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Evolution of charge order through the magnetic phase transition of LuFe2O4
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The charge order in multiferroic LuFe2O4 has been investigated with resonant x-ray diffraction at the Fe K
edge in the combined charge ordered and magnetic phase. The energy dependence of the charge order reflection
( 1

3
1
3

7
2 ) has been analyzed in detail to investigate the charge disproportionation between the iron sites as a function

of temperature. It is found that the charge disproportionation is constant within 0.02e across the Néel temperature
TN . The charge order reflection exhibits a decrease in intensity with increasing temperature which is attributed to
an increase in the probability of electron hopping. We confirm the increase in polarization at TN is not of static
origin but rather dynamic. Our observations are consistent with antiferromagnetically aligned magnetic moments
inhibiting the double exchange mechanism and reducing the probability of electrons hopping between Fe2+ and
Fe3+ in the magnetic phase.
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I. INTRODUCTION

LuFe2O4 belongs to the RFe2O4 (where R is typi-
cally a rare-earth metal) family of compounds, known for
their hexagonal layered structure and complex charge and
magnetic ordering. These compounds have been shown to
undergo charge separation into Fe2+ and Fe3+ species,1,2

while Mössbauer measurements showed that electron hopping
occurs between Fe atoms3 and the charge on a specific Fe atom
can fluctuate between Fe2+ and Fe3+ states.4 Two-dimensional
(2D) magnetic order was shown to appear in YFe2O4 (Ref. 5)
and YbFe2O4.6 It was also suggested that the charge and
magnetic order in RFe2O4 compounds are correlated and
magnetoelectric effects should be visible,7 following the
observations of changes in the dielectric constant of ErFe2O4−δ

depending on the magnetic structure.8 In LuFe2O4 the charge
order (CO) has been shown to be 2D below T = 500 K and to
extend into a three-dimensional (3D) CO below TCO ∼ 330 K.9

Charge order in LuFe2O4 was initially interpreted as polaron
ordering,10 following similar findings in manganites11 and
nickelates.12

LuFe2O4 has generated a large scientific interest because
its proposed ferroelectric moment caused by frustrated charge
order coexists with magnetism near ambient temperature.13

LuFe2O4 adopts a ferroelectric (FE) ground state below TCO,
while below the Néel temperature TN ∼ 240 K the Fe magnetic
moments order which enhances the FE polarization by 20%.
Additionally, electric conductivity of LuFe2O4 has been shown
to change nonlinearly with voltage, and the nonlinearity is
anisotropic.14 In polycrystalline samples the nonlinearity of
electric conductivity has been shown to originate from Joule
heating of the sample.15 It has been demonstrated that the
dielectric properties of LuFe2O4 can be changed by applying a
magnetic field16,17 and that pulsed currents can change the
magnetic state.18,19 It has been debated whether either of
the two effects originates from the multiferroic properties of
LuFe2O4. The magnetic field effect on the dielectric properties
has been attributed to Maxwell-Wagner-type contributions
from electrical contacts on the sample rather than to intrinsic

properties of the sample itself,20 and the electric current effects
can be explained as a result of resistive heating.21 The study
of LuFe2O4 is hampered by the apparent high sensitivity
of the charge order and magnetic properties to oxygen
stoichiometry.15,22,23 At the same time the inherent complexity
of the system allows for many different configurations of
magnetic moments22,24 and of electric charges on Fe atoms.25

In order to adequately describe the charge dynamics in
LuFe2O4, new theoretical models are being developed.26,27

A second magnetic phase transition that improved the
correlation of CO in the c direction was found at T ∼ 175 K,28

while the magnetic structure peaks broadened indicating an
increase in magnetic disorder.25 In a related study, Mössbauer
spectroscopy and optical spectroscopy found a decrease in the
electron hopping rate with temperature, due to the effective
number of d electrons capable of overcoming the energy
barrier between Fe2+ and Fe3+ decreasing with temperature.29

In compounds such as YbFe2O4 (Ref. 30) and YFe2O4

(Ref. 31), the CO superstructure appears in the form of
pancakelike domains, and in YbFe2O4 these have been shown
to increase in size with cooling.30 Pancakelike CO domains
are also present in LuFe2O4.32

The crystal structure of rhombohedral LuFe2O4 consists of
a triangular double layer of iron ions, with trigonal bipyramids
of five oxygen nearest neighbors (n.n.), in which equal amounts
of Fe2+ and Fe3+ populate the iron sites. In a perfectly charge
ordered state, each site may be considered as having either
an excess or a deficiency of half an electron compared to the
average ion valence of Fe2.5+. Alternatively, charge dispro-
portionation with fractional charges may exist as exemplified
in nickelates.33–35 In this case the two species are Fe2.5+δ

and Fe2.5−δ , where δ is the additional or missing fractional
charge on each Fe ion. We refer to δ = 0.5 as complete
charge disproportionation, and to δ < 0.5 as incomplete charge
disproportionation.

