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ABSTRACT: We demonstrate for the first time the crystal growth of high-entropy rare-
earth (RE) aluminum perovskites (REAlO3) using the micro-pulling-down method to
inform future exploration of functional crystals. To determine how composition affects
phase formation, we formulate equiatomic compositions containing five REs from the
following list: Lu, Yb, Tm, Er, Y, Ho, Dy, Tb, Gd, Eu, Sm, Nd, Pr, Ce, La. To test whether
combinations of REs with similar ionic radii may favor a single phase, compositions
containing REs with consecutive or nonconsecutive ionic radius values were formulated.
Powder and single-crystal X-ray diffraction indicate that crystals containing only REs with
similar ionic radii that form orthorhombic single-RE REAlO3 are a single phase. Crystals
containing REs with dissimilar ionic radii or mixtures of REs that form orthorhombic,
rhombohedral, and tetragonal single-RE REAlO3 are a mixture of phases. The elemental distribution in single-phase crystals analyzed
via electron probe microanalysis confirms no evidence of preferential incorporation of any of the constituent REs. The distribution
and composition of secondary phases were analyzed via scanning electron microscopy and energy dispersive spectroscopy; secondary
phases were seen as a small region in the center of the crystals with branching features closer to the outer surface.

1. INTRODUCTION
Pioneering reports on bulk high-entropy oxide single crystals
have motivated further studies on the growth of complex
crystals from various compositional systems.1−3 The interest in
such crystals originates from the enhanced properties seen in
polycrystalline high-entropy oxides, such as reversible energy
storage, low thermal conductivity for environmental barriers,
and high thermal stability.4,5 In those oxides, admixing five or
more cations in equiatomic amounts leads to an entropy-
driven phase stabilization and a synergistic effect on functional
properties.5 Demonstrations of the growth of highly complex
oxide crystals have been limited to a few rare-earth-based
compositional systems including aluminum garnets,1,6,7

titanates,2,8 borates,3,9 calcium borates,10,11 and sesquioxides.12

The practical aspect of the growth of crystals from other high-
entropy compositional systems remains unexplored.
The field of crystal growth of high-entropy rare-earth (RE)

aluminates attracts attention due to the possibility of
maximizing the luminescence properties of analogous low-
entropy crystals. Single-RE aluminum garnet (RE3Al5O12) and
perovskite (REAlO3) crystals formed by Lu, Y, and Gd are
commercially used for scintillation and lasing applications.13−16

Several studies have proven that the performance of garnet
crystals can be improved by admixing two or three REs.17−20

This motivated studies on the practical aspect of crystal growth
of high-entropy garnets.1,6 Similar admixing studies on
aluminum perovskites are limited21−25 and high-entropy
perovskites have been only produced as polycrystalline
ceramics.26 Therefore, this study aims to demonstrate the

growth of complex perovskites and leverage the future
development of functional, complex perovskite crystals.
The correlation between the RE3+ ionic radius and the

crystal structure of REAlO3 compounds is summarized in
Table 1. Here, Y is referred to as a RE element for simplicity.
An orthorhombic, rhombohedral, or tetragonal structure can
be assumed by REAlO3 compounds and their unit cells are
shown in Figure 1. Smaller cations from Lu3+ to Sm3+ form an
orthorhombic REAlO3 structure with Pnma space group where
RE3+ have an 8-fold square antiprismatic coordination and Al3+
have a 6-fold slightly distorted octahedral coordination toward
O2−.27−29 Such REAlO3 are often reported with the Pbnm
space group, which is equivalent to the Pnma space group and
is described by a permutation of its a, b, c axes.30−33 The larger
Nd3+, Pr3+, and La3+ form a rhombohedral REAlO3 structure
with R3̅ch space group where RE3+ has a 12-fold cuboctahedral
coordination and Al3+ has a 6-fold octahedral coordination
toward O2−.34 Although Ce3+ has an ionic radius similar to that
of Pr3+ and La3+, CeAlO3 has a tetragonal structure with P4/
mmm space group where RE3+ has a 12-fold cuboctahedral
coordination and Al3+ has a 6-fold octahedral coordination
toward O2−.35 In CeAlO3, the site occupancy factor for O2−
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sitting at 2f Wyckoff sites is 0.5, which is represented by half-
filled spheres in the P4/mmm unit cell in the tetragonal unit
cell in Figure 1.
In this work, we demonstrate the crystal growth of high-

