
Oxygen-deficient effect on charge ordering in spin- and charge-frustrated ferrite YFe2O4−�

Y. Horibe
Rutgers Center for Emergent Materials and Department of Physics & Astronomy, Rutgers University,

Piscataway, New Jersey 08854, USA

K. Yoshii
Japan Atomic Energy Agency, Sayo, Hyogo 679-5148, Japan

N. Ikeda
Department of Physics, Okayama University, Okayama 700-8530, Japan

S. Mori*
Department of Materials Science, Osaka Prefecture University, Osaka 599-8531, Japan

�Received 8 June 2009; revised manuscript received 25 August 2009; published 22 September 2009�

The effects of oxygen deficiency on charge ordering were investigated by transmission electron microscopy
at various deficiencies and temperatures of YFe2O4−�. We found that the detailed nature of the charge ordering
structures is associated with changes in the superlattice reflections and diffuse scattering. They go from �1/3 1/3
1/2�-type superlattice reflection to �1 /3 1 /3 l�-type straight-type diffuse scattering, then to zigzag-type diffuse
scattering. With the oxygen deficiencies increased, the interchange correlation of Fe-O bilayers obviously
decreases, yet the triple superperiodicity along �110�� remains unchanged. These findings on frustrated ferrites
indicate the stability of in-plane threefold charge ordering and the importance of the interchange interaction
between bilayers in the structural phase transitions.
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Mixed-valence triangular lattice compounds RFe2O4−�
�R=Y, Ho, Er, Tm, Yb, and Lu� have been extensively stud-
ied because of their multiferroicity and charge ordering �CO�
on geometrically frustrated lattices.1–3 RFe2O4−� has a rhom-

bohedral crystal structure with the space group R3̄m.4 This
structure is characterized by the alternative stacking of
triangular-lattice layers with Fe-O bilayers and R-O layers,
indicating two dimensionality �Fig. 1�a��. Furthermore, the
same amount of Fe2+ and Fe3+ ions coexist at the Fe sites in
the charge ordering state since the Fe valence is equal to
2.5+ in the chemical formula. The spin and charge ordering
on the geometrically frustrated lattice in this system is ex-
pected to result in intriguing physical phenomena and struc-
tural changes.1–3,5–11 Charge imbalance within bilayers of the
CO state gives rise to ferroelectricity, which is regarded as
multiferroic.12,13 This indicates a new mechanism for ferro-
electricity from the degree of freedom of spins and charges.
Changes in LuFe2O4−� and YFe2O4−� with the superlattice
reflections �SRs� and diffuse scatterings �DSs� are related to
complicated structural phase transitions from the distinct
CO.2,3,8–10 These results indicate the presence of lattice re-
sponse to the complex CO state.

Physical properties in RFe2O4−� are well known to be
especially sensitive to oxygen deficiencies �ODs�. The stoi-
chiometric YFe2O4−� exhibits some anomalies at �250 K in
both the electric resistivity and magnetic susceptibility on
warming �at �240 K on cooling�, which is suggested to be
related to the three-dimensional CO transition.14,15 It has
been reported that the electric and magnetic properties
change in YFe2O4−� drastically with different ODs.14–16 For
example, the electric resistivities exhibit about four orders of
magnitude difference �from 10−4 to 10−7 � cm�.14 This leads

to the evolution of large hysteresis, among the polycrystal-
line specimens sintered under the wide range of oxygen par-
tial pressures. Neutron diffraction studies suggested that the
stoichiometric YFe2O4−� shows three-dimensional spin or-
dering below �235 K on cooling.16 Spin correlations in the
nonstoichiometric YFe2O4−� remain two dimensional until
�80 K �at the lowest temperature in the measurements�.16

These results clearly imply that the magnetic ground states
are significantly different in the stoichiometric and nonsto-
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FIG. 1. �Color online� �a� Schematic of crystal structure of
YFe2O4. Part of a Y-O layer and Fe-O bilayers are also shown in the
inset. �b� Powder x-ray diffraction patterns in the samples with dif-
ferent CO2 /CO mixture ratios.
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ichiometric YFe2O4−�. Despite these studies, changes in the
superstructures during the structural phase transitions have
not been investigated systematically in the different ODs of
YFe2O4−�. It is essential to clarify the effect of ODs on the
structural changes in a proper understanding of anomalous
physical properties due to COs.

