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Abstract: Novel metastable hexagonal Lu-xSxFeOs compounds were prepared by an ethylene
glycol-based small molecule sol-gel synthesis route. Samples were investigated by means of
XRD, Raman spectroscopy, XPS, SEM and magnetometry techniques. Based on the obtained
data several different phase composition regions were discovered at room temperature depending
on the Sc content. Three dominant phases were observed and denoted as the orthorhombic Pnma,
hexagonal P6scm, and cubic la-3 with the hexagonal phase being stable without any additional
phases when 0.40 < x < 0.65. Temperature dependent structural analysis allowed for the
construction of the phase diagram which revealed that upon increasing Sc content the reversible
polar to non-polar phase transition temperature can be decreased from above 1200 °C (when x =
0.15) to around 800 °C (x = 0.75). SEM analysis indicated a rapid reduction in particle size from
~2.726 pm when x = 0 down to ~0.962 pum when x = 0.75, however in the case when x = 1, an
increase in particle size was observed. XPS analysis confirmed the elemental composition and its
changes as well as the stability of the 3+ oxidation state of the iron ions. Magnetization
measurements confirmed a non-zero room temperature magnetization as well as the spin
reorientation transitions whose critical temperatures Ty increases from 156 K (x = 0.25) to 170 K
(x=0.75).

Keywords: multiferroics, sol-gel processing, magnetic transitions, structural properties
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1. Introduction

Complex oxides based on transition metal elements constitute a class of materials that
possess a broad spectrum of different properties depending on the chemical composition and
crystal structure. The different phenomena include luminescence, ferromagnetism, ferroelectric
properties, etc. [1-4]. One particular group of oxides has attracted a large amount of interest
from scientists and is referred to as Perovskite compounds [5-8]. The abundant interest in
perovskites arises mostly due to a particular variability of the symmetry of the crystal structure
they possess. The ideal perovskite lattice is a cubic one with a Pm-3m (# 221) space group with a
nominal formula of ABO3[9]. By varying the elemental composition in A- and B- positions, the
cubic crystal structure can be significantly distorted, thus changing the symmetry [8,10]. This
allows perovskites to possess a lot of the aforementioned properties. In some rare cases,
perovskites can exhibit even multiferroicity [11,12]. Multiferroicity refers to the combination of
at least two primary ferroic orders in a single system. The most desirable combination is the one
of ferroelectric and ferromagnetic properties as it would allow for many novel applications such
as low power electronic memory, spintronic devices, sensors, etc. [12-14].

The applications of single phase multiferroic compounds sound extremely promising,
however, several difficult hurdles need to be overcome beforehand. The initial challenge arises
from the conflicting nature of the traditionally known origins of ferroelectricity and
ferromagnetism. For a compound to be ferroelectric the empty 3d orbitals are needed for
hybridization (this is referred to as ferroelectricity of displacive-type), while for a compound to
be strongly ferromagnetic unpaired electrons in the same orbitals are needed [15]. As of now,
several different ferroelectricity causing effects have been discovered: the lone-pair mechanism
in which ferroelectricity is caused by the non-hybridized electrons in 6s orbital, the geometric
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ferroelectricity mechanism in which ferroelectricity is caused by the space filling and geometric
constraints which displace the atoms in the lattice [16,17], as well as the charge ordering and
spin driven mechanisms [18,19]. The second challenge is that the magnetoelectric coupling, the
interaction between magnetic and electrical ordering, is often relatively weak. This problem
arises mainly in multiferroic compounds where magnetic and electric orders occur independently
of each other, such compounds are referred to as Type I. Type Il multiferroic compounds possess
magnetic and electrical orders that emerge jointly, however, this phenomenon is usually
observed only for spin driven ferroelectricity, that produces relatively low polarization values
[20]. The third challenge is that it is quite difficult to obtain both magnetic and electric orders at
or above room temperature, required for practical applications. As such, a lot of fundamental,
practical, and theoretical investigations are still needed [21].

Due to the aforementioned reasons the amount of room temperature single phase
multiferroic compounds is quite scarce [22]. The most well-known multiferroic BiFeOs is a
rhombohedral perovskite with the crystal structure described by the space group R3c (#161) [23].
Bismuth ferrite combines lone pair driven ferroelectricity with an antiferromagnetic order caused
by the cycloidal arrangement of the magnetic moments of Fe ions forming magnetic sublattice
[24]. This provides a quite high polarization with Tc ~ 1100 K and a Néel temperature of
Tn ~ 640 K [5,25]. However bismuth ferrite suffers from several significant drawbacks, mainly
that it is difficult to synthesize, due to the volatility of bismuth and a formation of competing
impurity phases, large leakage currents and the presence of antiferromagnetic order instead of a
ferromagnetic one limiting its practical applications [26]. One other possible room temperature
multiferroic compound that has attracted a lot of attention recently is the hexagonal variant of

