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ABSTRACT: High-entropy aluminum garnets were grown as bulk
single crystals using the micro-pulling-down method, taking the
synthesis of complex ceramics a step further from the conventional
preparation of polycrystalline materials. We studied the effects of
growth parameters on the elemental distribution in high optical
quality crystals of (Lu1/6Y1/6Ho1/6Dy1/6Tb1/6Gd1/6)3Al5O12 con-
taining six cations (yttrium and rare-earths) taken in equimolar
amounts. A single garnet structure was confirmed by powder X-ray
diffraction. Electron microprobe measurements were obtained to
correlate the radial distribution of rare-earth elements with pulling
rates and molten zone height. The nature of the elemental distribution in the radial direction was associated with ionic radius:
smaller rare-earths concentrated in the center of the crystal, while larger rare-earths segregated toward the outer edge of the
cylindrical crystal. Faster pulling rates led to a flattening of the concentration profiles toward the nominal concentration, promoting a
more homogeneous radial elemental distribution, while varying the molten zone height did not have a significant effect. The
demonstrated success with crystal growth enables the practical availability of single crystals of multicomponent aluminum garnets for
further discovery of new phenomena and applications.

1. INTRODUCTION

Commercial rare-earth aluminum garnet (REAG) crystals
usually have one or two types of rare-earths (REs); however,
recent studies on high-entropy ceramics suggest that mixing
five or more elements in equimolar amounts may enhance
functional properties.1 REAG crystals are widely used and
investigated for luminescent applications. Typical composi-
tions include Y3Al5O12:Nd and Lu3Al5O12:Pr used as a lasing
medium and a scintillator, respectively.2,3 The general formula
of an REAG is RE3Al5O12, where RE is a rare-earth element. In
the cubic garnet structure, the RE occupies a dodecahedral
crystallographic site, while Al occupies tetrahedral and
octahedral sites. Because of the geometry of the dodecahedral
site, only REs smaller than Gd3+ can form an aluminum garnet
without disrupting the Al−O framework.4 Small amounts of
larger cations such as Nd3+ and Pr3+ can be added into REAG
as dopants without major lattice distortions. The functional
performance of REAG crystals is commonly explored by
admixing two or three elements in the RE or Al sites.5−10

Although the interesting compositional design of high-entropy
oxides has been applied to many compounds,1 high-entropy
REAG single crystals with multiple principal REs have not yet
been reported. High-entropy oxides are single-phase materials
that contain five or more principal cations and have a
configurational entropy ΔSconf higher than 1.5R (where R is the
universal gas constant). ΔSconf is maximized by having

equimolar amounts of cations, which then minimizes the
Gibbs free anergy of mixing, favoring the thermodynamic
stabilization of a single phase with multiple cations.11

Following the general trend of high-entropy metallic
alloys,11 the possibility of obtaining exceptional functional
properties has inspired the investigation of high-entropy
oxides.1,12 A few RE-based high-entropy polycrystalline
ceramics have been reported including sesquioxide,13,14

silicate,15,16 zirconate,17 phosphate,18 aluminum perovskite,19

and aluminum garnet20 structures. In previous reports, the
availability of high-entropy oxides was restricted to the
synthesis methods for ceramics or thin films.21 To consider
highly complex REAG compositions as prospective host
materials for applications such as lasing and scintillation,
high optical quality single crystals need to be synthesized to
enable the characterization of luminescence properties such as
optical transmittance and light yield. To the best of our
knowledge, bulk single-crystal high-entropy oxide materials
have not yet been synthesized.
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In this work, the crystal growth of high optical quality high-
entropy aluminum garnet (Lu1/6Y1/6Ho1/6Dy1/6Tb1/6Gd1/6)3-
Al5O12 was demonstrated, and distribution of the six REs was
investigated. For simplicity we refer to yttrium as one of the
REs in this multicomponent garnet. These six REs were
selected for this study due to their wide range of RE3+ ionic
radii, 0.097−1.06 Å.22 Most studies into the elemental
homogeneity of micro-pulling-down crystals focus on the
distribution of small dopant concentrations23−26 or solid
solutions with a smaller number of constituents.27 Here we
used electron microprobe analysis to investigate the distribu-
tion of the six principal REs in a highly complex aluminum
garnet crystal.
Single-crystal growth of the one-component garnets formed

