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Abstract
Magnetic and dielectric correlation in triangular mixed valence iron oxide RFe2O4 is discussed.
The frustrated interaction for antiferromagnetic spins as well as charges realizes the
auto-organized superlattice cell of iron ions. The characteristic charge and spin superlattice cell
drives the magnetoelectric cross-correlation. The charge supercell detected with a resonant
x-ray scattering measurement has an electric polarization that forms a class of new
ferroelectrics.

1. Introduction

3D electrons in transition metal ions possess degrees of
freedom in spin charge and orbitals. Their cross-correlation
brings a wide variety of phenomena that have been of interest
in the physics and chemistry of solids for a long time. Among
the unique properties of transition metal compounds, the
correlation between magnetism and ferroelectricity is an old
but still current topic [1–3]. The mechanism of ferroelectricity
has been understood as the cooperative appearance of electric
dipoles that arise from the displacement of anion and cation
pairs in crystals. Magnetism is the cooperative phenomena of
spins on the transition metal ion. Their correlated interaction
is the so-called magnetoelectric interaction phenomena. The
charge and spin frustration in RFe2O4 is considered to
have such a coupling between spin and charge coherence.
As the detailed mechanism is not fully understood, the
electric polarization coherence is considered to connect to the
development of the spin coherence. Current information on
the correlated structure for the spin and the charge is described
here.

The RFe2O4 system (R = Y, In, Sc and Dy to Lu) has
a hexagonal structure with the space group of R3m (166) [4].
The crystal structure consists of alternate stacking of triangular
lattices along the c axis, as shown in figure 1. The double
iron triangular layer (W layer) is separated by a single rare
earth triangular layer (T layer) in the structure. In the W layer,
the iron has fivefold oxygen coordination with a triangular bi-
pyramid. The rare earth ion is positioned in a distorted oxygen
octahedron. The valence state of the iron ion is mixed as a
result of the coexistence of Fe3+ and Fe2+. With the triangular

lattice structure, it is a frustrated system with respect to the
nearest-neighbor interactions between Fe ions. This fact is
reflected in several interesting magnetic and electric properties
of this system.

2. Magnetic properties of RFe2O4

The layered structure is responsible for the two-dimensional
character of this system. The spin or charge coupling of irons
within an a–b plane is stronger than that along the c axis,
which brings about the anisotropic ordering process of the
spin and charges. Such electronic ordering of irons occurs
in the Fe W layer. Furthermore, the oxygen deficiency δ in
the expression of RFe2O4−δ is a sensitive parameter correlated
with the electronic and magnetic properties of this system.
Generally, the ordering of the spin or charges within the a–
b plane (so-called two-dimensional ordering) becomes more
dominant in a system having larger δ (having a large amount
of oxygen deficiency) or smaller rare earth ions.

Generally, RFe2O4 shows a magnetic transition at about
240 K [4]. The spontaneous magnetic moment evaluated from
the saturated magnetization measurement is approximately
1.4μB/f.u., which indicates the spin arrangement is not
ferromagnetic. The magnetization has strong uniaxial
anisotropy with the easy axis along the c direction [5]. This fact
is interpreted as the ferrimagnetic ordering of Fe2+ and Fe3+.
The strong magnetic anisotropy originates from the fivefold
oxygen coordination of Fe ions.

From the neutron diffraction study [6] of the less-
stoichiometric YFe2O4, the Bragg line indexed as (1/3 1/3 l),
where l is a continuous value, was found. The presence of the
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Figure 1. Crystal structure of RFe2O4 as a stacking of triangular
lattices. Although the space group is rhombohedral, a hexagonal cell
is drawn in the dotted area. The upper hexagon indicates the relative
atomic position A, B and C in the triangular lattice.

Bragg line indicates that the developed spin correlation exists
only within the a–b plane. The two-dimensional magnetic cell
is elongated along the [1 1 0] direction and is three times larger
than the chemical cell. The spin correlation length along the c
axis is smaller than that in the a–b plane.

In some cases, the less-oxygen-deficient sample two-
dimensional spin ordering becomes a three-dimensional one
in the low-temperature region, as in examples reported for
stoichiometric YFe2O4 [7] and ErFe2O4 [8]. As for the
charge ordering of LuFe2O4, which will be discussed later, a
diffraction study [9] has revealed that the three-dimensional
ordering remains up to 330 K, that is, higher than the spin-
ordering temperature of 240 K. Above 330 K, the charge
ordering becomes two-dimensional.