LuFeOs (h-LuFeO3) [27,28]. Under normal conditions, LuFeO3; possesses a distorted perovskite
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structure with orthorhombic symmetry. It is weakly ferromagnetic and non-polar thus it could
hardly be described as multiferroic [29,30]. However, when the hexagonal structure with the
space group P6scm (#185) is stabilized, ferroelectricity is obtained due to the geometric factors
displacing a part of the Lu atoms in the lattice. This displacement is produced during the
transition from high temperature paraelectric phase (space group P6s/mmc) to the room
temperature ferroelectric phase (space group P6scm). Furthermore, the ferromagnetic order
should be retained, so one can classify this material as a potential multiferroic compound
[22,31]. The h-LuFeO; structurally is analogous to another multiferroic compound, the
hexagonal YMnOs;. However, YMnO3; suffers from extremely low polarization as well as low
magnetic transition temperature Ty~ 80 K, and as such it is unfit as a room temperature
multiferroic. In the case of h-LuFeOs, the magnetic transition temperature has been reported to
increase when the Mn ions are replaced by the Fe ions, while the Lu ions provide higher
polarization and Tc values as compared to Y ions [32—35]. However, while promising h-LuFeO3;
compound also possesses significant drawbacks. Mainly the fact that the hexagonal phase is
metastable in the LuFeO3; matrix and some external factors need to be present [36]. Two main
approaches are used in order to stabilize the hexagonal crystal structure. The first one is the use
of strain during the formation of thin films, however, the addition of strain as well as interface
effects provide additional changes in the properties which can be hard to investigate properly
[34,37,38]. The second approach focuses on chemical doping, by either replacing Lu ions with
smaller ones (e.g. Sc, Co ions) or Fe ions with other ions (e.g. Mn, In). Chemical doping with Sc
ions in particular has shown great promise [39-42]. It is also worth noting that there have been
reports of other rare earth ferrites, that were stabilized in the hexagonal phase such as ReFeO;

(Re = Yb, Er, Ho, Dy, Th). This has been doe similarly as in the LuFeO3 by means of doping or
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strain engineering. However, in most cases even lower Ty values were observed and lutetium
ferrite has so far showed the most promise [43,44]. While this approach helps to obtain bulk h-
LuFeOs it also may provide improvement in the polarization values as well as providing changes
to both structural and magnetic properties. However, since the hexagonal phase is metastable, it
IS quite sensitive to preparation conditions, grain microstructure, synthesis method, and the type
of chemical dopants and their concentration.

Because of the mentioned arguments, we provide additional fundamental practical
insights into the stabilization of the h-LuFeO3; by means of Sc doping. Room temperature crystal
structure was investigated by X-ray diffraction and Raman spectroscopy. Particle size and
morphology were investigated using scanning electron microscopy. The effects of Sc content on
the paraelectric-ferroelectric phase transition were investigated by employing in-situ high
temperature X-ray diffraction coupled with Rietveld refinement. Magnetic properties were
investigated for samples with different Sc content in the temperature range of 4 — 300 K.

2. Experimental part

For the synthesis of Lu.nSciFeOs, LuyO3(99.99 %, Sigma Aldrich), Sc,03 (99.9 %,
Sigma Aldrich), Fe(NOg3);-9H,0 (98 %, Alfa Aesar), ethylene glycol (EG, Lach-ner), and
concentrated HNOj3 (Lach-ner) were used. The synthesis procedures were performed to always
obtain a mass of 1 g of the final product. Lu(-ScsFeO3 compounds with x = 0.00, 0.15, 0.25,
0.50, 0.55, 0.60, 0.65, 0.75, and 1.00 were prepared. Firstly, Sc,03 was dissolved in concentrated
HNO;3 (25 mL) at 200 °C under constant magnetic stirring in a beaker covered by a watch glass.
When a clear solution was obtained, Lu,O3; was added and dissolved. The Sc and Lu ratios were
set depending on the desired final composition. When the added Lu precursor had dissolved, iron

nitrate was added in a ratio of 1:1 to the sum of Lu and Sc moles and the solution was diluted to



130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

50 mL with distilled water. The solution cooled down to 150 °C and then stirred for 1 h, after
which ethylene glycol was added in a ratio of 1:1 to the metal (Fe + Lu + Sc) ions. The solution
with ethylene glycol and the precursor ions was stirred at the same temperature for 1 more hour.
Lastly, the watch glass was removed, and the temperature was raised to 220 °C in order to
evaporate residual water and to obtain a viscous gel. The beaker with the formed gel is
transferred to a drying furnace and dried overnight at T ~ 180 °C. The dried gel was then ground
in an agate mortar and annealed at T ~ 1100 °C for 1.5 h with a heating rate of 1 °C/min. The
annealed samples were once again ground and further heated at 1300 °C for 3 h with a heating
rate of 5 °C/min and finally used for characterization. Synthesis schemes as well as annealing

programs can be found in Fig.1.
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Fig.1. Synthesis scheme (left) and heating conditions (right) of Lu;_,ScxFeO3 (0 < x < 1.00) compounds.

The XRD measurements were carried out on a Bruker D8 Discover powder
diffractometer in the Bragg—Brentano geometry. The diffractometer was equipped with a front
monochromator (CuKol wavelength A = 1.5405598 A) and a LynxEye linear detector
discriminating in energy. Temperature dependent measurements were carried out from 30
to 1200 °C (from 100 to 900 °C a step of 100 °C was used while from 900 to 1200 °C a step of
50 °C was used). All of the obtained diffraction patterns were further refined using FullProf

