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Abstract: The challenge of growing rare-earth (RE) sesquioxide crystals can be overcome by tailoring 
their structural stability and melting point via composition engineering. This work contributes to the 
advancement of the field of crystal growth of high-entropy oxides. A compound with only small REs 
(Lu,Y,Ho,Yb,Er)2O3 maintains a cubic C-type structure upon cooling from the melt, as observed via 
in-situ high-temperature neutron diffraction on aerodynamically levitated samples. On the other hand, a 
compound with a mixture of small and large REs (Lu,Y,Ho,Nd,La)2O3 crystallizes as a mixture of a 
primary C-type phase with an unstable secondary phase. Crystals of compositions (Lu,Y,Ho,Nd,La)2O3 
and (Lu,Y,Gd,Nd,La)2O3 were grown by the micro-pulling-down (mPD) method with a single 
monoclinic B-type phase, while a powder of (Lu,Y,Ho,Yb,Er)2O3 did not melt at the maximum 
operating temperature of an iridium–rhenium crucible. The minimization of the melting point of the two 
grown crystals is attributed to the mismatch in cation sizes. The electron probe microanalysis reveals 
that the general element segregation behavior in the crystals depends on the composition.  
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1  Introduction 

After decades of development and application of crystal 
growth techniques, the growth of single crystals of 
rare-earth (RE) oxides via directional solidification is 
still a challenge. Since the mid-1950s, semiconductors 

                                                        
* Corresponding author. 

E-mail: mpianass@vols.utk.edu 
 

and oxides have been grown by pulling single crystals 
from the melt via the Czochralski method [1,2]. The 
success of the growth depends on certain material 
requirements including (1) a melting point (Tm) 
compatible with available crucibles and (2) structural 
stability upon cooling. Compounds that melt above the 
maximum operating temperature of the widely used 
iridium crucibles (~2100 ℃) [3] are challenging to 
grow due to the lack of other practical crucible material. 
Additionally, crystals that present phase transitions 
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upon cooling have poor structural quality due to the 
severe cracking that results from the lattice expansion 
and/or contraction. 

RE sesquioxides (RE2O3) do not meet those two 
requirements and because of this, their potential as 
laser and scintillator crystals has not been fully 
investigated. All of the RE2O3 compounds melt above 
2200 ℃ [4], which surpasses the operating temperature 
of iridium crucibles. Rhenium crucibles can be used to 
grow RE2O3 crystals, but their high hardness makes 
crucible fabrication difficult and expensive [5,6]. Upon 
cooling from the melt, most RE2O3 compounds 
undergo polymorphic transitions and five phases can 
be observed as a function of temperature and RE ionic 
radius [7]. Despite not being widely explored in the 
single-crystal form, RE2O3 compounds are attractive as 
host crystals for high-power lasers due to their low 
thermal conductivity [8–10], and as high radiation 
stopping power scintillators due to their high density 
[11–13]. In both applications, the host RE ion can be 
easily substituted by an optical activator such as Yb3+. 

The field of RE2O3 crystal growth may benefit from 
the high-entropy compositional concept as the Tm and 
structural stability can potentially be tuned via 
composition engineering. An unusual compositional 
concept introduced by high-entropy alloys [14–16] has 
recently fostered the development of functional high- 
entropy oxides containing five or more elements in 
nearly equiatomic amounts [17]. Composition 
engineering is known to reveal attractive properties in 
relatively simple compounds [18,19]; the combinatorial 
possibilities are widely expanded in high-entropy 
materials, which may allow the tuning of fundamental 
properties. This inspires an investigation to verify 
whether the high-entropy compositional design approach 
can minimize the Tm and suppress polymorphic 
transitions in RE2O3, thus enabling their crystal growth 
from the melt. To date, reports on the Tm and structural  

 

stability of high-entropy RE sesquioxides are limited to 
polycrystalline ceramics, and bulk single crystal growth 
has not yet been demonstrated [20–23]. 