Mössbauer spectroscopy studies under a magnetic
field [10] yielded information about the spin arrangement
in the Fe W layer. The analysis of the absorption spectra
in the function of the magnetic field indicated that both
Fe2+ and Fe3+ ions are classified into three different groups
according to their electric and magnetic environments. One-
third of the Fe3+ spins were parallel to the magnetization,
while the remaining 2/3 were in the opposite direction. In
a comparison of these findings with saturated magnetization,
it was concluded that YbFe2O4 had ferrimagnetic ordering,
where 2/3 of Fe2+ spins were parallel to the magnetization and

Figure 2. Spin-ordering model in the W layer [11]. The white circle
is Fe2+ with an up-spin. The black circle is Fe3+ with a down-spin.
The double circle is the up-spin Fe3+. The spin and charge
interaction is considered in the model. The charge stripe runs with
the wavevector (1/3 1/3), as indicated with the white arrow.

the other 1/3 were in the opposite direction. This spin structure
is considered to be a common feature in the RFe2O4 system.

The model for the spin arrangement in the W layer
in a magnetic-ordered state was proposed as illustrated in
figure 2 [11]. This model is consistent with the saturated
magnetization and Mössbauer observation. In addition, the
general tendency of the superexchange interaction in which
antiferromagnetic coupling between Fe3+ and Fe3+ is stronger
than that between Fe2+–Fe3+ and Fe2+–Fe2+ was regarded in
the model. This consideration suggests a close relationship
between the magnetic and electric structures in RFe2O4.

3. Dielectric response of RFe2O4

The dielectric response of this system provides information
on the fluctuation process of the electronic structure. A
large low-frequency dielectric dispersion was observed in
ErFe2O4 [12–14], YFe2O4 [15] and LuFe2O4 [16, 17]. The
response is explained by a model of the ordering of Fe2+ and
Fe3+ [9]. Figure 3 shows the temperature dependence of the
real and imaginary parts ε′ and ε′′ of the dielectric constant of
the poly-crystal LuFe2O4. At low temperatures, ε′ is of the
order of 10. With increasing temperature, it shows an increase
of about 1000 between 150 and 300 K. This shoulder shifts
to higher temperatures with increasing frequency. The value
of ε′ reaches 3000 for higher temperatures. Correspondingly,
ε′′ shows a peak between 150 and 250 K. With further
increasing temperature, ε′ at lower frequencies reaches a small
peak at around 340 K, which was confirmed as the transition
temperature of the three-dimensional charge ordering, as
described later. The dielectric dispersion at around 340 K
is interpreted as the gradual development of the charge order
coherence along the c axis with the variation of the dimensional
change of the charge ordering from three-dimensional to
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Figure 3. Temperature variation of the low-frequency dielectric
constant for LuFe2O4. The dispersion below 300 K is considered as
the domain boundary motion with electron exchange between Fe2+
and Fe3+. Above 340 K, the dimensionality of the charge ordering
changes from three-dimensional to two-dimensional, where the
dielectric constant peak shows another dispersion.

two-dimensional above this temperature. Such dielectric
dispersion was first reported in the ErFe2O4 system.

The characteristics of the dispersion were analyzed with
a Cole–Cole plot indicating the superposition of a Debye-
type dispersion with the narrow distribution of the relaxation
time. The temperature variation of the characteristic time of
the dispersion estimated from the peak of ε′′ is described by an
Arrhenius relation:

f = f0 exp(−Q/kT ) (1)

where f is the characteristic frequency of the dielectric
response, kT is the thermal energy, f0 is a pre-factor and Q
is the activation energy. For the observation along the c axis
in single-crystal LuFe2O4, f0 and Q are 1.1 × 108 Hz and
Q = 0.25 eV, respectively.

The relation shows that the characteristic frequency of the
dispersion increases with increasing temperature. As shown
by the thick vertical line in figure 4, the extrapolation of the
relation coincides with the iron valence fluctuating frequency
measured with Mössbauer spectroscopy [18].

