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We have carried out a comprehensive investigation of the magnetic properties of the intercalated Lu2Fe3O7

by the means of dc magnetization, polarized neutron scattering, and x-ray magnetic circular dichroism (XMCD)
measurements. The results obtained by these techniques support a spin order in each of the Fe-O bilayers that is
the same as observed in the nonintercalated LuFe2O4. In the Fe-O single layers, a magnetic moment appears to
be induced by the application of a magnetic field, paramagnetic-like in the first approximation. Furthermore, a
spin-charge coupling was revealed by the XMCD measurements.
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I. INTRODUCTION

The rhombohedral layered compounds RFe2O4 (where R
is a rare-earth metal) have attracted attention for 40 years,
since interacting spin, charge, and orbital degrees of freedom
on a lattice prone to geometrical frustration lead to a variety
of unusual behaviors including anomalous thermomagneti-
zation in LuFe2O4 [1], multiple successive phase transitions
in YFe2O4 [2–4], and anisotropic dielectric dispersion in
ErFe2O4 [5].

The ordering of the electronic degrees of freedom in
RFe2O4 depends largely on the size of the rare-earth ion [6].
For Lu and Yb, which have almost the same ionic radius,
very similar (Fe2+/Fe3+) charge and spin orders with ( 1

3
1
3 )

in-plane propagation are established in the Fe-O bilayers [see
Fig. 1(a)] [7–10]. For LuFe2O4, the charge order (CO) has
been proposed to result in a new type of ferroelectricity [11],
which attracted a lot of attention from researchers (for reviews
see [6,12]). While the proposition of “ferroelectricity from
charge ordering” in LuFe2O4 has been controversial [10,13–
15], recent structural refinements on YbFe2O4 [8] indicate that
the CO does involve polar bilayers, though with an antipolar
stacking resulting in no net electric polarization.

In order to modify the CO, in particular the stacking of the
CO in different bilayers, one can focus on the interactions be-
tween different bilayers, e.g., by inserting single Fe-O layers,
increasing the distance between the bilayers; see Fig. 1(b).
As the CO within individual bilayers of these “intercalated”
rare-earth ferrites is expected to be very similar to that in non-
intercalated compounds given the very similar local atomic
arrangements [16], the intercalation possibly renders the an-
tipolar stacking for YbFe2O4 [8] into a polar one. For the same
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reasons, the spin order (SO) is also expected to be similar in
the individual bilayers.

Oxygen off-stoichiometry (δ) inhibits the formation of
long-range spin and charge order as observed for nonstoichio-
metric LuFe2O4±δ [7], YFe2O4±δ [17], and YbFe2O4±δ [9].
Moreover, variations in the magnetic behavior are found in
dependence on the variations in oxygen stoichiometry [8,17–
19]. In the same manner, for the intercalated compounds, we
expect a dependence of the magnetic properties on the oxygen
content as well.

Despite the potential of ferroelectricity in the intercalated
compounds, understanding the magnetism in this system is
missing; thus the spin-charge coupling is not yet verified
to establish the corresponding multiferroicity. Moreover, the
expected similarity of the spin order in the bilayers to the
nonintercalated compounds still needs to be confirmed ex-
perimentally. Furthermore, the spin order in the additional
single Fe-O layers and how it affects the magnetic ordering
in this compound remain open questions. A clear picture of
the magnetic ordering is missing due to the limited number of
publications on intercalated ferrites [20–28]. Magnetic mea-
surements, neutron diffraction, and Mössbauer spectroscopy
studies [22,23,29] performed on off-stoichiometric polycrys-
talline Lu2Fe3O7 indicate that the Fe-O single layer contains
only Fe3+ ions, while the bilayer contains Fe with the same
average 2.5+ valence as in LuFe2O4.

Here, we present extensive investigations of the mag-
netic behavior of Lu2Fe3O7 single crystals using macroscopic
magnetization measurements, polarized neutron scattering,
and x-ray magnetic circular dichroism (XMCD). The various
macroscopic magnetization measurements on Lu2Fe3O7 sug-
gest reduced magnetic correlations and the magnetic phase
diagram is established. In polarized neutron scattering, a rod-
like diffuse magnetic scattering extended along � suggests
correlations that are limited to the ab plane in the bilayers,
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FIG. 1. Crystal structure of (a) rhombohedral LuFe2O4 with
three Fe-O bilayers in the unit cell, and (b) hexagonal Lu2Fe3O7 with
two Fe-O bilayers and one monolayer in the unit cell. The inset shows
the projection of one bilayer in the ab plane.

which are still randomly stacked. A similar shape of the
XMCD signal with a net magnetic moment of Fe2+ to that in
LuFe2O4 is observed, indicating the same coupled spin-charge
order in the individual bilayers as in the nonintercalated
compounds.