In this work, the minimization of the Tm and practical 
aspect of crystal growth of high-entropy RE2O3 is 
demonstrated for the first time. We design three high- 
entropy RE sesquioxides containing Lu, Yb, Er, Y, Ho, 
Gd, Nd, and La. The RE3+ ionic radius (Table 1) was 
chosen as a formulation criterion to study the effect of 
cation size mismatch on the Tm and phase stability. 
Composition 1 (Lu,Y,Ho,Yb,Er)2O3 contains only small 
REs, while composition 2 (Lu,Y,Ho,Nd,La)2O3 and 
composition 3 (Lu,Y,Gd,Nd,La)2O3 are a mixture of 
small and large REs. The average ionic radius (AIR) of 
each composition is listed in Table 2. The structure of 
the as-prepared samples was evaluated via the powder 
X-ray diffraction (XRD). Structural stability is evaluated 
via the in-situ high-temperature neutron diffraction and 
differential scanning calorimetry (DSC). Crystals were 
grown from the melt by the micro-pulling-down (mPD) 
method [24] using an iridium–rhenium 90–10 wt% 
alloy crucible. The mPD method is ideally suited for 
this study due to the relatively small amounts of 
expensive starting materials (~1 g) and faster growth 
rates that can be achieved compared to scalable 
techniques such as the Czochralski method [24]. The 
minimization of the Tm in composition 3 is demonstrated 
via the cooling trace method [25]. 

2  Methods 

2. 1  Composition formulation 

To study the effect of the mismatch in cation size in 
high-entropy RE sesquioxides on melting point, phase 
formation, and structural stability, eight REs from a 
wide range of ionic radii were selected. The ionic 
radius of each trivalent RE cation is listed in Table 1.  

Table 1  List of trivalent RE cations and their respective ionic radii for coordination number (CN) VI [26] 

RE cation Lu3+ Yb3+ Er3+ Y3+ Ho3+ Gd3+ Nd+ La3+ 

Ionic radius for CN VI (Å)  0.848 0.858 0.881 0.892 0.894 0.938 0.995 1.061 

 
Table 2  List of high-entropy RE sesquioxide compositions and their respective AIR for CN VI [26] 

Composition number Chemical formula AIR for CN VI (Å) Subjected to neutron diffraction Grown from the melt

1 (Lu,Y,Ho,Yb,Er)2O3 0.875 Yes No 

2 (Lu,Y,Ho,Nd,La)2O3 0.938 Yes Yes 

3 (Lu,Y,Gd,Nd,La)2O3 0.947 No Yes 
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Six REs were selected from the smaller end of that 
range, Lu, Yb, Er, Y, Ho, and Gd, and two REs from 
the larger end, Nd and La. Three compositions with 
equiatomic amounts of REs were formulated, one with 
only small REs (Lu,Y,Ho,Yb,Er)2O3 (commas indicate 
equiatomic amounts) and two with a mixture of small and 
large REs, (Lu,Y,Ho,Nd,La)2O3 and (Lu,Y,Gd,Nd,La)2O3. 

2. 2  Steric entrapment synthesis (SES) powder 
synthesis 

Powder samples were synthesized via the polymeric 
steric entrapment synthesis [27]. Two aqueous solutions 
were prepared. Solution one had stoichiometric 
amounts of RE nitrates, RE(NO3)3·6H2O of at least 
99.99% purity. Solution two had 80% hydrolyzed 
polyvinyl alcohol (PVA) of molecular weight of 
9000–10,000 g/mol. The amount of PVA was such to 
produce a positive to negative charge ratio of 4:1; the 
positive charges come from the RE cations and the 
negative charges come from the hydroxyl functional 
group (OH) of PVA. Both solutions were mixed under 
constant stirring and heated to ~85 ℃ to evaporate the 
water, resulting in a precursor foam-type material. This 
precursor material was dried at ~180 ℃ in air and then 
calcined at 550 ℃  for 2.5 h in air. The resulting 
powder was crystallized at 900 ℃ for 1 h in air. 

2. 3  Bead synthesis 

Bead samples were prepared for aerodynamic levitation 
to allow a containerless sample environment for in-situ 
high-temperature neutron diffraction experiments. The 
procedure described in this section was performed at 
the Spallation Neutron Source at Oak Ridge National 
Laboratory (ORNL). SES powders were melted in a 
copper hearth using a 400-W continuous-wave CO2 
laser for heating. The samples were rapidly cooled by 
turning off the laser resulting in 2–3 mm diameter 
spherical bead samples.  