by each of these six RE and their structural stability have been
reported. While Lu3Al5O12, Y3Al5O12, Ho3Al5O12, and
Dy3Al5O12 single crystals can be produced from the melt
with relative ease,3,28−30 the crystal growth of Gd3Al5O12 or
Tb3Al5O12 is a challenge, since both compounds melt
incongruently.4,31−34 Despite this challenge, we grew
(Lu1/6Y1/6Ho1/6Dy1/6Tb1/6Gd1/6)3Al5O12 crystals from a stoi-
chiometric melt. This success expands the compositional space
of REAG toward areas with higher configurational entropy and
enables the practical availability of single crystals for the
investigation of fundamental and functional properties.
Although the crystals studied in this work satisfy the definition
of a high entropy oxide,1 here we refrain from referring to them
as entropy-stabilized materials, since the precise mechanism of
phase stabilization is still unknown.

2. EXPERIMENTAL SECTION
2.1. Starting Materials. In preparation for the crystal-growth

experiments, the following powder materials were dried at 800 °C for
5 h in air: Lu2O3 (Yarmouth Materials, 99.999%), Y2O3 (Yarmouth
Materials, 99.999%), Ho2O3 (Alfa Aesar, 99.99%), Dy2O3 (Alfa Aesar,
99.99%), Tb4O7 (Alfa Aesar, 99.9%), Gd2O3 (American Elements,
99.999%), and Al2O3 (Yarmouth Materials, 99.99%). One-gram
stoichiometric mixtures of the dried powders were mixed by manual
agitation in 4 mL glass vials.
2.2. Crystal Growth. Five cylindrical single crystals were grown

using a KDN Dai-Ichi Kiden micro-pulling-down furnace equipped
with an RF generator model TR-02001 operated at 26 kVA. A
schematic representation of the furnace setup is shown in Figure 1,
which is similar to previously reported work.35 A ⌀16 mm iridium
crucible with a ⌀3 mm die and a ⌀0.5 mm capillary channel was used
as a melt reservoir. Growth was initiated by touching the outlet of the
capillary channel with a Czochralski-grown Lu3Al5O12 crystal seed.
Crystal growth proceeds by continuous lowering of the seed, which
leads to a controlled solidification of the melt. An appropriate

temperature gradient is maintained by use of an Ir after-heater
immediately below the crucible. An appropriate temperature gradient
is judged by the visual observation of the stable shape and height of
the molten zone. The melt is supplied to the molten zone through the
crucible capillary.

A charge-coupled device (CCD) camera was focused on the
bottom of the crucible die to allow real-time visualization of seeding
and monitoring of the molten zone. The shape and height of the
molten zone affect the shape of the crystal, its structural quality, the
mass exchange in the molten zone, and, consequently, the spatial
distribution of the elements in the grown crystal.35 Oxidation of the
crucible and the deposition of possible volatiles on the lower portion
of the outer quartz tube were prevented by use of a growth
atmosphere composed of flowing nitrogen. The RF generator power
was ramped over a period of 2 h to achieve the melting point, which
was visually determined by probing the capillary with the seed and
observing the presence of molten material.

Five crystals were grown with differing molten zone heights and
pulling rates, chosen to study the effect of these parameters on the
elemental distribution both radially and axially throughout the crystal.
Crystal growth was initiated ∼10 min after melting with an initial
pulling rate of 0.05 mm/min. One crystal was grown with a molten
zone height of ∼100 μm and pulling rate of 0.05 mm/min throughout
the entire growth process. Four crystals were grown with a molten
zone height of ∼300 μm; after these crystals reached the full 3 mm
diameter, the pulling rate was either kept at 0.05 mm/min or
gradually increased. For the crystal pulled at 0.10 mm/min, the target
pulling rate was achieved at 1.8 mm from the seed end; similarly, the
crystals pulled at 0.15 and 0.20 mm/min reached the target pulling
rate at 2.4 and 3.2 mm from the seed end, respectively. The
fluctuation of the molten zone height was visually estimated to be in
the range of 25−50 μm. The melt temperature is directly proportional
to the visible molten zone height, which was controlled by manually
adjusting the RF generator power. A stable molten zone is essential
for growth stability and crystal diameter control. After the growth was
finished, the RF generator power ramp-down was conducted over a
period of 4 h. A small amount of material remained at the bottom of
the crucible after all growth experiments. A list of crystals studied and
their respective pulling rates and molten zone heights is in Table 1.

