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A B S T R A C T

ε-Fe2O3 has gained considerable interest due to its intriguing properties and great application potentials. In this work ε-(Fe1−xCrx)2O3 (x = 0, 0.03, 0.075) nanoparticles encapsulated in silica have been successfully prepared by sol–gel chemistry. Synchrotron diﬀraction conﬁrms that the polar Pna21 structure of ε-Fe2O3 is
robust against the substitution of Fe by Cr. The incorporation of chromium is accompanied by a softer magnetic behaviour, and also a gradual decrease in the
ferromagnetic signal associated to the super-hard FM2 ferrimagnetic phase. While the Cr substitution has little impact on the low temperature incommensurate
transition, it is found that Cr substitution shifts the super-hard and soft ferrimagnetic transitions (respectively, TN2 and TN1) to notably lower temperatures.

1. Introduction
Magnetic iron oxides have been a subject of unfailing interest within
the scientiﬁc community, for both fundamental as well as applicationdriven research. Among them, the trivalent iron oxide ε-Fe2O3 is a
unique polymorph, standing out for its huge coercive ﬁeld (~20 kOe at
room temperature) [1,2], millimeter-wave ferromagnetic resonance
[3,4], remarkable non-linear magneto-optical eﬀect [5], photocatalytic
activity [6], coupled magnetoelectric properties [7] and ferroelectricity
[8]. ε-Fe2O3 was ﬁrst reported by Forestier and Guiot-Guillain in 1934
[9], and coined by Schrader and Buttner in 1963 [10]. However, it was
only after the development of synthetic methods to prepare in large
amounts and high purity that a renewed attention was paid to this
polymorph [11]. Epsilon ferrite has a noncentrosymmetric structure
(Pna21 space group) with four distinct Fe sublattices in the unit cell:
two in distorted octahedral (Fe1d and Fe2d), one in regular octahedral
(Fe3r) environments, and one in distorted tetrahedral sites (Fe4t), with
8 formula units per unit cell. In spite of the proposed canted antiferromagnetic ground state [12], a collinear ferrimagnetic ordering
state with magnetic moments directed along the crystallographic a axis
was evidenced by neutron diﬀraction at room temperature [13].
However, the low symmetry and distorted structure result in magnetic
frustration and complex spin-lattice interactions which are responsible
of a rich magnetic phase diagram in this oxide.
Below room temperature, ε-Fe2O3 presents a complex magnetic
phase transition. At around 150 K (TN3), an incommensurate magnetic
phase (ICM) creeps upon cooling, characterized by an abrupt reduction

⁎

of coercivity and remnant magnetization. The coercivity collapses from
a local maximum of ~ 22 kOe at 200 K to a local minimum of ~0.8 kOe
at 100 K, then increases again upon further cooling [14]. This magnetic
softening has been related to reduction of spin–orbit coupling evidenced by a signiﬁcant drop of the orbital contribution of Fe magnetic
moment morb. In this temperature range, a signiﬁcant coupling of the
magnetic and dielectric properties was reported [7].
Above room temperature, we have recently refuted the accepted
idea of the low magnetic ordering temperature of ε-Fe2O3 (around
500 K) by showing that the coupling of the two distorted octahedral Fe
environments (Fe1d and Fe2d) persists up to TN1 = 850 K (TN1), which
indicates that its magnetic interaction strength is comparable to that of
other iron oxides [15]. Upon cooling to around TN2 = 480 K, this hightemperature soft collinear ferrimagnetic phase (FM1) is transformed to
a hard ferrimagnetic phase (FM2), characterized by the ordering of the
tetrahedral and regular octahedral sublattices (Fe3r and Fe4t). In contrast to the super-hard FM2 phase, the FM1 phase presents a notably
diminished magnetic moment. This soft-hard FM1-FM2 magnetic
transition is accompanied by signiﬁcant magnetostrictive anomalies
suggesting large spin-lattice coupling in this oxide. The high temperature magneto-structural transition and the concurrent onset of large
coercivity are one of the unique features of ε-Fe2O3 amongst the iron
oxides.
A switchable ferroelectric polarization was discovered in thin ﬁlms
of ε-Fe2O3 at room temperature [8]. This makes it the only known
single-metal magnetoelectric multiferroic at room temperature, and
thus highly cherished for the manipulation of magnetism by electric
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Fig. 1. Observed intensities (black circles) and Rietveld reﬁnement (red curve) of the synchrotron x-ray diﬀraction patterns of ε-(Fe1-xCrx)2O3 NPs with Cr contents
(a) x = 0, (b) x = 0.03 and (c) x = 0.075, collected at 300 K. Bottom blue line is the diﬀerence between observed and calculated diﬀraction patterns. The top row of
vertical bars (in magenta) corresponds to Bragg reﬂection positions from the Pna21 SG of ε-Fe2O3, while the bottom vertical bars (in violet) are from hematite minor
impurity (α-Fe2O3, less than 4% weight in all cases). (d) Enlarged portion of the patterns of ε-Fe2O3, 3 at.% Cr-doped, and 7.5 at.% Cr-doped samples, showing the
diﬀraction peaks shift towards higher 2Theta positions (The spectra are vertically oﬀset for clarity). (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

