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ABSTRACT: Hexagonal Lu1−xScxFeO3 (0 ≤ x ≤ 0.8) was directly
solidified from an undercooled melt by containerless processing with an
aerodynamic levitation furnace. The hexagonal phase-forming region was
considerably extended compared to that of the conventional solid-state
reaction (x ∼ 0.5). Synchrotron X-ray diffraction measurements revealed
that the crystal structure of the hexagonal phase was isomorphous to
hexagonal ferroelectric RMnO3 (R = a rare earth ion) with a polar space
group of P63cm. As x increased, the a-axis lattice constant decreased
linearly, strengthening the antiferromagnetic interaction between the Fe3+

ions on the a−b plane. Accordingly, the weak ferromagnetic transition
temperature increased from 150 K for x = 0 to 175 K for x = 0.7. These
transition temperatures were much higher than those of hexagonal
Lu1−xScxMnO3. The results indicate that hexagonal Lu1−xScxFeO3 is a suitable alternative magnetic dielectric for use at higher
temperatures.

■ INTRODUCTION

The phase stability of the perovskite structure for RMO3

compounds (R3+ = a rare earth ion, and M = a trivalent
transition metal ion) decreases with a decreasing ionic radius of
R3+. The tolerance factor t, which depends on the ionic radii of
components, is generally used to evaluate the stability
quantitatively.1 When M = Mn3+ and the ionic radius of R3+

is smaller than that of Ho3+, the hexagonal structure is more
stable than the perovskite structure.2−4 Hexagonal RMnO3 (h-
RMnO3) has attracted much attention because of its fascinating
combination of magnetic, ferroelectric, and elastic proper-
ties.5−10 Conversely, because the difference in stability between
the perovskite and hexagonal phases is not large, even when the
ionic radius of R is very small, perovskite RMnO3 can be
obtained as a metastable phase by high-pressure synthesis or
thin-film growth techniques.2,3

For M = Fe3+, the perovskite structure is much more stable
than it is for RMnO3 compounds, although the ionic radii of
Fe3+ and Mn3+ are almost identical. RFeO3 has a perovskite
structure for R = all rare earth ions except for Sc3+. However,
similar to that of RMnO3, the phase stability of RFeO3 can be
adjusted by metastable formation techniques. Metastable
hexagonal RFeO3 (h-RFeO3) has been prepared as bulk
powder crystallized from amorphous precursors11−15 or
levitated melts16,17 and as thin films.18−28 h-RFeO3 exhibits
interesting properties similar to those of h-RMnO3 and some
properties that are even more desirable. The weak ferromag-

netic transition temperature TN of h-RFeO3 thin films depends
strongly on the ionic radius of R3+, the degree of lattice strain
induced by the substrates, and the quality of the films.
Nevertheless, the TN of h-RFeO3 thin films is in the range of
100−150 K, which is higher than those of h-RMnO3 with the
same R ion. The high magnetic transition temperature was
explained by the larger magnetic interaction on the a−b plane,
because the a-axis length was shorter than that of h-RMnO3

and the spin magnetic moment of Fe3+ (S = 5/2) was larger
than that of Mn3+ (S = 2). The ferroelectricity of h-RFeO3 thin
films at room temperature was confirmed by the polarization-
field hysteresis loop.21,23 The ferroelectric ordering and domain
walls were directly observed by scanning transmission electron
microscopy26 as in the case of h-RMnO3.

29 Therefore, h-RFeO3

compounds are considered to be suitable alternative multi-
ferroic materials for use at higher temperatures as compared
with h-RMnO3.

30

For R = Sc3+, which has an ionic radius smaller than that of
Lu3+, the perovskite structure is no more stable. However, the
stable phase for ScFeO3 is bixbyite instead of hexagonal.31