In this Brief Report, we report that the structural phase
transitions with respect to two-dimensional and three-
dimensional COs are strongly associated with the level of
ODs. With increased ODs the transition temperatures
between different COs decrease monotonically, even
though the CO superstructures with �1/3 1/3 1/2�-type SRs,
�1 /3 1 /3 l�-type straight-type DS, and zigzag-type DS re-
main unchanged. Our results clearly demonstrate the three-
fold CO superstructure within Fe-O bilayer is surprisingly
stable, on the other hand, interchange correlation between
bilayers is sensitive to the OD compositions.

Polycrystalline specimens were used for the present study.
The samples with different amounts of ODs ��� were pre-
pared by solid-state reaction method. They were sintered
with 1210 °C at reduction atmosphere under careful control
of the CO2 /CO gas ratio. It should be noted that oxygen
partial pressure in the reduction atmosphere, which is signifi-
cant to synthesize YFe2O4−� phase, can be controlled by
changing the CO2 /CO mixture ratio in the chemical equilib-
rium state. We used the gas-mixture ratio to identify samples
with the different deficiencies, as reported previously,15 since
absolute � values were not measured in the present work.
Crystallographic information was obtained from powder
x-ray diffraction using the Fe target at room temperature.
The specimens for the transmission electron microscopy
�TEM� experiments were prepared by crushing in order to
prevent additional defects by Ar-ion milling technique. The
observation was carried out with the JEOL-2010 TEM
equipped with liquid-nitrogen cooling specimen holder and
heating specimen holder. The structural changes in YFe2O4−�

with various � were investigated by obtaining both electron-
diffraction �ED� patterns and real-space images related to the
CO structure. Note that the indexes in the ED patterns are

based on the rhombohedral space group of R3̄m �with hex-
agonal notation� in the same manner as follows.

The powder x-ray diffraction patterns in the samples with
different CO2 /CO mixture ratios �Fig. 1�b�� clearly show
that there exists YFe2O4−� as a stable phase in the particular
range of oxygen partial pressure in the reduction atmosphere,
and the � values in YFe2O4−� can be continuously controlled
by changing the oxygen partial pressure �i.e., by changing
the CO2 /CO mixture ratio�. The peaks at 2�= �13.5° and
�27.1° ��32.8°� in the profiles are characterized by the
presence of the YFe2O4−� �YFeO3� phase. The samples with
the gas mixture ratio of 0.5, 1.0, and 1.5 exhibit the single
phase of YFe2O4−�, while that of 2.0 corresponds to the co-
existence of YFe2O4−� and YFeO3 phases. The single YFeO3
phase, in which the Fe valence is equal to 3+, is stabilized as
the gas-mixture ratio increased. The mixture of Y2O3 and Fe
�metal� can be found in the case of the ratio of 0.0, meaning
pure CO gas. Three single phase YFe2O4−� samples with the
mixture ratio of 0.5 �R0.5�, 1.0 �R1.0�, and 1.5 �R1.5� are
chosen for further experiments. According to the oxygen par-

tial pressure expected, the R1.5 �R0.5� sample should have
the least �most� ODs, and R1.0 sample corresponds to some-
where in the middle. It is worth mentioning that our careful
analysis of powder x-ray diffraction patterns indicate that the
c axis of the unit cell �c= �24.7 Å� barely changes by � in
our experimental uncertainties. We measured the temperature
dependence of the electric resistivity on warming and con-
firmed that the results are consistent with the previous
report.15,17 The temperature dependence of the magnetic sus-
ceptibility in R1.5 was also measured and is basically the
same as that for x=0.00.16

