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ABSTRACT: We generated high-entropy (HE) compositions of rare-earth (RE)
monoclinic aluminates using a combinatorial approach, grew crystals from the melt
using the micropulling down method, and investigated phase formation, micro-
structure, and elemental segregation. All RE elements, except for Pm and Tm, were
used to generate RE AL, Oy compounds of five RE elements taken in equimolar ratios.
The distribution of HE formulations was demonstrated as a function of the average
ionic radii (AIR). The compositions were grouped based on their AIR that is equal to
those of RE ions in single-rare-earth compounds: Y,Al,O, (Y group), Tb,ALO, (Tb
group), Gd,ALO, (Gd group), and Nd,Al,O, (Nd group). Single monoclinic phases
and uniform microstructures were observed in the Y group. Dot-, line-, and core-like
inclusions of the secondary REAIO; perovskite phase were found in crystals of the Tb
group and the Gd group in scanning electron micrographs. The concentration of the
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secondary phase increased with the fraction of bigger RE elements, such as La, Ce, Pr, Nd, and Sm in the HE formulation, as
confirmed by X-ray diffraction. Incongruent melt solidification was found for compounds of the Nd group. Our results demonstrated
that the stability of the monoclinic phase decreased with the AIR value in the sequence of the Y group, Tb group, Gd group, and Nd
group, similar to their single-rare-earth compounds. Minor random variations in cell parameters between the seed and tail sides were
found in crystals from the Y group, Tb group, and Gd group, indicating no pronounced elemental segregation. Based on the ionic
radii of RE elements and their fraction in the HE formulation, recommendations were given on how to minimize the secondary

phase.

B INTRODUCTION

The high-entropy (HE) approach, comprising five or more
equiatomic elements mixed into one crystallographic site, has
become a popular way to develop new and improve the
properties of existing oxide, halide, and alloy-based materi-
als.'~” Different from traditional methods that focus on single-
component composition tuning, structure, or morphology
control, the HE approach focuses on introducing composi-
tional disorder. This can provide a few benefits: (i) solid
solutions of many elements tend to be more stable because of
large configurational entropy;*~'" (ii) the multicomponent
composition leads to an improvement of current or
contribution of new properties to the materials.'> The HE
approach provides an incredibly large number of possible
compositional combinations, while only a small fraction has
been investigated.

Rare-earth (RE) aluminates are a large group of compounds
with multiple structures and flexible latices, which leads to
high interest in their investigation and practical applications."
RE aluminates include garnet RE;AlO,,, perovskite REAIO;,
and monoclinic RE,Al,O, (or REAM) families. Multirare-
earth garnets and perovskites were studied,”>”'*~"” but the
monoclinic compounds in single-rare-earth (single RE cation
in the formulation) and multirare-earth (or HE) forms are the
least investigated group among the RE aluminates. This is a
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result of limited phase stability for some single-rare-earth
REAM'® and phase transition at cooling,'”™**
crystal growth from the melt challenging.
Only a few reports are available for the HE rare-earth
monoclinic aluminates.'*"? The HE rare-earth monoclinic
aluminates, as their single-component counterparts, can be
used in various fields. They can be used as hosts for different
optically active ions such as Ce®, Eu®**, Pr**, etc. The
combination of specific host elements and dopants can be
exploited to reach improved energy transfer between the host
and the dopant. It was demonstrated that mixed compounds,
such as garnets (which are also rare-earth aluminates), can
exhibit better luminescent characteristics compared to their
single-component counterparts.””** We can reasonably expect
the same effect for the HE RE monoclinic aluminates. The
HE rare-earth monoclinic aluminates can be used as
promising materials for environmental barrier coatings

which makes
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demonstrating properties better than the single-rare-earth
component counterparts.19 Superior properties of HE
compounds are attributed to lattice distortion and the mass
difference of constituent atoms, while the entropy stabilization
effect explains the improved phase stability at high temper-
atures. Thus, the development and investigation of HE rare-
earth monoclinic aluminates are important, as this can
improve their functional properties and expand the fields of
possible applications.

Traditionally, the design of HE compounds is based on
experimental approaches and intuition or experience earned
during multiple trial experiments. The implementation of
various machine-learning models or artificial neural networks
has been demonstrated as an effective way to predict some
properties of HE materials and can accelerate their develop-
ment.”>*° The computational approaches for modeling such
systems are comparatively less developed than those for
single-component structures due to their significant chemical
complexity. Computational methods can also provide some
benefits for the design of HE compositions. A combinatorial
approach can be used to generate a full list of all possible
combinations of elements or their gradients for subsec&uent
filtering or computations based on required parameters.”” >’
The average ionic radius (AIR) is another concept used for
HE composition engineering.””*’ The main idea is to use a
combination of cations whose average ionic radius is equal to
the ionic radius of the cation in the same sublattice site in a
given single-component compound. It has been successfully
implemented in the composition design of some HE rare-
earth garnets,7’15’31’32 perovskites,5’3‘ ~3¢ and monoclinic
compounds.'™'” The synergy between the combinatorial
approach and the AIR concept looks interesting and
promising for the HE composition engineering of rare-earth
aluminates.