II. EXPERIMENTAL PROCEDURE

We studied Lu2Fe3O7 single crystals from [16] that were
grown via the floating zone method in a CO2/CO mixture to
tune the oxygen partial pressure and subsequently the oxygen
stoichiometry. These crystals are the following: the clearly
oxygen-deficient single crystal called SC1 in [16], obtained
from the crystal growth using a CO2 : CO = 50 atmosphere,
with a mass of 21.4 mg, showing a zigzag diffuse scattering; a
less oxygen-deficient single crystal (SC2) with dimensions of
0.4 × 0.2 × 0.05 mm3 exhibiting incommensurate charge or-
der; and a crystal closest to the ideal stoichiometry (SC3) with
dimensions of 0.3 × 0.18 × 0.02 mm3 exhibiting a commen-
surate charge order. SC2 and SC3 were both from a growth
using a CO2 : CO = 85 atmosphere. A strong Ising behavior
in the c direction is found in the magnetization measurements
of [20]; therefore all the experimental procedures were done
with H ‖ c. Macroscopic magnetization measurements were
performed using the reciprocating sample option (RSO) of
a Quantum Design magnetic property measurements system
(MPMS) in fields up to 7 T for the small-size crystals SC2
and SC3 due to the high sensitivity (5 × 10−8 emu) especially
in low fields, and the vibrating sample magnetometer (VSM)
option of a Quantum Design PPMS (physical property mea-
surement system) for the large sample SC1. Polarized neutron
scattering was performed on SC1 at the DNS instrument at
MLZ [30]. The x-ray magnetic circular dichroism (XMCD)
measurements were performed in a magnetic field parallel to
both the incoming beam and to the c axis at the Fe L2/3 edges.
The linear x-ray absorption spectra (LXAS) were performed
at the O K edge for polarization parallel to the ab plane ( �E ‖
�ab) and polarization parallel to the c direction ( �E ‖ c). Both

the XMCD and the LXAS measurements were carried out on
the beamline UE46/PGM-1 at the high-field diffractometer
end station placed at BESSY II. In these measurements, the

FIG. 2. Temperature dependence of magnetization measured
with a field of 100 Oe applied parallel to the c direction during
cooling (FC), warming (FW), and warming after zero-field cooling
(ZFC) in a temperature range of 10–300 K for different Lu2Fe3O7

single crystals. SC1 and SC3 are scaled for better visibility. TC is
assigned by the steepest slope in the FC curve, Tf by the maximum
of the ZFC curve.

crystals were not cleaved and all the spectra were obtained in
total electron yield (TEY) mode.

III. RESULTS

A. Macroscopic measurements

In our previous work on growth and preparation [16],
we already found that the oxygen stoichiometry influences
the magnetic behavior of Lu2Fe3O7 crystals. This is con-
firmed by the temperature-dependent magnetization M(T )
performed in low magnetic fields on three different crys-
tals SC1, SC2, and SC3, shown in Fig. 2. The shape of
the low-field magnetization curves is similar to those in the
literature, with the characteristic temperatures (TC ∼ 264 K,
Tf ∼ 245 K) of SC2 and SC3 being close to the lower [26]
and higher [27] limits of the corresponding temperatures de-
duced from previously reported data. The magnetization after
cooling to low temperatures in 100 Oe (∼0.06 μB/f.u.) is
in between the corresponding values discernible from previ-
ous results obtained in the same field, though closer to the
lower value (0.46 μB/f.u. [28] and 0.03 μB/f.u. [27]). Studies
on nonintercalated rare-earth ferrites [2,6,7,9,17,18] indicate
that oxygen deficiency leads to a lowering of characteristic
temperatures. Based on these results and the oxygen partial
pressures used during synthesis [16] we determine that SC1 is
the most oxygen-deficient crystal, while the oxygen content of
SC2 (M(T ) of SC2 was shown before in [16] and is repeated
here for comparison) is in between the ones of SC1 and
SC3. The off-stoichiometric crystal SC1 was used for neutron
diffraction due to its large size. In the following, we will focus
on the magnetic properties of the stoichiometric SC3.

Figure 3(a) shows M(T ) data of SC3 measured in magnetic
fields up to 7 T upon cooling and warming. The M (field
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FIG. 3. (a) Temperature-dependent magnetization during field
cooling and followed by field warming at different magnetic fields
for SC3. FC, and FW perfectly overlap for all used fields. (b) Low-
temperature magnetization obtained by cooling in different magnetic
fields for Lu2Fe3O7 (squares) and for LuFe2O4 (circles). For
LuFe2O4 also shown (small diamonds) is M(H ) obtained in decreas-
ing H after cooling in 9 T (taken from the full M(H ) loop shown in
Fig. 4.5(b) in [18]).

cooling, FC) and M (field warming, FW) data overlap within
error bars in all measured fields. With increasing H , the
feature assigned TC starts to smear out and shift to higher
temperatures as expected for a ferro- or ferrimagnetic transi-
tion; the shift was noticeable as determined by the steepest
slope criteria (see Fig. 6). For fields higher than 2 T, the
peaklike shape below TC vanishes and a continuous increase
of the magnetization is observed. The net moment at low
temperature, extracted from the field-cooling curves, is in-
consistent with a ferromagnetic order (for which 10 μB/f.u.
would be expected) and depends on the applied field as shown
in Fig. 3(b).