In order to investigate the dependence of the ODs on the
CO, we thoroughly examined ED patterns in the samples
with various �. We found that the CO structure is best dem-
onstrated by the presence of the SRs or DSs in the ED pat-

terns with the electron incidence parallel to the �11̄0� direc-
tion. Figure 2 shows the ED patterns with the electron-beam

incident parallel to the �11̄0� direction in R1.5 ��a� and �b��,
R1.0 ��c� and �d��, and R0.5 ��e� and �f�� samples, respec-
tively. The diffraction patterns are obtained at RT for �a�, �c�,
and �e�, and at �100 K for �b�, �d�, and �f�, respectively. In
the ED patterns shown in Figs. 2�a� and 2�b�, there exist �1/3
1/3 1/2�-type SRs with the weak DS �and �1/3 1/3 3/2� spots
due to twinning� at RT and �1/7 1/7 9/7�-type SRs at 100 K.
On the other hand, as in Figs. 2�c� and 2�d�, the straight DS
going through �1/3 1/3 0�-type positions, without intensity
maxima, can be seen at RT in the R1.0 sample, while the �1/3
1/3 1/2�-type SRs appear at 100 K with the DS. In the case of
the R0.5 sample, which contains the most ODs, the zigzag-
type DS at RT turns into the straight DS at 100 K. On warm-
ing from RT the SRs in the R1.5 become the coexistence of
the RSs and DS and finally become only DS at �500 K �not
shown here�. These results imply that the changes in the SRs
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FIG. 2. Electron-diffraction patterns in the samples sintered un-
der the different CO2 /CO gas mixture ratio of 1.5 ��a� and �b��, 1.0
��c� and �d��, and 0.5 ��e� and �f��, respectively. The diffraction
patterns are obtained at RT for �a�, �c�, and �e�, and at �100 K for
�b�, �d�, and �f�, respectively. The electron-beam incidence is paral-

lel to the �11̄0� direction.
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and DSs obviously exhibit the dependence of the ODs, and
that the transition temperatures among the COs, surprisingly,
decrease significantly in the intensively wide range of the
ODs. It should be emphasized that the ED pattern in the
ferroelectric phase of LuFe2O4 shows the similar pattern to
Fig. 2�a�, without the weak DS.2 It is worth mentioning that
in typical CO materials such as manganites the superperiod-
icity of the CO should be proportional to the doped carrier
concentration, which can be modified by ODs.18 Therefore it
is suggested that the threefold CO superstructures within bi-
layers turn out to be robust in the different �, however, the
interchange interaction between bilayers appear to be more
sensitive to the ODs. Since the formation of the CO struc-
tures are closely related to the compensation of the geometri-
cal frustration, these results suggest one of the characteristic
features in the frustrated CO systems. It should be noted that
the presence of �1/3 1/3 1/2� SRs in our experimental results
is inconsistent with the CO model proposed in the previous
TEM study.19,20 On the other hand, our experimental results
are consistent with the model proposed on the x-ray diffrac-
tion experiments by Angst et al.21

We carefully examined real-space images of the CO in the
R1.5 sample at room temperature. Figure 3 is the
high-magnification dark-field image taken by using the
�1/3 1/3 5/2� SRs framed by a circle in the inset of the ED
pattern. CO domains, about �40 nm in width� �25 nm in
thickness, can be clearly seen, as shown by the arrow A. The
most striking feature is the asymmetric shape of the CO do-
main, i.e., platelike form. This indicates that the correlation
length of the CO parallel to the c axis ��25 nm, about 10
unit cells/30 bilayers� is shorter than that within bilayers
��40 nm, about 120 unit cells�.

We clearly demonstrated the relationship between the
ODs and the CO superstructures. Here we discuss a possible
scenario for the evolution of the CO in YFe2O4−� during the
transitions on the basis of the present experimental results. It
is well known that in layered lanthanoid ionic crystals, ionic