In order to explain the mechanism of the dielectric
dispersion, the ordering model of Fe2+ and Fe3+ was
reconsidered. In the model of figure 2, the weight center of
Fe2+ and Fe3+ does not coincide, i.e. the polar ordering of iron
valences indicating the presence of the electric polarization in
the W-layer superlattice cell. Comparing the average valence
of iron of 2.5+, Fe2+ and Fe3+ behave as negative and positive
charges, respectively. The electric polarization is described
with the polar electron distribution on Fe3+. The electron
exchange process between Fe2+ and Fe3+ causes the switching
of the polarization. This model explains that the electron
fluctuation frequency coincides with the characteristic time of
the dielectric dispersion observed in the higher-temperature
region. The motion of the anti-phase boundary of the polar
charge-ordered region proceeds with electron hopping from
Fe2+ to Fe3+ under the application of the electric field.

The electronic ordering phenomenon as modeled in
figure 2 is also explained from the frustrated interaction of Fe2+
and Fe3+ in a triangular lattice [19]. Fourier analysis of the

Figure 4. The peak temperature of ε′′ was plotted according to the
function of the frequency with a white circle. Vertical lines are the
electron fluctuation frequency measured from Mössbauer
spectroscopy [18]. The data demonstrates that the elementary process
of the dielectric dispersion is the electron fluctuation of the iron ions.

frustrated interaction between Fe2+ and Fe3+ in the triangular
geometry led to the presence of a charge stripe having a
wavenumber (1/3 1/3) in the reciprocal space, leading to the
same structure as shown in figure 2.

4. Ordering of Fe2+ and Fe3+

The superstructure shown in the W layer is the key to
understanding the electric and magnetic properties of RFe2O4

because the frame of the superlattice cell possesses both
magnetic and electric spontaneous polarization. The presence
of the superstructure had first been detected with neutron
diffraction as a magnetic cell. The same supercell had also
been detected with electron and non-resonant x-ray diffraction,
which indicated the presence of lattice distortion emerging
from the ordering of Fe2+ and Fe3+. Below 340 K, the index
of the superlattice spots (n/3 m/3 0.5 + l), where n, m and l
are integers, develops. Above 340 K, the c∗ component varies
to the Bragg line as (n/3 m/3 L), where L is continuous. This
shows that the three-dimensional ordering smeared out above
340 K and the ordering becomes two-dimensional that has no
coherence along the c axis of the superstructure. Above about
500 K, the Bragg streak vanishes, indicating the disappearance
of the superstructure. The small peak of the dielectric response
found at around 340 K provided a consistent explanation that
the ordering of Fe2+ and Fe3+ develops below 340 K [9].

Although the superstructure seems to arise from the
ordering of Fe2+ and Fe3+, the clarification of the origin of
the superstructure was necessary. Neutron and ordinal x-ray
observations are sensitive to lattice distortion but not to the
charge ordering.

The application of resonant x-ray scattering (RXS)
experiments is suitable for the direct detection of such charge
ordering [19, 20]. Thus, RXS was performed on LuFe2O4

single crystals [21]. RXS utilizes the x-ray energy dependence
of the in-phase component of the anomalous x-ray scattering
factor ( f ′(E)) and its chemical shift for target ions. The
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Figure 5. X-ray absorption near-edge structure (XANES) spectra
near the iron K-absorption edge for LuFeCoO4 and LuFeGaO4,
which contain Fe2+ and Fe3+, respectively.

f ′(E) is derived from the x-ray absorption near-edge structure
(XANES) measurement. The XANES spectra for Fe2+
and Fe3+ were measured in powder samples of LuFeCoO4,
LuFeGaO4 and LuFe2O4 near the iron K-absorption edge.
LuFeCoO4 (or LuFeGaO4) is isostructural to RFe2O4, in which
Co2+ (or Ga3+) substitutes Fe2+ (or Fe3+) with a solid solution.
Thus, LuFeCoO4 and LuFeGaO4 are considered to possess a
typical valence state of trivalent and divalent iron ions with a
fivefold oxygen coordination of RFe2O4 structure.