For comparison, the low-T moment of LuFe2O4, extracted
from field-cooled M(T ) data is also shown. Low values for
cooling fields below 1.5 T are due to the sample not being in
the ferrimagnetic phase anymore as is clear from the M(T )

FIG. 4. M(H ‖ c) loops measured on SC3 at different tempera-
tures. Inset: Hysteresis loop including the virgin curve measured after
cooling in zero field at 160 K.

curves (Fig. S2 in [31]). In contrast, whenever LuFe2O4 is
in the ferrimagnetic phase, there is a nearly field-independent
low-T moment of ∼3 μB/f.u. This is particularly clear in
M(H ) data measured in decreasing fields after cooling to 5 K
in a sufficiently high field, in which case LuFe2O4 remains
in the ferrimagnetic phase down to zero field. We therefore
include in the figure also a corresponding measurement from
a different LuFe2O4 crystal, the full M(H ) loop of which is
shown in Fig. 4.5(b) in [18].

As can be seen, at low T LuFe2O4 containing only the Fe-O
bilayers exhibits an approximately field-independent moment
(as long as it is in the ferrimagnetic phase). In contrast, in
low fields Lu2Fe3O7 exhibits a clearly lower low-T moment,
despite the absence of any additional transition to a different
phase [compare Fig. 3(a) with Fig. S2]. It reaches a moment
comparable to LuFe2O4 only at about 4–5 T, and interestingly
continues to increase afterward with an approximately linear
behavior in the moment-field dependence. This additional
field dependence indicates the contribution of magnetic mo-
ments in the single layer, which are induced by the magnetic
field, and like in a paramagnetic phase, the induced moments
are apparently proportional to the applied field.

Figure 4 shows the hysteresis [M(H )] loops measured
on SC3 at different temperatures. The shape of these loops
below TC corresponds to the behavior expected for ferro- or
ferrimagnetic spin order. In contrast to the nonintercalated
LuFe2O4 [18], no indications of a metamagnetic transition
were observed; for example the virgin curve of the M(H )
loop (inset of Fig. 4) is within error bars inside the loop.
The linear behavior at 320 K reveals a purely paramagnetic
phase. However, at 240 K and above, M(H ) exhibits a non-
linear behavior with bending in the low-field region (S-like
shape). Such a bending in M(H ) was previously observed in
LuFe2O4 [18] in a wide T range above the transition tem-
perature and it was attributed to short-range correlations in
the individual bilayers [7,18]. Below 220 K, M(H ) exhibits
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FIG. 5. (a) Temperature dependence of thermoremanent magne-
tization of Lu2Fe3O7 after cooling in two different external fields
with 2 K/min and the corresponding field-cooling curves. (b) Total
moment at low temperature from Fig. 3(b) and linear fitting (red line)
of FC-TRM (red circles). The subtraction of the modeled single-layer
contribution from the total moment results in the tentative bilayer
contribution (blue curve).

a hysteresis resembling a ferrimagnetic phase with remanent
magnetization. All the measured loops do not reveal a sat-
uration in fields up to 7 T, in agreement with the FC
measurements shown Fig. 3(b). Note that we show here M(H )
data only at temperatures down to 160 K, because at lower
temperatures our maximum field of 7 T is insufficient to close
the hysteresis. The M(H ) loops shown in the literature were
generally measured at 80 K [24–27], often up to fields too low
to close the hysteresis and sometimes interpreted in terms of
exchange bias. The M(H ) measured up to 15 T [26], nearly
enough to fully close the hysteresis, has a shape very similar
to the one of our measurement at 160 K (inset).

Figure 5(a) shows thermoremanent magnetization (TRM)
measurements, which were carried out by measuring upon
warming from 10 K to 400 K in zero field after the sample had
been cooled to 10 K in either 7 T or 1 T. The corresponding
FC curves are also shown. Unusually large TRM values are
noticeable at low T . Such unusually large values have been

observed previously in LuFe2O4 with almost no difference to
the FC value at the base temperature, attributed to the system
being trapped in a high-field phase. For temperatures below
∼60 K, a plateau behavior can be seen. This is similar to
what was observed in LuFe2O4 [18,32,33] and also in a few
other systems [34,35]. The explanation for this behavior in
LuFe2O4 [18] was in terms of “kinetic arrest,” in which the
magnetic phase in the system is trapped in a metastable phase
and the transition to a more thermodynamically stable phase
by cooling in low field is prohibited by a barrier exceeding the
thermal fluctuations. This can be seen in the drop of the TRM
curve upon continuous warming through a freezing tempera-
ture around 60 K. However, in Lu2Fe3O7 the drop in magneti-
zation is gradual and less sharp compared to LuFe2O4 due to
the sample inhomogeneity. We note that the remanent magne-
tization after cooling to low temperature in 1 T is about twice
as large as the one previously [26] reported after cooling in the
similar field of 1.1 T, and the TRM of Lu2Fe3O7 reaches zero
at around ∼245 K, comparable to previous reports [25,26].
A significant difference in the magnetization at low temper-
ature between the FC and the corresponding TRM can be
seen compared to LuFe2O4. This difference is very large,
particularly after cooling in 7 T. After cooling in the higher
fields, the TRM exhibits ∼2.7 μB per formula unit, which is
very close to that for LuFe2O4 (2.9 μB/f.u.) [18]. This was
also observed before in Lu2Fe3O7 by [26]. This observation
is consistent with similar spin arrangements in the bilayer to
those in LuFe2O4. The difference between FC and TRM at
low temperature for 7 T is about 7 times larger than the value
for 1 T; therefore, the net magnetic moment aligned in the
field direction could be assumed to be purely induced by the
magnetic field, i.e., paramagnetic. Thus, no contribution from
the single layer for the TRM exists. This suggests that the ad-
ditional 1 μB per formula unit in the FC of Lu2Fe3O7 in 7 T at
low temperature compared to LuFe2O4 is from the single lay-
ers. To extract the tentative bilayer contribution [see Fig. 5(b)]
at low temperature, the single-layer contribution was esti-
mated as the difference between FC and TRM and modeled
as “paramagnetic” (M ∝ H), then subtracted from TRM.