2. 4  Room-temperature XRD 

To determine the crystal structure of the as-prepared 
SES powders and the bead samples, powder XRD 
patterns were obtained at room temperature using a 
Panalytical Empyrean diffractometer in the Bragg– 
Brentano geometry using a Cu Kα X-ray source at 45 
kV and 40 mA. Rietveld refinements were performed 
using General Structure Analysis System II (GSASII) 
software. 

2. 5  In-situ high-temperature neutron diffraction 

To evaluate phase transitions upon cooling from the 
melt and in the temperature range of 1000–2500 ℃, 
the time-of-flight (TOF) neutron diffraction patterns 
were collected using the Nanoscale-Ordered Materials 
Diffractometer (NOMAD) at the Spallation Neutron 
Source at ORNL [28]. An aerodynamic levitator, a 
400-W continuous-wave CO2 laser, and a single- 
wavelength (0.9 µm) optical pyrometer (Chino Inc.) 
were used to provide a containerless environment and 
enable data collection at elevated temperatures [29–31]. 
Two compositions were selected for neutron diffraction 
experiments, composition 1 (Lu,Y,Ho,Yb,Er)2O3 and 
composition 2 (Lu,Y,Ho,Nd,La)2O3. Bead samples 
were levitated using high-purity Ar gas in an Ar-filled 
chamber. The sample temperature was varied by adjusting 
the CO2 laser power. The empty conical nozzle levitator 
and a Si bead were measured at room temperature for 
normalization and correction of all patterns. 

Initially, the samples were melted on the levitator, 
and then the laser power was slowly decreased to 
solidify the sample. 5-min scans were performed to 
determine whether the sample was molten or 
crystallized. After finding the solidification point, 2-h 
scans were performed at constant temperatures in the 
range of 1000–2500 ℃ with a cooling rate of ~20 ℃/min 
between scans. The standard deviation of the 
temperature measurements was smaller than 30 ℃ for 
all scans. Powder-like diffraction patterns were 
collected by ensuring the random rotation of the bead 
samples, which was achieved by controlling the Ar gas 
flow through the aerodynamic nozzle levitator. The 
best signal-to-noise ratio was observed for the 65° 
scattering bank of the NOMAD instrument, which was 
used for structure refinement. Rietveld refinement was 
performed using GSASII software in the range of 3.3– 
18.4 ms TOF. 

2. 6  DSC 

To identify any phase transitions in the 30–1300 ℃ 
temperature range, the DSC curves were obtained for 
the as-prepared bead samples. The samples were 
ground in a mortar and placed in alumina crucibles. A 
Labsys EVO instrument was used to obtain the DSC 
curves with a heating and cooling rate of 5 ℃/min. 

2. 7  Crystal growth 

Crystals were grown using the mPD method, which is 
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optimal for material development due to the small 
amount of material necessary (~1 g) to evaluate the 
growability of novel compounds. A KDN mPD furnace 
(Dai-Ichi Kiden, Japan) equipped with a radio 
frequency (RF) generator model TR-02001 operated at 
26 kVA was used. The mPD growth method and setup 
were previously described in detail [32]. A 16-mm 
diameter iridium–rhenium alloy crucible (20 wt% Re) 
with a 3-mm diameter die and a 0.5-mm diameter 
capillary channel was used to grow cylindrical crystals. 
The as-prepared powder samples were placed in the 
crucible, which was heated inductively to melt the 
samples. An iridium pin was used as a seed to initiate 
the growth. The crucible temperature cannot be assessed 
during growth since the crucible is held within alumina 
insulation tubes. However, the RF power used during 
all growth experiments is the same as the one used to 
previously grow Lu2SiO5 crystals from the same 
crucible in the same growth setup. Therefore, the 
maximum crucible temperature in this work is 
estimated to be slightly above 2150 ℃, which is the 
melting point of Lu2SiO5. 

2. 8  Electron probe microanalysis 

A 1-mm thick cross-section sample was cut from the 
seed end and tail end of the crystals. The samples were 
embedded in epoxy and then polished for the elemental 
composition analysis. Concentration profiles were 
obtained by using a CAMECA SX100 Electron 
Microprobe operated at a voltage of 15 kV and a 
current of 30 nA. Images were acquired by high-speed 
backscattered electron detectors. Compositional 
information was obtained by detecting characteristic 
X-rays with wavelength-dispersive spectrometers. Radial 
concentration profiles were obtained by collecting data 
in 100-μm steps. The probe point size was 1 μm, and 
the excitation area diameter was in the 2–3 μm range. 

