed by solely uniaxial magnetic
anisotropy, subsequent simulation calculation of the
room-temperature hysteresis loop suggests that, for a
perfectly oriented ε-Fe2O3 nanorod, the coercive field
may become as large as 4.1 T.
In the case of ε-Fe2O3 in the formof thin films, the value

of the room-temperature coercive field has been reported
to be equal to ∼0.8 T, which is smaller than the value of
∼2 T that has been observed for ε-Fe2O3 nanoparticles.
Nevertheless, even such room-temperature coercivity, in
combination with the film nature of ε-Fe2O3, is still
appealing for its application in future spintronic devices,
taking into account its magnetoelectric behavior (see
section 6).53

If some of the Fe3þ ions are replaced by other elements,
the magnetic properties of the resulting doped ε-Fe2O3

phase are affected, depending on the nature and degree of
substitution of foreign ions. So far, the effects of Ga3þ,
Al3þ, and In3þ doping on a magnetic response of sub-
stituted ε-Fe2O3 analogs have been investigated.65,66,85,86

As already mentioned previously, increasing the concentra-
tion of Ga3þ, Al3þ, and In3þ ions in the crystal structure of
the ε-Fe2O3 phase leads to a progressive decrease in the TC

and BC(300 K) values, compared to those reported for
undoped ε-Fe2O3.

65,66,85 In the case of Al3þ substituting
ions in the studied concentration range (i.e., ε-AlxFe2-xO3,
where 0.06e xe 0.40), the value ofM(300K/5T) increases
as the concentration of Al3þ ions increases.66 The same
behavior ofM(300K/5T) is observed forGa3þ substituting
ions when the degree of doping does not exceed a threshold
concentration limit (i.e., x=0.47 for ε-GaxFe2-xO3), above
whichM(300 K/5 T) begins to decrease upon further Ga3þ

substitution (i.e., when 0.47e xe 0.67).65,85 In contrast, for
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In3þ-substituted ε-Fe2O3 nanosystems (i.e., ε-InxFe2-xO3,
where 0.12 e x e 0.24), M(300 K/5 T) values remain
identicalwithin the studied In3þ concentration range.86This
can be explained based on the site substitution preference
of doped ions. While In3þ ions preferentially occupy the
distorted octahedral A- and B-sites, Al3þ and Ga3þ (below
the threshold concentration limit) ions dominantly replace
Fe3þ ions at the D-sites. Since the value of the net magne-
tization (or spontaneous magnetization) of ε-Fe2O3 is gov-
erned by the magnitude of the tetrahedral sublattice
magnetization, the substitution of foreign ions taking place
just at the D-sites enhances the overall magnetization of
doped ε-Fe2O3. If the octahedral sites of the ε-Fe2O3 crystal
structure are substituted, the netmagnetizationmay remain
unchanged or decrease, depending on the degree of sub-
stitution and location of doped ions.
The substitution of foreign ions also markedly influences

themagneticbehaviorofε-Fe2O3phaseat lowtemperatures.
For Ga3þ- and Al3þ-substituted ε-Fe2O3 nanoparticles and
nanorods, no decrease in their magnetizations is observed
below 110 K (see Figure 16), in contrast to the dramatic
decrease in magnetization that has been reported for un-
doped ε-Fe2O3 (see Figure 14).

65,66,85 Instead, as evidenced
from Figure 16, the magnetization of Ga3þ- and Al3þ-
doped ε-Fe2O3 nanosystems continues to increase as the
temperature decreases. In addition, Ga3þ- and Al3þ-sub-
stituted ε-Fe2O3 nanosystems do not suffer any magnetic
softening below 150 K, but they do magnetically harden
with decreasing temperature, as documented by their

enhanced values of coercivity at 2 K, in comparison to
those observed at 300 K.65,66 Thus, Ga3þ and Al3þ sub-
stitution prevents a collapse in the coercivity and magnetic
softeningof the ε-Fe2O3phase at low temperatures.Further-
more, it has been found that the difference between the
values of the coercive field at 2 and 300 K gets bigger as the
degree of substitution of Ga3þ and Al3þ ions increases.65,66