ﬁelds as intrinsic magnetoelectric multiferroic. However, the magnetoelectric coupling at room temperature was found to be much smaller
than at the onset of the ICM order at 150 K [7]. The substitution of Fe
by other transition metals oﬀers many possibilities of tuning the
properties and modifying the complex phase diagram of ε-Fe2O3. In
particular, we considered that the substitutions with Cr could be relevant in the above context as a way to stabilize the ICM order and
eventually shift it to higher temperatures. Indeed, Cr3+ is known to
induce non-collinear incommensurate magnetic order, polarization and
a strong coupling of the ferroic orders in the CoCr2O4 low temperature
multiferroic, which is a spinel structurally related to ε-Fe2O3 [16]. The
substitution by Cr3+ has not been so far studied in ε-Fe2O3 but was
shown to inﬂuence the magnetic and dielectric properties of multiferroic GaFeO3 [17,18], which is isostructural to it. This work concerns
the substitution of Fe3+ atoms by Cr3+ cationic species in ε(Fe1−xCrx)2O3, keeping the polar epsilon structure, and describes its
eﬀects on the singular magnetic features of the ε-Fe2O3 polymorph.

2. Experimental
The single crystalline ε-(Fe1-xCrx)2O3 (x = 0, 0.030, 0.075) nanoparticles (NPs) embedded in silica matrix were prepared using sol–gel
based method. From now on “3 at.% Cr” and “7.5 at.% Cr” refer to the 3
at.% Cr-doped and 7.5 at.% Cr-doped ε-Fe2O3 samples, respectively.
Hydrated chromium (III) nitrate Cr(NO3)3·9H2O (Aldrich) and iron (III)
nitrate Fe(NO3)3·9H2O (Aldrich) were used as Cr and Fe cation precursors, respectively. Tetraethyl orthosilicate (TEOS) (Aldrich) was
used as precursor for SiO2 matrix. Silica matrix plays the role of constraining the growth of nanoparticles preventing the transformation of
ε-(Fe1-xCrx)2O3 into hematite and also avoids particle agglomeration.
The weight percentage of metal oxide with respect to silica is 20%. The
molar ratio of TEOS, ethanol, and water was optimized to 1:6:6. The
detailed description of the synthesis of gel solution and subsequent
annealing process have been described elsewhere [15]. After thermal
treatment single crystalline ε-(Fe1-xCrx)2O3 NPs supported on silica
matrix can be attained. In order to remove the silica matrix ~3 g of the
above obtained powder sample was added into a concentrated NaOH
aqueous solution (12 M) in a round-bottomed ﬂask. The mixture was
2
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pronounced in c. The EDX elemental analysis yields 3.2 at.% and 7.9 at.
% of Cr contents in the 3 at.% Cr and 7.5 at.% Cr NPs, respectively.
Within the error expected in EDX analysis, these results are in very good
agreement with the expected stoichiometric ratios.
Fig. 2 (a) shows a representative TEM micrograph of the 7.5 at.%
Cr-doped NPs. It is clearly observed that the nanoparticles have a welldeﬁned spherical shape. Continuous lattice fringes with lattice spacing
of ~6.8 Å can be perceived in some of the grains (indicated by red
arrows in the ﬁgure). These exposed facets coincide well with the lowindex (0 1 1) plane of ε-Fe2O3 phase. We may thus draw the conclusion
that each particle consists of a well-crystalized single-crystal grain. The
diameters of the particles, statistically counted using ImageJ software
[22], were plotted in Fig. 2 (b). The diameter distribution of the NPs
can be ﬁtted to the log-normal distribution function [23,24]:

held at 80 °C for 48 h under reﬂux and vigorous stirring. The products
were collected by centrifugation and repeatedly washed using distilled
water. The resulting precipitates were then air dried at 60 °C for 24 h.
Finally, we obtained nanometric ε-(Fe1-xCrx)2O3 particles which are
stable upon heating in air up to 923 K [15].
Synchrotron x-ray powder diﬀraction patterns (SPD) were collected
at the BL04-MSPD beamline of the ALBA Synchrotron Light Facility
(Barcelona, Spain) [19]. The samples were loaded in borosilicate glass
capillaries (diameter of 0.5 mm) and kept spinning during data acquisition, performed using a wavelength of 0.412 84(6) Å. The value of λ
was calibrated using standard silicon. The patterns were collected at
300 K using a MYTHEN position sensitive detector. Rietveld XRD reﬁnements were carried out using the FULLPROF program [20].
Chemical compositions of the samples were conﬁrmed by energydispersive X-ray analysis (EDX) in a FEI Quanta 200 FEG scanning
electron microscope (SEM) with a ﬁeld emission gun operating at
15 kV. The EDX spectra were collected from a number of distinct areas
for all the examined samples. The morphology and microstructure of
the samples were examined by a JEOL 1210 transmission electron microscope (TEM) operating at 120 kV accelerating voltage. Sample for
TEM analysis was prepared by dispersing the nanoparticles in ethanol
and then drop cast on a TEM copper grid. The size distributions were
obtained using ImageJ software from a statistical count of the particles
from several frames acquired on diﬀerent regions of the sample.
The temperature dependence of the magnetization (M-T) under a dc
ﬁeld of 100 Oe was recorded in zero-ﬁeld-cooled (ZFC) and ﬁeld-cooled
(FC) conditions in the 10–300 K temperature range by a superconducting quantum interference magnetometer device (SQUID,
Quantum Design Inc). The room temperature magnetic hysteresis loops
were collected with a maximum applied ﬁeld of 70 kOe using the same
magnetometer. For the magnetic measurements above room temperature we used a vibrating sample magnetometer (VSM) in a Physical
Properties Measuring System from Quantum Design Inc. In this case,
the samples consists of the nanoparticles embedded in the silica matrix
were utilized, to avoid any possible phase transformation due to the
elevated temperatures and high vacuum conditions. Prior to the measurement, the ε-(Fe1-xCrx)2O3/SiO2 composites were bonded to the
heater stick of the VSM using Zircar cement, and then tightly wrapped
by a copper foil. ZFC and FC M-T curve measurements under a dc ﬁeld
of 1000 Oe were recorded in the interval 300–900 K.

f (x ) =

s=

1
ln2 (x / d 0 ) ⎞
exp ⎛−
2σ 2
2π σx
⎠
⎝
⎜

⎟

(1)