2. 9  Melting point measurements 

The cooling trace method was used for the determination 
of liquidus temperatures in the (Lu,Y,Gd,Nd,La)2O3 
system and consists in melting samples and recording 
their temperature upon cooling. A temperature peak 
during cooling indicates the recalescence phenomenon, 
and the peak maximum is assigned as the sample 
liquidus temperature [25]. The optical pyrometers are 
commonly used to measure such high temperature, and 
the spectral emissivity of the sample should be known 

for accurate measurements. The spectral emissivity of 
multi-RE samples was calculated as a weighted average 
of the spectral emissivities of the single-RE sesquioxides 
formed by the constituent REs. The following 
experiments were performed at the Spallation Neutron 
Source at ORNL. To obtain the spectral emissivity of 
the constituent sesquioxides, powders of Lu2O3, Y2O3, 
Gd2O3, Nd2O3, and La2O3 of at least 99.99% purity 
were individually melted in a copper hearth to form 
2–3 mm diameter spherical beads; a 400-W continuous- 
wave CO2 laser was used for heating. The bead 
samples were placed on an aerodynamic levitator and 
levitated using a 80% Ar–20% O2 gas mixture to 
obtain a containerless sample environment and avoid 
any possible reactions with crucible material. The 
samples were then heated using the CO2 laser and 
melted under levitation. Their spectral emissivity was 
determined using their reported melting temperatures 
in Refs. [33–36]. 

To determine the effect of the number of REs on the 
liquidus temperature in the compositional (Lu,Y,Gd,Nd, 
La)2O3 system, three compounds, (Lu,Y,Gd)2O3, (Lu,Y, 
Gd,Nd)2O3, and (Lu,Y,Gd,Nd,La)2O3, were prepared via 
the steric entrapment. As described for the single-RE 
powders, the three multi-RE samples were prepared as 
2–3 mm diameter beads and placed on an aerodynamic 
levitator. The samples were then heated using the CO2 
laser and melted under levitation. After a 5-s dwell at 
the molten state, the heating laser was shut off. The 
temperature profile was recorded using a single- 
wavelength (0.9 µm) optical pyrometer (Chino Inc.) 
with a data acquisition rate of 25 Hz and an operating 
temperature range of 600–3000 ℃. The temperature 
was corrected by Wien’s law [37]. This procedure was 
repeated at least six times for each sample. 

3  Results and discussion 

3. 1  Structure of as-prepared samples 

Synthesis temperature and AIR are known to affect 
phase formation in high-entropy RE sesquioxides 
[21,38], and therefore samples of compositions 1, 2, 
and 3 were prepared with two distinct thermal histories 
for structural evaluation. Samples referred to as “SES 
powders” were made via the SES [27], crystallized at 
900 ℃, and cooled slowly. Samples referred to as 
“beads” are 2–3 mm diameter spheres made by melting 
SES powders in a copper hearth with a CO2 laser as a 
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heat source; the beads were rapidly cooled from the 
melt by turning off the laser. Phase formation in these 
samples may follow the polymorphic behavior of 
single-RE sesquioxides. As seen in Fig. 1, five 
polymorphs are formed as a function of temperature 
and ionic radius of single-RE sesquioxides [7]. This 
diagram of polymorphic transformations will be used 
to correlate synthesis temperature, AIR, and phase 
formation of SES powders and bead samples. 

Although Fig. 1 has been traditionally adopted to 
study RE2O3 [7,39,40], a few considerations should be  

 

 
 

Fig. 1  Schematic diagram of polymorphic transformations 
for single-RE RE2O3 as a function of temperature and RE 
ionic radius for CN VI [7,26]. The relative horizontal 
position of the AIR of the high-entropy compositions 1 
(Lu,Y,Ho,Yb,Er)2O3, 2 (Lu,Y,Ho,Nd,La)2O3, and 3 (Lu,Y, 
Gd,Nd,La)2O3 are indicated as the vertical dashed lines. 

mentioned. First, some data points used to construct 
the diagram are controversial. For instance, a few 
authors report on Yb2O3 with the H-type structure [4], 
while some publications indicate that Yb2O3 maintains 
the C-type structure until its melting [41,42]. Second, 
an additional phase is formed when two REs with a 
difference in ionic radii of at least 0.20 Å are mixed in 
equal amounts. Compounds such as LaLuO3 have an 
orthorhombic perovskite structure (space group Pnma) 
[43–45] and are not predicted in Fig. 1 since they are 
not single-RE RE2O3.  