Single crystals of HE rare-earth aluminates have some
advantages over their ceramic or powder counterparts that
make them desirable for the discovery of new functional and
structural properties. However, their complex chemical
composition poses a challenge to crystal growth. Elemental
segregation results in undesired microscopic and macroscopic
inhomogeneities or compositional gradients within the crystal
volume. Among different crystal growth methods, the
micropulling-down (#-PD) provides a few benefits for HE
materials. The p-PD method minimizes segregation and
promotes an axially homogeneous elemental distribution due
to a fast-pulling rate, high thermal gradient, small solidifying
volume and crystallization zone, and strong Marangoni
convection.”” The u-PD method also allows solidifying of
the whole volume of the melt during the growth process,
minimizing any residual melt in the crucible. The u-PD
method in comparison with the Czochralski and Bridgman
methods is ideal for research purposes.””*®

Considering the above, the main goals of this work are

i. Applying both the AIR concept and combinatorial
approach for composition engineering and selection of
HE rare-earth monoclinic aluminates.

ii. To grow single crystals using the u-PD method and
investigate elemental segregation, phase formation, and
microstructure by comparing both seed and tail sides of
the crystals.

ili. To investigate whether the AIR value is responsible for
the phase formation.

Four single-rare-earth compounds of RE monoclinic
aluminates, Y,Al,0,, Nd,Al,Oy, Tb,AL,Oy, and Gd,Al,O,,
were chosen as model compounds for verification of the AIR
concept and combinatorial approach to HE composition
formulation. Single-rare-earth Y,Al,Oy was chosen due to its
excellent phase stability;'® Tb,ALOy and Gd,ALO, were
chosen due to their mean ionic radii values among RE
elements.'® These compositions provide a relatively high
diversity of possible HE combinations. Three of them,
Y,AlL, Oy, Tb,AL Oy, and Gd,AL, Oy, congruently solidify from
the melt.'® The remainder, Nd,Al,0y, melts incon-
gruently,"*” and was chosen to investigate whether all HE
combinations with the same AIR value as the ionic radius of
Nd will have similar solidification behavior.

B MATERIALS AND METHODS

HE-Formulation Engineering. The combinatorial approach was
used to generate HE formulations of five rare-earth elements taken in
equimolar ratios. Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb,
and Lu were used as the sets of elements for generating HE
combinations. All formulations were generated using the Python
package Itertools v.8.12.0. The number of unique combinations of k
elements formed by the set of n elements can be found with the
equation:

|
Ck — n!
T (n= k)

The probability of the occurrence of a specific RE element in a HE
formulation was calculated as the ratio of the total number of
occurrences of this element in the HE formulations of the given set
to the total number of HE formulations in the set.

The RE,AL O, system belongs to the P21/c space group (Figure
S1). The RE atoms in RE,AL, O, structure are bonded to oxygen
atoms with coordination numbers six and seven, forming the REOg4
and REO, polyhedral units, respectively.*”~** The ionic radii for Lu,
Ho, Nd, and Pr for a coordination number of seven are not listed in
the literature; thus, we only considered a coordination number of six
when calculating AIR values for selecting HE compositions. The
processing of the generated HE combinations (AIR calculations,
segmentation of combinations based on their AIR value, etc.) was
done using Python 3.10.

Crystal Growth and Sample Preparation. The @3 mm
cylindrical crystals of HE monoclinic aluminates were grown using
the micropulling-down method. A KDN Dai-Ichi Kiden growth
station was used with a TR-02001 radiofrequency generator
operating at 40—44 kV. The starting materials for single and
multicomponent compounds were Y,0; La,O; Ce,O; Pr,0;
Nd,0; Sm,0; Eu,05 GdyO03 Tb,05 Dy,0; Ho,05; Lu,O;,
Er,0;, Yb,0;, and AL,O; powders of at least 99.99% purity. All
powders were stored inside a desiccator in closed vials to prevent
possible contact with ambient moisture. The powders were mixed in
the required stoichiometric ratios. The total amount of oxide for each
composition was 0.6 g The powder mixtures were melted by
inductive heating of the crucible. A @16 mm iridium crucible with an
@3 mm die and a ©@0.5 mm capillary channel was used as the melt
reservoir. An iridium pin was used as a seed to initiate the growth by
touching the bottom outlet of the crucible capillary channel and
pulling down the melt. The initial pulling rate was 0.05 mm/min and
was increased gradually to 0.15 mm/min with a 0.01 mm/min step
every two min when the crystal diameter reached the crucible die
diameter. The grown crystals were cooled to room temperature over
2 h using a gradual decrease of RF generator power to 0%. Grown
crystals were ~12 mm long and 3 mm in diameter. Almost the whole
volume of the melt was solidified during the growth, and only a tiny
fraction of the material remained in the capillary channel after the
growth of some crystals. It should be noted that the amount of
powder and growth parameters allowed to complete a growth
experiment in 1 day.
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Figure 1. (a) Distribution of contribution of RE elements in HE formulations as a function of the AIR value. The size and color of the circle
represent the probability of occurrence of the RE element in the HE formulation with a given AIR value. The AIR values corresponding to the Y,
Tb, Gd, and Nd groups are listed at the top; (b) distribution of the number of HE combinations for different AIR values. The points on the curve

correspond to the Y group, Tb group, Gd group, and Nd group.

After the growth process, all crystals were cut into three equal
sections (~0.3 cm long) perpendicular to the growth axis by using a
Buehler IsoMet 4000 linear precision saw. The samples were then
cleaned in a VWR SOHT sonicator to remove excess crystal bonds,
which was used to mount samples during the cutting process. The
seed and tail ends of the crystal were both ground using a mortar and
pestle for powder X-ray diffraction (XRD) analysis, and the middle
section was investigated by using optical microscopy and scanning
electron microscopy (SEM).

The list of grown HE compositions with their AIR values,
relevance to the single-rare-earth RE, AL, Oy, and some measured
properties are shown in Table ST1.