A possible explanation for the enhanced polarization at TN

in LuFe2O4 is that above TN , δ < 0.5, while below TN charge
disproportionation increases to full charge separation and
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δ = 0.5. Resonant x-ray diffraction studies23,36 and Mössbauer
spectroscopy29 have determined that δ is close to 0.5 at room
temperature. A change in disproportionation at TN is therefore
likely to be small. Previously we performed a precise resonant
x-ray diffraction (RXD) and determined that the Fe2+ orbitals
exhibit a glasslike state. Using a self-consistent iteration the
anomalous scattering factors of the Fe2.5+δ and Fe2.5−δ have
been determined from the RXD.36 They exhibit a chemical
shift of 4.0(1) eV which is close to the chemical shift of 4.5 eV
reported for Fe2+ and Fe3+ in water complexes.37

Recent publications questioned whether LuFe2O4 develops
FE polarization.38,39 An infrared spectroscopy study of lattice
dynamics of LuFe2O4 suggested antipolar ordering of the
bilayers instead of FE.38 Based on x-ray diffraction and
x-ray magnetic circular dichroism results, it was proposed39

that within each Fe2O4 bilayer both layers exhibit the same
electrical charge and the charge neutrality is preserved between
pairs of bilayers. The experiment described in this paper
cannot verify the correctness of either of the models, as the
superstructure reflection that we recorded is present regardless
of the FE or antiferroelectric (AFE) ordering of bilayers,
and both of the orderings require the Fe2+ and Fe3+ charge
separation. Our treatment of experimental results makes no
assumptions as to which Fe sites in the CO supercell are
occupied by Fe2+ or Fe3+.

In a recent neutron diffraction study using different electric
field cooling procedures, we proposed that the increase in
ferroelectric polarization at TN is due to a transition from
paramagnetic 2D CO to antiferromagnetic 3D CO in the
presence of an applied electric field.40 The CO is stabilized
by the antiferromagnetic order, preventing electrons from
hopping between Fe2+ and Fe3+ when their magnetic moments
are aligned antiparallel. This is consistent with theoretical
considerations for layered iron oxides,26 which indicate that
CO fluctuates due to thermal hopping of electrons between
Fe atoms and is stabilized by the onset of ferrimagnetic
order.

In this paper we use RXD to compare the CO in the
paramagnetic state with that of the magnetic state. RXD has
become a powerful technique for studying charge, orbital, and
magnetic arrangements. Tuning the energy of the incoming
radiation to an absorption edge permits the recording of Bragg
reflections with enhanced sensitivity to the specific ion and
its electronic configuration. In the case of the Fe K edge,
the incident x-rays virtually excite an electron from the 1s

core level to the empty 4p states, followed by a decay of
the electron back to the core hole. This effect results in a
significant variation in the atomic scattering factors of the Fe
ions for x-ray energies close to the Fe K edge. In particular,
the atomic scattering factors are affected by variations in the
charge state, as witnessed by a change in chemical shift. We
report on the temperature dependence of the ( 1

3
1
3

7
2 ) reflection

across TN . This reflection has a strong resonance and is most
sensitive to changes in the CO. A change in CO will change
the functional form of the resonance. In addition any change
in the Thomson scattering below and above the resonance
signifies a change in the crystallographic distortion associated
with the CO. In contrast to neutron diffraction, RXD at the
Fe K edge is not sensitive to the magnetic order of the
Fe ions.

II. EXPERIMENT

RXD measurements were performed at the Materials
Science beam line at the Swiss Light Source using the Pilatus
2D detector41 and with the same sample of LuFe2O4 as used
for the study in Ref. 36. The measurements were recorded at
selected temperatures between 100 and 300 K using horizontal
incident polarization. The background, mainly originating
from the fluorescence of the sample, was determined from
a selected outer rim of the area detector and subtracted
from all the recorded profiles. Both the ( 1