A single cubic C-type phase (space group Ia3̄) was 
identified for SES powders of compositions 1, 2, and 3, 
as indicated by the powder XRD patterns in Fig. 2(a). In 
fact, the C-type phase could be predicted in Fig. 1. The 
AIR of compositions 1, 2, and 3 (indicated in Fig. 1) 
lie in the C-type region at the synthesis temperature of 
SES powders, 900 ℃. Both compositions 2 and 3 have 
large La3+ and Nd3+ ions that do not form the C-type 
structure in La2O3 and Nd2O3. This may lead to a 
lattice distortion, which would explain the higher 
degree of crystallinity seen as sharper XRD reflection 
peaks of the SES powders of composition 1 compared 
to compositions 2 and 3 (Fig. 2(a)). 

In the bead samples, composition 1 is also a single 
C-type phase, while both compositions 2 and 3 have a 
single monoclinic B-type phase (space group C2/m), as 
seen in Fig. 2(b). The beads are expected to retain 
high-temperature structures at room temperature since 
they were rapidly cooled from the melt. Therefore, 
composition 1 may not undergo phase transitions in a 
large range of temperatures since both the SES 
powders and the bead of composition 1 are a single C- 
type phase. On the other hand, compositions 2 and 3  

 

 
 

Fig. 2  Room-temperature powder XRD patterns: (a) As-prepared powders have a single C-type phase; a reference reflection 
pattern of Er2O3 is shown for comparison. (b) Bead sample of composition 1 maintains the single C-type phase, while the beads 
of compositions 2 and 3 are a single B-type phase; a reference pattern of Sm2O3 is shown for comparison. 
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undergo a phase transformation from the low-temperature 
C-type phase to the high-temperature B-type phase. 
This C- to B-type phase transition follows the trend of 
polymorphic behavior in single-RE sesquioxides, as 
observed by the relative position of the AIR of 
compositions 2 and 3 in Fig. 1. 

Composition 1 is a promising candidate for crystal 
growth since the single C-type structure is observed 
after slow cooling from 900 ℃ and after fast cooling 
from the melt. Compositions 2 and 3 may also be 
promising, as they could potentially retain a B-type 
structure when cooled slowly from the melt after 
crystal growth. To further evaluate the structural stability 
of the high-entropy RE sesquioxide compounds proposed 
here, high-temperature structural characterization is 
necessary. 

3. 2  High-temperature structural stability upon 
cooling from the melt 

To evaluate the structural stability upon cooling from 
the melt, beads of compositions 1 (Lu,Y,Ho,Yb,Er)2O3 
and 2 (Lu,Y,Ho,Nd,La)2O3 were subjected to in-situ 
high-temperature neutron diffraction using the NOMAD  
 

instrument at ORNL. Composition 3 (Lu,Y,Gd,Nd,La)2O3 
is not included here because Gd has a large neutron 
absorption cross-section [46] which makes the data 
quality poor. A containerless sample environment was 
achieved by using a conical nozzle levitator in an Ar 
atmosphere and a CO2 laser for heating. This unique 
experimental setup allowed extremely high 
temperatures (~2500 ℃) to be achieved without the 
need of refractory sample holders. To investigate the 
structure of the beads, a room-temperature pattern was 
initially acquired. The beads were then melted at 
2550–2600 ℃ ; the molten state was confirmed by 
collecting a diffraction pattern and ensuring the 
absence of reflection peaks. The beads were then 
cooled slowly (20 ℃/min) to obtain diffraction patterns at 
fixed temperatures in the range of 1000–2500 ℃. 