bonding between lanthanoid and oxygen ions is significant
and, in general, very stable. The oxygen deficiencies are,
therefore, readily introduced not to the lanthanoid-oxygen
layers but to the other layers, i.e., the Fe-O bilayers in
YFe2O4−�. Recent theoretical analyses pointed out that be-
cause of the compensation of the frustration the threefold CO
superstructure can be more stable than the other COs such as
fourfold CO.22 This is consistent with our experimental re-
sults. In fact, the threefold CO superstructure is very robust
throughout the introduction of the ODs. As for the origin of
the interchange interaction between bilayers, there will be
two possibilities. One is the electrostatic interaction, and the
other is the presence of the local lattice modulation coupled
with distortions of the unit cell. The recent convergent beam
electron-diffraction study indicated that in LuFe2O4−� a crys-
tal structure with the zigzag-type DS shows the point group
of 3m at RT.19 This suggests that the structure can remain the
three-hold rotational symmetry in the two-dimensional CO
state, within the experimental conditions of the electron-
beam probe size and radiation intensity. These imply that the
rhombohedral cell is undistorted from the high-symmetric
one �non-CO structures�, and the two-dimensional CO struc-
tures, therefore, cannot have the interchange interaction
through the lattice distortions. From the analogies, the inter-
change interaction between the Fe-O bilayers in YFe2O4−�

can be achieved by the intermediary of electrostatic inter-
play, across the Y-O layers. From the comparison of x-ray
diffraction experiments and theoretical analysis in
LuFe2O4−�,3 the straight-type and zigzag-type DSs can be
explained if the interchange interaction of charges between
the neighboring bilayers is taken into account. In the CO
state the ODs are thought to compensate the charge imbal-
ance between upper and lower Fe-O layers within a bilayer.
In other words, the ODs can result in the weak interchange
interaction between bilayers via weak electrostatic interplay.
In fact the polarization within bilayer, which is related to the
charge imbalance, is suppressed by the presence of ODs
from the theoretical analysis.22

The appearance of commensurate three-dimensional
threefold CO characterized by �1/3 1/3 1/2�-type SR cannot
be well stabilized by the electrostatic-interaction mechanism.
Local lattice modulation accompanied by unit-cell distor-
tions can be the mechanism to stabilize the three-
dimensional CO, where the local structure can differ from
the rhombohedral averaged structure. The CO-lattice cou-
pling can, therefore, provide the interchange interaction. This
type of local lattice modulation serves as the additional com-
pensation for the frustration in the CO state. In fact, 1q-type
lattice modulation in the nanosized CO domains with about
40 nm in size, similar in size to the present work, has been
found by the high-resolution TEM observations.23 From our
experimental results as well as the theoretical analysis,22 the
threefold CO superstructure is robust over the introduction of
the ODs, implying that amplitude of the charge modulation
may become small. This may result in the reduction in the
corresponding lattice distortion, therefore, the interchange
interaction. The lattice-coupled interchange interaction can
be a possible origin for the two-dimensional �or, nearly three
dimensional, to be precise� CO states. The recent energy-
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FIG. 3. High-resolution dark-field image at room temperature in
the CO2 /CO=1.5 sample. �Inset� the electron-diffraction pattern
corresponding to the image. Note that the electron-beam incidence

is parallel to the �11̄0� direction. The �1/3 1/3 5/2� superlattice spot
used for the dark-field imaging is framed by a circle.
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filtered TEM observations show the presence of the CO
domains at about 295 K in YbFe2O4−� with �5 nm in
width� �1–2 nm in thickness when zigzag-type DS
appears.24 We believe that the presence of the local lattice
modulation and its evolution depending on the ODs as well
as the temperatures should play an essential role in the struc-
tural phase transitions in this system. Further studies will be
needed to figure out the details.

In summary, the successive structural phase transitions re-
lated to the CO are accompanied by the changes from
zigzag-type DS to �1 /3 1 /3 l�-type straight DS, and then to
�1/3 1/3 1/2�-type SR with varying temperature and ODs. In
addition, there are changes to �1/7 1/7 9/7�-type SR in the
stoichiometric samples, which is significantly different from
the others. As the ODs increase, interchange interaction be-

tween bilayers obviously decreases, yet the in-plane three-
fold CO superstructure seems to be robust. These findings
indicate the importance of the stability of in-plane threefold
CO, the interchange interaction between bilayers, and the
local lattice modulation in the phase transitions of this sys-
tem.
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