software [45]. Raman scattering measurements were conducted using inVia Raman (Renishaw,
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United Kingdom) spectrometer equipped with a thermoelectrically cooled (-70 °C) CCD camera
and microscope. Raman spectra were excited with a 532 nm beam from the CW diode pumped
solid state (DPSS) laser (Renishaw, UK). To avoid damage to the sample, the laser power at the
sample was restricted to a very low value, 0.4 mW. The 20x/0.40 NA objective lens and 1800
lines/mm grating were used during all the measurements. The overall integration time was 800
seconds. The position of the Raman bands on the wavenumber axis was calibrated by the
polystyrene film standard spectrum. Parameters of the bands were determined by fitting the
experimental spectra with Gaussian-Lorentzian shape components using GRAMS/Al 8.0
(Thermo Scientific, USA) software. Scanning electron microscopy micrographs were taken using
SEM SU-70 (Hitachi, Japan) with an accelerating voltage of 5kV and a magnification of 5k.
Particle size histograms were obtained by randomly measuring 100 different particles using
open-source ImageJ software [46]. The magnetic studies were carried out with a SQUID
magnetometer (Quantum Design MPMS3) covering the temperature and field range of 2-300 K
and =7 T respectively. The X-ray photoelectron spectroscopy (XPS) analysis was done using a
Kratos Axis Supra spectrometer with a Al Ka source (25 mA, 15 kV). The instrument work
function was calibrated to give a binding energy (BE) of 83.96 eV for the Au 4f7/2 line for
metallic gold and the spectrometer dispersion was adjusted to give a BE of 932.62 eV for the Cu

2p3/2 line of metallic copper. Spectra were analyzed using CasaXPS software.

3. Results and Discussion

3.1. Room temperature X-ray diffraction analysis

In order to investigate the viability of the sol-gel synthesis method for the preparation of
LuFeO3; compounds doped with Sc as well as the phase transitions that occurred in this system,
the X-ray diffraction analysis coupled with Rietveld refinement procedure was performed for all
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of the obtained samples. The diffraction patterns measured at room temperature and refined
using the Rietveld method are presented in Fig. 2 and Fig. S1. The crystal structure of the initial
LuFeO3; compound is characterized by the orthorhombic symmetry described by the space group
Pnma (#62) [19,30]. The mentioned symmetry is caused by a rotation of oxygen octahedra due
to the different ionic radii of the constituent ions in the perovskite lattice which leads to a
disruption of the ideal cubic perovskite symmetry and results in a stabilization of the
orthorhombic distortion [47]. The results of structural investigations have confirmed the phase
purity of the compounds, and the crystal structure of the samples corresponds to that mentioned
in the previous studies [22,31,36,48]. Furthermore, the calculated unit cell parameters (see Fig.

2) are quite similar to those reported in the literature [29,49].
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Fig. 2. XRD patterns recorded for Lug—xScFeOs (0 < x < 1.00) compounds at room temperature (left).
Unit cell parameters, unit cell volume, and volume fraction of the structural phases were calculated for
the compounds Lu—ScFeO; based on the XRD data at room temperature (right).

From the Rietveld refinement of the XRD patterns, the compounds Lu;.xScxFeOz with x <0.15
are single phase with orthorhombic structure. For compounds with x > 0.15, a hexagonal phase,
space group P6scm (#185), can be identified along with it [36,48]. The formation of the
hexagonal phase is confirmed by the appearance of the new specific reflections in the diffraction
patterns, the most prominent ones are indexed as 002 and 112 and located at 26~ 15° and
20 = 34° respectively (Fig. S1). The hexagonal phase becomes dominant in the compound with
x =0.25 wherein its volume fraction reaches 58%, while in the compound with 15% of Sc

doping, the hexagonal phase fraction is only about 17% (see Fig. 2). The mentioned hexagonal
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phase is considered to be metastable, as it is quite sensitive to the synthesis conditions [36]. The
structure of the hexagonal phase is analogous to that observed in a well-known hexagonal
compound YMnOs;. This structure is not considered to be a perovskite structure as the
coordination of the iron ions is changed from 6 coordinated octahedrons to a trigonal bipyramid
with 5 oxygen cations in the nearest environment [32,50]. For the compounds doped with 15%
and 25% Sc content, some additional low intensity reflections were observed, that cannot be
described by either P6scm or Pnma space groups (Fig. 2, Fig. S1, marked by the asterisks
symbols). The intensity of these extra reflections is quite small which hampers an identification
of the related phase while its volume fraction is definitely less than 3% and its chemical
composition refers to the Lu oxide family.

For the compound with x = 0.5, the crystal structure becomes a single phase with
hexagonal symmetry and it can be described by the aforementioned space group P6scm. This
structural state is confirmed by the results of the Rietveld refinement wherein all the reflections
were well fitted using the chosen structural model and no additional reflections were observed
(see Fig. 2). A similar structural state is observed for the compounds doped with 55% and 60%
of Sc, as no additional reflections were observed confirming the single phase character.
However, when x reaches 65% and above the diffraction patterns of the related compounds show
notable changes, viz. several new reflections were observed. These reflections were attributed to
the crystal structure of ScFeO3 — the end member of the solid solution row. Its crystal structure is
ascribed to the so-called bixbyite structure with cubic symmetry described by the space group la-
3 (#206) which is mostly found in simple oxide Mn,0O3[51,52]. The aforementioned structure is
also not a perovskite structure as the Sc and Fe ions are quite similar in size and the discrete