Sample Characterization. X-ray Diffraction Measurements.
Powder X-ray diffraction measurements were performed on the seed
and tail ends of the REAM crystals ground to powder. The data were
collected at room temperature by using a PANalytical Empyrean
diffractometer in the Bragg—Brentano geometry with a Cu Ko X-ray
source operated at 45 kV and 40 mA. The patterns were used to
determine the phase composition and lattice parameters via Rietveld
structure refinements performed with the GSAS-II software. The
structures of Y,ALO, (ICSD #252973), Gd,Al,O, (ICDD #04—
010—3647), Tb,AL,O, (ICSD #164882), and Nd,Al,0, (ICSD
#249016) were used as references for fitting XRD patterns. The wR
value was used for evaluating the quality of the fit. The value did not
exceed 8%.

Scanning Electron Microscopy and Energy Dispersive X-ray
Spectroscopy Measurements. The Phenom XL scanning electron
microscope coupled with energy dispersive X-ray spectroscopy
(EDS) was used to investigate microstructure and to analyze
elemental composition. The samples were mounted onto a sample
holder using carbon tape and loaded in the microscope. The
microscope was used in variable-pressure mode (60 Pa) at 15 kV. All
SEM images were taken of the crystal cross section along the radial
direction with at least 10% overlapping between images for
subsequent stitching, which required around 5 separate images at
400X magnification. Stitching of the SEM images was carried out
using the OpenCV package functionality. Line scans were done
across the entire cross-section of the crystal. Using the EDS
functionality, line scans were collected with 32 points on each line for
each image, leading to around 160 sample points for the whole cross
section. The direction and position of the lines were held the same as
those of the SEM images.

Optical Microscopy. Microstructures along crystal cross sections
perpendicular to the growth direction, both in seed-side and tail-side,
were investigated by using a Leica S6D optical microscope. An LSM-

4000LE-M polarization filter was used to increase the contrast
between the crystal and the background. A Leica MC 170HD camera
coupled with the ocular lens was used to obtain images. The resulting
images were 2592 X 1944 pixels and were cropped further to remove
excess background.

B RESULTS AND DISCUSSION

HE Composition Engineering. A combinatorial approach
and the AIR concept were used to design and select HE
combinations for subsequent growth experiments. A list of all
possible 2002 combinations of five equimolar rare earth
elements was generated by using a combinatorial approach.
First, we considered Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Yb, and Lu as the sets of elements for generating
combinations. After this, the AIR values were calculated for all
generated HE combinations.*> The distribution of the
contribution of RE elements in the HE formulations as a
function of the AIR value is shown in Figure la. The circles
for any given AIR value in the plot represent the RE elements
(y-axis) that can be used to compose HE formulations with
this AIR value. For clarity of visual presentation, the circle size
and color represent the probability of occurrence (contribu-
tion) of an RE element in a HE formulation with the AIR
value given on the x-axis.

The distribution of the total number of HE combinations
for different AIR values is shown in Figure 1b. It depends on
the AIR value and is close to the normal distribution. It is
consistent with uniform RE ionic radii distribution and
equimolar fractions of RE in the HE formulations. A higher
number of HE combinations can be generated for the mean
AIR values that are located in the middle of the RE series
close to the ionic radii of Tb, Gd, and Eu. The range of AIR
values for five-component equimolar formulations is from
0.884 to 0.995 A, which is narrower than the range of ionic
radii of the RE elements from Lu to La. Five-RE equimolar
HE combinations with AIR values corresponding to the
smallest (Lu, Yb) and the biggest (La, Ce) RE elements
cannot be composed (Figure 1b). We point out that the range
of AIR values will depend on two factors: the size of a set of
RE elements that is used for HE combination generation and
the number of RE elements in the generated HE formulation.
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Table 1. List of HE Combinations and Their Relevance to Single-Rare-Earth Nd, Al,O,, Gd,Al,O,, Tb,Al,O,, and Y,AlL,O,
Compounds”

Y group (ir. = Tb group (ir. = Gd group (ir. = Nd group (ir. =
RE = 0.9000 + 0.0025) 0.9230 + 0.0025) 0.9380 + 0.0025) 0.9830 + 0.0025)
HE combinations (Y,La,Pr,Ho,Yb)AM
(Y,La,Sm,Gd,Lu)AM
(Y,Ce,Pr, Tb,Yb)AM
(Y,Ce,Pr,Ho,Er)AM
(Y,Ce,Eu,Er,Yb)AM (Y,Nd,Sm,Eu,Ho)AM
(Y,Pr, Tb,Dy,Er)AM (Y,Nd,Sm,Gd,Dy)AM
(Y,Nd,Sm,Dy,Lu)AM (Y,Nd,Eu,Gd, Tb)AM
(Y,Sm,Dy,Yb,Lu)AM (Y,Nd,Eu, Tb,Lu)AM (La,Pr,Gd,Yb,Lu)AM
(Y,Eu,Tb,Yb,Lu)AM (La, Tb,Ho,Er,Yb)AM (La,Nd,Eu,Yb,Lu)AM
(Y,Eu,Ho,Er,Lu)AM (Ce,Eu,Ho,Er,Yb)AM (La,Nd,Tb,Er,Lu)AM
(Y,Gd,Dy,Er,Lu)AM (Ce, Tb,Dy,Ho,Yb)AM (La,Nd,Dy,Ho,Lu)AM (Y,La,Ce,Pr,Nd)AM
(Sm,Tb,Er,Yb,Lu)AM (Pr,Nd,Dy,Yb,Lu)AM (La,Sm,Gd,Ho,Lu)AM (La,Ce,Pr,Nd,Ho)AM
(Sm,Dy,Ho,Yb,Lu)AM (Pr,Sm,Gd,Yb,Lu)AM (La,Eu,Gd,Dy,Lu)AM
(Eu,Tb,Ho,Yb,Lu)AM (Pr,Tb,Dy,Ho,Er)AM (Ce,Pr,Gd,Er,Lu)AM
(Nd,Sm,Tb,Er,Lu)AM (Ce,Nd,Eu,Er,Lu)AM
(Nd,Sm,Dy,Ho,Lu)AM (Ce,Nd,Gd,Er,Yb)AM
(Nd,Eu, Tb,Ho,Lu)AM (Ce,Nd,Tb,Dy,Lu)AM
(Sm,Eu,Gd,Dy,Lu)AM (Ce,Sm,Gd,Tb,Lu)AM
(Pr,Nd,Sm,Er,Yb)AM
(Pr,Nd,Eu,Ho,Yb)AM
(Pr,Nd,Gd,Dy,Yb)AM
(Nd,Sm,Eu,Dy,Er)AM

“The compositions selected for experimental investigation are shown in bold and italicized.