The results of XANES spectra are shown in figure 5. As
found in the figure, the absorption edge for LuFeCoO4 is 3 eV
higher than that of LuFeGaO4. This fact shows that the excited
4p electron from the 1s state in iron of LuFeCoO4 positioned in
a higher potential energy caused from the higher valence state
of trivalent iron. As the XANES spectra directly reflect the loss
term of the anomalous atomic scattering factor f ′′(E), we can
derive the in-phase component f ′(E) of both Fe2+ and Fe3+
by the Kramers–Kronig (KK) transformation from the spectra.
The obtained f ′(E) has a minimum at 7.117 and 7.120 keV for
Fe2+ and Fe3+, respectively.

When Fe2+ and Fe3+ form a superstructure, a correspond-
ing superlattice diffraction point is contributed from the dif-
ference of the atomic scattering factors f ′(E) between Fe2+
and Fe3+. Therefore, the energy variation of the diffraction in-
tensity near the iron K-edge must indicate the presence of the
differential components of f ′(E) between Fe2+ and Fe3+. The
RXS method is the detection of this structure factor contribu-
tion.

Figure 6 is the measured integrated intensity for
(1/3, 1/3, 6.5) of LuFe2O4 at 15 K, where the data was
corrected for absorption. As demonstrated in the figure, the
energy variation of the superlattice spot shows a characteristic
enhancement, the maxima and the minima at energies of 7.116
and 7.124 keV, respectively. This is the indication of the
existence of differences in the atomic scattering factor between
f ′(E) for Fe2+ and Fe3+, which proves the presence of the
charge stripe shown in figure 2. It is noticeable that there is an
independent energy component as a background to the signal
in the data. This superstructure disappears at 340 K, where the
low-frequency dielectric constant shows a cusp.

Figure 6. Circles are the x-ray energy variation for the superlattice
intensity of LuFe2O4 at 15 K. The line is the difference of the f ′(E)
between Fe2+ and Fe3+ evaluated from the XANES data [21].

5. Electric polarization from the ordering of
Fe2+ and Fe3+

As reported earlier, the local electric dipole exists in this
structure and gives a consistent explanation for the unique
dielectric properties of these oxides. It must be emphasized
that this electric polarization has a different nature from
those of previously known displacement-type ferroelectrics, in
which the electric dipole originates from the spontaneous polar
displacement of an anion and a cation [22]. As to the origin of
such a displacement, the importance of the electron transfer
from an anion to a cation forming the bond of covalency
was pointed out by recent first-principles calculations [23]
and electron density analysis [24]. On the other hand, the
polarization in RFe2O4 is considered as the density modulation
of electrons on an average cation, Fe2.5+ not having an
associated anion. Furthermore, the charge modulation is
explained by the correlated nature of electrons, the charge
frustration in this case. This is a crucial difference between
RFe2O4 and ordinary ferroelectrics of the displacement type.
The switching process of the electric polarization is also
a unique feature that is realized by the electron exchange
among the polar ordering of Fe2+ and Fe3+. The motion of
possible ferroelectric domain boundaries proceeds as a process
involving the collective motion of highly correlated electrons.
This is a new aspect of the electronic behavior of the transition
metal oxides.

It is commonly recognized that the ferroelectrics are
defined by the polarization switching in accordance with the
switching of the external electric field. Usually, the switching
process is confirmed from the electric field dependence of the
polarization measurement, the so-called P–E loop observation.
In the case of RFe2O4, such typical P–E loop characteristics
have rarely been reported [25]. Within our experiment,
the pyroelectric measurement is an easier method to detect
such polarization switching according to the electric field.
Although the total dielectric properties on RFe2O4 have not
been clarified, it is considered that the residual electronic
conductivity, which inevitably arises from the ‘non-charge-
ordering region,’ may prevent the clear observation of such
P–E loop observations.
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Figure 7. Temperature variation of the electric polarization estimated
from the integral of the pyroelectric current measurement for the
LuFe2O4 single crystal along the c axis [21].

Previous results of the pyroelectric current observation
are shown in figure 7 [17]. The data was taken from
the integral of the temperature variation of the pyroelectric
current in a heating process after cooling with an external
electric field. The temperature variation of the current shows
a characteristic peak at the magnetic transition temperature
and 340 K. The latter is a three-dimensional charge-ordering
temperature, and the low-frequency dielectric constant shows
a small cusp. Accordingly, the electric polarization obtained
from the current integral develops at this temperature. These
results demonstrate the ferroelectric property of this material.