2.3. Density Measurements. The crystal density was measured
by the Archimedes principle method using a Sartorius YDK 01
Density Determination Kit with a Sartorius CP324 S balance.
Deionized water at room temperature was used as the immersion
liquid.

2.4. Powder X-ray Diffraction. To identify the crystalline phase,
each crystal was cut in half longitudinally, and one of the halves was
ground in a mortar for room-temperature powder X-ray diffraction
(XRD). Patterns were obtained with a Panalytical Empyrean
diffractometer in the Bragg−Brentano geometry using a Cu Kα X-
ray source at 45 kV and 40 mA. Phase analysis and lattice parameters
were evaluated via Rietveld refinements with the General Structure
Analysis System II software (GSASII). A goodness-of-fit value smaller
than 1.60 was achieved for all refinements.

2.5. Single-Crystal X-ray Diffraction. Two crystal fragments
(∼0.001 mm3) were cut from the center and outer surface of the
crystal 005−100. The fragments were suspended in the mineral oil of

Figure 1. Schematic representation of the micro-pulling-down crystal
growth setup (left). The circled region is shown on the right with
detail; the after-heater is omitted for simplicity.

Table 1. A List of Crystals Grown with Respective Pulling
Rates and Molten Zone Depthsa

crystal pulling rate (mm/min) molten zone height (μm)

005−100 0.05 ∼100
005−300 0.05 ∼300
010−300 0.10 ∼300
015−300 0.15 ∼300
020−300 0.20 ∼300

aThe naming convention used is “pulling rate−molten zone height”.
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a plastic loop attached to a copper pin/goniometer. Single-crystal
diffraction data were collected at 260 K using a Rigaku XtaLAB PRO
diffractometer with graphite monochromated Mo Kα radiation (λ =
0.710 73 Å, 50 kV, and 40 mA) equipped with a Rigaku HyPix-
6000HE detector and an Oxford N-HeliX cryocooler. Peak indexing
and integration were done using the Rigaku Oxford Diffraction
CrysAlisPro software.36 An empirical absorption correction was
applied using the SCALE3 ABSPACK algorithm as implemented
CrysAlisPro. The SHELXL-2013 and WinGX software packages were
used for data processing and structure refinement.37,38 The structure
refinements were made with oxygen atom positional coordinates,
anisotropic atomic displacement parameters, an extinction parameter,
and the scale factor.
2.6. Electron Microprobe Analysis. A longitudinal half of each

crystal was embedded in epoxy for the elemental composition analysis
of crystal cross sections by electron probe microanalysis (EPMA) with
a CAMECA SX100 Electron Microprobe. The instrument is equipped
with high-speed backscattered electron (BSE) detectors and four
wavelength-dispersive spectrometers (WDS). Images were obtained
by detecting the backscattered electrons, and compositional
information was acquired by detecting characteristic X-rays by
WDS. The instrumental voltage and current were 15 kV and 30 nA,
respectively. The probe point size was 1 μm, and the excitation area
diameter was in the 2−3 μm range. Radial distribution profiles were
obtained by collecting data at 100 μm steps; multiple profiles were
spaced 2.5 mm apart.

3. RESULTS AND DISCUSSION
3.1. Grown Crystals. All five 3 mm diameter crystals

grown are yellow and crack-free, except the crystal pulled at
0.20 mm/min, which has a small crack close to the seed end as
indicated in Figure 2 by a white dashed oval. The formation of

this crack was visually observed in real time and started
propagating when the crystal was still being pulled at 0.05
mm/min; therefore, the crack formation is not correlated with
the faster pulling rate. The different pulling rates and molten
zone heights used did not affect the visually observable quality
of the crystals. Images of the molten zone of crystals 005−100
and 005−300 are shown in the Supporting Information in
Figure S1 for comparison of the monitored molten zone

height. The crystal density measured by the Archimedes
method is 5.95 g/cm3.