perovskite positions are unlikely to be maintained. This structure is notably identified by the
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main specific (222) and (400) reflections located at 26~ 31.9° and 26~ 37.0° respectively.
However, it is worth noting that according to the refinement results the volume fraction of this
cubic phase is quite small (~ 6%) in the compound with x = 0.65 (see Fig. 2.). Upon further
increase in the Sc concentration, the volume fraction of the bixbyite phase increases: in the
compound with x = 0.75 the volume fraction of the cubic phase reaches 21%. It is worthy to note
that the annealing temperature notably affects the structural state of the compounds in the way as
described below. High annealing temperature, i.e. 1300 °C and above, fosters a formation of both
hexagonal and cubic phases in the compounds with lower Sc content as compared to the case
when the compounds were prepared at lower temperatures [53]. For example, structural state of
the two phase compound with x <0.5 prepared at T ~ 1100 °C is characterized by a notably
lower volume fraction of the hexagonal phase [53] thus one can conclude that high temperature
synthesis provides a stabilization of the hexagonal phase accompanied with notable changes in
the grain morphology as confirmed by SEM analysis presented in the next section. When Lu ions
are fully replaced by Sc ions the single phase bixbyite structure stabilizes as confirmed by the
Rietveld refinement. Furthermore, in some instances there have been reports on the stabilization
of hexagonal phase at low (below 1000 °C) synthesis temperatures with single phase LuFeOj3 or
when it is slightly doped with rare earth elements. However, larger additions of both Ho and La
have led to stabilization of the orthorhombic LufeO3 and disappearance of the hexagonal phase
[29,54]. Additionally, there have been reports on other hexagonal rare earth ferrites, in particular
the hexagonal variant of YbFeO3 was also stabilized by Sc doping. However in this case a larger
amount of Sc doping (60 % and above) needed to obtain a single phase hexagonal structure, and

in some cases impurities of ytterbium iron garnet were also observed [44].
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The evolution of the unit cell parameters, the unit cell volumes as well as the volume
fractions of the constituent phases as a function of Sc doping are given in Fig. 2 as well. In the
case of the orthorhombic phase, the a- and c- parameters reduce upon the chemical doping up to
15%, while the b- parameter slightly increases. However, when x is increased to 0.25 all the unit
cell parameter values slightly increase. This modification is quite unusual as a simple contraction
of the unit cell is expected because of the difference in the ionic radii of Sc** (0.87 A) and Lu**
(0.977 A). While the obtained results show a decrease in the unit cell volume, the unit cell is
additionally and unevenly distorted upon the Sc doping. The structure of the compounds with the
hexagonal phase shows even more pronounced anomalies and uneven changes in the cell
parameters. While both the a- and c- parameters decrease (Fig. 2), (the sample doped with 15%
of Sc is the only exception as its a- parameter has a larger value as compared to that specific to
the sample doped with 25% of Sc); the rate of these changes is much larger in the case of the a-
parameter. Assuming the entire doping range attributed to the hexagonal phase the reduction in
the a-parameter is about one order of magnitude more as compared to that calculated for the c-
parameter, thus resulting in an increase of the c/a ratio. It should be noted, that the mentioned
distortion of the crystal lattice is quite unusual, however, it may potentially be quite beneficial as
in some reports the room temperature multiferroicity may be realized in the case when the c/a
ratio reaches about 2.15 [31]. In the case of the polar structure described by the space group
P6scm, the unit cell volume decreases quite linearly and there are no significant discrepancies
from this trend.

Discussing the unit cell parameters of the bixbyite phase one can see an expected decrease
in the unit cell volume without any significant deviation as the unit cell contracts because of the

difference in the ionic radii of the Lu and Sc ions. The only deviation in the structural parameters
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refers to a more pronounced contraction of the unit cell observed in the concentration range
0.65 < x <0.75 as compared to the region 0.75 <x < 1. The mentioned changes in the unit cell
parameters and in turn the unit cell volume can be easily confirmed by a notable shift of the
diffraction reflections towards higher angles 26° (Fig. 2). The concentration driven changes in
the volume fraction of the respective structural phases are also presented in Fig. 2. There are 5
different phase composition regions that can be denoted depending on the Sc content. The first
region is related to the section specific to the orthorhombic phase only and this structural state is
stable in the concentration range of 0 <x < 0.15. The second region is related to a mixture of
both the hexagonal and the orthorhombic phases and it is located in the concentration range of
0.15 <x<0.40. This region is followed by a single phase hexagonal one which exists in the
range of 0.40 < x < 0.65. The fourth phase region refers to a mixture of the phases described by
the space groups P6scm and la-3 and it exists in the range of 0.65 < x < 0.90. The final region is
attributed to the cubic bixbyite phase, and it exists in the range of 0.90 < x <1.00. It is also
worthy to note that the phase boundary ranges are quite difficult to estimate precisely because of
a number of internal (grain size, morphology, etc.) and external (synthesis conditions) factors.
The changes in the phase volume fractions are gradual with the Sc doping thus indicating high
chemical homogeneity of the compounds as well as the viability of the sol-gel preparation

method for the studied compounds.