Figure 2. Randomly selected representative crystals of the (a) Y group, (b) Nd group, (c) Tb group, and (d) Gd group. (a)
(Y,Sm,Dy,Yb,Lu)AM, (b) (Y,La,Ce,Pr,Nd)AM, (c) (Pr,Sm,Gd,Yb,Lu)AM, (d) (Nd,Sm,Eu,Dy,Er)AM.

Seed Tail
(Y, Ce, Pr, Ho, Er)AM

Gd-group;
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Figure 3. Examples of XRD patterns of seed and tail parts of the grown HE crystals of the Y group, Tb group, and Gd group (indicated). Red

lines correspond to the Rietveld refined profiles. Y,AL,O, (ICSD #252973), Gd,AL,O, (ICDD #04—010—3647), and Tb,AL,O, (ICSD #164882)
were used as references.

A larger number of elements in an HE formulation (more For further investigation, we selected only the HE
than five) leads to a narrower range of the AIR values. combinations where the AIR value deviation from the ionic
D https://doi.org/10.1021/acs.cgd.4c00633
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Figure 4. XRD patterns of the Nd,AL,O, (a) and HE crystals of the Nd group (b). The references for NdAIO;, Nd,Al,O,, and polymorphous

forms of Nd,O; are shown.

radius of Nd (ir. = 0.983 A), Gd (ir. = 0.938 A), Tb (ir. =
0.923 A), and Y (ir. = 0.9 A) was less than 0.0025 A. The
selected compositions were arranged into four groups in Table
1: Y group, Nd group, Tb group, and Gd group, based on
their relevance to single-rare-earth Nd, AL, O, Gd,AlLO,,
Tb,AL Oy, and Y,ALOy. As seen in Figure 1b, the selected
AIR values cover the whole range of the HE combination
distribution.

Finally, two-five HE compositions were randomly selected
from each group for further growth experiments and
investigation. This random selection was necessary for two
reasons. First, the number of HE combinations in some
groups was too large to grow all of them. Second, as the AIR
values are similar within each group, these HE compositions
can be considered equivalent. We expect that the AIR value
will play an important role in phase formation rather than the
nature of the elements forming the HE composition.

Crystal Growth. Examples of the grown crystals are shown
in Figure 2, and the images of all grown crystals and their
cross sections of seed and tail sides are shown in Table ST2.
Effective control over the crystal diameter, crystal shape, and
size of the molten zone was successfully achieved across all
compounds from the Y, Gd, and Tb groups despite the
complex composition of the melt. The HE compounds of the
Y group, Tb group, and Gd group demonstrated the same
behavior during growth as their single-rare-earth counterparts,
Y,AL Oy, Tb,ALOy, and Gd AL O, In contrast, challenges
were encountered in controlling the molten zone during the
growth of Nd,ALOy and other compounds from the Nd
group, leading to inconsistencies in crystal shape, diameter,
and unstable melt meniscus (Figure 2b). We attribute these
difficulties to the incongruent solidification of the Nd-group
compounds. All grown crystals were full of cracks after cooling
to room temperature (Table ST2)."

X-ray Diffraction. XRD was used to examine the phase
formation. Since the crystals were grown via directional

solidification from the melt, we can expect some composi-
tional variation and, as a result, different cell parameters
between the seed and tail sides due to the segregation effect.
Examples of XRD patterns for seed and tail sides of grown
crystals of the Y, Tb, and Gd groups are shown in Figure 3,
while the XRD patterns of all crystals are listed in Figures S2—
S4.

The reflections corresponding to the main RE,Al,Oy phase
were observed in the XRD patterns of the Y-group crystals. In
addition to the main phase, minor reflections of the secondary
REAIO; phase were found in the XRD patterns of the Tb- and
Gd-group crystals. Specifically, these crystals from the Tb
group are (Pr,Sm,Gd,Yb,Lu)AM (tail side),
(Nd,Eu, Tb,Ho,Lu)AM (seed side), and (Pr,Tb,Dy,Ho,Er)-
AM) (seed and tail sides). The crystals from the Gd group are
(La,Sm,Gd,Ho,Lu)AM (seed and tail sides), (Y,Ce,Pr,Ho,Er)-
AM (seed and tail sides), and (Nd,Sm,Eu,Dy,Er)AM (seed
and tail sides). The fraction of the secondary perovskite phase
determined from the Rietveld refinement is less than 2 wt %
for the Tb group and less than 8 wt % for the Gd group. For
those crystals where the secondary phase is detected only on
one side, we assume that its fraction on the other side is below
the XRD detection limit. We must note that identification of
the REAIO; phase in these compounds is challenging due to
overlapping reflections between the two phases, REAIO; and
RE,ALOy. The Rietveld refinement was performed using
GSAS-II software to find the cell parameters of the HE
compounds of Y, Gd, and Tb groups. The refinement error
did not exceed 8%, all results are listed in Table ST1.