Recently, we have found that a stable hexagonal phase can be
obtained in a very narrow composition region in Lu1−xScxFeO3

by a conventional solid-state reaction.32 The stable region of
the hexagonal phase is x ∼ 0.5, which is located between the
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stable regions of the perovskite and bixbyite phases. This means
that decreasing the average ionic radii of R3+ changes the stable
structure of RFeO3 sequentially from perovskite to hexagonal
and then to the bixbyite structure. The weak ferromagnetic
transition temperature of hexagonal Lu0.5Sc0.5FeO3 was at 162
K with a dielectric anomaly, which is the highest temperature
observed for h-RFeO3 and h-RMnO3 compounds. Hexagonal
Lu0.5Sc0.5FeO3 is stable, meaning that hexagonal Lu1−xScxFeO3

can be obtained over a wide range of compositions around x ∼
0.5 by metastable formation techniques. Previously, we
reported that containerless processing could stabilize hexagonal
LuFeO3 solidified directly from an undercooled melt.16,17

Therefore, in this study, containerless processing is applied to
Lu1−xScxFeO3 (0 ≤ x ≤ 1) to obtain a hexagonal phase over a
wide composition range, although the stability of the hexagonal
and bixbyite phases is still unclear. The crystal structure and
magnetic properties of hexagonal Lu1−xScxFeO3 are also
investigated.

■ EXPERIMENTAL SECTION
High-purity Lu2O3, Sc2O3, and Fe2O3 powders were mixed in chemical
compositions of Lu1−xScxFe1.2O3 (0 ≤ x ≤ 1). The extra 20 mol % of
iron oxide was necessary to obtain stoichiometric Lu1−xScxFeO3,
because iron oxides often evaporate during containerless processing.16

The mixed powders were pelletized and sintered at 1000 °C for 12 h
in air. A piece of the pellets (∼10 mg) was melted in an aerodynamic
levitation (ADL) furnace. Oxygen gas was used to levitate a melt. A
100 W CO2 laser was used to melt the levitated sample. The details of
the ADL furnace are described elsewhere.16,17 The sample was kept
above the melting point for ∼10 s to ensure that the melt was
homogenized. After homogeneous melting of the sample, the laser
power was turned off and the sample was rapidly cooled to room
temperature at a rate of hundreds of kelvins per second. Crystallization
occurred after the melt was undercooled below the melting
temperature. The crystallization was clearly observed as light emission
caused by the release of the latent heat from the undercooled melt,
known as recalescence. Chemical composition analyses for the as-
solidified samples were conducted by an energy dispersive X-ray
fluorescence spectrometer. There were almost no chemical deviations
in the Lu and Sc ratio from the starting materials. Although the excess
of iron of the solidified samples was smaller than those of the starting
materials, there were still an excess of iron oxides of approximately 10
mol %. It seems that the (Lu + Sc):Fe ratio was not unique to each
sample, which may cause difficulty for the refinement of crystal
structure parameters in crystal structure analysis.
For crystal structure analysis of the solidified samples, the high-

energy synchrotron radiation (SR) X-ray powder diffraction measure-
ments were performed at room temperature with a large Debye−
Scherrer camera installed at BL02B2 in SPring-8.33 The sample was
ground in an agate mortar and sealed in a quartz capillary with an
internal diameter of 0.1 mm. The SR wavelength was λ = 0.49608(7)
Å. The crystal structures were analyzed by the Rietveld method with
the diffraction intensity data up to 2θ of 45° (d > 0.65 Å). Before the
magnetic properties of compounds with a hexagonal structure were
measured, magnetic impurities, such as Fe3O4, were removed by the
magnetic separation method. After the as-solidified samples had been
crushed, they were dispersed in the acetone in a beaker. When a
magnet was added to the beaker, the impurities having magnetization
at room temperature attached to the magnet. After the magnet was
removed from the beaker, we obtained purified samples. The
temperature dependence of the magnetic moment was measured in
a temperature range of 5−300 K at a magnetic field of 1000 Oe using a
superconducting quantum interference device magnetometer
(SQUID, MPMS, Quantum Design Inc., San Diego, CA).