exp(σ 2) − 1

where d0 represents the median of particle diameters, σ is the standard
deviation of the log of the distribution, and dimensionless s the coefﬁcient of variation (a measure of dispersion of the log-normal probability distribution). The resulting ﬁtting of the diameter distribution
(the red continuous curve given in Fig. 2 (b)) yields a median d0 of
14.8(2) nm, σ of 0.17(2), and the s index amounts to 0.17(2). Compared
to the previously reported broad particle size distributions of ε-Fe2O3
phase [25,26], the obtained particle size distribution doping with
chromium is relatively narrow.
Fig. 3 (a) shows the temperature dependence of the magnetization
(M) for ε-(Fe1-xCrx)2O3 with x = 0, 0.03 and 0.075 nanoparticles,
heating the samples at 2 K/min under an applied ﬁeld of 100 Oe. The
measurements were made after cooling in zero-ﬁeld (ZFC) and under a
ﬁeld of 100 Oe (FC). For ε-Fe2O3, the ZFC and FC measurements appear
as separate branches from the lowest temperature to about 75 K when
these overlap and display a sharp magnetization increase until 100 K.
Then M(T) follows a more gradual increment until 150 K, and then it
smoothly and linearly decreases warming up to room temperature. This
behavior has been associated to the existence of a low temperature
incommensurate (ICM) order which is set below TN3 ~ 150 K [13] and
evolves between TN3 ~ 150 K and TN4 ~ 100 K to then adopt the ﬁnal
incommensurability (ground magnetic state) below this last temperature. By comparing this M(T) curves with those corresponding to Crdoped nanoparticles one can notice several diﬀerences and some similarities. Firstly, with Cr-doping the sudden magnetization increase in
the ZFC branch becomes progressively less steep and its onset on
warming is signiﬁcantly shifted to lower temperatures. In contrast, Cr
substitution seems to have almost no inﬂuence on the temperatures
where M(T) successively changes its slope (kinks associated to TN3 and
TN4, the onset of the transition temperatures under cooling), which for 3
at.% and 7.5 at.% Cr-doped nanoparticles are also very close to 100 K
and 150 K. Interestingly, this evidences the robustness of the incommensurate magnetic ordering despite the presence of Cr ions up to
at least 7.5 at.%. In contrast to pure ε-Fe2O3, in Cr-doped nanoparticles
the ZFC and FC branches do not overlap in the whole temperature range
above TN4 (Fig. 3(a)), indicating that the FC protocol has apparent inﬂuence on the transition from the incommensurate to the collinear FM2
magnetic order on heating. Another consequence of the substitution of
Fe by Cr, is the gradual decrease of the magnetization above 150 K
(FM2 ferrimagnetic phase). The same trend is observed at much larger
ﬁelds in the hysteresis loops obtained for the three compositions at
room temperature (see Fig. 3 (b)). This suggests that a preferential Crdoping may exist either in the tetrahedral or in the regular octahedral
sites which present uncompensated antiparallel magnetic moments
accounting for most of the net magnetization of ε-Fe2O3 [13,15]. At this
point we recall that the best agreement between our observed and
calculated synchrotron diﬀraction patterns was achieved with null

3. Results and discussion
Fig. 1 (a), (b), and (c) depict the synchrotron X-ray powder diffraction (SPD) and Rietveld reﬁnement patterns of the ε-Fe2O3, 3 at.%
Cr and 7.5 at.% Cr NPs. The top row of vertical bars (in magenta)
corresponds to Bragg reﬂection positions from the Pna21 structure of
the epsilon phase, while the bottom vertical bars (in violet) are from
hematite impurity (α-Fe2O3, less than 4% weight in any of the samples).
The contribution to the patterns from the minor remaining amorphous
silica was treated as background points of the patterns during the reﬁnement. No other impurities were detected. An enlarged portion of the
synchrotron x-ray patterns from the investigated samples is depicted in
Fig. 1 (d) showing a slight shift of the diﬀraction peaks towards higher
angular positions with the Cr substitution. The diﬀraction peak shifts
are due to shrinkage of the Pna21 orthorhombic cell as the proportion of
Fe3+ ions substituted by isovalent Cr3+ ions increases. Cr3+ has an
ionic radius of 0.615 Å in the VI-shell, very similar and only slightly
smaller than Fe3+ ions (0.645 Å) [21]. The stabilization of the polar
structure of the epsilon phase up to 7.5 at.% Cr strongly indicates the
isovalent nature of the substitution. Moreover, an excellent agreement
in the synchrotron diﬀraction patterns was obtained with the full
oxygen stoichiometry, without oxygen vacancies. The overall shrinkage
of the unit cell volume with increasing Cr concentration (x) is the result
of the evolution of the a, b and c cell parameters displayed in Table 1.
The changes in cell dimensions are tiny in the a, b parameters and more
3
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Table 1
Summary of lattice parametersa obtained from SPD at 300 K for ε-(Fe1-xCrx)2O3 (x = 0, 0.03, and 0.075) nanoparticles. Room temperature coercive ﬁelds (Hc),
remanent magnetizations (MR) and the magnetization values at 70 kOe (M70kOe) derived from the hysteresis loops were also listed below, together with critical
transition temperatures (TN1 and TN2) from high temperature magnetic measurements.
x

0
0.03
0.075

Lattice Parameters

Hc (kOe)

MR (emu/g)