This indicates that the degree ofGa3þ andAl3þ substitution
controls the degree of magnetic hardening of Ga3þ- and
Al3þ-doped ε-Fe2O3 nanosystems at low temperatures. In
contrast, In3þ-substituted ε-Fe2O3 nanorods partially retain
the low-temperature behavior of an undoped ε-Fe2O3 phase
(i.e., a drastic decrease in the magnetization and coercivity
collapse observed at low temperatures).86 As the concentra-
tion of In3þ ions increases in the ε-Fe2O3 crystal structure, a
decrease in the magnetization of In3þ-substituted ε-Fe2O3

nanorods, associatedwith a spin reorientationphenomenon,
occurs at temperatures of >110 K (see Figure 17a). More-
over, the hysteresis loops of the ε-In0.12Fe1.88O3 and
ε-In0.24Fe1.76O3 nanorod systems,measured at 100K, exhibit
unusual steps at ∼1.7 T and ∼2.5 T, respectively,86 which
is frequently observed for metamagnetic materials (see
Figure 17b).103 With regard to the in-field M€ossbauer
spectroscopy analysis performed by Tronc et al.,24 Sakurai
et al.86 ascribed this behavior to a transition from an
antiferromagnetic spin structure to a canted spin structure
induced by an appliedmagnetic field. Supported also by the

Figure 16. Temperature dependence of the magnetization (M) of
representative Al3þ- and Ga3þ-doped ε-Fe2O3 nanosystems: (a)
ε-Al0.40Fe1.60O3 and (b) ε-Ga0.47Fe1.53O3. (Panel (a) has been adapted
fromNamai et al.,66 andpanel (b) has beenadapted fromOhkoshi et al.65) Figure 17. (a) Temperature dependence of magnetization (M) and (b)

100 K hysteresis loop of the representative In3þ-doped ε-Fe2O3 nanosys-
tem. (Adapted from Sakurai et al.86)
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heat capacity measurements, the temperature at which the
spin reorientation phenomenon appears then has been inter-

preted as the temperature of the magnetic transition from a

ferrimagnetic state to a low-temperature antiferromagnetic
regime.86 Thus, it seems that In3þ substituting ions probably

change the low-temperature magnetic structure of the

ε-Fe2O3 phase, which becomes similar to that characteristic
of antiferromagnetic materials undergoing field-induced

magnetic transitions. To confirm this effect of In3þ ions on

the low-temperaturemagneticarrangementofFe3þmagnetic
moments in the ε-Fe2O3 phase, measurements that enable

monitoring of the local magnetic structure (e.g., neutron
diffraction measurements) should be employed.

6. Magnetoelectric Properties of the ε-Fe2O3 Phase

Apart from remarkable magnetic properties, ε-Fe2O3

nanoobjects possess spontaneous polarization. This occurs
because of the point group symmetry (mm2) exhibited by the
ε-Fe2O3 room-temperature crystal structure, which belongs
to a class of pyroelectric point groups. The existence of a
polar axis in the crystal structure of the ε-Fe2O3 phase is
responsible for the appearance of permanent electric dipole
moments and, consequently, the generation of several physi-
cal phenomena, such as optical activity, piezoelectricity, and
pyroelectricity. As the temperature decreases, there are sub-
stantial changes in the dielectric properties of ε-Fe2O3 ob-
served at the temperatures around the magnetic transition.17