3.2. Crystal Structure. 3.2.1. Powder XRD. The
(Lu1/6Y1/6Ho1/6Dy1/6Tb1/6Gd1/6)3Al5O12 crystals have a single
garnet phase, as confirmed by the powder XRD patterns in
Figure 3; reference YAG reflection peaks39 are also plotted for

height. Assuming a homogeneous mixture of the six REs
throughout the whole crystal, one would expect the lattice
parameter of the multicomponent composition to be close to
the average taken from the lattice parameters of the
corresponding one-component REAG, namely, LuAG,40

YAG,40 HoAG,29 DyAG,41 TbAG,42 and GdAG.40 Figure 4
includes the literature values of the lattice parameters of single-
REAG as a function of rare-earth ionic radius for the 3+
oxidation state and coordination number VIII22 (black circles).
The lattice parameter of (Lu1/6Y1/6Ho1/6Dy1/6Tb1/6Gd1/6)3-
Al5O12 obtained from Rietveld refinement, 12.033(7) Å, is also
plotted as a function of the calculated average ionic radius of
the six REs, which is 1.023 Å (blue square). This lattice
parameter is nearly identical to the calculated average value of
the lattice parameters of the single-REAG, which is 12.025 Å.
This indicates that the lattice parameter of a multicomponent
garnet can be predicted based on the composition and ionic
radius.

3.2.2. Single-Crystal XRD. The singe-crystal X-ray diffrac-
tion refinement parameters are given in the Supporting
Information in Table S1. The number of elements on the
RE site in (Lu1/6Y1/6Ho1/6Dy1/6Tb1/6Gd1/6)3Al5O12 makes site
occupation refinements underdetermined, so the RE site
occupation was held fixed at the nominal composition. The
fractional atomic coordinates and equivalent isotropic displace-
ment parameters are in Table S2. The oxygen coordinate is the
same for both the center and edge samples of the boule,
whereas the cell size is significantly different. The larger cell
size for the edge sample implies that the RE elements with a
smaller ionic radius are reduced somewhat relative to the larger
REs, and the RE−O bond lengths are slightly longer, as would
be expected, as seen in Table S1. The X-ray patterns showed

Figure 2. Single crystals of (Lu1/6Y1/6Ho1/6Dy1/6Tb1/6Gd1/6)3Al5O12
were grown with varying growth parameters, see Table 1. All crystals
are cylinders with 3 mm in diameter. A white dashed oval indicates
the area with a crack in the crystal pulled at 0.20 mm/min.

Figure 3. XRD patterns of (Lu1/6Y1/6Ho1/6Dy1/6Tb1/6Gd1/6)3Al5O12
powdered single crystals indicate a single garnet phase. YAG reflection
peaks are plotted for comparison.39
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no obvious diffuse scattering, which suggests no short-range
clustering of the REs.

3.3. Radial Distribution. 3.3.1. Relationship between
Ionic Radii and the General Shape of Concentration
Profiles. EPMA results reveal a nonuniform radial elemental
distribution, with some elements at a higher concentration in
the center of the crystal, while other elements are at a higher
concentration near the outer surface of the cylindrical crystal.
As shown in Figure 4, the average ionic radius of the six REs in
(Lu1/6Y1/6Ho1/6Dy1/6Tb1/6Gd1/6)3Al5O12 can be used to divide
them into two groups: Group 1, which is comprised of the REs
that are smaller than 1.023 Å, namely, Lu, Y, and Ho, and
Group 2, which is comprised of the REs that are larger than
that value, namely, Dy, Tb, and Gd. Figure S2 shows radial
elemental profiles for the six REs measured at various distances
from the seed end of the crystal 005−300. There is a clear
correlation between the elemental distribution profiles and the
RE ionic radius. On the one hand, the smaller elements of
Group 1 concentrate in the center of the crystal and are
preferentially incorporated into the crystal lattice as shown by
their upwardly curved concentration profiles in Figure S2. On
the other hand, the larger elements of Group 2 have
downwardly curved profiles and therefore were rejected
toward the outer surface of the crystal. Similar trends were
observed for all crystals, which support the observation of a
larger unit cell at the outer edge of the crystal in single-crystal
XRD, as seen in Table S1. These results indicate that elements
in Group 1 have segregation coefficients k > 1 and are readily
incorporated into the crystal lattice, while elements of Group 2
have a k < 1 and are rejected from the growth interface.
Considering the average RE ionic radius as the size of the
hosting site for the RE elements, our observations are