Figure 6 represents the tentative magnetic “phase” diagram
for H ‖ c established from M(T ) and M(H ) measurements.
The phase diagram includes four different “phases”: para-
magnetic (PM), 2D-fM (ferrimagnetic), cluster glassy phase
(CG), and the region of kinetic arrest. The “phase bound-
ary” between paramagnetic (PM) and ferrimagnetic (fM) is
determined by the steepest (maximum) slope in the FC mea-
surements (TC) [Fig. 3(a)]. It is remarkably similar to that
reported for LuFe2O4 [18,33]; however, in Lu2Fe3O7, the
ferrimagnetic state is not long-range ordered in contrast to
LuFe2O4, and therefore strictly speaking not a thermody-
namic phase. Switching between PM and fM can be achieved
directly by cooling or warming in H because FC and FW are
overlapped and no thermal hysteresis is present. Applying a
magnetic field shifts the corresponding temperature to higher
values. However, nonlinear M(H ) measurements in the PM
phase provided indications of internally ordered bilayers that
are randomly stacked in light of similar evidence discussed
for LuFe2O4 [18].

The “phase boundary” between fM and the cluster glassy
phase (CG) is determined by the maximum of the zero-field-
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FIG. 6. H-T “phase” diagram for SC3 of Lu2Fe3O7 extracted
from different DC measurements. Three magnetic “phases” are la-
beled PM, fM, CG; see text for labeling. The red circles were
obtained from the FC measurements in different fields and the cyan
squares from ZFC measurements in different fields. Arrows indicate
the direction of the temperature change for which a feature occurs.
The blurred blue area indicates that the transition CG-fM is arrested
below ∼60 K.

cooling (ZFC) measurements (Tf ) (see Fig. S1 in [31] for
ZFC measurements). The fM region likely corresponds to
short-range magnetic order as is indicated by the absence
of any sharp feature in the FC curve in low H . Thus, no
long-range order is present and a freezing of the spins only
occurs in the H-T region labeled CG. This CG phase likely
originates from the presence of single Fe-O layers, which
unavoidably modifies the coupling between the different bi-
layers to be weaker compared to LuFe2O4, thus preventing
long-range spin correlations between different bilayers and
ultimately the establishment of 3D long-range order. Upon
further cooling to temperatures below ∼60 K, the system
appears to be kinetically arrested indicated in the figure by the
blurred gray area. The blurring should indicate the uncertainty
of the characteristic temperature for kinetic arrest determined
from the drop in the thermoremanent data [Fig. 5(a)].

B. Polarized neutron scattering

More details about the spin arrangement can be obtained
by scattering methods, in particular neutron scattering. Un-
fortunately, the previously discussed SC3 is too small for
neutron scattering, whereas larger crystals including SC1 (see
Fig. 2) were found to be off-stoichiometric and exhibit only
diffuse magnetic rodlike scattering along ( 1

3
1
3�) shown in

Fig. 7, as previously observed in [20,22]. However, additional
information (e.g., the moment direction) can be obtained with
polarized neutron scattering. Therefore, polarization analysis
was used to explore the spin anisotropy, since a reduction
of the anisotropy was observed in the diffuse magnetic scat-
tering slightly above the Néel temperature in nonintercalated
YFe2O4 [4].

Figure 7 shows the mapped hh� plane of SC1 at 4.2 K
for the different polarization directions. To separate magnetic
scattering from nuclear scattering [36], a neutron polarization
parallel to the average �Q was used ( �P ‖ �x); see panels (a)

FIG. 7. Neutron scattered intensity in the (hh�) plane at 4.2 K
in spin-flip [(a), (c)] and non-spin-flip [(b), (d)] with neutron polar-
ization (a), (b) parallel to �Q direction and (c), (d) perpendicular to
scattering plane for five detector positions and counting time 24 s
each position (sample SC1). When the polarization of the neutrons is
parallel to the scattering vector, both in-plane and out-of-plane com-
ponents of the magnetic contribution are measured in the spin-flip
(SF) channel and the full nuclear coherent contribution is measured
in the non-spin-flip (NSF) channel, i.e., structural reflections (00�)
with � = 2n.

and (b). In this orientation, all the magnetic scattering will
involve a spin flip regardless of the moment orientation. The
weak diffuse peak at ∼( 1

3
1
3 ± 5.5) in the non-spin-flip channel

for �P ‖ �x [Fig. 7(b)] must be of structural origin and may
be due to medium-range CO, which appears more 3D than
2D (note that peaks at these positions were also observed in
neutron diffraction of LuFe2O4 and attributed to CO [37]).
The nature of peaks rather than the lines of diffuse scattering
apparent in the spin-flip channel [Fig. 7(a)] suggests that there
are significant correlations of CO between different bilayers.