entropy RE aluminum perovskites and correlate their
composition and phase formation. We focus on seven
REAlO3 compositions containing five REs in equiatomic
amounts to fractionally occupy the rare-earth cation sublattice.
Our composition formulation is based on the premise that REs
with similar ionic radii may favor the formation of single-phase
high-entropy oxides.36 Compositions containing REs with
consecutive or nonconsecutive ionic radius values were
formulated to test that premise. Crystals were grown via
directional solidification by the micropulling-down (mPD)
method. This growth technique is optimal for materials
development due to the small amount of material needed
(∼1 g) and the fast pulling rates that can be achieved (up to 20
mm/min).38

2. METHODS
2.1. Composition Formulation. High-entropy REAlO3 com-

pounds were formulated with five REs mixed in equiatomic amounts
to study how phase formation is affected by two composition
parameters: (1) the similarity in their ionic radii and (2) the type of
REs in terms of the structure of the respective single-RE REAlO3.
Table 2 is a list of the compositions studied with the respective ID,

the number of REs that form each of the three structures observed in
single-RE REAlO3, and the average ionic radius (AIR). Previous work
demonstrated that REs with similar ionic radii may favor the
formation of a single phase in high-entropy oxides.36 To test that
concept and study the effect of the similarity of the RE3+ ionic radii on
phase formation, compositions A, B, D, and E have only REs with
consecutive ionic radius values in Table 1, while compositions C, F,
and G have REs with nonconsecutive ionic radius values. To study the
effect of the type of REs on phase formation, compositions A−D have
only REs that form orthorhombic single-RE REAlO3, while
compositions E−G have mixtures of REs that form an orthorhombic,
rhombohedral, and tetragonal single-RE REAlO3.

2.2. Crystal Growth. Cylindrical ⌀3 mm crystals were grown by
the mPD method38 using a KDN Dai-Ichi Kiden furnace with an RF
generator model TR-02001 operated at 26 kVA. The starting powders
were Lu2O3, Yb2O3, Tm2O3, Er2O3, Y2O3, Ho2O3, Dy2O3, Tb2O3,
Gd2O3, Eu2O3, Sm2O3, Nd2O3, Pr2O3, CeO2, La2O3, and Al2O3 of at
least 99.99% purity. The powders were dried at 800 °C for 8 h in air,
mixed in stoichiometric ratios, and placed in a ⌀ 16 mm iridium
crucible with a ⌀3 mm die and a ⌀ 0.5 mm capillary channel. The
crucible was inductively heated to melt the powders, and two types of
seed material were used to initiate the growth. An orthorhombic
YAlO3 seed oriented in the [001] direction was used for crystals A, B,
C, D, and F. An orthorhombic structure was expected for those
crystals since most of the constituent REs form an orthorhombic
single-RE REAlO3 (Table 2). An iridium pin was used for crystals E
and G. A rhombohedral structure was expected for those crystals since
most of the constituent REs form a rhombohedral single-RE REAlO3
(Table 2); however, a rhombohedral crystal seed was not available. All
crystals were grown with a pulling rate of 0.05 mm/min. Details about
the mPD growth method and the crystal growth setup used here can
be found in a previous publication.1

2.3. Powder X-ray Diffraction. All crystals were subjected to
phase analysis by acquiring room-temperature powder X-ray
diffraction (XRD) patterns, which were used for Rietveld structure
refinement. Crystals were cut into three cylindrical sections of equal
lengths, and the middle section was ground in a mortar and used for
phase analysis. Diffraction patterns were collected with a Panalytical
Empyrean diffractometer in the Bragg−Brentano geometry using a Cu
Kα X-ray source at 45 kV and 40 mA. Lattice parameter and phase
composition were obtained via Rietveld refinements with the General
Structure Analysis System II software (GSASII). In the refinements,
the fractional site occupancy of the five distinct REs was set to 1/5 in
the RE crystallographic sites.

