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We report magnetic and superlattice imaging of ferrimagnetic bilayered LuFe2O4 with strong uniaxial
magnetic anisotropy. Magnetization reversal is imaged in magnetic fields up to 8 T at several temperatures
below TN ��230 K� and charge-ordered superlattice domains are imaged at 92 K. We observed random
packing of irregular pancakelike magnetic domains ��100 nm�30 nm� and charge-ordered superlattice do-
mains with similar shape ��30 nm�6 nm�. The magnetic domain structure shows a strong memory effect in
magnetization reversal. Our results are consistent with a spin-charge cross-coupling mechanism in LuFe2O4.
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Mixed valence compound RFe2O4 �R=Y, Ho, Er, Tm, Yb,
and Lu� is one of the most interesting magnetic systems be-
cause of the unconventional spin and charge orderings �COs�
on a geometrically frustrated lattice.1–3 It is a magnetic sys-
tem combining spin/charge frustration with low dimension-
ality. The RFe2O4 crystal consists of the alternate stacking of
hexagonal Fe2O3 double-layer and hexagonal RO layer along
the c axis, as shown in Figs. 1�a� and 1�b�.4 An equal amount
of Fe2+ and Fe3+ coexists at the same site of the hexagonal
�triangular� lattice. The Coulomb interaction between Fe ions
prefers Fe2+ and Fe3+ as nearest neighbors, which can be
effectively mapped to antiferromagnetic interaction of
pseudo-Ising spins.2 Antiferromagnetic Ising spin on triangu-
lar lattice is a geometrically frustrated system.5 The interplay
of the geometric frustration and the stacking of the triangular
nets lead to a complicated hierarchy of COs.3,6,7 LuFe2O4 has
attracted a significant amount of attention because it is a
possible multiferroics, where ferroelectricity and magnetism
coexist.8 Multiferroics has been the research focus of mate-
rials science because two coupled ferro-orders are of both
fundamental and technological interests.9 More interestingly,
it has been suggested that the ferroelectricity in LuFe2O4 is
driven by CO with broken inversion symmetry.8–10 The cross
coupling between spin and charge degrees of freedom pro-
vides an intriguing mechanism for multiferroics.7

In previous studies, short-range two-dimensional �2D� fer-
rimagnetic correlation ��5 nm� frozen below 210 K was
found in LuFe2O4 by neutron scattering, indicating strong
magnetic disorder.11 Recently, Christianson et al.12 observed
finite three-dimensional �3D� magnetic correlations in their
samples which possess long-range CO. Interestingly, they
found an additional magnetic transition at 175 K and diffu-
sive magnetic scattering along the c axis at lower tempera-
ture, which suggests emergence of magnetic disorder. A com-
prehensive study of bulk magnetic property, x-ray magnetic
circular dichroism �XMCD�, and neutron scattering from us
and collaborators suggests that a freezing transition at 80 K
with finite c-axis magnetic correlation is linked to the giant
magnetic coercivity at low temperature.13 This points to a
possible mechanism for achieving high coercivity in magnets
with strong uniaxial anisotropy.

While most of the previous studies of LuFe2O4 focused
on bulk properties and reciprocal space �scattering� studies,
little has been done on local properties, especially the do-

main structure in real space. A real-space study can provide
complimentary microscopic information. In this Rapid Com-
munication, we report magnetic and superlattice imaging of
single crystals of LuFe2O4. The magnetization reversal is
imaged below TN with magnetic field up to 8 T. We observed
the random configuration of pancakelike magnetic domains
��100 nm in ab plane and 30 nm along the c axis� and
charge-ordered superlattice domains ��30 nm in ab plane
and 6 nm along the c axis�. Strong memory effect of mag-
netic domain pattern was found in magnetization reversal,
suggesting the presence of a large amount of quenched dis-
order for pinning. The similar domain aspect ratios of these
two types of domains suggest that the formation of the mag-
netic domains is strongly influenced by the preformed pan-
cakelike CO domains �TCO�310 K�, probably through an