Clearly, magnetic diffuse scattering is observed in the spin-
flip scattering [Fig. 7(a)] that is relatively sharp in the hh0
direction but extended along �, indicating that the spin cor-
relations are mostly limited to the ab plane with disorderly
stacked bilayers. Since the distance of iron ions in different
bilayers is much larger than the in-plane nearest-neighbor
distance (cf. Fig. 1), in-plane correlations are much stronger
than out-of-plane correlations. The appearance of only diffuse
scattering suggests that the crystal is at least not stoichiometric
enough to exhibit long-range spin order, rather exhibiting a
cluster-glass-like freezing.

To determine the orientation of the modulated spins, ad-
ditional measurements with polarization perpendicular to the
scattering plane ( �P ‖ �z) were performed; see panels (c) and
(d). In this configuration, the spin-flip (SF) channel is sensitive
to the magnetic moment in the (hh�)-scattering plane, while
the moments perpendicular to the scattering plane give rise to
magnetic scattering in the non-spin-flip (NSF) channel. The
additional intensity observed in the non-spin-flip channel for
�P ‖ �z [Fig. 7(d)] compared to �P ‖ �x [Fig. 7(b)] indicates the
presence of magnetic moments pointing out of the scattering
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plane, and thus perpendicular to the crystallographic c axis of
Lu2Fe3O7.

To calculate the in-plane and out-of-plane modulated spin
components for the Fe ions, the NSF ( �P ‖ �x) was subtracted
from NSF ( �P ‖ �z). The subtraction is done to get rid of the
nuclear scattering, which is present in both channels, and to
obtain the magnetic scattering from the modulated spin com-
ponents perpendicular to the scattering plane, i.e., in the 1̄10
direction (this is only present in NSFz). Then, the intensity
of the diffuse scattering was averaged along � in the range
� = −5 to � = 5 for NSFz after the subtraction and for the SFz
channels. Finally, a numerical integration along the hh0 direc-
tion was performed on both SFz and NSFz channels resulting
in intensity values of 0.0591 counts/s · r.l.u. for NSFz and
0.225 counts/s · r.l.u. for SFz. The ratio of the corresponding
spin components (scaling with the square root of the inten-
sities) of 001 (‖c) to 1̄10 directions is 0.47/0.24 ∼ 2. The
macroscopic measurements in Fig. 3(d) indicated a similar SO
in the bilayer as in the nonintercalated compound, implying
that both Fe2+ and Fe3+ spins in the bilayers point into the
c direction. The Fe2+ spins are aligned ‖ c due to the crystal
field and spin-orbit coupling and the bilayer Fe3+ spins are
coaligned by the exchange interaction with the Fe2+ spins.
The bilayer contains twice the spins that exist in the single
layer and therefore the single-layer contribution to the inten-
sity would be expected to be half of the one in the bilayer,
which coincides with the obtained ratio of ∼2. Assuming
the contribution to the moments is roughly proportional to
the number of spins, this suggests that the single-layer spins
are modulated in-plane completely. With such an in-plane
antiferromagnetic order, a not too large magnetic field applied
out-of-plane is expected to induce an out-of-plane net mo-
ment that is proportional to the field [38], consistent with our
observations (Sec. III A). Furthermore, our deduced primar-
ily in-plane orientation of the modulated single-layer spins
is consistent with the conclusions from Mössbauer spec-
troscopy [29], in which single-layer spins pointing into a
direction just 20◦ from the plane were found.

Figure 8 shows the � dependence of the intensity (averaged
along hh0 from h = 0.25 to 0.4) of the diffuse magnetic scat-
tering in the spin-flip channel ( �P ‖ �z). The smoothed peak is
extremely broad, demonstrating that the data is consistent with
almost no spin correlations in the c direction. For comparison,
the magnetic intensity is modeled for randomly distributed
Fe2+ and Fe3+ spins with the Ising spins pointing along the
c axis according to

Imodel = fm
2 × P(α)2 × DWF2, (1)

where P(α) = arccos(α), α being the deviation angle of the
scattering vector �Q from the magnetization �M, is the direc-
tion factor. The direction factor leads to a suppression of
the measured intensity along �, as does the magnetic form
factor fm(Q). DWF = exp(−DW · �Q2) is the Debye-Waller
factor, with DW = 0.006 Å2 according to the refinement of
the crystal structure at 100 K (no 4.2 K data are available)
from x-ray diffraction. The modeled intensity was calculated
twice—including and excluding the DWF—and is shown in
Fig. 8. As can be seen, there is no significant influence of
the DWF on the modeled intensity. The modeled intensity is
slightly broader than the smoothed measured data; the reason

FIG. 8. Diffuse magnetic scattering at the ( 1
3

1
3 �) line (intensity

averaged along hh0 from 0.25 to 0.4) in the spin-flip channel for
neutron polarization parallel to �z direction at 4.2 K. The smoothed
data (blue) and the intensity model for the random distribution of
Fe2+ and Fe3+ (green line, squares: with, without Debye-Waller
factor) are also shown. Background is subtracted for the measured
data.

behind this may be that the modeled intensity does not take
into account any present correlation even within the bilayers
besides instrumental resolution and mosaicity.