2.4. Single Crystal X-ray Diffraction. Crystals that were phase
pure according to powder XRD results were subjected to single crystal
XRD for further assessment of the crystal structure. A Rigaku XtaLAB
PRO diffractometer equipped with a Rigaku HyPix-6000HE detector
and an Oxford N-HeliX cryocooler was used to collect single-crystal
diffraction data at room temperature. Graphite monochromated Mo
Kα radiation was used (λ = 0.71073 Å, 50 kV, and 40 mA). Peak
indexing and integration were performed using the Rigaku Oxford
Diffraction CrysAlisPro software.39 An empirical absorption correc-

Table 1. List of RE3+ Cations Ordered from Small to Large
Ionic Radius37 and Crystal Structure27 of the Respective
Single-RE REAlO3 Compounds

RE3+

cation
RE3+ ionic radius for CN VI

(Å)34
REAlO3 unit cell geometry and

space group

Lu3+ 0.848 orthorhombic (Pnma)
Yb3+ 0.858 orthorhombic (Pnma)
Tm3+ 0.869 orthorhombic (Pnma)
Er3+ 0.881 orthorhombic (Pnma)
Y3+ 0.892 orthorhombic (Pnma)
Ho3+ 0.894 orthorhombic (Pnma)
Dy3+ 0.908 orthorhombic (Pnma)
Tb3+ 0.923 orthorhombic (Pnma)
Gd3+ 0.938 orthorhombic (Pnma)
Eu3+ 0.950 orthorhombic (Pnma)
Sm3+ 0.964 orthorhombic (Pnma)
Nd3+ 0.995 rhombohedral (R3̅c)
Pr3+ 1.013 rhombohedral (R3̅c)
Ce3+ 1.034 tetragonal (P4/mmm)
La3+ 1.061 rhombohedral (R3̅c)

Figure 1. Schematic representation of the REAlO3 unit cells with an orthorhombic (left), rhombohedral (center), and tetragonal structure (right).
Images were generated with VESTA (Visualization for Electronic and STructural Analysis) using the CIF (Crystallographic Information File)
obtained from ICSD (Inorganic Crystal Structure Database). The ICSD CIF numbers are provided in the image.
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tion was applied using the SCALE3 ABSPACK algorithm as
implemented in CrysAlisPro. The SHELXL-2013 and WinGX
software packages were used for data processing and structure
refinement. The structure refinements were made with oxygen atom
positional coordinates, isotropic atomic displacement parameters, an
extinction parameter, and the scale factor. In the refinements, the
fractional site occupancy of the five distinct REs was set to 1/5 in the
RE crystallographic sites.
2.5. Scanning Electron Microscopy and Energy Dispersive

Spectroscopy. To evaluate the microstructure of the crystals, 1 mm
thick cross-sectional samples were cut, polished, and imaged with a
Zeiss EVO MA15 Scanning Electron Microscope (SEM). The

elemental composition of the samples was analyzed with a Bruker
xFlash 6130 Energy Dispersive X-ray Spectrometer (EDS), which was
mounted in the SEM sample chamber.

3. RESULTS AND DISCUSSION
3.1. Grown Crystals. Crystals containing only REs with

consecutive ionic radius values and that form orthorhombic
single-RE REAlO3 (crystals A, B, and D) are translucent. As
seen in Figure 2, crystals A and B are crack-free and
translucent, while crystal D is heavily cracked with a
translucent section on the seed-end (left side of the photo).