Phase formation of the HE compounds of the Nd group is
similar to each other and to that of single-rare-earth
Nd AL, Oy. The Nd-group crystals cracked and crumbled
soon after the growth, so we measured XRD of whole crystals
rather than only the seed and tail parts as opposed to other
crystals. Rietveld refinement was not applied to Nd-group
samples due to the large amounts of secondary phases. In

https://doi.org/10.1021/acs.cgd.4c00633
Cryst. Growth Des. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00633/suppl_file/cg4c00633_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00633/suppl_file/cg4c00633_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00633/suppl_file/cg4c00633_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00633/suppl_file/cg4c00633_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.4c00633/suppl_file/cg4c00633_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00633?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00633?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00633?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.4c00633?fig=fig4&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c00633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

Y-group Th-group Gd-group All three groups
815.0 837 - 852 - 8554 of crystals
850 + '} &
i Gd
814.5 1 ° 836 851 J /o ”‘
° 845 ; ;
[ ] 1 ]
° 835 1 ; /
814.0 850 840 - ; ;
:3( ° ® ° PY ] ! /
o 834 ° 835 - k X
£ . :TH
g 813.5 ° 849 - 1 !
[ ] - 1 ll
> g3 ® 830 ; ,
3 ® 1 /
° k k
O 8130 o 8484 825 | ;
832 I /
820 |
812.5 847 - 1 /
- o 8314 g g15d. Y 4
Lo} — o} = o] = $ | S
o © i © Q © {¥ seed ¢ tail
8120 T 1 T T 1 830 T T T T 846 T 1 ) T T T 1 810 T T T LI T
e} o N © o N N < N < [(e} © o © 0] o o o g © N <
[} o oo, o o N N N oN [s2] [s2] <t ™ [s2) <t D OO oo [©> BN
® o 90 o 9 o o e @ @2 @ 920 o 9 o o oo o o
o o oo o o o o o o o o oo o o
AIR value, A

Figure 5. Correlation between AIR values of grown HE compounds and their unit cell volumes for seed and tail parts of the crystal (indicated).
The relevance to the Y, Tb, and Gd groups is indicated. Red stars correspond to the single-rare-earth Y,Al, Oy, Tb,Al,Oy, and Gd,Al,O,. Blue
circles correspond to HE compounds. Dashed lines connect data points for the seed and tail sides of the same crystals. Error bars were not

included in the plot to keep it easy for readers.

addition to the monoclinic phase, intense reflections of
secondary phases are registered in the XRD patterns for both
single-rare-earth Nd,Al,Oy and HE compounds of the Nd
group (Figure 4). As we noted before, Nd,A,O, melts
incongruently and decomposes into perovskite (NdAlO;) and
Nd,O, phases upon crystallization.”” However, in addition to
NdAIO; and Nd,O; the reflections of the desired monoclinic
phase were present in the XRD patterns for the grown
Nd,AL O, crystal (Figure 4a). It is known that preservation of
the Nd,Al, Oy phase is possible during melt solidification when
a relatively high cooling rate is used.”” In our growth
experiments, we used a relatively fast cooling rate to favor
monoclinic phase preservation. Most single-component RE,O5
compounds exhibit polymorphism, which makes it challenging
to identify their reflections in the XRD patterns of HE
compounds.”’” We added the reference patterns for Nd,O,
isomorphous phases in Figure 4a to demonstrate their
contribution to the XRD pattern of the Nd,Al,Oy crystal. In
the case of HE compounds of the Nd group, the reflections
unmatched to Nd,ALO, and NdAIO; reference patterns
correspond to various polymorphous forms of RE,O; forming
the HE compositions.

The overall tendency of secondary phase formation strongly
correlates with the AIR value of HE compounds. Our XRD
measurements confirmed that the HE compounds of the Y
group are single-phase, while the secondary REAIO; perov-
skite phase is registered for HE compounds of the Tb and Gd
groups in addition to the main monoclinic phase. Single rare-
earth monoclinic aluminates formed by smaller RE (ir. =
0.861—0.947 A) like Y,AL,O,, Lu,Al,O,, Er,AL,O,, Yb,ALO,,
and Tb,ALOy tend to crystallize in a single monoclinic
phase.** Single rare-earth aluminates formed by larger RE (i.r.
= 0.958—1.032 A) like elements such as Nd,Al,O,, Sm,Al,O,,
La,Al, Oy, Pr,Al,Oy, and Ce Al Og have difficulty crystallizing
from the melt in a single phase and tend to form a secondary
perovskite phase.'®** Our results on HE compounds agree
with the phase formation trend observed in the single-rare-

earth monoclinic aluminates. The value of AIR increases from
0.923 to 0.938 A when moving from the Tb group to the Gd
group. The stability of the perovskite phase is known to
increase with ionic radii.*® Thus, the Gd group should have a
higher concentration of the secondary phase, which is
confirmed by our XRD measurements (2 wt % for the Tb
group and less than 8 wt % for the Gd group). To suppress
the formation of the secondary perovskite phase during melt
growth, either the HE compounds with smaller AIR values
should be preferred or bigger ions, like La, Pr, Ce, Sm, and
Nd, should be minimized in the composition formulation.
A correlation between the AIR values of the HE
compounds from Y, Tb, and Gd groups and their unit cell
volumes from the Rietveld refinement is shown in Figure 5.
The unit cell volumes for HE compounds are similar to their
corresponding single-rare-earth (Y,Al,0y, Tb,Al,O,, and
Gd,ALOy) compounds, confirming their structural similarity.
The linear correlation between AIR value and cell volume of
the HE compounds of the Y group, Gd group, and Tb group
is registered. A similar correlation between the AIR value and
cell volume was observed for other HE RE monoclinic
aluminates."* We can conclude that the single-rare-earth
compounds with ionic radii that are similar to the AIR values
of HE compositions can be used as a reference for predicting
their structural parameters. This feature can be useful in the
development of HE luminescent materials where dopant
emission, like Ce®* or Eu®, is sensitive to the crystalline
surroundings.”” Small differences in the refined unit cell
volumes between the seed and tail sides are due to the minor
differences in the position of XRD reflections and, as a result,
cell parameters (Table ST1). The REAIO; phase formation in
the seed and tail sides or negligible axial segregation of RE
elements can affect the RE ions ratio in the monoclinic
structure and, as a result, cell parameters. As mentioned
earlier, the RE ions can occupy 6- and 7-fold coordinated sites
in the RE,AL Oy crystal structure where they have different
ionic radii. Preferable occupation of 6- or 7-fold sites by some
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Figure 6. Examples of typical microstructures of the investigated crystals. (a) Uniform microstructure without inclusions in (Ce,Tb,Dy,Ho,Yb)-
AM of the Y group. (b) Eutectic dot- and rod-like inclusions in (Nd,Eu,Tb,Ho,Lu)AM of the Tb group. (c) Core-like structure in
(Nd,Sm,Eu,Dy,Er)AM of the Gd group; the dashed line corresponds to the core—shell interface. The inset represents the area in the crystal cross
section from which the image was taken from. The red circles represent the points that are used for the EDS scans.