M70kOe (emu/g)

TN2 (K)

TN1 (K)

13.64
7.00
3.08

8.26(7)
5.85(8)
3.14(2)

18.2(2)
15.9(2)
11.9(1)

492
467
438

853
817
781

3

a (Å)

b (Å)

c (Å)

V (Å )

5.0897(1)
5.0890(1)
5.0893(1)

8.7833(2)
8.7807(2)
8.7818(2)

9.4629(2)
9.4620(2)
9.4589(2)

423.04(1)
422.81(1)
422.75(1)

a
Agreement factors for the SPD pattern of ε-Fe2O3 are: RB = 0.8, Rf = 0.6, χ2 = 3.9. These for 3 at.% Cr (7.5 at.% Cr) particles are: RB = 1.0 (1.7), Rf = 0.7 (1.2),
χ2 = 5.2 (4.6).

Fig. 3. (a) Temperature dependence of magnetization under applied ﬁeld of
100 Oe for ε-Fe2O3, 3 at.% and 7.5 at.% Cr-doped nanoparticles without silica.
M-T curves were measured in ZFC (the lower branch) and FC (the upper branch)
conditions with a 2 K/min heating rate. (b) Magnetic hysteresis loops of the
nanoparticles measured at 300 K.
Fig. 2. (a) Representative TEM micrograph of 7.5 at.% Cr-doped nanoparticles
after removing silica support. The red arrows show the single crystalline nature
of the particles. (b) The corresponding particle size distribution along with the
ﬁtting by the log-normal distribution. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

ﬁelds (Hc), remanent magnetizations (MR) and the maximum magnetization values at 70 kOe (M70kOe) are gathered in Table 1. The M(H)
loops give evidence of a strong inﬂuence of Cr-doping on the coercive
ﬁeld of the nanoparticles at room temperature. The pristine giant
coercive ﬁeld decreases from about 14 kOe in ε-Fe2O3 to below 3 kOe
for 7.5 at.% Cr-doping. The ratio of Mr to M70kOe is also found to decrease from about 0.5 for undoped nanoparticles to below 0.3 for 7.5 at.
% Cr-doping. Close to remanence, the M(H) curves of Fig. 3 (b) present
a step. For ε-Fe2O3, the step is from 9 to 7 emu/g, which represents
~20% of the magnetization value, and the step size increases

occupation of Cr in the tetrahedral Fe4t site. Fig. 3 (b) presents hysteresis loops of the diﬀerent samples measured at room temperature
with a maximum applied ﬁeld of 70 kOe. The corresponding coercive
4
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coercivity at room temperature is the nonzero orbital moment of some
Fe ions and the spin-orbit coupling in the cell [30]. Consequently, the
magnetic softening of the Cr-substituted samples indicates the possible
quenching of the orbital moment upon Cr-doping. The magnetization
reduction and softened magnetic behavior by Cr-substitution have been
also observed in GaFeO3 [18].