Table 2. List of Compositions and the Respective Number of REs That Form Each of the Four Structures Seen in Single-RE
REAlO3

a

Number of REs that form each of the three
structures observed in single-RE REAlO3

ID Composition REs with consecutive ionic radius values in Table1? O (Pnma) R (R3̅c) T (P4/mmm) AIR (Å)

A (Yb,Tm,Er,Y,Ho)AlO3 Yes 5 0 0 0.879
B (Y,Ho,Dy,Tb,Gd)AlO3 Yes 5 0 0 0.911
C (Lu,Er,Y,Gd,Sm)AlO3 No 5 0 0 0.905
D (Dy,Tb,Gd,Eu,Sm)AlO3 Yes 5 0 0 0.937
E (Sm,Nd,Pr,Ce,La)AlO3 Yes 1 3 1 1.013
F (Lu,Yb,Y,Gd,La)AlO3 No 4 1 0 0.919
G (Lu,Nd,Pr,Ce,La)AlO3 No 1 3 1 0.990

aO − orthorhombic, R − rhombohedral, T − tetragonal. Crystallographic space groups are in parentheses. Commas in the compositions represent
equiatomic amounts of REs. Average ionic radii (AIR) for coordination number VI are listed.37

Figure 2. Cylindrical ⌀3 mm crystals. Crystal IDs A-G corresponds to the compositions listed in Table 2. Crystals A, B, and D are translucent and
crystals C, E, F, and G are opaque. The seed- and the tail-end of the crystals are on the left and right sides of the photos, respectively. A piece of the
YAlO3 seed is seen on the seed-end of crystal B.

Figure 3. Powder XRD patterns of (a) crystals A and B and an orthorhombic YAlO3 reference pattern; (b) crystal D and an orthorhombic GdAlO3
reference pattern. The ICSD reference numbers are listed in the figures.
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Crystal D was translucent during growth and cracked upon
cooling, which is a common issue in orthorhombic REAlO3
crystals due to their anisotropic coefficients of thermal
expansion.40,41 Cracking in composition D may be avoided
by growing crystals with a longer neck and shoulder section to
prevent seed defects from propagating into the crystal. The
translucency in these crystals is related to a phase-pure
structure as discussed in the next section. The orange color in
those crystals comes from Ho3+, Dy3+, and Sm3+.
Crystals that contain REs with nonconsecutive ionic radius

values or mixtures of REs that form an orthorhombic,
rhombohedral, and tetragonal single-RE REAlO3 are opaque
(crystals C, E, F, and G). These crystals were opaque during
growth and at room temperature, which may indicate
polycrystallinity due to a mixture of phases as discussed in
the next section. Crystal C is orange due to Sm3+, while crystals
E and G are dark green due to Pr3+.
3.2. Phase Formation and Crystal Structure.

3.2.1. Powder XRD. Crystals A, B, and D are a single
orthorhombic phase, which may have been favored by mixtures
of REs that have similar ionic radii and form orthorhombic
single-RE REAlO3 (Table 2). Powder XRD patterns of crystals
A and B have reflection peaks that match those of an
orthorhombic YAlO3 reference pattern as seen in Figure 3a. A
powder XRD pattern is shown in Figure 3b and indicates that
the reflection peaks of crystal D match those of an
orthorhombic GdAlO3 reference pattern. These reference
patterns were chosen due to the similarity of their RE3+

ionic radius and the AIR of compositions A, B, and D
(Table 1 and Table 2).
The lattice parameters of crystals A, B, and D follow the

general trend of single-RE REAlO3 with respect to the RE3+

average ionic radius, as seen in Figure 4. In general, with an
increasing RE3+ ionic radius, the unit cell volume of single-RE
REAlO3 increases with the b and c axes while the a axis
decreases. The perovskites formed by Er3+, Y3+, and Dy3+ are
exceptions, and their a axes are larger than the ones of the
perovskites formed by the immediately preceding REs in
Figure 4. Nevertheless, the general trend is also observed for

the high-entropy crystals A, B, and D. Additionally, the lattice
parameters of crystals A, B, and D are similar to those of
ErAlO3, DyAlO3, and GdAlO3, respectively. Trivalent Er, Dy3+,
and Gd3+ have ionic radius values close to the AIR of A, B, and
D, respectively. This indicates that lattice parameters of high-
entropy perovskites vary consistently with their AIR.
The successful growth of crystals A, B, and D demonstrates