Figure 9(a) shows the in-plane dependence of the intensity
(averaged along � from � = −5 to � = 5) of the diffuse mag-
netic scattering (spin-flip, �P ‖ �x) at different temperatures.
These were fitted with Lorentzians (solid lines), and the inset
shows the T dependence of the corresponding peak maxima
(full diamonds) and areas (full circles). For comparison, the
inset also shows the peak intensities reported by [20] (open
squares) and [22] (open diamonds). While at elevated temper-
atures the T dependence of our integrated intensity is fairly
close to those previous reports, the peak maxima decrease
more quickly upon warming, extrapolating to zero at about
250 K rather than 300 K. This suggests that the correlations in
our sample SC1 are destroyed faster by thermal fluctuations.
This may be expected given that the M(T ) curves of Fig. 2
also show significantly reduced characteristic temperatures
for sample SC1.

The extracted full widths at half maxima (FWHMs)
were corrected by subtracting the instrumental resolution
(0.0066 r.l.u.) and are shown in Fig. 9(b). The FWHM is
significantly larger than the one reported by [20] (assuming
they use the same units), which like the reduced temperature
scale we attribute to a larger oxygen deficiency of sample
SC1. The corresponding in-plane correlation lengths were ob-
tained as ξ = 2/FWHM and are shown in Fig. 9(b). Note that
sample SC3, which was too small for neutron scattering but
is much less oxygen deficient, likely has significantly larger
correlation lengths.

Interestingly, anomalies around 60 K exist in the T depen-
dencies of both the FWHM and the peak intensity. Such an
anomaly is also visible in the peak intensities reported by [20]
(though not in those of [22]). The anomaly was tentatively
attributed to an ordering of Fe3+ spins in the single layers [20].
The fact that the corresponding anomaly in our sample SC1
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FIG. 9. (a) Diffuse magnetic scattering averaged along the �

direction in the range � = −5 to � = 5 in the spin-flip channel mea-
sured with �P ‖ �Qaverage vs hh0 for selected temperatures. The data
were fitted with a Lorentzian (solid curves) and the background is
subtracted for all curves. The inset shows the temperature depen-
dence of both integrated and peak intensities. The peak intensities
of [20,22] are also shown for comparison. (b) Correlation length and
full widths at half maxima extracted from the data fitting for various
temperatures.

[Fig. 9(a) inset, full diamonds] is less pronounced than the
one observed in [20] (open squares) indicates that such a
full or partial ordering of the single-layer spins at low T is
also hindered by oxygen deficiency, as may be expected. The
estimated correlation length in the hh0 direction at 100 K
is ∼16a. This is larger than the correlation length along �.
However, it is much smaller than the estimated correlation
length for LuFe2O4 below TN (∼73a [18]), though slightly
larger than the estimated correlation length above TN (∼13a
at 260 K [18]).

C. X-ray magnetic circular dichroism

As Lu+3 is nonmagnetic, the magnetism arises from con-
tributions of the Fe ions both in the single Fe-O layers and
in the Fe-O bilayers (cf. Fig. 1). However, the Fe ions have
two valance states. Therefore, XMCD measurements were
carried out due to their ability to deduce the spins belonging
to the different valences in the same way previously done on
LuFe2O4 [10,39,40]. No XMCD measurements were reported
before on intercalated rare-earth ferrites. The measurements
were performed on SC3 at the same temperature as LuFe2O4

had been measured for comparison, i.e., 120 K [10]. This

FIG. 10. (a) XAS spectrum [XAS = (μ− + μ+)/2] of stoichio-
metric Lu2Fe3O7 and LuFe2O4 crystals in a field of 4 T normalized
to the peak maximum. (b) The corresponding XMCD signals
[XMCD = (μ+ − μ−)]. The LuFe2O4 XMCD signal was taken
from [18] and scaled through division by 1.75.

temperature had been chosen for LuFe2O4 because it is
the lowest temperature at which the sample was conductive
enough for TEY, and avoiding the charging effect in the insu-
lating phase [40].

In addition, linearly polarized x-ray absorption measure-
ments at the O K edge were performed to determine the
possible orbital moment contribution [40] and to study the
effect of the presence of the single-layer Fe3+ (see Fig. S3
in [31]).

Figure 10(a) shows the normalized x-ray absorption spec-
tra (XAS) for SC3 of Lu2Fe3O7 and LuFe2O4. The latter
was taken from [10]. The corresponding XMCD signals are
shown in panel (b). Two peaks can be discerned in the XAS
at the L3 edge; these peaks are assigned to Fe2+ and Fe3+

according to the XAS spectrum and the XMCD signal of
LuFe2O4. In the XMCD signal a large downward peak at
∼708 eV and a smaller upward peak at ∼709.5 eV are visible.
A downward (upward) peak in the XMCD at the L3 edge
corresponds to a net magnetic moment pointing into (opposite
to) the field direction. Thus, one can conclude that the net
magnetic moment of the Fe2+ ions is in the field direction
and the net magnetic moment of the Fe3+ ions opposite to the
field direction. Moreover, the downward Fe2+ peak is much
larger than the positive Fe3+ peak. Given that Fe2+ has a spin
value of 2 while Fe3+ has a larger value of 5/2, and neglecting
the orbital magnetic moment of Fe2+, this implies that not all
the Fe3+ spins point opposite to the field. In the XAS, the Fe2+