The bead of composition 1 (Lu,Y,Ho,Yb,Er)2O3 is a 
single C-type phase at room temperature (before 
heating) and in the 1000–2500 ℃ temperature range. 
The room-temperature C-type structure agrees with the 
powder XRD results in Fig. 2(b). Diffraction patterns 
obtained at 2456  16, 1640  19, and 1114  17 ℃ are 
seen in Fig. 3(a); a single C-type phase was confirmed  

 
 

Fig. 3  In-situ high-temperature neutron diffraction data and Rietveld refinement results for beads of (a) composition 1 
(Lu,Y,Ho,Yb,Er)2O3 and (b) composition 2 (Lu,Y,Ho,Nd,La)2O3. Sample temperature is indicated in each pattern. The bead of 
composition 1 is a single C-type phase, and the bead of composition 2 is a mixture of a primary C-type phase with an unknown 
secondary phase. Goodness-of-fit (GOF) values are included in Fig. 3. 
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via Rietveld refinement. The stability of the C-type 
structure upon cooling from the melt makes composition 1 
a promising candidate for the growth of high-quality 
crystals. A combination of REs of similar, small ionic 
radii in composition 1 may have constrained the lattice 
into a single C-type phase over a wide temperature 
range [22]. Therefore, selecting REs of similar ionic 
radii may be essential to suppress polymorphic 
transformations in high-entropy RE sesquioxides. 

The structure of the bead of composition 2 (Lu,Y, 
Ho,Nd,La)2O3 could not be determined at room 
temperature by neutron diffraction due to the low 
signal-to-noise ratio of the data. The pattern obtained 
at room temperature before heating resembles the 
expected one for the monoclinic structure identified via 
the XRD in Fig. 2(b). However, Rietveld structure 
refinement using neutron diffraction data was 
inconclusive due to a low signal-to-noise ratio. To 
better use the beam-time, high-temperature measurements 
were prioritized.  

A mixture of a primary C-type phase with an 
unknown secondary phase was observed for a bead of 
composition 2 in the ~1000–2500 ℃  temperature 
range. Patterns collected at 2525  22, 1675  20, and 
1148  16 ℃ are shown in Fig. 3(b). During Rietveld 
refinement, the secondary phase peaks indicated in 
Fig. 3(b) could not be matched with any of the 
expected phases in Fig. 1 or with the orthorhombic 
perovskite structure typical of LaLuO3. This may 
suggest a suboxide structure. This bead sample lost 
~2/3 of its mass during the measurements due to 
evaporation; and this is likely due to the fact that 
Nd2O3 and La2O3 have the highest vapor pressures 
among all single-RE sesquioxides [47]. The resulting 
composition fluctuation may explain the variation in 
number and intensity of the secondary peaks with 
decreasing the temperature, as seen in Fig. 3(b).  

For a composition that tends to evaporate at 
temperatures close to their Tm, the mass loss is expected 
to be pronounced for the bead samples due to their 
large specific surface area. The relative mass loss is 
expected to be less pronounced for melt reservoirs 
used in crystal growth due to the larger volume of 
material. Therefore, composition 2 is not discarded for 
crystal growth experiments, since the effects of 
evaporation on phase composition may be distinct 
from those observed for the bead samples during the 
high-temperature neutron diffraction experiments. 

In general, the refined lattice parameter of the C- 

type structure in the bead of composition 1 is smaller 
than that of composition 2, as seen in Fig. 4. This is 
expected since the AIR of composition 1 (0.875 Å) is 
smaller than that of composition 2 (0.938 Å). 
Additionally, the lattice parameter of composition 1 
increases linearly with temperature (R2 = 0.99), while 
the lattice parameter of the bead of composition 2 also 
increases with temperature, but with a significant 
deviation from linearity (R2 = 0.95). This may result 
from both composition fluctuation in the bead of 
composition 2 due to sample evaporation and a possible 
cation exchange between the C-type phase and the 
secondary phase [37]. 

3. 3  Evaluation of phase stability in the range of 
30–1300 ℃ 

To identify possible low-temperature phase transitions 
in the as-prepared bead samples, the DSC curves were 
obtained in Fig. 5. The initial structure of the beads 
was C-type for composition 1 and B-type for 
compositions 2 and 3 (Fig. 2(b)). No endothermic or 
exothermic peaks were identified in the DSC curves, 
which indicates that none of the bead samples undergo 
phase transitions in the 30–1300 ℃ temperature range. 
Therefore, all the three compositions are attractive for 
crystal growth experiments. 