the practical aspect of growing phase-pure high-entropy
REAlO3 crystals. These crystals contain REs with consecutive
ionic radius values as listed in Table 1; additionally, all
constituent REs form orthorhombic single-RE REAlO3. In the
next paragraphs, we discuss how phase formation is affected by
mixing REs that have nonconsecutive ionic radii or that form
single-RE REAlO3 with an orthorhombic, rhombohedral, and
tetragonal structure.
Crystal C is a mixture of two orthorhombic structures, and

the weight fraction of the primary and secondary phases are 90
and 10 wt % respectively; this mixture may have been induced
by the dissimilarity in the ionic radius of the constituent REs. A
powder XRD pattern of crystal C is shown in Figure 5.a with
reference patterns of orthorhombic YAlO3 and orthorhombic
GdAlO3. Similar to the single-phase crystals A, B, and D,
crystal C only has REs that form orthorhombic single-RE
REAlO3. However, the single-phase crystals A, B, and D have
REs with consecutive ionic radii values, while the REs in crystal
C have nonconsecutive ionic radii values. Therefore, the
formation of two orthorhombic phases may have resulted from
the dissimilarity in the size of RE cations in crystal C. The unit
cell volume of the primary and secondary orthorhombic unit
cells are 202.724 Å3 and 209.274 Å3, which indicates that the
larger REs such as Gd3+ and Sm3+ are concentrated in the
secondary phase. Therefore, the REs in composition C are not
homogeneously distributed between the primary and secon-
dary orthorhombic phases.
Crystals E is a mixture of rhombohedral (86 wt %) and

tetragonal (14 wt %) phases although the constituent REs have
consecutive ionic radius values; this mixture may have resulted
from combinations of REs that form orthorhombic, rhombo-
hedral, or tetragonal single-RE REAlO3 (Table 2). A powder
XRD pattern of crystal E is shown in Figure 5b with reference
patterns of rhombohedral NdAlO3 and tetragonal CeAlO3.
Most of the REs in crystal E form rhombohedral single-RE
REAlO3 (Table 2), which explains a larger weight fraction of
the rhombohedral phase. Therefore, it is likely that the RE
elements are not homogeneously distributed between the two
phases in crystal E and the rhombohedral phase may be richer
in the REs that form rhombohedral single-RE perovskites (Nd,
Pr, and La). Since no orthorhombic phases were observed,
Sm3+ was likely incorporated in the rhombohedral or
tetragonal phases, although SmAlO3 is orthorhombic (Table
1). The AIR of composition E is close to the ionic radius of
Pr3+ and PrAlO3 is rhombohedral (Table 1 and Table 2).
Therefore, the AIR of E may have favored the formation of a
primary rhombohedral structure.
Crystal F is a mixture of a primary orthorhombic (45 wt %),

a secondary orthorhombic (38 wt %), and rhombohedral (17
wt %) structures, which may have resulted from a mixture of
REs that form different structures in single-RE REAlO3 (Table
2). A powder XRD pattern of crystal F is shown in Figure 5c
with reference patterns of orthorhombic YAlO3, orthorhombic
GdAlO3, and rhombohedral NdAlO3. Four of the five REs in
composition F form orthorhombic single-RE REAlO3, which
explains the larger weight fraction of orthorhombic phases. As