RE ions can result in nonuniform distribution between the
sites affecting the cell parameter values. Differences in our cell
parameters between the seed and tail sides (Figure S) can be
due to the preferred site occupation. The distribution of
cations between different sites is not unique and was
investigated for different compounds.”**” As an example, the
preferred occupation of RE ions between different sites was
shown in (Lu,_,Y,),SiO; single crystals with different Lu/Y
ratios.”” It was found that Y** prefers to occupy the 7-fold
sites, while Lu’* prevails to be in 6-fold sites in
(Lul—xYx)ZSiOS‘

Scanning Electron Microscopy and Energy Disper-
sive X-ray Spectroscopy. We conducted SEM and EDS
measurements to investigate the microstructure and radial
segregation of cations in the seed and tail sides of the crystals.
The overview SEM images representing the entire diameter of
the crystal were obtained by stitching the sectional SEM

images of the crystal cross-section. The SEM images and EDS
plots for all samples are shown in Figures S5—S19. Uniform
radial distributions of elements are registered in the seed and
tail sides of the EDS profiles in all crystals. The EDS profiles
are noisy because of the brittleness of the crystals, which leads
to a rough surface and difficulty in sample preparation.
Pulling rate is known to be the most important parameter
affecting the axial and radial element distribution for various
systems, including solid-state solutions and doped crystals
grown by the 4-PD method.””' ™ The elemental segregation
will also depend on the melt composition and the nature of
the crystalline material and dopants. In our growth experi-
ments, we used a pulling rate of 0.15 mm/min, which is
considered to be relatively fast given the complex chemical
composition of the melts. A faster pulling rate can favor more
intense melt flow and a faster solidification rate, leading to
more uniform radial element distribution. A similar effect was
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Table 2. Elemental Concentrations (Atom %) in the Micro-Inclusions, Core, and Matrix for (Nd,Eu,Tb,Ho,Lu)AM and

(Nd,Sm,Eu,Dy,Er)AM Crystals Obtained from EDS Scans”

(Nd,Eu,Tb,Ho,Lu)AM

matrix (monoclinic phase) inclusion (perovskite phase)
Nd 3.66 Nd 4.63
Eu 321 Eu 3.09
Tb 3.61 Tb 2.52
Ho 3.63 Ho 2.03
Lu 2.96 Lu 0.94
Al 8.73 Al 12.24
%(RE)/Al 2.0 3(RE)/Al 1.1

“Data represent the mean values of three measured points.

(Nd,Sm,Eu,Dy,Er) AM

matrix (monoclinic phase) core (perovskite phase)
Nd 3.13 Nd 3.69
Sm 3.52 Sm 3.66
Eu 3.06 Eu 3.08
Dy 4.40 Dy 2.08
Er 3.56 Er 1.57
Al 9.48 Al 13.84
¥(RE)/Al 1.9 ¥(RE)/Al 1.0

observed for HE aluminum garnets grown by the u-PD
method.”

Microstructure Investigation. Examples of microstruc-
tures of grown crystals observed in the SEM images are shown
in Figure 6. An SEM image of the sample with a uniform
microstructure was also included for comparison (Figure 6a).
The homogeneous coloration indicates uniform microstruc-
ture, fine lines and dark spots are a result of a rough surface
and microcracks. The overview SEM images of the cross
sections for all other crystals are shown in Figures S5—S19.

After analyzing the microstructure patterns, we identified a
correlation between the presence of La, Ce, Pr, Sm, and Nd
elements in the formulation and the occurrence of micro-
inclusions in the HE crystals. The higher the fraction of any of
these large elements in the composition, the higher the
probability of forming microinclusions during growth. The
line- and dotlike microinclusions were found for the
(Y,Nd,Eu,Tb,Lu)AM, (Pr,Tb,Dy,Ho,Er)AM,
(Pr,Sm,Gd,Yb,Lu)AM, and (Nd,Eu,Tb,Ho,Lu)AM crystals of
the Tb group and for the (La,Sm,Gd,Ho,Lu)AM and
(Y,La,Sm,Gd,Lu)AM crystals of the Gd group (Figure 6b).
For the Tb group, except for (Pr,Sm,Gd,YbLu)AM, the
concentration of these inclusions is small and they are located
close to the outer edge of the crystal. In the case of (Pr, Sm,
Gd, Yb, Lu)AM, a large area with a high concentration of dot-
and line-like inclusions was found in the center of the crystal,
similar to the HE compounds of the Gd group. The diameter
of this area was ~1 mm. A uniform core-like structure of the
same size was also found for the (Nd, Sm, Eu, Dy, Er)AM
crystal of the Gd group. The calculated 12 wt % fraction of
the perovskite phase based on the diameter of the core and
crystal dimensions correlates well with the fraction of the
secondary perovskite phase found by XRD (8 wt %).
Preferential incorporation of the secondary phase inclusions
in the center vs the outer edge of the crystal is likely due to a
higher melting point of the HE perovskite phase relative to
that of the HE monoclinic phase. In single-RE systems, the
relative melting points of the two phases, monoclinic and
perovskite, are known to vary across the RE series.'®
Multicomponent HE perovskite phases composed of large
ions are expected to have higher melting points compared to
the monoclinic phases composed of smaller ions, and, due to
strong radial thermal gradients in the p-PD molten zone,”’
they tend to crystallize in the middle of the crystal. A similar
effect of some elements raising the melting point and
preferably solidifying in the crystal center was observed in
4-PD-grown Yb-doped (Y,5Sc,5)O; crystals.’ In the case of
the Y group, microinclusions were not detected by SEM. The
SEM images for the crystals of the Nd group are not listed