In the temperature interval from 140 K down to 80 K, the
permittivity value decreases by ∼30%, which is connected
with the changes in the electronic and phononic excitations.
However, it was not absolutely clear if they act simulta-
neously or if one of them dominates over another one and
thus preferentially drives modification in the permittivity of
ε-Fe2O3 at∼110 K. A prediction that has been proposed by
Gich et al.17 and is based on the results of neutron powder
diffraction, magnetization, and impedance measurements
suggests that spin-dependent electronic excitations play a
dominant role in the observed changes in permittivity. This
indicates a tight connection between a magnetic state and
dielectric permittivity. As the magnetic order changes at
∼110 K, it is accompanied by a change in the dielectric
constant of ε-Fe2O3. This magnetoelectric coupling has been
formerly shown to exist in the orthorhombic phases of
HoMnO3 and YMnO3 perovskites upon entering into an
incommensuratemagneticarrangement.104 Inaddition, it has
been demonstrated that the dielectric permittivity of ε-Fe2O3

is sensitive toanappliedmagnetic fieldmanifestedbychanges
in itsmagnetocapacitance.17 Suchamagnetoelectric coupling
in ε-Fe2O3 has been observed in no other single-metal
ferrimagnetic oxide, thus making the ε-Fe2O3 phase very
promising formagnetodielectric studies andpossible applica-
tions such as electric/magnetic field-tunable devices and
multiple-state-memory elements.17

7. Ferromagnetic Resonance and the ε-Fe2O3 Phase

Besides giant coercive field at room temperature and
coupled magnetoelectric properties, the ε-Fe2O3 phase
exhibits ferromagnetic resonance at ∼190 GHz, because

ofagyromagnetic effect.65,66Thegyromagnetic effect isbased
on a precession of magnetization around the axis defined by
the magnetocrystalline anisotropy field (HMC). When an
electromagnetic wave with a given frequency (fEM) is applied
to a ferromagnet, it is resonantly absorbed if fEM=fr, where
fr is the ferromagnetic resonance frequency. It is known that
fr= (η/2π)HMCwhere ηdenotes the gyromagnetic ratio.54 If
the sample contains randomly oriented magnetic particles,
eachwithanuniaxialmagnetic anisotropy,one can showthat
HMC is proportional to the coercive field, so that fr� BC.

65,66

Thus, such a high fr value of the ε-Fe2O3 phase is achieved by
its largeHMCandBCvalues. SinceBCcanbeeasily tunedbya
cation substitution, it is easy to get an absorber consisting of
doped ε-Fe2O3 with a desired fr value. For the ε-AlxFe2-xO3

series with 0.06 e x e 0.40 (see Figure 18a), the fr values
varied from∼172GHz (x=0.06) to∼112GHz (x=0.40),
whereas, for the ε-GaxFe2-xO3 series with 0.10 e x e 0.67
(see Figure 18b, showing only some representative samples
with various Ga3þ concentrations), the fr values fell within
the range from∼147GHz (x=0.10) to∼35GHz (x=0.67).
Figure 19 then demonstrates how fr is dependent on BC for
ε-GaxFe2-xO3 nanorod systems with varying concentration
of Ga3þ ions in the crystal structure of the ε-Fe2O3 phase.

65

Figure 18. Millimeter-wave absorption spectra for (a) Al3þ-doped ε-Fe2O3

nanosystems and (b) Ga3þ-doped ε-Fe2O3 nanosystems showing the
dependence of ferromagnetic resonance frequencies upon varying the
degree of cation substitution. Panel (a) has been adapted from Namai
et al.,66 and panel (b) has been adapted from Ohkoshi et al.65)
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By the time of their preparation and systematic study,
ε-GaxFe2-xO3 nanosystems were determined to be the first
magnetic materials exhibiting fr values of >80 GHz.65