Figure 4. Literature values of the lattice parameters of single-REAG
(referenced in the figure) as a function of rare-earth ionic radius for
the 3+ oxidation state and coordination number VIII22 (●). The
e x p e r i m e n t a l l y o b t a i n e d l a t t i c e p a r a m e t e r o f
(Lu1/6Y1/6Ho1/6Dy1/6Tb1/6Gd1/6)3Al5O12 (12.033 Å) is nearly identi-
cal to the calculated average value of the lattice parameters of the
single-REAG (12.025 Å). The ionic radius of the RE ions in
(Lu1/6Y1/6Ho1/6Dy1/6Tb1/6Gd1/6)3Al5O12 is plotted as the average of
the six REs (■).

Figure 5. EPMA radial concentration profiles were measured at different ends of the crystals 005−300 (a), 010−300 (b), 015−300 (c), and 020−
300 (d) that were grown with the same height of the molten zone but at different pulling rates. The legend by item (a) applies to all graphs. RE
elemental profiles are closer to the nominal 2.5 atom % in crystals pulled at a faster rate. On the horizontal axis, zero represents the center of the
crystal, while −1.5 or +1.5 mm represent the last measurement toward the outer surface of the crystal.
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consistent with the fact that ions smaller than the substituted
element have a k > 1, while larger constituents have a k < 1.43

Our observations of the radial distribution of the REs in
(Lu1/6Y1/6Ho1/6Dy1/6Tb1/6Gd1/6)3Al5O12 are consistent with
previous reports on radial dopant distribution in micro-pulling-
down crystals. Dopants that are smaller than the substituted
host element usually concentrate in the center of the crystal,
while larger dopants segregate toward the outer surface. This
has been observed in fiber crystals of Cr- or Ga-doped Al2O3,
Cr- or Tb-doped Gd3Ga5O12, and Yb-doped Y3Al5O12.

23

Dopant distribution profiles follow the same trend in the
bulk crystals of Cr-, Nd-, Yb-, or Ce-doped Y3Al5O12,

24 Nd-,
Ho-, Er-, or Tm-doped Lu3Al5O12,

25 and Pr-doped YAlO3
44

and Y2SiO5.
45 Similarly, in (Lu1/6Y1/6Ho1/6Dy1/6Tb1/6Gd1/6)3-

Al5O12 RE that are smaller than the average ionic radius
concentrate in the center of the crystal, while larger RE
segregate toward the outer surface.
3.3.2. Effect of the Pulling Rate on Elemental Distribution.

To investigate whether the pulling rate affects the radial
elemental distribution, profiles were compared for crystals
grown at different pulling rates in Figure 5. Two EPMA radial
profiles are shown for each crystal. These were spaced widely
apart along the growth axis, one close to the seed end and one
close to the tail end. In the RE3Al5O12 stoichiometry, the
nominal atomic concentration of each RE element is 2.5 atom
%. Faster pulling rates resulted in greater uniformity,
promoting a flattening of the radial distribution profiles toward
the nominal concentration. The radial profiles of the crystal
pulled at 0.20 mm/min (020−300) are closer to 2.5 atom %
than the profiles of the crystal pulled at 0.05 mm/min (005−
300). With increasing pulling rates, there is a more intense
melt flow from the crucible and a faster solidification rate,

which limits the radial element diffusion and segregation. This
explains the flattening of the distribution profiles in 020−300.
In general, REs with an ionic radius closer to the average RE