because the crystals crumbled soon after the growth, as we
mentioned before.

Using point EDS scans, we confirmed that the dot-like
microinclusions in the (Nd,Eu, Tb,Ho,Lu)AM crystal and the
core part in the (Nd,Sm,Eu,Dy,Er)AM crystal, Figure 6b,c, are
the REAIO; perovskite phase (Table 2). The ratio between
the total amounts of RE and Al (RE:Al) for microinclusions
and the core is close to one, while the same ratio for the
matrix is close to two. These values are close to the ZRE:Al
ratios in REAIO; and RE,ALOQO,, respectively. This is in
agreement with the XRD results, where the secondary
perovskite phase was found for these samples. The inclusions
have a higher concentration of bigger ions such as Nd or La.
We can assume that smaller ions are less likely to form the
perovskite phase according to the Goldschmidt factor (for
example, 0.95 for LuAlO;, Lu being the smallest RE), unlike
the larger La and Nd ions, which have a higher tendency to
form a perovskite phase.’ The Goldschmidt factor for the
largest La ion is 1.01, which is close to the ideal value of 1.00.

Crystal Color. All grown crystals have different colors that
correlate with the composition in most cases. This aspect can
be used for color prediction and can be useful in the case of
optical applications of these materials. Most of the crystals
containing Nd in the composition are purple, while Tb in the
composition leads to crystals of brown color. The formation
of greenish crystals is observed in the case when Pr is one of
the elements and Nd, Tb, and Ce are not included in the
composition. The presence of pairs, Ce with Pr or Nd with
Tb, in the composition results in nearly black crystals. The
absence of Ce, Nd, Pr, or Tb in the composition causes
yellowish crystals. It is important to note that the black or
dark-brown colors are unexpected and do not correspond to
the color of the raw oxides used for growth. Raw oxides
Tb,0; and Ce,0; are yellowish and Pr,O; has a light-green
color. It can be assumed that the deviation in the crystal color
is a result of a possible change in the valence state of some
rare-earth ions such as Ce, Pr, Tb, or Eu. The possibility of
change in oxidation state in the HE rare-earth monoclinic
aluminates was demonstrated before."*

Recommendations for HE Composition Selection.
Our experimental results demonstrate that with an increasing
AIR value, the tendency of secondary perovskite phase
formation increases. We found that this tendency is a result
of increasing the fraction of RE ions with larger ionic radii like
La, Pr, Ce, Sm, or Nd in the HE formulation. To demonstrate
this effect, we calculated the average number of La, Pr, Ce,
Sm, and Nd elements per HE composition for each group in
Table 1; it increases from 0.43 for the Y group, 1.29 for the
Tb group, 1.95 for the Gd group, and 4 for the Nd group,
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similar to the increase of the AIR values in the same series.
These correlate with the contributions of RE elements in HE
formulations in Figure la. A larger AIR value requires that RE
ions with bigger ionic radii are included in the formulation.

We can divide the AIR range into three zones: small AIR
values (0.861—0.912 A) where only the single monoclinic
phase is observed; middle AIR values (0.912—0.958 A) where
the secondary perovskite phase is observed in addition to the
desired monoclinic phase; and big AIR values (0.958—1.032
A), corresponding to ionic radii of the biggest RE, where the
single monoclinic phase is difficult to obtain. The borders
between these groups are approximate and are based on the
number of possible HE combinations in these ranges. The
middle zone represents a range where the highest variety of
RE elements can be used to generate HE combinations. This
variety leads to a different number of any of the smallest (Y,
Lu, Er, Yb, and Ho) and any of the biggest (La, Pr, Ce, Sm,
and Nd) RE elements in the HE formulation. The ratio
between the number of large and the number of small RE can
predict the formation of secondary perovskite phase
inclusions. This is illustrated by a couple of examples from
the Tb group. (Pr,Sm,Gd,Yb,Lu)AM contains two large ions
(Pr and Sm) and two smaller ions (Lu, Yb) and, therefore, has
a higher density of microinclusions (Figure S12).
(Y,Nd,Eu,Tb,Lu)AM contains one large ion (Nd) and two
smaller ions (Y, Lu) and the crystal has a lower density of
microinclusions (Figure S10).

The small zone (0.861—0.912 A) and big zone (0.958—
1.032 A) are represented by the Y group (smaller RE) and the
Nd group (bigger RE), respectively (Figure 1). The total
number of HE combinations in each zone is small, and those
that were investigated had strong correlations of phase
formation with their single-rare-earth Y,Al,Oy and Nd,AL O,
compounds. As a result, we can expect that all HE compounds
in these zones will have the same phase formation tendencies
as their single-rare-earth counterparts. The total number of
HE combinations in the middle zone is too large, and it can
be challenging to predict phase formation due to the large
diversity of RE elements that can be used for composition
formulation.