FIG. 1. �Color online� �a� Side view of the stacking of
basal planes �ab planes� along the c axis of LuFe2O4. �b� Top view
of the basal planes. �c� Topographic and �d� MFM images
�size: �6�6 �m2� of one area of the cleaved surface of LuFe2O4

taken at 150 K with 8 T. The color scale is 35 nm �10 Hz� for
topograph �MFM�. �e� and �f� are the cross sections of the lines
averaged over the boxes drawn in �c� and �d�, respectively. The
largest step height is about 10 nm, i.e., four times of the c-axis
unit-cell size. �g� Schematic illustration. The MFM signal at a step
edge of a uniform magnet is equivalent to that of a domain bound-
ary of a thin film with uniaxial anisotropy.
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intriguing charge-modulated spin-exchange mechanism.7

The microscopic coexistence of spin order and charge order
in LuFe2O4 is different from the mesoscopic phase separa-
tion in colossal magnetoresisitve manganites, where an in-
triguing cross coupling of two competing orders has been
proposed within a phenomenological Ginzburg-Landau
theory.14

LuFe2O4 single crystals were grown by optical floating
zone method in a CO /CO2 mixture atmosphere to control
oxygen stoichiometry.15 In this Rapid Communication, all
samples are from the same sample rod, part of which was
used for the previous comprehensive measurements.13 In
magnetic force microscopy �MFM� experiments, atomically
flat sample surface �001� was prepared by mechanically
cleaving a precut sample glued on the sample stage of a
homemade variable temperature–magnetic force microscope
�VT-MFM�. The VT-MFM is interfaced with a Nanoscope
IIIa controller �Veeco�. MFM images were taken in a
frequency-modulated lift mode in which the topography and
MFM scan lines are interleaved. MFM tips were coated with
�60 nm Co71Pt12Cr17 alloy by sputtering.16 The lift heights
ranged from 30 to 40 nm.17 The sample surface was kept in
cryogenic vacuum during experiment. Specimens for the
transmission electron microscopy �TEM� observations were
prepared by the crushing method to avoid the induction of
additional oxygen defects. The TEM experiments were car-
ried out in a JEOL-2010F operating at 200 kV and equipped
with the liquid-nitrogen-cooling holder. Both the dark-field
images and electron-diffraction patterns were recorded with
a 14-bit charge-couple-device �CCD� array detector and im-
aging plates.

Figures 1�a� and 1�b� show the schematic drawings of the
crystal structure of RFe2O4. Figures 1�c� and 1�d� show the
topographic and MFM images ��6�6 �m2� on one area of
the sample taken at 150 K and 8 T. The color scale of topo-
graph �MFM� is 35 nm �10 Hz�. A scale bar is displayed in
Fig. 2. The sample is in saturated state at 8 T based on M�H�
loop in Fig. 2�k�. As shown in topography, three large steps
run across the field of view diagonally accompanied with a
few atomic steps, suggesting a clean surface after cleaving.
The sharp, dark and bright dipolar features in MFM image
are aligned with step edges. They are similar to the MFM

contrast from domain boundaries of uniaxial magnetic thin
film. Figures 1�e� and 1�f� show the cross section of the lines
averaged along the width of the boxes drawn in Figs. 1�c�
and 1�d�, respectively. The correlation between topography
and MFM images is a result of stray field from step edges.
The MFM contrast �frequency shift �f� is approximately
proportional to the magnetic interaction �force gradient �zF�
between the MFM tip and the out-of-plane component of
sample stray field gradient: �f ��zF��z

2Bz.
18 It is straightfor-

ward to show that there is no stray field gradient ��z
2Bz=0�

above a �infinitely large� flat surface of a uniformly magne-
tized magnet. A step edge of a magnet with uniform magne-
tization is equal to the sum of a domain boundary of a
uniaxial thin film and a flat surface. Therefore, the out-of-
plane stray field gradient ��z

2Bz� above the step edge is
equivalent to that above a sharp domain boundary in a mag-
netic thin film, as is illustrated in Fig. 1�g�. It can be shown
that the peak-to-peak value of �f is proportional to the local
average magnetization within the magnetic interaction vol-
ume as follows:

�f � �M�local �1�

for a given step height.19 The tip-sample interaction range
can be estimated by the width of the antisymmetric MFM
signal, which is �1 �m.