■ RESULTS AND DISCUSSION
Figure 1 shows the synchrotron XRD profiles of samples
solidified from undercooled melts. The peaks from the

hexagonal phase were observed in the range of 0 ≤ x ≤ 0.8,
which is considerably larger than the range for the conventional
solid-state reaction. The crystal structures of the x = 0−0.8
compounds are isomorphous to h-RMnO3. The intensities of
the peak characteristics of the hexagonal phase at sin θ/λ = 0.13
and 0.19 decrease from x = 0 to x = 0.8. Those weak peaks
originate from (1 0 2) and (1 0 4) reflections, respectively,
which are allowed in the noncentrosymmetric P63cm space
group. The peaks originating from the bixbyite phase increase
from x = 0.6 to x = 1.0. At approximately x = 0.8, Fe3O4
solidified as an impurity phase distinct from the hexagonal and
bixbyite phases.
The mole fractions of the perovskite and bixbyite phase were

estimated by the Rietveld analysis after impurities such as
Fe3O4 were subtracted from the data. Figure 2 shows the
composition dependence of the mole fraction of the hexagonal
and bixbyite phases. The fraction of the hexagonal phase is
100% when x is smaller than 0.5, whereas it decreases for x >

Figure 1. Synchrotron X-ray diffraction profiles of Lu1−xScxFeO3
solidified from an undercooled melt by containerless processing. λ =
0.49608(7) Å. The arrows show the weak reflection peaks allowed in
the noncentrosymmetric P63cm space group.

Figure 2. Mole fraction of the hexagonal (circles) and bixbyite
(triangles) phases as a function of x in Lu1−xScxFeO3 solidified from an
undercooled melt.
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0.5 in the region where the bixbyite phase is stable for solid-
state synthesis. These results indicate that because the bixbyite
structure is stable and crystallizes easily, metastable phases, such
as the hexagonal phase, cannot be obtained even though the
melt is undercooled. The composition limit of hexagonal
Lu1−xScxFeO3 is x = 0.8 for containerless processing.
Figure 3 shows the composition dependence of the lattice

parameters and the unit cell volume of hexagonal Lu1−xScxFeO3

(0 ≤ x ≤ 0.8). The lattice parameters and the reliability factors
for the results of the Rietveld analysis are given in the
Supporting Information. The lattice parameters monotonically
decrease as x increases. The lattice parameters of the x = 0.5
compound are in good agreement with those of Lu0.5Sc0.5FeO3
obtained by the conventional solid-state reaction,32 which
indicates that at x = 0.5, the same material is produced by both
processes. Volume V gradually decreases as x increases,
suggesting that the Sc3+ ion, which has an ionic radius smaller
than that of Lu3+, is substituted into the Lu3+ sites.
To clarify the composition dependence of the lattice

parameters further, the ratios of the changes in the lattice
parameter Δl/l are also shown in Figure 3. Δl/l is calculated
from the equation (lx − l0)/l0, where l0 corresponds to lattice
parameters a0 and c0 of h-LuFeO3 and lx corresponds to those
of Lu1−xScxFeO3. The change in lattice parameter a is greater
than that of lattice parameter c. The lattice parameter change of
the a-axis is −3.0% at x = 0.8, whereas that of the c-axis is at
most −0.4%. This anisotropic behavior was observed in the Mn
oxide system. For example, in the case of hexagonal
Lu1−xScxMnO3, when x increases from 0 to 1, the changes in
the a-axis and c-axis lengths are −3.6 and −1.8%, respectively.34
Via comparison of h-YMnO3 and h-LuMnO3, the changes in

the a-axis and c-axis lengths from Y3+ to Lu3+ are −1.6 and
−0.3%, respectively.35 The anisotropy of h-RMO3 (M = Mn3+

or Fe3+) can be explained by simultaneous displacement of
atoms caused by substituting R3+. Figure 4 shows the schematic