signiﬁcantly with Cr doping. These magnetization steps cannot be ascribed to magnetically soft iron oxide impurities such as hematite or
maghemite. Impurities of hematite are below 4 wt% of the material and
due to the very weak magnetization of this polymorph (0.4 emu/g at
saturation) [27] their contribution to the step is estimated to be
only ~ 0.1%. In the case of the maghemite, with a magnetization more
than three times larger than that of ε-Fe2O3, its presence as in impurity
would eventually be below the limit of detection of synchrotron x-ray
diﬀraction (below 1 wt%) and in that case its contribution to the
magnetization step would not exceed the 4%, which is still well below
the 20% magnetization increase observed for ε-Fe2O3. We can also
exclude that the steps stem from interparticle interactions because they
are also present in the loops measured before etching the SiO2, when
dipolar interactions are minimized. Thus, the magnetization step
around zero ﬁeld should come from ε-(Fe1-xCrx)2O3 nanoparticles and
could originate either from an intrinsic magnetic behavior of this phase
or from a magnetic anisotropy eﬀect induced by the microstructure, for
instance associated to defects [28,29] or by an inhomogeneous intraparticle magnetic structure.
We have also investigated the magnetic properties of these compounds at high temperatures. Next we describe the main results obtained above ambient temperature. Fig. 4 presents M(T) measurements
after ZFC and FC recorded at a heating rate of 2 K/min between room
temperature and 900 K, under applied ﬁelds of 1000 Oe. In the case of
ε-Fe2O3, the FC magnetization presents a Brillouin–type monotonic
decrease from 300 K to about TN2 = 500 K where it is only about one
tenth of its room temperature value. TN2 signals the transition from a
highly anisotropic collinear magnetic order involving four Fe3+ sublattices (super-hard ferrimagnetic FM2 phase) to a high temperature
collinear structure with soft magnetic properties (soft ferrimagnetic
FM1 phase) with only two Fe3+ ordered magnetic sublattices, and
disordered iron moments in tetrahedral and regular octahedral sites
[15]. Above TN2, the ZFC and FC branches overlap and the magnetization gradually decreases until the system becomes paramagnetic at
TN1 = 850 K. For Cr-doped nanoparticles a similar trend is observed
even though the Cr substitution shifts both TN2 and TN1 to signiﬁcantly
lower temperatures. The transition temperatures obtained from the
minimum in dM/dT are reported in Table 1. Thus, these high temperature M(T) measurements in which the high temperature soft magnetic collinear order is stabilized by Cr doping, together with the decreased coercive ﬁelds of Cr-doped nanoparticles indicate that in εFe2O3 the replacement of Fe3+ by Cr3+ tends to decrease its magnetic
anisotropy. It has been suggested that the origin of the unusually large

4. Conclusions
In this work, a series of Cr doped ε-(Fe1−xCrx)2O3 nanoparticles
(x ≤ 7.5% Cr) conﬁned in silica matrix has been prepared by sol–gel
method. Synchrotron diﬀraction measurements have conﬁrmed that the
Pna21 structure of ε-Fe2O3 is rather robust against the substitution of Fe
by Cr. The cell volume of the ε-(Fe1−xCrx)2O3 nanoparticles decreases
increasing the Cr content, although the variation is very small (V/V ~ 0.9%/xCr). The main contraction in the unit cell dimensions is found
along the c-axis. TEM observations reveal that the nanoparticles have a
well-deﬁned spherical shape, and rather narrow particle size distribution with a diameter around 15 nm.
One of the main eﬀects of doping with chromium is that the incommensurate magnetic order that characterizes the ground state of the
epsilon phase is shifted to signiﬁcantly lower temperatures. But the
driving force of this eﬀect is not a marked shift down of TN3 but the
widening of the phase boundary at the ICM magnetic transition.
Another important observation from M(T) and M(H) measurements is a
gradual decrease with Cr of the net ferromagnetic signal associated to
the super-hard FM2 ferrimagnetic phase (above TN1 = 150 K).
Furthermore the initially giant coercivity decreases with Cr-doping
from about 14 kOe in ε-Fe2O3 to below 3 kOe for 7.5 at.% Cr, conﬁrming that Cr3+ ions decrease the magnetic anisotropy of the system.
This may indicate a possible quenching of the orbital moment upon Crdoping. Moreover, magnetic measurements performed up to 900 K
proved that Cr substitution shifts the super-hard and soft ferrimagnetic
transitions (respectively, TN2 and TN1) to notably lower temperatures.
It is important to interpret the present results in the light of the
distribution of Cr atoms among the diﬀerent Fe sites in the epsilon-type
structure. For that, two points must be underlined. The ﬁrst is that
according to our neutron results in ref. 15, the most intense magnetic
couplings occur in pairs: the Fe1d-Fe2d (distorted octahedra) and Fe3rFe4t (regular octahedron and tetrahedron) pairs are respectively AFM
coupled. Moreover, these two magnetic pairs order at diﬀerent temperatures (Fe1d/Fe2d at TN1 and Fe3r/Fe4t at TN2). Present magnetization results suggest a dissimilar preferential occupation of Cr-doping
within the second pair (the responsible for most of the net magnetization of ε-Fe2O3). The second fact is that we have obtained the best reﬁnement of synchrotron patterns distributing Cr atoms only between
the octahedral sites, without Cr in the tetrahedral Fe4t site. Further
experimental work using neutron diﬀraction is required to get deeper
insight on the origin of the macroscopic magnetic features presented in
this work.
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nanoparticles embedded in silica. M-T curves were measured in ZFC (the lower
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