3
1
3

7
2 ) charge order

reflection and the (006) structural reflection were recorded
for each temperature, and the latter was used to perform
absorption correction of the former according to the following
procedure. The scattering factor of the (006) is expressed as
F (E) = ∑

j [f0,j + f ′
j (E) + if ′′

j (E)]eiq·rj where f0,j is the
atomic form factor and f ′

j and f ′′
j are real and imaginary

anomalous x-ray scattering factors of atom j , respectively;
q is the scattering vector; and rj is the position of atom
j in the unit cell. The absorption is proportional to f ′′/E
according to the optical theorem and was obtained from
the (006) reflection by iteration of the calculated anomalous
intensity according to space group R3̄m and the absorption
deduced from the ratio between calculated and integrated
intensity. The Kramers-Kronig transformation was performed
with DIFFKK software from the IFEFFIT package,42 and the
initial values of the anomalous scattering factors of Fe were the
Cromer-Liberman values obtained from DIFFKK. Figure 1(a)
shows f ′′ obtained from this iterative process for T = 100
and T = 300 K. The intensity of the ( 1

3
1
3

7
2 ) reflection was in

addition corrected for a small background, and the corrected
resonance profiles are shown in Fig. 1(b).

III. RESULTS

Figure 1(b) shows the normalized integrated resonant
diffraction intensity of the ( 1

3
1
3

7
2 ) reflection as a function of

energy. We find that the functional form and the relative
amplitude of the resonance are identical for all temperatures.
Figure 1(b) indicates the features in the resonance curve
labeled A and B. These two peaks are the most prominent
part of each resonant intensity curve and have a Gaussian-type
shape that is reproducible between measurements. The inset
in Fig. 1 shows the integrated intensity of the ( 1

3
1
3

7
2 ) reflection

as a function of temperature, normalized at T = 100 K.
The integrated intensity increases gradually with decreasing
temperature, remains nearly constant below T = 200 K, and
shows a slight anomaly near TN .

In addition to the measurements after zero-field cooling
(ZFC), the LuFe2O4 sample was heated ex situ to T = 350 K
and cooled in an applied electric field of 250 kV/m along the
[001] direction to T = 300 K, followed by RXD at selected
temperatures between 150 and 300 K. The procedure was
then repeated with the electric field along the [001̄] direction.
Because of the remounting of the sample, absolute intensities
could not be compared. However, the energy dependencies
of the ( 1

3
1
3

7
2 ) reflection recorded for the positive electric field

cooled ( + EFC) and negative electric field cooled (−EFC)
sample were qualitatively the same as the ZFC results, as
shown in Fig. 1(b).
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FIG. 1. (Color online) (a) f ′′(E) deduced from the integrated
intensity of the (006) reflection (see text) as a function of x-ray energy.
(b) Integrated resonant diffraction intensity of the ( 1

3
1
3

7
2 ) reflection at

the Fe K edge as a function of x-ray energy. The integrated intensity
is normalized and corrected for absorption. The two peaks used
in the data analysis are labeled A and B. The integrated resonant
diffraction intensity profiles measured after + EFC and −EFC are
shifted downwards for clarity. The inset shows the intensity of the
( 1

3
1
3

7
2 ) superstructure reflection as a function of temperature (error

bars are less than the size of the symbols). The lines added as guides
for the eye are obtained from a fit with a Brillouin curve (blue dotted
line) and with a sum of two Brillouin curves (red dashed line). The
intensities shown in the inset have not been corrected for absorption.

IV. DISCUSSION

The charge order in LuFe2O4 coincides with a crystallo-
graphic distortion resulting in the Thomson intensity. A change
in charge order is therefore likely to concur with a change in
the crystallographic distortion. Using the anomalous scattering
factors of Fe2+ and Fe3+ determined in Ref. 36, the energy
dependency of the ( 1

3
1
3

7
2 ) reflection was calculated for two

scenarios of charge disproportionation, one coinciding with
crystallographic distortion, the other without.
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FIG. 2. (Color online) Calculated XRD intensity of the CO
reflection ( 1

3
1
3

7
2 ) as a function of the chemical shift with (a) constant

Thomson scattering and (b) Thomson scattering proportional to δ2.
The case of (a) corresponds to the change of partial charge only, and
(b) assumes an accompanying structural distortion.

The chemical shift � between the two iron species is
typically proportional to the charge disproportionation and
was varied from � = 3 to 4.5 eV, which corresponded to a
change in charge disproportionation of 0.19e. The Thomson
intensity was (a) kept constant [see Fig. 2(a)] as well as (b)
varied proportionally to δ2 [see Fig. 2(b)]. The first simulates
charge disproportionation at the Fe sites while the crystal
distortion remains constant, while the latter simulates charge
disproportionation that is proportional to the crystallographic
distortion.

It becomes apparent that regardless of the assumed presence
of lattice distortion or lack of it, the change in � results in a
change of position of resonant peaks A and B that is significant
and similar in cases (a) and (b). An increase of the chemical
shift � between the two iron species by 1 eV results in a shift
of 0.63 and 0.61 eV for peaks A and B, respectively, in both
(a) and (b). Therefore, in the data analysis we examine the
resonant peak positions with temperature to detect possible
changes in �.