illustration of the crystal structure of h-RMO3. The hexagonal
structure comprises closely packed layers of trigonal MO5
bipyramids, where each M3+ ion is surrounded by three in-
plane and two apical O2− ions. The MO5 bipyramids share the
in-plane oxygen ions to form a triangular lattice in the a−b
plane, and they are separated along the c-axis by R layers. When
R is substituted with a smaller one, the tilting of the MO5
bipyramids will be caused by the displacement of the apical
oxygen (O1 and O2) along the a−b plane, which pushes off R
along the c-axis. The tilting of MO5 leads to the displacement of
the in-plane oxygen (O3 and O4); however, the two oxygens
move in the opposite direction along the c-axis, and then
buckling of the R layers should occur.35 As a result, the change
in the c-axis lattice constant is suppressed compared to that of
the a-axis lattice constant, causing the anisotropy. Comparing
the atomic coordinates of h-LuFeO3 and h-Lu0.5Sc0.5FeO3
reported in the previous works17,32 supports the anisotropic
effect of the average size of R on the unit cell. The volume of
Lu−O7 polyhedra is 16.8323 Å3, and the averaged Lu−O
distance is 2.256 Å in h-LuFeO3. The volume of Lu/Sc−O7
polyhedra is 15.6180 Å3, and the averaged Lu/Sc−O distance is
2.214 Å in h-Lu0.5Sc0.5FeO3. The shrinkage is explained by the
small ionic radius of Sc compared to that of Lu. Furthermore,
by substitution of Sc, the Lu/Sc1−O3 distance becomes larger
than the Lu1−O3 distance and the angle between the O1−O2
bond and c-axis decreases. Accordingly, the tilting of FeO5
polyhedra is relaxed by substitution of Sc, and then the decrease
in the c-axis lattice constant is suppressed compared to that of
the a-axis.
Furthermore, it is noted that the anisotropy of the lattice

constant change of h-RFeO3 is much larger than that of h-
RMnO3. This is caused by the different electronic configuration
between Mn3+ (d4) and Fe3+ (d5) in the MO5 bipyramid. The
z2 orbital of the FeO5 bipyramid is occupied by one electron as
the highest occupied orbital, while it is empty in the MnO5
bipyramid.18 The additional occupied orbital of the FeO5
bipyramid causes the great repulsion between the electron
and the apical oxygen along the c-axis. Accordingly, the

Figure 3. Composition dependence of a-axis and c-axis lattice
parameters, the volume, and the ratio of the change in the lattice
parameter Δl/l of hexagonal Lu1−xScxFeO3. Δl/l is calculated from the
equation (lx − l0)/l0, where l0 corresponds to the lattice parameters a0
and c0 of h-LuFeO3 and lx corresponds to those of Lu1−xScxFeO3.

Figure 4. Schematic illustration of the crystal structure of hexagonal
RMO3 (M = Mn3+ or Fe3+). Arrows indicate the displacement of
atoms upon substitution of the smaller R3+ ion.
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suppression of change in the c-axis of h-RFeO3 accompanied by
the tilting of the FeO5 bipyramid is larger than that of h-
RMnO3.
The temperature dependence of the molar magnetic

susceptibility at 1000 Oe in the zero-field-cooled (ZFC) or
the field-cooled (FC) mode of hexagonal Lu1−xScxFeO3 (0 ≤ x
≤ 0.7) is shown in Figure 5. Although the careful purification

for magnetic impurities in the as-solidified samples was
conducted, Fe3O4 often remained. The x = 0.5 and 0.7 curves
had a slope at high temperatures larger than those of others
because Fe3O4 was still a magnetic impurity. The x ≥ 0.5
samples would contain a small amount of impurities of the
bixbyite phase as shown in Figure 2. However, the magnetic
susceptibility of the bixbyite phase should be negligible because
the magnetic susceptibility of the bixbyite ScFeO3 was
considerably small compared to that of the hexagonal
phase.31 The small magnetization at low temperatures indicates
that the magnetic interaction is antiferromagnetic. The
magnetic transition temperature was defined as the temperature
at which both the ZFC and FC curves show a rapid increase.
To estimate the Weiss temperature, the magnetic susceptibility
data in the paramagnetic region were fitted to the Curie−Weiss
formula. However, unfortunately, the Weiss temperatures were
dispersed in the vicinity of −1000 K for each composition, and
it was difficult to determine the composition dependence of the
temperature. The large dispersion may be caused by the
magnetic impurities. In the case of h-Lu0.5Sc0.5FeO3, the Weiss
temperature was reported to be approximately −600 K in our
previous work.32 Therefore, it can be concluded that the Weiss
temperatures were negative even though it was difficult to
obtain absolute values of the Weiss temperature because of
magnetic impurities. In this study, we focused on the
composition dependence of the magnetic transition temper-
ature. The magnetic transition temperature, TN, of h-LuFeO3
was 150 K, although the TN of h-LuFeO3 thin films varied from
120 to 150 K.22−24,26,28 Figure 6 shows the composition
dependence of TN. TN decreases linearly with an increasing x to
175 K at x = 0.7. As shown in the inset of Figure 6, TN increases