Considering our results, we can provide a few recom-
mendations on how to stabilize the primary monoclinic phase
and avoid secondary perovskite phase formation when
selecting an HE combination for crystal growth from the
melt. The fraction of RE ions with bigger ionic radii (La, Pr,
Ce, Sm, Nd) in the HE composition should be minimized,
and only the HE combinations with the smallest AIR values
corresponding to the small zone (0.861—0.912 A) should be
chosen. We can not provide the exact threshold AIR values
because those chosen for our investigation, Y, Tb, Gd, and Nd
groups, are discrete, and they do not represent the continuous
distribution of AIR values in the range of RE ionic radii.
Several strategies can be considered to minimize the presence
of La, Pr, Ce, Sm, and Nd in HE formulations. First, the
formulation can be adjusted to use nonequimolar ratios of
elements to minimize the fraction of larger RE ions. By doing
that, the overall number of HE combinations was not
drastically reduced. Second, with an increasing number of
RE elements (beyond the five discussed here) in the HE
formulation, the fraction of RE elements with bigger ionic
radii will be diluted.

B CONCLUSIONS

We applied a combinatorial approach and the AIR concept to
design multirare-earth compounds in the RE,Al, Oy aluminum
monoclinic system. Using equimolar ratios of five RE elements
from this list, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Yb, and Lu, we generated 2002 unique HE combinations. The
highest number of HE combinations was observed for the AIR
values equal to the ionic radii of Tb, Gd, and Eu. The smallest
number of HE combinations was observed for the AIR values
corresponding to the smallest (Y, Er) and biggest (Pr, Nd) RE
elements. The HE combinations with AIR values equal to that
of RE element in single-rare-earth RE,AL,05:Nd,AL,O, (Nd
group), Gd,Al,O0, (Gd group), Tb,ALO, (Tb group), and
Y,ALO, (Y group) were selected for experimental inves-
tigation.

We used the y-PD method to grow a few randomly selected
representative compositions and investigated their phase
formation, microstructure, and elemental segregation. We
found that phase formation in these groups is similar to that
of their single-rare-earth counterparts: Nd,Al,Oo, Gd Al O,
Tb,ALOy, and Y,AL, O, The single monoclinic phase and
uniform microstructure were found for the Y group.
Incongruent solidification from the melt was confirmed for
the Nd group. Dot-, line-, and core-like inclusions
corresponding to a REAIO; secondary phase were found for
HE compounds of the Tb group and Gd group. The dot- and
line-like inclusions are mostly located close to the center in
the crystals of the Gd group, while in the case of the Tb
group, they are located close to the outer edges and center of
the crystal. The concentration of inclusions is the highest in
the Gd group. We assumed that this results from a higher
fraction of larger ions such as La, Pr, Ce, Sm, or Nd in the HE
formulation. The average number of La, Pr, Ce, Sm, and Nd
elements per HE composition was found to be 0.43 for the Y
group, 1.29 for the Tb group, 1.95 for the Gd group, and 4 for
the Nd group, similar to the increase in the AIR values.
Negligible deviations in cell parameters between the seed and
tail sides of the crystals of the Y group, Tb group, and Gd
group may originate from minor axial segregation of the RE
elements.

We also provided some recommendations regarding HE
composition selection to grow crystals with a single
monoclinic phase. They include minimizing the number of
large elements like La, Pr, Ce, Sm, or Nd in a HE formulation
by designing nonequimolar compositions and increasing the
total number of RE elements in a HE formulation above five
that was studied in this work. The AIR value of a HE
formulation should be selected from the small zone (0.861—
0.912 A). The borders are approximate and are based on our
grouping of AIR values in three zones.
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group; XRD patterns of the grown crystals of the Gd
group; stitched SEM images of seed and tail sides of
YAM crystals coupled with EDS scans; stitched SEM
images of seed and tail sides of (Y,Sm,Dy,Yb,Lu)AM
crystals coupled with EDS scans; stitched SEM images
of seed and tail sides of (Y, Eu, Tb, Yb, Lu)AM crystals
coupled with EDS scans; stitched SEM images of seed
and tail sides of (Sm, Dy, Ho, Yb, Lu)AM crystals
coupled with EDS scans; stitched SEM images of seed
and tail sides of TbAM crystals coupled with EDS
scans; stitched SEM images of seed and tail sides of (Y,
Nd, Eu, Tb, Lu)AM crystals coupled with EDS scans;
stitched SEM images of seed and tail sides of (Ce, Tb,
Dy, Ho, Yb)AM crystals coupled with EDS scans;
stitched SEM images of seed and tail sides of (Pr, Sm,
Gd, Yb, Lu)AM crystals coupled with EDS scans;
stitched SEM images of seed and tail sides of (Pr, Tb,
Dy, Ho, Er)AM crystals coupled with EDS scans;
stitched SEM images of seed and tail sides of (Nd, Eu,
Tb, Ho, Lu)AM crystals coupled with EDS scans;
stitched SEM images of seed and tail sides of GAAM
crystals coupled with EDS scans; stitched SEM images
of seed and tail sides of (Y, La, Sm, Gd, Lu)AM crystals
coupled with EDS scans; stitched SEM images of seed
and tail sides of (Y, Ce, Pr, Ho, Er)AM crystals coupled
with EDS scans; stitched SEM images of seed and tail
sides of (La, Sm, Gd, Ho, Lu)AM crystals coupled with
EDS scans; and stitched SEM images of seed and tail
sides of (Nd, Sm, Eu, Dy, Er)AM crystals coupled with
EDS scans (PDF)
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