To determine the positions of A and B, the peaks were
fitted with a sum of Gaussian and linear functions. Figure 3
illustrates that the positions of A (red crosses) and B (blue
diagonal crosses) are constant as a function of temperature.
Their variability is compared to the change in position that
corresponds to a 1 eV change in � (black lines), based on
the simulated resonance profiles shown in Fig. 2. Using a
linear relationship between � and δ results in a distribution
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FIG. 3. (Color online) Positions of XRD peaks A and B as a
function of temperature. The black line next to each data set shows
the shift of peak position that corresponds to a 1-eV change in
the chemical shift between the two iron sites. The inset shows the
distribution of all the measured peak positions and the corresponding
variation of δ. The distribution of the points indicates that the change
of δ throughout all temperatures is less than 0.02e (4%).

of observed δ values as shown in the inset of Fig. 3. It is
concluded that the charge disproportionation is independent
of temperature within 4%. This upper limit of 0.02e is
insufficient to account for the observed increase in polarization
at TN .

This confirms that the Coulomb interaction is dominant in
LuFe2O4 as the charge disproportionation is complete both in
the paramagnetic and ferrimagnetic states. This is in contrast
to the stripe order observed in the hole doped perovskite
family LaFeO3 where the superexchange gives rise to different
domain wall patterns of the charge density wave depending on
the hole doping. In this case the charge and magnetic order
are dominated by the magnetic exchange interaction rather
than Coulomb interactions.43,44 Kajimoto et al. observe in
Nd 1

3
Sr 2

3
FeO3 a distinct temperature dependence between the

spin and charge order superlattices with neutron diffraction
and suggest that the magnetic moments on the Fe3+ and
Fe5+ increase and decrease, respectively, when the charge
disproportionation is close to complete.45

The inset of Fig. 1(b) shows a gradual decrease in intensity
of about 50% between T = 100 and T = 300 K. This is
attributed to an increased probability of electron hopping
between Fe sites.29 As the time scale of RXD for virtual
electron excitation at the Fe K edge (order of 10−16 s)46

is smaller than the rate of electron hopping (5 × 10−6 s at
T = 330 K),29 RXD provides a snapshot of the charge order.
Thus there is an increase in the number of Fe sites that
are populated randomly by either Fe2+ or Fe3+ as function
of temperature. These sites do not take part in the charge

ordered superstructure, therefore reducing the intensity of the
CO reflection. An increase of the effective number or the
probability of electrons that are hopping from Fe2+ to Fe3+
sites has also been observed with optical spectroscopy29 and
is consistent with our observations.

Previous studies have demonstrated pancakelike charge
ordered domains in RFe2O4 (Ref. 30) that are also seen
in the magnetic state of LuFe2O4.32 Our findings sug-
gest that the charge order in these domains is unchanged,
while their number and size decreases with increasing
temperature.

The inset of Fig. 1(b) compares the intensity of the CO
reflection with two guides to the eye. The blue dotted line is
the temperature dependence expected for a gradual increase in
CO while the red dashed line includes an additional anomaly
at TN . The latter suggests a decrease in the probability of
electron hopping due to the onset of magnetic ordering. This
is consistent with stabilization of the CO due to the magnetic
order as suggested by Nagano et al. in Ref. 26. It is also in
agreement with our earlier neutron diffraction study,40 where
we show that the CO is stabilized in the magnetic state. The
antiferromagnetic alignment of the Fe moments prevents the
double exchange mechanism and reduces the probability for
electrons to hop. We note however the limited number of data
points as a function of temperature as well as the limited
agreement of the intensity recorded at T = 125 K with either
guide to the eye.

V. CONCLUSION

The temperature dependence of the CO reflection ( 1
3

1
3

7
2 )

has been investigated with resonant x-ray diffraction at the Fe
K edge. The energy dependence is compared to two models of
charge disproportionation, one including a lattice distortion,
the other without. It is found that the change in charge
disproportionation across TN is less than 0.02e. These findings
suggest that the charge disproportionation between Fe2+ and
Fe3+ is largely independent of temperature and the same for
the ferroelectric and magnetic phase of LuFe2O4. The intensity
of the CO reflection decreases with temperature because of a
growing probability of electron hopping that adds disorder in
the charge order superstructure. The increase in polarization in
the magnetic phase is therefore not of static origin and likely
of a dynamic nature. The anomaly at TN is consistent with the
antiferromagnetic alignment of spins that reduces the probabil-
ity of electron hopping as the double exchange mechanism is
inhibited.
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