3. 4  Crystal growth  

Crystals of compositions 2 (Lu,Y,Ho,Nd,La)2O3 and  
 

 
 

Fig. 4  Lattice parameters of the C-type structure were 
obtained via Rietveld structure refinement from neutron 
diffraction data collected for beads of compositions 1 and 2. 
In general, the bead of composition 2 (AIR = 0.938 Å) 
has larger lattice parameters than those of composition 1 
(AIR = 0.875 Å) due to its larger AIR. Linear regression 
fits are shown for each dataset. 
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Fig. 5  DSC curves were measured on the as-prepared 
bead samples in air. The temperature range is 30–1300 ℃, 

and the heating and cooling rate is 5 ℃/min. 
 

3 (Lu,Y,Gd,Nd,La)2O3 were grown by the mPD method 
using an iridium–rhenium 90–10 wt% alloy crucible, 
which demonstrates the practical aspect of growing 
high-entropy RE sesquioxides crystals with a Tm 
minimized via composition engineering. Hereafter 
these crystals are referred to as “crystal 2” and “crystal 3”. 
The powder of composition 1 (Lu,Y,Ho,Yb,Er)2O3 did 
not melt at the crucible’s maximum operating 
temperature. This indicates that compositions 2 and 3 
have lower Tm than 1 and the mixture of small and 
large REs in compositions 2 and 3 may favor the 
minimization of the Tm.  

Figure 6(a) shows the top view of the crucible with 
the sintered SES powders of composition 1 after the 
growth attempt. Figures 6(b) and 6(c) show the grown 
crystals 2 and 3, respectively. The seed end and tail end 
of the crystals are indicated in Fig. 6 and correspond to 
the first and last portion to be solidified, respectively. 
Intense sample evaporation was observed during the 
growth of crystals 2 and 3, which may compromise the 
composition homogeneity of the crystal. The powder 
XRD data of the samples after the growth experiments 
are similar to those of the bead samples in Fig. 2(b) 
and indicate a single C-type phase for the sintered SES 
powders of composition 1 and a single B-type phase 
for both crystals 2 and 3. 

3. 5  Melting temperatures in the (Lu,Y,Gd,Nd,La)2O3 
system 

We hypothesize that the larger number of REs in a 
sesquioxide, the lower the Tm. The Tm can be described 
as the ratio between the enthalpy of fusion fusH  and  

 
 

Fig. 6  (a) Top view of the iridium–rhenium crucible 
with sintered powder of composition 1 that did not melt at 
the maximum operating temperature of the crucible. (b) 
Crystal of composition 2. (c) Crystal of composition 3. 

 
the entropy of fusion fusS , thus m fus fus  /T H S  . 
By increasing the number of REs in a compound, the 

fusS  is expected to increase, minimizing the Tm. To 
verify that, the Tm of the multi-RE sesquioxides 
(Lu,Y,Gd)2O3, (Lu,Y,Gd,Nd)2O3, and (Lu,Y,Gd,Nd,La)2O3 
were measured via the cooling trace method [25]. The 
measured Tm of the multi-RE samples are significantly 
lower than those of single-RE sesquioxides formed by 
the constituent REs as seen in Fig. 7. Additionally, as 
the nominal number of REs increases, the Tm decreases, 
which results from an increasing fusS . The sample of 
composition 3 (Lu,Y,Gd,Nd,La)2O3 melts below 
2200 ℃, which allowed the crystal growth of this 
compound as discussed in Section 3.4. This 
minimization of Tm with an increasing number of REs 
may be composition-dependent since a (La,Sm,Dy,Er, 
Nd)2O3 sample has been reported with a higher melting 
point than its constituent oxides [23]. This unexpected 
increase in Tm was attributed to a nonideal mixing in 
the solid and/or the liquid phases, and therefore the 
effects of complex compositions and local ordering on 
the Tm need to be further investigated. 

 

 
 

Fig. 7  Measured melting points of the compositions 
from the system of composition 3 (Lu,Y,Gd,Nd,La)2O3 
(blue circles) are lower than those of Lu2O3 [33], Y2O3 [36], 
Gd2O3 [35], Nd2O3 [33], and La2O3 [36] (black squares). 
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3. 6  Elemental distribution profiles in the grown 
crystals 

To evaluate the elemental distributions in the crystals, 
radial concentration profiles were obtained via the 
electron probe microanalysis (EPMA) on thin disks cut 
from the grown crystals and are shown in Fig. 8. On 
the tail end of crystal 2 (Lu,Y,Ho,Nd,La)2O3 (Fig. 8, 
left), the concentration data are more continuous than 
those of the seed end (Fig. 8, right) because the melt 
flow at the solidification front may not have been 
completely equilibrated at the beginning of the growth. 
The fact that the relative concentration of Lu is higher 
than that of the other elements may be related to the 
composition fluctuation resulting from the significant 
sample evaporation during growth. 