It is a noticeable coincidence that the unit cell of electric
polarization, the polar distribution of Fe2+ and Fe3+, is also the
unit cell of the ferrimagnetic polarization. Then, some kind of
coupling between the magnetization and electric polarization
is expected. As shown in figure 7, the temperature variation
of the electric polarization shows an anomaly at the magnetic
transition temperature. In our preliminary observation, a
slight change of the coherent length of the charge ordering
at this temperature was found [26]. This is an indication of
the development of spin exchange networks affected by the
coherence of the charge ordering. As demonstrated in the spin-
ordering model, the charge arrangement of iron ions directly
couples to the spin interaction through the superexchange
mechanism. Such a phenomenon is new for magnetoelectric
interaction phenomena.

The ordinary magnetoelectric (ME) signal of RFe2O4

has been reported on poly-crystal ErFe2O4 [27]. The ME
measurement was conducted with an AC electric response
driven by the AC magnetic field under a DC-biased magnetic
field. The sign of the signal showed a change in accordance
with the cooling electric or magnetic field sign. The result
was an indication of the polar property of ErFe2O4. It was
also found that the AC–ME response showed a maximum
when the frequency of the AC field coincided with the
polarization fluctuation frequency. Recently, it was reported
that LuFe2O4 shows coupling between the dielectric response
and the magnetic field even at room temperature [28]. The
presence of a possible residual magnetic moment at room
temperature may cause such coupling [25]. The presence of

Figure 8. Charge-ordered region (circled area) observed with a
transmission electron microscope for YFe2O4. The charge stripe with
a wavenumber (1/3 1/3) is in the circle, but the wave coherence
vanishes outside the circle, which demonstrates that the coherence of
the charge-ordering region is about a 10 nm scale.

such ME coupling at room temperature will be examined in
the near future.

It is noticeable that the domain size of the charge-and spin-
ordering region is extremely small for LuFe2O4. This was
determined by electron transmission or synchrotron diffraction
experiments. In figure 8, a dark-field real image of the charge-
ordering region taken by a transmission electron microscope
is shown. The image was taken for YFe2O4 having the
superlattice diffraction of (1/3 1/3 1/2). In the figure, the
white circle is the coherent area of the charge-ordered domain
of about 10 nm [29, 30]. This is a consistent result from the
x-ray diffraction experiments, in which the coherence length
was estimated to be about 10 nm from the full width of the
half-maximum of the peak profile within the a–b plane. In
usual ferroelectrics, the long-range interaction of the lattice
distortion affects the polarization domain size. The small
polarization indicates that the Coulombic interaction between
electronic charges dominates the total energy for the domain
sizes and decoupling from the long-range interaction of the
lattice distortion.

As described above, the charge model in the W layer
gave a consistent explanation for the dielectric and magnetic
response of RFe2O4. Recently, research on understanding the
ground state of this material has included a wider viewpoint
including the degrees of freedom of the spin, charge and
orbital. The total interacted behavior of the spins, charges
and orbitals of iron ions in the W layer studied using Monte
Carlo calculations revealed the various magnetic and dielectric
properties of this material. They revealed the orbital fluctuation
by the frustrated interaction among Fe2+s [31]. Furthermore,
the three-dimensional spin-ordering model was proposed from
the precise neutron diffraction experiment [32]. In contrast, the
three-dimensional charge-ordering model in LuFe2O4, which
might be the combination of six W-layer models, remains an
open question.

To completely clarify the magnetism, ferroelectricity
and electronic conduction properties of this material is a
fascinating task in order to obtain a novel ferroelectrics
application. From such interests now, the precise voltage–
current characteristics of this material are currently being
studied with the development of a precise sample preparation
technique. The potential application of this kind of
magnetoelectric interacting material might affect a large area of
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technology. For example, the fast switching of the polarization
realized by electronic motion without an ionic one may realize
ultra-high-speed ferroelectrics. Furthermore, the electronic
properties may have cross-correlation with the magnetic field,
which may yield a new potential ferroelectrics application
coupled with or controlled by the degrees of freedom of d-
electrons, i.e. spins, charges and orbitals.
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