Figure 2 shows the MFM results during magnetization
reversal. Figs. 2�a�–2�j� are MFM images taken at 150 K
with magnetic fields from 8 to −8 T then back to 3 T. Some
images �such as 8 and 6 T� showing little change to adjacent
ones are omitted for brevity. Several points can be drawn
from these data. First, there are several nucleation sites
within the field of view where the reversed magnetic contrast
begins to emerge. It is also possible that there are similar
nucleation sites beneath the sample surface, producing the
weak long wavelength contrast superposition on the small
dropletlike domain features. Second, the domain patterns in
MFM images �Figs. 2�e� and 2�j�� taken at the coercive fields
�−1.0 and +0.9 T� are almost identical except that the con-
trast is reversed, i.e., a strong complementary point memory
effect.20 A strong memory effect supports the presence of
significant amount of quenched disorder. We note that this

FIG. 2. �Color online� �a�–�j� MFM images taken on the same area as Fig. 1 at 150 K in magnetic fields marked in hysteresis loop in �k�.
The image size is �6�6 �m2. The color contrast is 10 Hz for all images. �k� Hysteresis loop of normalized magnetization M /Ms and the
normalized peak-to-peak values �f /�f�8 T� of two atomic steps averaged over the rectangular box in �a�.
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domain pattern is different from that of conventional ferro/
ferrimagnets with a strong magnetocrystalline uniaxial aniso-
tropy, such as Co or NdFeB, where domain branching leads
to flowerlike pattern.21 Irregular domain pattern is expected
in the strong disorder limit, as demonstrated in Co/Pt thin
films.20 Third, the reversed domains around nucleation sites
do not have a sharp boundary with remaining area. Instead,
the contrast of the reversed domains decays smoothly into
the surrounding area, where weak dropletlike small features
dominate. The irregular configuration of “droplets” suggests
a random domain pattern. The size of dropletlike features is
about 100 nm, which could be limited by our MFM lateral
resolution ��50–100 nm�. The weak contrast of these small
domains suggests that their size along the c axis is very
small. This is in agreement with neutron-scattering observa-
tion that the c-axis magnetic correlation length ��30 nm� is
shorter than the in-plane one.13

Figure 2�k� shows the normalized hysteresis M�H� loop
measured by a commercial superconducting quantum inter-
ference device �SQUID� magnetometer and the normalized
peak-to-peak values ��f /�f�8 T�� of the MFM signals
taken at the two step edges shown in Fig. 2�a�. Clearly,
�f /�f�8 T� scales with bulk magnetization M, i.e., �f
� �M�bulk. By comparing this result with Eq. �1�, one could
infer that

�M�local = �M�bulk. �2�

Note that for a conventional magnet, �M�local equals to satu-
rated magnetization Ms, while �M�bulk is usually smaller than
Ms due to the presence of magnetic domains.21 Therefore,
Eq. �2� implies that the typical magnetic domain size of
LuFe2O4 is much smaller than the tip-sample interaction
range ��1 �m�, agreeing with neutron-scattering results
and previous conclusions from MFM observation.13 This un-
usually small domain size implies high density of quenched
disorder.13

So far we only discuss MFM data taken at 150 K. Similar
behaviors were observed in MFM studies at 100 and 60 K,
except that the saturation and coercivity fields are higher at
lower temperature.13 The domain size and pattern do not de-
pend on temperature within our experimental uncertainty,
which is consistent with the strong memory effect of mag-
netic domain structure and the weak and broad magnetic
freezing “transition” observed in previous studies.13 We ob-
served similar magnetic domain pattern on three different
locations. The formation of pancakelike magnetic domains
�called Ising pancakes� could be caused by a weak antiferro-
magnetic interaction between ferrimagnetic Fe2O3 double
layers, which would compete with ferromagnetic or dipolar
interaction between these layers. Recent neutron-scattering
experiments on high quality LuFe2O4 suggest a ferrimag-
netic ordering with finite ferromagnetic correlation length
along the c axis.12 Unfortunately, the c-axis correlation is too
complicated to rule out the antiferromagnetic correlation.12

Alternatively, the Ising pancakes can result from a quasi-
two-dimensional magnetic order interrupted by defects
�quenched disorder�, which also serve as pinning centers for
domain boundaries between pancakes.22 Strong memory ef-
fect also supports the presence of high density of disorder.