3.2. Room temperature Raman spectroscopy

Raman spectroscopy provides a possibility to acquire molecular level information on
short-range structure, bonding, symmetry on a local scale level, and disorders of the compounds
under investigation; this is important additional information difficult to obtain by other methods

[55-59]. Fig. 3 shows Raman spectra of polycrystalline LuFeO3; and ScFeO; compounds
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prepared by annealing at 1300 °C. Group theory analysis predicts 24 first-order Raman active
modes for orthorhombic LuFeO3; which are distributed by the symmetry in the following way:
7TAg, 5B1q, 7Bog, and 5B3q [53]. The characteristic Aq bands of LuFeOs are located at 108, 133,
276, 432, 451, and 516 cm*; while well-defined Bog bands are visible at 158 and 349 cm* [53].
The bands located at frequencies higher than 600 cm™ contain a contribution from second-order
vibrational modes [53]. Thus, an intense and broad band at 1305 cm ™ is associated with the
overtone of oxygen stretching vibration [60,61]. Raman bands below 200 cm™ can be visualized
as associated mainly with vibrations of heavy rare-earth ions; those in the frequency region 200 —
350 cm™* can be linked with tilting motions of FeOg octahedrons; the modes in the region 350 —
500 cm™ are associated mainly with bending vibrations of oxygen atoms and stretching
vibrations of Fe—O bonds take place at frequencies higher than 500 cm ™ [55]. It should be noted
that the peak positions of our sample are very close to Raman spectrum of single crystal LuFeO3
[56] indicating high crystal quality of the studied compound. The Raman spectrum of ScFeOs3 is
dominated by strong feature at 411 cm ™ and well-defined first-order bands at 165 and 509 cm™
(Figure 1). X-ray diffraction studies revealed bixbyite structure with cubic symmetry (I-a3 space
group). Such structure exhibits an intense Raman band of Fg symmetry [53,62]. In the case of
ScFeO5; compound, this band is visible near 411 cm™. Two other lower intensity bands located
near 509 and 289 cm* also belong to the Fgq symmetry modes. The narrow low-frequency band
at 165 cm ™ most likely belongs to Ey symmetry vibrational mode [53,62]. The Raman bands
located at frequencies higher than 500 cm™ contain a high contribution from second-order
phonons. In particular, the broad feature near 1292 cm is related to the overtone of oxygen
stretching vibration [60,61,63].

Composition-dependent Raman spectra of Lu.»ScxFeOs compounds are shown in Fig. 4.
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Fig. 4. Composition dependent Raman spectra of
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Fig. 3. Raman spectra of polycrystalline LuFeO3 and ScFeOs.
The annealing temperature is 1300 °C. The excitation
wavelength is 532 nm (0.4 mW).

Even a small amount of Sc** ions (x=0.15) results in observable changes in the Raman
spectrum; the relative intensity of the prominent 134 (Ag) band decreases and a new low-
intensity band appears at 127 cm ™. In addition, the relative intensity of the high frequency band
near 657 cm increases. These spectral changes are consistent with perturbations of the lattice
parameters. The most significant changes in the low frequency region indicate perturbations in
the motions of heavy rare-earth ions because of presence the of Sc**. The intensity of high
frequency band at 657 cm ™ is very sensitive to defectivity in the vicinity of FeOg octahedra. An
increase in Sc** concentration to x = 0.25 results in drastic changes observed in the Raman

spectrum. The relative intensity of characteristic low frequency modes decreases, and new
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vibrational features at 255, 417, and 492 cm ™ appear. The observed spectral changes indicate the
coexistence of two different phases. Further increase in the content of Sc** ions results in spectral
disappearance of the initial phase. The new structural phase dominates in the concentration range
from x =0.50 to x =0.75. Perturbations in the lattice of this phase show an increase in the
frequency of 523 cm* band to 536 cm ™ and the appearance of a broad low-intensity band near
155 cm . Overall, the obtained results of Raman spectroscopy quite closely correlate to the XRD
data. The obtained phases and their concentration stability regions match quite confirm the ones
obtained by analyzing XRD data. Mainly the existences of the single phase orthorhombic region,
a mixture of orthorhombic and hexagonal regions, a single phase hexagonal region, then a
mixture of the cubic and hexagonal phases, and lastly a single phase cubic region are confirmed.

3.3. Temperature dependent X-ray diffraction analysis

Analysis of the temperature-dependent diffraction data obtained for LuFeOj3 points at the
phase transition from the low temperature polar phase (space group P63cm) to a high temperature
non-polar phase (space group P6s/mmc, #194) similar to that, observed in YMnO3 [27,35]. The
structural transition is also important in order to investigate a correlation between the structure
and electrical and magnetic (magnetoelectric) properties of the compounds. The related
diffraction patterns are presented in Fig. 5 and Figs. S2 and S3. Examination of the diffraction
patterns obtained for the initial compound LuFeOs did not reveal any additional reflections at
elevated temperatures thus confirming the absence of structural changes in the measured
temperature range. A gradual shift of the diffraction peaks towards lower angles observed with a

temperature increase is caused by the thermal expansion of the crystal lattice of the compound.
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Fig. 5. Temperature dependent XRD patterns of Lu(; SciFeOs, when x = 0.25, 0.50, and 0.75.