Figure 4. Lattice parameters of orthorhombic single-RE REAlO3
(squares) from the literature27,42 and those of the high entropy
crystals A, B, and D (stars) obtained via powder XRD data and
Rietveld refinement (Table 3). The labels in the bottom graph apply
to all graphs.
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a result, having four REs that form the same structure in single-
RE REAlO3 and only one RE that forms a different structure is
enough to induce a mixture of phases. The AIR of composition
F is close to the ionic radius of Tb3+ and TbAlO3 is
orthorhombic. Therefore, the AIR of F may have favored the
formation of the dominant orthorhombic structures.
Crystal G is a mixture of orthorhombic (39 wt %) and

rhombohedral (61 wt %) structures, which may also have
resulted from a mixture of REs that form different structures in
single-RE REAlO3 (Table 2). A powder XRD pattern of crystal
G is shown in Figure 5d with reference patterns of
orthorhombic YAlO3 and rhombohedral NdAlO3. Three of
the five REs in composition G form rhombohedral single-RE
REAlO3, which explains the larger weight fraction of the
rhombohedral phase. The AIR of composition F is close to the
ionic radius of Nd3+ and NdAlO3 is rhombohedral. Therefore,
the AIR of G may have favored the formation of the dominant
phase.
The high-entropy nature of crystals C, E, F, and G does not

stabilize a single phase and the structures formed depend on
the type of REs in each composition. Combinations of REs
with dissimilar ionic radius values and combinations of REs
that form an orthorhombic, rhombohedral, and tetragonal
single-RE REAlO3 hinder the formation of single-phases.

Therefore, such combinations should be avoided to design
phase-pure high-entropy REAlO3 crystals.

3.2.2. Single Crystal XRD. Single crystal XRD results
confirm a single orthorhombic Pnma structure in crystals A
and B. These two crystals were selected for further structural
investigation because they were a single phase according to
powder XRD and did not crack during the growth. The RE site
occupation was held fixed at the nominal composition since
the number of elements on the RE site makes site occupation
refinements underdetermined. No short-range clustering of the
REs was observed since the diffraction patterns indicated no
obvious diffuse scattering. The refinement parameters from
single-crystal X-ray diffraction are given in the Supporting
Information in Table S1. Fractional atomic coordinates and
isotropic displacement parameters are listed in Table S2. The
refined lattice parameters are like those obtained via refine-
ment from powder XRD data in Table 3. Therefore, single
crystal XRD data confirms a smaller unit cell volume for crystal
A compared to B, although the lattice parameter a of crystal A
is slightly larger than that of B.

3.3. Radial Elemental Distribution in Single-Phase
Crystals. According to EPMA radial concentration profiles,
there is no clear evidence of preferential incorporation of any
REs in crystals A and B. In general, mPD crystals are
compositionally homogeneous along the growth axis, elemental

Figure 5. Powder XRD patterns of (a) crystal C, an orthorhombic YAlO3, and an orthorhombic GdAlO3 reference patterns; (b) crystal E, a
rhombohedral NdAlO3, and a tetragonal NdAlO3 reference patterns; (c) crystal F, an orthorhombic YAlO3, an orthorhombic GdAlO3, and a
rhombohedral NdAlO3 reference patterns; (d) crystal G, a rhombohedral NdAlO3, and an orthorhombic YAlO3 reference patterns.
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segregation, and preferential incorporation may be seen in
cross-sectional elemental distribution profiles.1,38 Radial
concentration profiles of crystals A and B are seen in Figure
6a and b; the nominal concentration of each RE is 4 at%.
These crystals were selected for elemental distribution studies
because they are phase pure and not cracked. In crystal A, the
elemental profiles are close to nominal concentration and close
to horizontal from −1.1 to 1.1 mm. Discontinuities close to the
outer edge of the crystal (−1.5 to −1.2 mm and 1.2 to 1.5
mm) may result from better mixing of the melt achieved by the
Marangoni melt flow that occurs close to the outer surface of
the melt in the molten zone. In crystal B, the distribution
profiles are close to horizontal along the whole diameter of the
crystal. Since the elemental distribution profiles are close to
horizontal along most of the crystal diameter, none of the RE
species is preferentially incorporated into the crystals. This is in
contrast with previously published high-entropy aluminum
garnet mPD crystals (RE3Al5O12) in which the preferential
incorporation of smaller REs was evident by significantly
curved profiles.1,7