The candidates of quenched disorder in LuFe2O4 include
charge disorder through spin-charge coupling,7 point defects
related to ionic off-stoichiometry,23 and structural stacking
faults.24 We found no indication of strong structural/
stoichiometric defects in our samples, while synchrotron
x-ray scattering determines short-range charge ordering.13

Therefore, it is likely that charge-disordered region at the CO
domain boundaries behaves as quenched disorder for the fer-
rimagnetic order, leading to the formation of Ising pancakes
via a charge-modulated spin-exchange mechanism.7 Previous
high-resolution TEM results reveal formation of nanometer-
size charge-ordered domains in YFe2O4 and YbFe2O4, sup-
porting such possibility.25,26

Whether there is a cross coupling between charge and
spin degrees of freedom is one of the key questions on mul-
tiferroic LuFe2O4. Giant magnetoelectric effects were dis-
covered recently,8,27 suggesting the existence of such cross
coupling. Nagano et al.7 proposed a charge-modulated spin-
exchange scenario for spin-charge coupling, where spin frus-
tration even enhances the CO without inversion symmetry.
However, this model only consider interactions within one
Fe2O3 bilayer, ignoring interactions between Fe2O3 bilayers
along the c axis which seems to be important for understand-
ing the unconventional magnetic ordering in LuFe2O4.12,13

Nevertheless, this simple model makes an important step to-
ward a realistic microscopic theory of spin-charge cross-
coupling mechanism.

To explore the spin-charge cross-coupling phenomena in
LuFe2O4, we performed high-resolution dark-field TEM im-
aging at low temperature on LuFe2O4 from the same sample
rod used for previous studies. More than five crystallites
have been studied. Figure 3 shows the typical dark-field im-
age taken at 92 K with a � 1

3 , 1
3 , 5

2 � superlattice spot after cool-
ing the sample with the objective lens off. Note that there is
a magnetic field ��2 T� at the sample location from the
objective lens during TEM observation. This field value is
smaller than the coercivity at 92 K.13 The c axis �001� is in
the plane of field of view. The elliptic bright contrast is CO

FIG. 3. High-resolution TEM dark-field image of LuFe2O4

taken at 92 K with a � 1
3 , 1

3 , 5
2 � superlattice spot, which is circled in

the inset. The CO domains �bright contrast� have size of �30 nm
within the ab plane and �6 nm along the c axis. Inset: TEM dif-

fraction pattern of LuFe2O4 with �11̄0� incidence.
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superlattice domain, which suggests that they also have simi-
lar pancakelike shape as magnetic domains. The similarity
indicates a strong link between the formation of pancakelike
Ising domains and the CO domains. The CO domains are
much smaller than the Ising domains, with size of �30 nm
in the ab plane and �6 nm along the c axis. If there is a
spin-charge coupling in LuFe2O4, charge-disordered region,
e.g., CO domain boundaries naturally become quenched dis-
order for the ferrimagnetic correlation, disturbing and even-
tually interrupting the long-range magnetic correlation to fi-
nite range with similar pancake shape. In general, magnetic
ordering is not sensitive to the presence of small amount of
quenched disorder.28 Empirically, CO in RFe2O4 is very sen-
sitive to stoichiometry,25 probably because of geometric frus-
tration of Coulomb interaction in these layered materials.1

Therefore, our results suggest that the charge-modulated spin
exchange7 offers an intriguing mechanism for the formation
of nanometer-size Ising pancakes in LuFe2O4. Future studies
on correlating magnetic domain pattern and CO domain pat-
tern at the same location of samples with different CO cor-

relation may shed more light on the spin-charge coupling
mechanism in LuFe2O4.

In conclusion, we have imaged the domain structure of
magnetic order and charge order and the magnetization re-
versal of ferrimagnetic LuFe2O4. The irregular magnetic do-
main size is �100 nm in the ab plane and 30 nm along the
c axis, while the CO superlattice domain size is �30 nm in
the ab plane and �6 nm along the c axis. The random stack-
ing of magnetic pancakes leads to an unconventional mag-
netic domain structure. Strong memory effect of the mag-
netic domain pattern suggests presence of a large amount of
quenched disorder. The similar aspect ratios of magnetic and
charge domains and above results are consistent with an in-
triguing charge-modulated spin-exchange mechanism arising
from the intriguing interplay of geometric frustrations in
both charge and spin sectors.7
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