However, it is worth noting that the reflections 002 and 210 located at 26 =~ 34.1° exhibit
a splitting upon a temperature increase which is caused by the different trends in a modification
of the unit cell parameters, viz. the ¢ — parameter increases more rapidly with temperature
increase as compared to the changes observed for the a- and b- parameters. For the compound
with x = 0.15, no significant changes were observed during heating, which can be caused by the
small fraction of the hexagonal phase present in the sample. Thus, only a shift of the reflections
towards lower angles at higher temperatures was observed. In the compound with x = 0.25 with
the mixed structural state in which the fraction of the hexagonal phase is higher, an increase in
temperature leads to a shift in the ratio between the coexisting structural phases as can be seen by
the modification of the specific reflections. Particularly, the intensity of the reflections specific
for the P6scm polar phase decreases upon temperature increase, viz. the reflections (102),
(200]104), and (106) located at 26 ~23.0°, 35.3° and 50.0° respectively [27]. The phase
transition to the non-polar hexagonal structure is not completed up to T ~ 1200 °C - the highest

temperature achieved in the experiments (Fig. 5). Analysis of the diffraction patterns recorded
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for the compounds with the single phase hexagonal structure (0.50 < x < 0.65) has allowed to
estimate a modification of the structural state as a function of temperature. Thus, the intensity of
the reflections (102), (200]|104), and (106) decreases in intensity with temperature increase and
become almost negligible at temperatures above ~ 1100 °C, thus denoting a stabilization of the
non-polar hexagonal phase described by the space group P6s/mmc. The modification of the
structural state estimated for the compounds with x = 0.55 and x = 0.6 resembles that observed
for the compound with x = 0.5, while a decrease in the intensity of the reflections specific of the
polar hexagonal phase occurs at lower temperatures, viz. at ~ 1050 °C and 1000 °C for the
compounds with x = 0.55 and 0.6 respectively. Thus, the temperature of the structural transition
to the non-polar hexagonal phase decreases with Sc concentration and for the compound with
X = 0.65, it is about 950 °C while for the compound with x = 0.75, it decreases down to about 800
°C. The structural state of the extreme member of the solid solution (x = 1) does not exhibit any
changes in the structure in the whole measured temperature range as confirmed by the diffraction
data obtained upon heating and cooling cycles.

A discrete trend in the structure change is ascribed to the phase transition from the polar
phase P6scm stable at room temperature to the high temperature non-polar P6s/mmc structure.
From the given results it is evident that the amount of Sc ions introduced into the unit cell
notably lowers the transition temperature. The mentioned tendency is accurate for the
compounds regardless of their structural state (single phase or mixed) at room temperature.

The data denoting an evolution of the unit cell parameters, the unit cell volume and the
different structural phases is presented in the Figs. S4-S7. For the undoped compound LuFeO3, a
linear increase in the unit cell parameters is observed, though the c- parameter increases more

rapidly as compared to the evolution of the a- or b- parameters. The increase of the c- parameter
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was calculated to be at 1.5% while for the a- and b- parameters it is only 0.97 and 1.4%
respectively. The positions of the aforementioned reflections, viz. (002) and (210) are shifted in
different directions which confirms the uneven increase in the unit cell parameters. Most likely,
that different character in the modification of the unit cell parameters is caused by a specific
rotation of the oxygen octahedra. The noted phenomenon is observed for the Sc doped
compounds with the polar hexagonal phase. In the case of the a-parameter, it increases linearly
during both the cooling and heating cycles. The increase of the parameter upon heating and its
decrease for the same value upon cooling indicates the stability of the existing phase,
additionally, the parameter values do not intersect nor overlap over all of the Sc doping
concentration range.

A different tendency is observed in the case of the c- parameter, as its value increases
nonlinearly upon temperature increase and this tendency is present for all of the hexagonal
compounds. When the temperature reaches 300 °C the c- unit cell parameter becomes almost
identical for all of the samples. And when the temperature is increased further the compound
with x = 0.25 shows the lowest value, while the compound with x = 0.75 shows the highest
value. Such temperature driven distortion is peculiar as ordinarily an exactly opposite situation
should occur, however in this case the expansion along the ¢ axis is much more pronounced for
higher Sc content. In the case of the compounds with a fraction of the cubic bixbyite phase
(x=0.65, 0.75 and 1.00) there are no significant changes in the parameters observed upon
temperature change. In all cases the unit cell expansion was observed at the elevated
temperatures, however, the increase in the unit cell parameters was calculated to be linear and a

homogenous expansion was concluded.
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Assuming the results of the structural analysis a preliminary temperature dependent phase

diagram has been constructed as seen in Fig. 6.
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Fig. 6. Temperature driven phase diagram for the compounds Lu.xSc«FeOz based on the Rietveld refinement of
XRD data obtained at different temperatures.

While the hexagonal phase described by the space group P6scm remains stable in the
compounds of the middle Sc concentration range, at high temperatures the transition to the non-
polar hexagonal phase described by the space group P6s/mmc occurs. In the case of the
compound with x = 0.5, this transition occurs at 1150 °C. As mentioned before, the temperature
of the phase transition from the polar hexagonal phase to the non-polar hexagonal phase
decreases upon the increase in Sc content, the same tendency is observed for the transition from
the hexagonal to the cubic phase (Fig. 6). It is quite difficult to estimate correctly the temperature
of the transition from the polar to the non-polar phase, as most likely any further increase in Sc
content would lead to the formation of the single phase cubic structure. Furthermore, it is worth
noting that in the compounds with a mixed structural state (e.g. x = 0.15, 0.25, 0.75) the volume

fraction of each structural phase remains nearly the same, independently of the temperature. This
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indicates that the phase formation equilibrium has been reached for this temperature. When the
phase transition temperature is reached for the mixed phase samples, the volume fractions of the
phases remain the same and only the P6scm to P6s/mmc transition occurs. In conclusion of the
temperature-dependent XRD study, a dependence of the polar to non-polar transition temperature
of Sc content was evidenced while also identifying the exact phases coexisting in the phase
boundary region. Finally, this study provided new insight into the evolution of the unit cell,
especially along the c-axis at temperatures above 300 °C.