linearly with an increase in the a-axis length, indicating that the
increase in TN is caused by the increase in the extent of the
magnetic interaction arising from the decreasing Fe−O bond
length on the a−b plane. The linear increase in TN caused by
substituting Sc3+ for Lu3+ is similar to that reported in the h-
Lu1−xScxMnO3 solid solution system, which shows an increase
from 92 to 133 K.34 However, the values of TN for h-
Lu1−xScxFeO3 are much higher than those for h-Lu1−xScxMnO3,
indicating that the magnetic interaction in h-Lu1−xScxFeO3 is
much larger. This is because the strength of the exchange
interaction in the a−b plane between Fe3+, which has one more
unpaired electron than Mn3+, is larger than that between
Mn3+.36−38 Increasing the transition temperature in the
Lu1−xScxFeO3 system further may be impossible because the
stable bixbyite phase at larger x prevents the formation of the
hexagonal phase.
The temperature dependence of the magnetic moment of h-

Lu1−xScxFeO3 exhibited further interesting properties. For the x
= 0 compound, the magnetization increases as the temperature
decreases below TN, and in the FC curve, the value decreases at
a lower temperature. However, the magnetization does not
match that of the ZFC curve at the lowest temperature,
indicating that a spin canting remains. Weak ferromagnetic
properties have also been reported in h-LuFeO3 thin films. The
DFT calculations suggested that the Fe3+ spins in the ground
state form a 120° triangular spin structure on the a−b plane,
resulting in a zero residual moment along the a−b plane,
whereas the Fe3+ spins are slightly canted with a non-zero
moment along the c-axis.23 Therefore, although the magnetic
structure of bulk h-LuFeO3 is still unclear, the distinctive weak
ferromagnetic behavior at the lowest temperature supports the
suggestion that the Fe3+ spins align in a 120° triangular spin
structure in the a−b plane, although they are canted along the
c-axis. The difference in magnetization between FC and ZFC at
the lowest temperature decreases as x increases. At x ≥ 0.3,
there is almost no difference between them, and the
suppression of the FC curve at low temperatures occurred at
higher temperatures as x increased, indicating that the extent of
antiferromagnetic interaction in the a−b plane increases and
preventing the Fe3+ spins from canting along the c-axis.
The ZFC curve of h-LuFeO3 shows a gradual increase in

magnetization around 30 K, and a further increase is observed
at 80 K. These increases may be caused by the spin
reorientation, which was also observed in hexagonal YMnO3,
LuMnO3, and ScMnO3.

34 The complicated magnetic phase
transition might also occur in hexagonal LuFeO3. However, the

Figure 5. Temperature dependence of the magnetic susceptibility of
hexagonal Lu1−xScxFeO3 at 1 kOe. Filled and empty symbols represent
FC and ZFC, respectively.

Figure 6. Composition dependence of the magnetic transition
temperature of hexagonal Lu1−xScxFeO3. The inset shows the a-axis
lattice parameter dependence of TN.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b01225
Inorg. Chem. 2015, 54, 9432−9437

9435

http://dx.doi.org/10.1021/acs.inorgchem.5b01225


spin reorientation temperature appears to increase as x
increases. This may be caused by the decrease in the
ferromagnetic component causing the complicated spin
reorientation.

■ CONCLUSIONS
Hexagonal phases of Lu1−xScxFeO3 were prepared by contain-
erless processing. The hexagonal phase-forming region was
expanded from x = 0 to x = 0.8. The lattice parameters
decreased linearly as x increased. The a-axis length decreased
more than the c-axis length. TN increased with x depending on
the a-axis length because of the stronger magnetic interaction
on the a−b plane. The TN of 175 K for Lu1−xScxFeO3 at x = 0.7
was the highest among those of the hexagonal iron and
manganese oxides. This was achieved by the decrease in lattice
parameter a caused by substituting Sc3+ for Lu3+ and the
increase in the extent of the exchange interaction upon
substitution of Fe3+ for Mn3+. Hexagonal iron oxides are
promising alternative materials to manganese oxides for high-
temperature magnetic dielectrics.
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