The elemental segregation in the mPD crystals is 
evaluated by the shape of the radial concentration  

profile. Flat profiles indicate a segregation coefficient 
k ≈ 1, downwardly curved profiles indicate k < 1 (which 
results from the rejection of the element by the growing 
crystal), and upwardly curved profiles indicate k > 1 
(which results from the preferential incorporation) 
[24,32]. In Fig. 8, Lu and Nd have close-to-flat profiles 
and do not segregate significantly; Y and Ho have 
upwardly curved profiles and are preferentially 
incorporated; and La has a downwardly curved profile 
and is rejected.  

Although compositions 2 (Lu,Y,Ho,Nd,La)2O3 and 
3 (Lu,Y,Gd,Nd,La)2O3 are similar, Lu is rejected by 
crystal 3 but not by crystal 2. The EPMA concentration 
profiles of crystal 3 are shown in Fig. 9, in which Lu 
has downwardly curved profiles. Similar to crystal 2, 
Nd has a flat profile in crystal 3, Y and Gd (which 
substitutes Ho in crystal 2) have upwardly curved  

 

 
 

Fig. 8  EPMA radial concentration profiles of seed end (left) and tail end (right) of crystal 2. The legend on the left applies to 
both graphs. On the vertical axis, −1.5 and 1.5 mm correspond to the last measurement toward the outer surface of the crystal; 
zero corresponds to the center of the crystal. 

 

 
 

Fig. 9  EPMA radial concentration profiles of seed end (left) and tail end (right) of crystal 3. The legend on the left applies to 
both graphs. On the vertical axis, −1.5 and 1.5 mm correspond to the last measurement toward the outer surface of the crystal; 
zero corresponds to the center of the crystal. 
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profiles, and La has a downwardly curved profile. The 
lower La concentration on the tail end of crystal 3 may 
indicate the gradual evaporation of La, such that the 
melt was depleted in La toward the end of the growth. 
Further studies on growth parameters such as pulling 
rate may result in crystals with a more homogeneous 
elemental distribution [32]. Additionally, adding a 
small percentage of oxygen in the growth atmosphere 
may prevent sample evaporation and favor composition 
homogeneity [48]. 

4  Conclusions 

Composition engineering is the key to designing 
structurally stable high-entropy RE sesquioxides. Mixing 
only small REs in composition 1 (Lu,Y,Ho,Yb,Er)2O3 
led to a stable C-type phase, which was formed upon 
crystallization of melt and was preserved upon cooling. 
Therefore, cations with similar ionic radii may favor 
the structural stability of these sesquioxides. Mixing 
small and large REs in composition 2 (Lu,Y,Ho,Nd,La)2O3 
led to the formation of a primary C-type phase with an 
unstable secondary phase upon cooling from the melt. 
Therefore, cations with a wide range of ionic radii may 
hinder the structural stability of high-entropy RE 
sesquioxides.  

Structural analysis at temperatures around the melting 
point of high-entropy RE sesquioxides was possible 
due to a unique containerless sample environment 
achieved via aerodynamic levitation of bead samples. 
This experimental setup was essential to acquire the 
in-situ high-temperature neutron diffraction patterns 
using the NOMAD instrument at ORNL. 

Melting points of high-entropy RE sesquioxides are 
affected by the composition. While the powder of 
composition 1 did not melt at the maximum operating 
temperature of an iridium–rhenium crucible, those of 
compositions 2 and 3 (Lu,Y,Ho,Nd,La)2O3 did melt 
and could be grown by the mPD method. This 
indicates that compounds with a significant mismatch 
in cation sizes such as compositions 2 and 3 may melt 
at lower temperatures than compounds with a more 
limited range of cation sizes such as composition 1.  

Further investigation into growth parameters such as 
pulling rate and growth atmosphere may lead to high- 
entropy RE sesquioxide crystals with better optical 
quality and composition homogeneity. Additionally, 
doping these crystals with optically active REs such as 

Ce3+, Pr3+, and Yb3+ may reveal attractive luminescent 
properties for scintillation and laser applications. 
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