3.4. Scanning electron microscopy

In order to track the effects of Sc doping accompanied by the concentration-driven phase
transitions that occurred at room temperature on the particle size and their morphology the SEM
measurements have been performed (Fig.7). The software Image-J was used for the analysis of
the particle size and thereafter to construct the particle size histograms as a function of the Sc
content [46]. The undoped LuFeO3; compound consists of semi-spherical particles with a particle
size in the range from 0.5 to 6.5 um, the average value is ~2.726 um. The introduction of 15% of
Sc into the structure does not lead to any significant changes in the particle morphology,
however, the average size was slightly reduced to ~2.668 um. Upon further increase of Sc
content up to x = 0.25, significant changes were observed. The particle shape became more
rectangular as compared to the previous samples, with both the particle size distribution as well
as at the average size decreasing. The particle size distribution for 0.25 Sc doped sample was in
the range from 0.5 to 3 um and the average size of the particles decreases to ~1.606 um. Both the
changes in the size and shape may be related to the changes in the crystal structure, as the
compound with x = 0.25 is mainly hexagonal as compared to the previous compounds where the
orthorhombic phase was dominant. The same trend of decreasing particle size and the narrowing
of the particle size distribution range was observed for all compounds with the dominant
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hexagonal phase. The average size of the particles in the compounds with x = 0.50, 0.55, 0.60,
0.65 and 0.75 was ~1.322 um, ~1.283 pum, ~1.172 um, ~1.053 pm and ~0.962 um respectively.
However, for the compound ScFeO; a different trend was observed, the particles became more
semi-spherical again and, in the compounds, doped with x = 1.0 the average particle size is

increased to 1.669 um.
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The tendency of decreasing particle size in the compounds with mixed and single phase
hexagonal regions was also observed in the samples annealed at 1100 °C in our previous report
[53]. Furthermore, the overall particle size after annealing at 1300 °C increased by around a
factor of 10 as compared to samples heated only up to 1100 °C, differences in particle
morphology between Pnma/la-3 and the P6scm can still be observed in both cases [53]. The
drastic increase in particle size could be the reason for differences in the phase composition at
different annealing temperatures. This may be especially pronounced in the hexagonal structure
as it is considered to be metastable in this system and as such much more sensitive to external
factors. The relatively broad region of the particle size distribution is also quite common for the
compounds prepared by the aqueous sol-gel method and can be found in numerous reports
[3,57,64]. Overall, it can be concluded that in the case of the solid solution system LuFeOs-
ScFeOs, the particle size and their shape are affected by the structural phase transitions as well as
the Sc content, however to a lesser extent.

3.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy was used in order to estimate the elemental
composition as well as the oxidation state of iron ions as it is of high importance for the magnetic
properties of the compounds. The chemical composition for all samples was analyzed using low
resolution survey scans that can be found in Fig. 8. From the survey spectra, several peaks can be
observed. Mainly the Fe 2p peaks at around 720 to 700 eV, and the O 1s peaks at around 530 eV,
the Sc 2p peaks from 410 to 390 eV and lastly the Lu 4d and 4f peaks at around 200 and 7 eV
respectively. The position of the aforementioned bands is similar to that reported in such systems
[65,66]. Furthermore, the content of both Sc and Lu can be tracked quite clearly by accounting

for the changes in the intensity of their specific peaks. In the case of Sc, the intensity of the
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specific peaks increases as more of Sc is introduced into the sample and the intensity of Lu
specific peaks decreases at the same time. As such it indicates that doping was successful. The
relative intensity of Fe specific peak remains the same in all samples. The estimation of Fe
oxidation state is also quite important as in this system the iron ions are responsible for the
magnetic properties of the entire compound and any changes to it could result in magnetic state
variance. As such the high resolution scans in the range from 722 to 706 eV were performed.

The obtained results can be found in Fig. 9 and Fig. S8.
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ev.

Interestingly, the peak position in all samples remained the same with a maximum at
around 710 eV, this indicates that the local environment for iron remains relatively similar [67].
This is particularly interesting as the coordination environment of iron is different in Pnma,
P6scm and la-3 structures. The relatively broad peak in this case is most likely caused by the

spin-orbital coupling in the 2p core and 3d electrons and the effect of the crystal field [68].
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Furthermore, in all cases, a small satellite peak at around 720 to 717 eV is caused by the high
spin state of the iron. The obtained spectra were also fitted with potential peaks of iron in 3+ and
2+ states. The fitting model was based on calculations done by Gupta and Sen, who have
calculated the expected core p level energies for iron ions, as well practical data obtained by
other scientists [68-71]. In the fitting model blue curves represent Fe®* state while the red ones
the Fe**state. From the fitting data displayed in the graphs, it can be seen that there are no
significant changes in the oxidation state caused by the doping of Sc as it is almost 100% in the
3+ state. This is quite expected as in this case the electronegativity was maintained as a 3+
charge having Lu ion was replaced by Sc with the same ionic charge. As such most likely the
changes in magnetic properties were caused fully by the rotation of the iron coordination
polyhedron as well as its changes.
3.6. Temperature dependent and isothermal magnetization measurements