peak (more like a shoulder) has less height than the Fe3+ peak,
similar to what was observed in LuFe2O4 [10,18]. In [10,18],
the peak height difference was explained as due to surface
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oxidation, because TEY is very surface sensitive. The surface
oxidization effect on the XAS had been verified by performing
the measurements in fluorescence yield, which is more bulk
sensitive, and indeed a Fe2+ : Fe3+ ratio close to 1 had been
observed in fluorescence yield [10,18]. Moreover, for in situ
cleaved crystals of LuFe2O4, a peak ratio in the L3 region
close to 1 was observed [39] (the crystals measured here and
in [18] were not cleaved). However, while the x-ray absorption
spectrum (XAS) was found to be affected by surface oxi-
dization in LuFe2O4, no significant influence on the XMCD
was found, indicating that the affected thin surface layer is
nonmagnetic [10,39,40]. Apart from this surface effect, the
Fe2+ contribution is further reduced in Lu2Fe3O7, because
per formula unit, one Fe2+ ion of three Fe ions contributes
to the XAS in Lu2Fe3O7 whereas one Fe2+ ion of two Fe ions
contributes to the XAS in LuFe2O4.

The two XAS curves look different, which may be at-
tributed to the presence of the additional Fe3+ single layer
in Lu2Fe3O7. However, both compounds exhibit a similar
XMCD spectral shape. In Fig. 10(b), the shown XMCD signal
of LuFe2O4 is scaled through division by a factor of 1.75
for comparison with Lu2Fe3O7. This factor is chosen such
that the negative Fe2+ peak maximum of both compounds is
the same. Both the XMCD and XAS signals are normalized
with respect to the maximum of the XAS peak. The XAS
maximum is proportional to the amount of Fe/f.u. LuFe2O4

contains 2 Fe ions (one Fe2+ and one Fe3+) per formula unit,
whereas Lu2Fe3O7 contains 3 Fe ions (one Fe2+ and two
Fe3+) per formula unit. Therefore, the XMCD is normalized
with respect to the amount of Fe (Fe2+ and Fe3+) ions leading
to a scaling factor of 1.5 ( 1

3/ 1
2 ) and with respect to Fe3+ ions

leading to scaling factor of 2 ( 1
2/1). These two possibilities

for the normalization were considered because it is not clear
how much Fe2+ contributes to the peak at the nearby Fe3+

position. However, a scaling factor of 1.75 might indicate that
not all Fe2+ ions contribute to the XAS maximum or it might
in part also be because the material is not saturated at 4 T [cf.
Figs. 3(a) and 4].

As discussed above, in Lu2Fe3O7 the Fe3+ net moment
is smaller than the Fe2+ net moment and is pointing in the
opposite direction (negative H direction). We now consider
the 1/3-type spin order similar to LuFe2O4, which basically
implies that three independent Fe2+ spins are present. This
spin model has all the Fe2+ and 1

3 of the Fe3+ spins aligned in
the field direction and 2

3 of the Fe3+ spins aligned opposite to
the field direction [8]. One can conclude that all Fe2+ spins are
pointing in one direction since a scaling factor of 1.75 (close
to 1.5) was used and this leads to a comparable Fe2+ peak
taking into account the XAS normalization [Fig. 10(b)]. We
note that for LuFe2O4, a significant orbital magnetic moment
was concluded from the sum rules for Fe2+ [10,13,39–41],
which brings the overall magnetic moment closer to the one
of Fe3+. This is very likely also the case for Lu2Fe3O7, but
we refrain from reporting the corresponding sum rule anal-
ysis due to the large error bars found. In contrast, the Fe3+

net moment is clearly much smaller in Lu2Fe3O7 compared
to LuFe2O4. In Lu2Fe3O7, the Fe3+ negative net moment
arises from two contributions: (1) the net moment from Fe3+

in the bilayer and (2) the net moment from Fe3+ in the

single layer. Thus, the much smaller overall negative Fe3+

net moment may be due to a smaller negative bilayer-Fe3+

net moment or due to a positive net moment in the single
layer or due to a combination of these effects. The most
likely scenario is that the bilayer arrangement is identical
to LuFe2O4 [10,18], and the smaller Fe3+ positive peak in
XMCD is due to the single-layer spins (partially) polarized
in the H direction, as also indicated by the macroscopic
measurements.

IV. DISCUSSION AND CONCLUSION

Generally, the studied Lu2Fe3O7 crystals exhibit a mag-
netic behavior that is similar to LuFe2O4. Many common
features are observed: (1) the Ising spin behavior along
the c direction observed in the macroscopic magnetization
measurements [7,37]; (2) the temperature range where mag-
netic ordering or freezing occurs (∼200–250 K) [7,37]; (3)
the 1

3
1
3 in-plane propagation observed in diffuse magnetic

scattering or Bragg peaks [7,42]; (4) the presence of the
thermoremanent magnetization (TRM) with the unusually
high TRM starting to drop to lower values only upon warm-
ing above ∼50 K, which may be accounted for by kinetic
arrest [18]; (5) the deviations from paramagnetic linear be-
havior in M(H ) above TC [7]; (6) the shape of the XMCD
signal with a large downward peak at the Fe2+ position
and a smaller upward peak at the Fe3+ position (which in
LuFe2O4 had been attributed to a bilayer spin arrangement
with all Fe2+ moments pointing in the field direction while
two out of three bilayer Fe3+ moments point into the opposite
direction [10,39,40]).