8. Conclusions and Future Perspective Studies of

the ε-Fe2O3 Phase

We have presented a brief overview of the structural
and magnetic properties of the ε-Fe2O3 phase, which,
currently, is widely considered as a perspective candidate
for applications based on high coercivitymaterials and/or
requiring coupled electric and magnetic material charac-
teristics and/or involving the absorption of electromag-
netic waves with wavelengths on the order of units of
millimeters (i.e., 30-300 GHz). We have shown how a
combination of experimental techniques brings essential
and valuable information on understanding the physico-
chemical properties of the ε-polymorph of Fe2O3, which
remained unexplored for a long period of time and
presently has attracted significant scientific attention,
launched by the discovery of its giant coercivity at room
temperature. Moreover, the interest in this magnetically
appealing material has been greatly encouraged by an
endeavor to synthesize it as a pure and stable phase, which
has opened advanced synthetic approaches, leading to
improved preparation procedures of the ε-Fe2O3 phase.
At this time, low yields, a lack of precise control of the
resulting product size, mixed phases, and the presence of
impurities constitute reasons why it has not yet been fully
exploited in the novel technologies. Nevertheless, recent
preparation of the ε-Fe2O3 phase in the form of thin films
may accelerate the endeavor to cope with these application-
disincentive problems and initiates its future integration into
various spintronic devices.
However, as felt throughout our review work, there

is still a certain doubtfulness regarding the magnetic

behavior of the ε-iron(III) oxide polymorph. The ques-
tionable areas, raised by several research works dealing
with a description of magnetic responses of the ε-Fe2O3

phase at various temperatures and under an external
magnetic field, especially concern the following issues: (i)
the character of the room-temperature ground magnetic
state of the ε-Fe2O3 phase (i.e., collinear ferrimagnet
versus canted antiferromagnet); (ii) the magnetic transi-
tion at ∼110 K (i.e., magnetic transition from a collinear
ferrimagnetic structure to some incommensurate magnetic
structure, most probably of a square-wave-modulated
origin, versus the magnetic transition from one canted
antiferromagnetic state (characterized by a certain value
of the canting angle) to another canted antiferromagnetic
state (with different canting angle), with the emergence of
metamagnetic behavior at low temperatures); (iii) the
possible occurrence of Morin-like magnetic transition be-
low ∼150 K, driven by a spin reorientation phenomenon
taking place at particular magnetic sublattices of the
ε-Fe2O3 phase; (iv) the definite explanation of an ε-Fe2O3

giant room-temperature coercive field and its collapse at
low temperatures; and (v) the low-temperature magnetic
structure of the ε-Fe2O3 phase changed and/or induced by
cation substitution.
However, based on the experimental results from var-

ious measuring techniques, the authors, favoring different
viewpoints concerning the room-temperature magnetic
behavior of the ε-Fe2O3 phase and its evolution at low
temperatures, seem to agree that the magnetic transition
at ∼110 K is governed by a series of structural transfor-
mations involving the tetrahedral sites and one type of
octahedral (i.e., FeA) sites. In our opinion, this is the right
starting point to understand the nature of the magnetic
state of the ε-Fe2O3 phase. Thus, a combination of locally
sensitive experimental techniques (i.e., nuclear magnetic
resonance, in-field M€ossbauer spectroscopy employed in
parallel, perpendicular, or other geometry, neutron pow-
der diffraction, etc.) may reveal information that would
help to shed light upon themagnetism of this application-
promising nanomaterial. Moreover, this experimental
approach can clarify how a cation substitution, already
known as a means to tuning the magnetic features of the
ε-Fe2O3 phase, locally affects the magnetic structure of
the ε-Fe2O3 phase.
In summary, there are two major challenges that must

be addressed in future studies of the ε-Fe2O3 phase: (i) the
search for optimal synthetic conditions to prepare single-
phase ε-Fe2O3 with a high yield and the desired size and
form, and thermally stabilize it; and (ii) the search for a
correct description of themagnetic behavior of ε-Fe2O3 at
temperatures below the characteristic magnetic ordering
temperature. Solving these problems may thus signifi-
cantly contribute to the introduction of this remarkable
nanomaterial in various application fields and develop-
ment of new convenient applications.
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