The temperature dependent curves of magnetic susceptibility measured at 100 Oe in field
cooled (FC) and zero field cooled (ZFC) modes, as well as isothermal magnetization data (Figs.
10-13), show an evolution of the magnetic properties as a function of the Sc content. The
temperature dependent magnetization and isothermal magnetization curves obtained for the
initial compound LuFeO; (orthorhombic) are in accordance with the reported canted
antiferromagnetic behavior, with Ty = 626 K [72,73]. Here the ZFC and FC do not reach the
same value even at high temperature because we could not overcome the ordering temperature.
The fact that the coercive fields increase when the temperature increases, somehow counter-
intuitive, is in fact due to the fact that even at 7 T the system is far from saturation [72,73]. The
maximum coercive field and remnant magnetization are obtained here at 300 K with poH; = 1.3

T and M, = 0.01 pg/f.u.
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For ScFeOs, with a cubic Bixbyite structure, the other extreme of the Sc doped series, the

magnetic data indicates an antiferromagnetic behavior, as described in the literature [74].
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Fig. 13. Magnetic field dependencies obtained at different temperatures of Lu;.4ScFeO3; when x = 0.25, 0.50, 0.55,
0.60, 0.65, 0.75.

Chemical substitution of Lu ions by Sc ions leads to notable changes in the structure of the
compounds, which is mainly associated with a stabilization of the hexagonal structure and thus a
different geometry in the arrangement of the Fe** ions and their local surrounding. It is known,
that in the hexagonal phase, the arrangement of the Fe** ions forms a 120° triangle spin structure
within the a-b plane of the hexagonal lattice [37,75].

Temperature dependent magnetization curves show an abrupt increase of the FC and ZFC
curves upon cooling below ~160 K which is observed for the compounds with 0.2 < x < 0.75,
viz. having a dominant hexagonal structure [44]. In the case when x = 0.15 the FC/ZFC curve
resembles a superposition of those obtained for orthorhombic and hexagonal structures, most
likely due to the presence of both phases in the compound. It should be noted that the critical
temperature (Ty) attributed to spin reorientation gradually increases with Sc content which can
be ascribed to a strengthening of the exchange interaction between the Fe** magnetic moments

associated with a decrease of the unit cell lattice [76].
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A decrease of the magnetization below 100 K observed for the compounds of
Lu;—ScFeO3 with x < 0.75 is also associated with a spin orientation phenomenon similar to that
observed in the initial compound LuFeO3; and discussed above. The temperature dependent
magnetization data confirm the presence of non-zero remanent magnetization at temperatures
above the mentioned spin reorientation temperature (Ty) and the obtained results are the
accordance with the model of the magnetic structure of the LuFeOs-based hexagonal compounds
with an AFM transition of about 450 K [76,77]. It is worth noting that similar Ty values were
reported in another hexagonal YbFeO3; doped with Sc, of around 165 K, when 0.58 of Sc was
used [44]. Furthermore, significantly higher Ty values were reported when In doping was used
instead of Scin LuFeQs. In this case the Ty values were as high as 350 to 360 K, thus indicating
about a much smaller reduction as compared to undoped LuFeOg; [27].

4. Conclusions

Based on the obtained results it is concluded that a modified ethylene glycol-based Sol-
Gel synthesis route can be applied for the preparation of high-purity Lug-xScxFeOs; samples.
From the XRD and Raman spectroscopy data 5 different phase composition regions were
observed. The first region when x < 0.15 is characterized by the orthorhombic structure described
by the space group Pnma. When the Sc content is 0.15 < x < 0.40 a phase mixture of the phases
characterized by the Pnma and P63;cm phases is formed, with the fraction of the hexagonal phase
increasing at higher Sc doping values. The hexagonal phase without any secondary phase was
stabilized when 0.40 < x < 0.65. An onset of the bixbyite (s.g. la-3) phase occurs when x > 0.65,
however a phase mix with the polar P6scm phase is formed up to x = 0.90, followed by the
single phase cubic structural region. Temperature dependent diffraction experiments revealed
that for samples with Sc content up to 0.25 of the P6scm to P6s/mmc transition happens above
the measured temperature of 1200 °C. The transition temperature gradually decreases with
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scandium content from 1150 °C for compounds with x = 0.50, to around 800 °C for x = 0.75.
Particle morphology analysis indicated the drastic decrease of average particle size from
~2.726 um without doping down to ~0.962 um at 0.75 of Sc doping. However, the largest
changes were observed when the scandium content was near the phase transition boundary, and
was even observed to have increased up to ~1.669 pm when the x value reached 1.00. The
particle morphology was more of a semi-spherical shape for compounds with dominant
orthorhombic and cubic structures and in the case of hexagonal structure, the particles more
resembled sharp rectangular shapes. The local iron ion environment and its oxidation state
remained relatively stable in all compounds under study as confirmed by the XPS data. The
analysis of magnetic properties revealed several important changes. Firstly, for samples with
dominant hexagonal structure (0.25 < x <0.75) the spin reorientation transition temperature Ty
gradually increased from 156 K to 170 K, furthermore a potential glass transition temperature T
was also observed in the same samples. An abrupt increase in remnant magnetization was also
observed below the temperature of around ~160 K. However, this increase was much less
pronounced in samples with higher Sc content. The temperature dependent magnetization data
confirm the presence of non-zero remanent magnetization at temperatures above the mentioned

spin reorientation temperature (Ty).
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