However, the measured Lu2Fe3O7 crystals appear not to be
as well ordered as the best crystals of LuFe2O4. No sharp fea-
tures in M(T ) curves are observed. Furthermore, only diffuse
magnetic scattering was observed in the polarized neutron
scattering study (although this study was not performed on the
best crystal due to its small size). Furthermore, the SO appears
to be more fragile than the CO in Lu2Fe3O7 with respect to
oxygen off-stoichiometry, as the most stoichiometric avail-
able sample exhibits 3D CO in single-crystal x-ray diffraction
whereas in M(T ) curves (Fig. 2) there are no sharp features
characteristic of magnetic ordering in these materials [6,8,10].
In contrast to LuFe2O4, where competing antiferromagnetic
and ferrimagnetic phases are present that differ only in the
stacking of the bilayer net magnetizations [7], M(H ) data
(Fig. 4) suggest a preference for the ferrimagnetic phase to
be stabilized in Lu2Fe3O7 as a result of the modified mag-
netic interactions between neighboring bilayers. The feature
observed in the ZFC curves below 60 K (Fig. S1 in [31]),
in which an increase of the magnetization is observed, is
in disparity to LuFe2O4. This feature could be due to the
ordering of the iron moments in the single layer below 60 K as
suggested based on Mössbauer spectroscopy studies [22,26].
Such an ordering would be consistent with the increase of
the hh0-correlation length deduced from the polarized neutron
scattering [Fig. 9(b)].

Because of the similar arrangement of atoms and corre-
spondingly similar superexchange interactions in the bilayers
of intercalated and nonintercalated compounds, the same spin
order in each individual bilayer would be expected. This is
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indeed what our results from various experimental techniques
indicate: (1) A net magnetic moment comparable to the sat-
uration moment of LuFe2O4 is observed in the analysis of
different macroscopic measurements M(T ), M(H ), and TRM.
(2) The 1

3
1
3 in-plane propagation found in the polarized neu-

tron study is consistent with the spin order determined in
LuFe2O4 [10] and YbFe2O4 [8]. (3) The decomposition of the
XMCD signal indicates the same larger Fe2+ net moment in
field direction and smaller bilayer Fe3+ net moment opposite
to the field as found in LuFe2O4 [10,39,40] and YbFe2O4 [8].

The principal difference of the magnetism between the
intercalated and the nonintercalated compound is that in the
former there is an additional contribution from the single
layers. While the spins in the bilayers seem to behave as in
LuFe2O4, the spins in the single Fe-O layer have no analog in
LuFe2O4. Our macroscopic magnetization and XMCD results
indicate a net moment of these spins that is induced by a
magnetic field, paramagnetic-like in first approximation even
at low temperature.

A paramagnetic-like behavior of the intercalated Fe-O sin-
gle layer is not as surprising as it may seem at first glance.
The Fe3+ ions in the single layer form a classical triangular
network with antiferromagnetic nearest-neighbor interactions
— this arrangement is known to be “geometrically frustrated”
with a macroscopic degeneracy of possible ground states and
thus a tendency for the spins to remain disordered [6,43].
In the case of the Fe-O bilayer, which shares the triangu-
lar arrangement, the degeneracy is lifted by the Fe valence
dependence of the interactions and by the additional interac-
tions between the two layers making up the bilayer, leading
to the expectation of a (up to equivalence) unique ground
state [44]. In contrast, lifting the geometrical frustration in
the single layers rests on long-distance interactions with
the neighboring bilayers. Such interactions between layers
11.8 Å apart are known to be very weak in rare-earth ferrites,

leading to the fragility of 3D order even in nonintercalated
compounds [6].

However, as already noted, below about 60 K at least a
partial ordering of the single-layer Fe3+ spins may take place
as suggested both by Mössbauer spectroscopy [22,26] and by
anomalies observed in the temperature dependence of neutron
scattering (Fig. 9). Indeed, our polarization analysis of diffuse
neutron scattering data at 4.2 K indicates a contribution of
the single-layer spins: These spins seem modulated with the
same in-plane propagation as the bilayer spins, but with the
modulated moment in-plane rather than out-of-plane. This
is consistent with an out-of-plane net moment being easily
induced by an out-of-plane magnetic field as well as with the
results of Mössbauer spectroscopy studies [22,26]. It shows
that the magnetic interactions between bilayers and single
layers, while being weak, are not negligible. For an ideal
Lu2Fe3O7 sample with perfect stoichiometry, a fully ordered
ground state including all Fe spins may thus be anticipated.

Returning to the iron ions in the bilayer, we note
that the similar arrangement of atoms within the bilayers
in intercalated and nonintercalated compounds should also
lead to similar Coulomb interactions driving charge order-
ing [6,45,46] and we would therefore expect not only the same
spin but also the same charge order within each individual
bilayer. The same CO is indeed suggested by the similar shape
of the XMCD indicating the same spin-charge coupling within
the bilayers [6,8,10]. Confirmation of this could be achieved
by a successful solution and refinement of the charge-ordered
crystal structure of Lu2Fe3O7.
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