3.4. Distribution and Composition of Secondary
Phases. Crystal G (Lu,Nd,Pr,Ce,La)AlO3 has a Lu-rich
secondary phase in a matrix with a composition that is closer
to the nominal stoichiometry. Crystal G is the focus of this
section since its SEM images have more phase separation
features than the other crystals with multiple phases (crystals
C, E, and F; Table 3). An SEM image of a cross-sectional
sample is seen in Figure 7a and reveals a lighter area in the
center with branching structures closer to the outer surface of
the crystal. To assess the elemental composition of both the
lighter areas and the darker matrix, EDS data were collected
from the six points shown in Figure 7b and are presented in
Table 4. The lighter areas (points 1−3) are Lu-rich and are
likely to have the orthorhombic structure that is typical of
LuAlO3 (Table 1) and was observed in crystal G (Table 3).
The darker matrix (points 4−6) has a composition that is
closer to stoichiometric but is also slightly rich in Lu; the
matrix is likely to have the primary rhombohedral phase
observed in crystal F (Table 3). Although Al-rich inclusions
have been previously reported for LaAlO3 mPD crystals;43 here
the general ratio of RE to Al concentrations is close to
stoichiometric for all points assessed. This indicates no
significant deviation from the nominal REAlO3 perovskite
stoichiometry.

4. CONCLUSION
High-entropy REAlO3 single crystals can be grown via
directional solidification, and phase formation depends on
the composition. Here we reported the practical aspect of
growing five-component equiatomic REAlO3 via the micro-
pulling-down method and determined the effects of
composition on phase formation. Crystals containing only
REs with similar ionic radii and that form orthorhombic single-
RE REAlO3 are a single orthorhombic phase. On the other
hand, crystals containing a combination of REs with dissimilar
ionic radii or that form an orthorhombic, rhombohedral, and
tetragonal single-RE REAlO3 are a mixture of phases. In single
crystal samples, there is no evidence of preferential
incorporation of any of the REs into the crystal. In multiphase
crystals, the secondary phase is concentrated in the center of
the crystal with a branching structure closer to the outer edge.
Demonstrations of the crystal growth of high-entropy oxides

encourage the exploration of potential functional properties inT
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highly complex single crystals, including luminescence and
magnetic properties. The findings reported here may be
leveraged for future studies on compositionally complex
perovskite crystals. High-entropy versions of the traditional
host crystals YAlO3 and LuAlO3 may reveal attractive
luminescence properties for scintillation and lasing applica-
tions. To develop such materials, future efforts should focus on
compositions containing only REs with similar ionic radii and
that form orthorhombic single-RE REAlO3 so that single-phase
crystals can be produced with high optical quality. Addition-
ally, future investigation could focus on admixing Ga3+ into the
Al3+ sites to determine whether structural and functional
properties can be optimized.
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Figure 7. SEM images of a cross-sectional sample from crystal G (Lu,Nd,Pr,Ce,La)AlO3 using low (a) and high (b) magnification. The elemental
composition was analyzed via EDS for the points identified with numbers in (b); EDS results are presented in Table 4.

Table 4. Elemental Composition of Crystal F (Lu,Nd,Pr,Ce,La)AlO3 for Areas 1−6 Shown in the SEM Image in Figure 7b

EDS elemental composition (at%), error <0.001 at%

Area Points from Figure 6b Lu Nd Pr Ce La Al O Stoichiometry

Nominal composition 4 4 4 4 4 20 60 RE1Al1O3

Lighter area 1 20.2 2.1 2.4 2.6 2.6 31.4 38.7 RE1.0Al1.1O1.3

2 20.1 1.7 1.9 2.0 1.8 33.9 38.6 RE1.0Al1.2O1.4

3 20.1 1.9 2.1 2.2 2.3 33.0 38.4 RE1.0Al1.2O1.3

Darker area 4 6.5 4.4 5.5 6.2 4.2 33.7 39.5 RE1.0Al1.3O1.5

5 6.1 4.5 5.3 6.1 6.4 32.7 38.9 RE1.0Al1.2O1.4

6 6.9 4.3 5.0 5.8 6.0 32.6 39.4 RE1.0Al1.2O1.4
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