radius in (Lu1/6Y1/6Ho1/6Dy1/6Tb1/6Gd1/6)3Al5O12 have pro-
files closer to 2.5 atom %, as shown in Figure 5. However,
overall concentrations of Lu and Gd deviate significantly from
the nominal value in all crystals; Lu is in excess, while Gd is
deficient. A small amount of material did remain in the crucible
capillary after growths were completed; if this remaining
material is deficient in Lu and rich in Gd, it would explain the
concentration deviation. It was not possible to verify the
chemical composition of the remaining material, because it
could not be removed from the crucible for analysis. A more
likely explanation is that Lu concentrations might have been
slightly overestimated due to extra counts from other RE in the
EPMA measurements, specifically Dy, since their spectral lines
overlap. Gadolinium, however, is the largest RE and would,
therefore, have segregated farther toward the outer surface of
the crystal outside the boundaries of the EPMA measurement.
The deviation of the Lu and Gd concentrations is improved
with the more intense melt flow and faster solidification rates
that accompany faster pulling rates, consistent with limited
diffusion and segregation.
Most of the individual elemental profiles in the eight plots in

Figure 5 are radially symmetric with respect to the crystal
vertical axis. One exception is the crystal 020−300, in which
the profiles at 2.5 mm from the seed end are asymmetric.
Similar asymmetry in dopant distribution profiles have been
reported by others.24,26 Although not shown in this manu-
script, once a distance of 12.5 mm from the seed was achieved,
the profiles of all REs in 020−300 became symmetric.
Therefore, the initial asymmetry in RE radial distribution

Figure 6. Comparison of EPMA radial concentration profiles for the crystals 005−300 (black ■) and 005−100 (red ●), both grown at 0.05 mm/
min with a molten zone of 300 or 100 μm, respectively. Measurements were obtained at 2.5 mm from the seed end for both crystals. The RE
stoichiometric concentration is 2.5 atom %.
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may be attributed to a delay in reaching stable conditions due
to stepwise increases in pulling rate required to achieve the
target rate.
3.4. Axial Distribution. The axial elemental distribution

was quite uniform as to be expected in many materials grown
by the micro-pulling-down method.35 We compare the two
concentration profiles shown for each one of the four crystals:
left versus right plots for each part of Figure 5a−d. One of the
two profiles was measured at either 2.5 or 5.0 mm distant from
the seed end, representing the portion of each crystal that
crystallized first; the other profile was measured at either 22.5
or 25.0 mm distant from the seed end, representing the portion
of the crystal that crystallized near the end of growth.
Comparing the two plots in Figure 5a, clearly the overall
content of the six REs did not vary significantly along the
length of the crystals. The same general trend is observed for
the other crystals in Figure 5b−d.
The EPMA radial profiles of the crystals 005−300 and 005−

100, grown at the same pulling rate of 0.05 mm/min but with a
different molten zone of 300 or 100 μm, respectively, are
shown in Figure 6. There is no significant variation in the
shape of the profile curves for all six cations. Closer to the
outer edge of the crystals, the concentrations are closer to
nominal in the crystal that was grown with a thicker molten
zone, 005−300. This can be attributed to an enhanced mixing
due to a more pronounced Marangoni flow close to the free
surface of the melt, which is expected for thicker molten
zones.35,46

4. CONCLUSION

For the first time we demonstrated successful crystal growth of
the complex high-entropy aluminum garnet (Lu1/6Y1/6Ho1/6-
Dy1/6Tb1/6Gd1/6)3Al5O12 using the micro-pulling-down meth-
od. These crystals are readily grown with excellent
reproducibility in terms of molten zone height, diameter
control, surface transparency, and optical quality. All crystals
grown had a single-phase garnet structure with a space group
Ia3̅d and a relatively homogeneous axial composition. We
established that radial distribution of elements in the crystals is
associated with their ionic radii. Smaller REs concentrate in the
center of the crystal, while larger elements segregate toward the
outer surface. Faster pulling rates were found to have a
favorable effect on flattening the radial nonuniformity.
Further investigation into high-entropy aluminum garnets

may reveal attractive functional properties in this and similar
systems, as previously demonstrated in other high-entropy
oxides. This may be of particular value for applications that
require crystals with high optical quality, such as lasing and
scintillation. The crystalline environment strongly affects
structural and functional properties; therefore, a homogeneous
elemental distribution is required to design a material with a
desired performance. Understanding of the mechanism for
incorporation of principal elements in a multicomponent
crystal lattice leads to selection of the most suitable crystal
growth technique for larger-size crystals for commercial
applications.
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