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Synthesis, characterization, and single-crystal growth of a high-entropy rare-earth pyrochlore oxide
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The synthesis and single-crystal growth of a rare-earth high-entropy oxide (Yby>Tby »Gd Dy, ,Ero ), Ti,O7
in the cubic pyrochlore phase Fd3m are achieved by solid-state reaction and optical floating-zone growth
techniques. X-ray diffraction and a structure refinement analysis confirm a single-phase pyrochlore structure
and lattice parameter of a = 10.1152(3) A. Additional characterization techniques, including scanning trans-
mission electron microscopy and nanoscale electron-energy loss spectroscopy mapping, support a single-phase
pyrochlore structure with a homogeneous mixture down to ~2.3 nm. Magnetization measurements on a single
crystal reveal antiferromagnetic correlations with a spin-glass ground state. These results show that it is possible
to grow large single crystals of a high entropy pyrochlore oxide, expanding the avenues for future high-entropy

oxide research.
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I. INTRODUCTION

High-entropy oxides (HEOs), also referred to as configura-
tionally complex oxides (CCOs), have attracted attention due
to their tunability of multiple cations on a single site [1-16].
Following the concept of high-entropy alloys (HEAs), HEOs
refer to oxides with multiple ions (five or more) on a single
site [17,18]. Since the introduction in 2015 of HEOs stabilized
in the rocksalt phase [1], the high-entropy concept has been
expanded to various structures, including the rocksalt [1-3],
fluorite [4,5], perovskite [6-9], spinel [10,11], and a rare-earth
disilicate with monoclinic symmetry [12]. Novel functionali-
ties have been discovered for these configurationally complex
materials, including low thermal conductivity, high corrosion
and oxidation resistance, increased electrical storage capaci-
ties, and lithium superionic conductivity at room temperature,
to name a few [2,12—16]. Recent studies have given a compre-
hensive examination of HEOs and their magnetic properties,
discussing new findings such as a long-range antiferromag-
netic ground state in an HEO rocksalt, antiferromagnetic
overall behavior in B-site HEO perovskites, and magnetic
ordering variation in HEO spinels [3,8,11]. Until now, HEOs
with the pyrochlore structure have not been widely examined
and have been primarily published for high-entropy rare-earth
zirconate polycrystals and powders [15,16].

Rare-earth pyrochlore oxides (A;B,07) have been stud-
ied extensively since the 1960s and are known to display a
vast array of interesting properties [19-39]. Some of these
topics include exotic magnetism at low temperatures, strong
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irradiation amorphization resistance, tunable mechanical and
thermal properties based on A and B cation radii, low thermal
conductivity, high-pressure effects, and the role of defects
[19-28]. Due to their geometric frustration, many of the
single-component rare-earth titanates exhibit spin liquid, spin
ice, or other unconventional long-range ordered ground states
at low temperatures [29-31].

Adding multiple rare-earth cations to the geometrically
frustrated sublattice site of the pyrochlore structure could
potentially lead to new magnetic behavior given the com-
plexity of the interactions. This report discusses the suc-
cessful synthesis of (YbgTbg2Gdo 2Dy, ,Ero2),TinO7 or
(5REy»),Ti,07; HEO pyrochlore, its single-crystal growth
using the optical floating-zone technique, and characteri-
zation of its structure and magnetic properties, identifying
nanoscale-level mixed occupation of the rare-earth cations in
the pyrochlore phase and significant evidence of an exotic
magnetic ground state. Configurational entropy was chosen
for the A site of the RE,Ti,O; system, because each rare-earth
cation forms a pyrochlore in its single-component (binary)
form, obeying the A-site to B-site cation ratio rule (1.36—
1.78 A, roughly) needed to form the (227) structure [29,32].
All five rare-earth cations are magnetic, and configurational
entropy on this sublattice is expected to be a good starting
point for discovering novel materials with possible spin-glass
or spin liquid ground states.

II. EXPERIMENTAL PROCEDURE

Solid-state reaction was used to form a single-phase poly-
crystalline (5RE(),Ti;O7. Starting reactants were Yb,O3
(99.9%), Tb,03 (99.9%), Gd,03 (99.9%), Dy,03 (99.9%),
Er,O3 (99.9%), and TiO; (99.9%). The rare-earth oxide
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starting components were dried overnight at 1073 K in
air. The dried powders were weighed at room temperature,
combined, and mixed using a vibratory ball mill (SPEX
8000M Mixer/Mill) in a polypropylene grinding vial with
two 12.7-mm methacrylate mixing balls for over an hour.
The powder was pressed into a pellet, which was heated in
a high-temperature box furnace at 1673 K for 20 h in air.
The powders were removed, the x-ray diffraction pattern was
checked, and the pellet reheated for another 20-h heat treat-
ment. This process was repeated (approximately 3—4 times)
until a single-phase x-ray diffraction pattern was observed.

Single crystals were grown using the floating-zone crys-
tal growth technique with a two-mirror optical floating-zone
furnace (Canon Machinery model SC1-MDH) and 1500-W
halogen lamps. The single-phase powder was put into a bal-
loon sleeve and pressed into a long rod pellet using a water
cell press. The rod was heated at 1673 K for 20 h and prepared
for single-crystal growth by cutting it into two unequal-length
pieces (feed and seed rods). A hole was made at one end of
the feed rod for a platinum wire to be fed through for hanging
inside the quartz chamber. The seed rod was fastened to the
bottom of the chamber accordingly. Growing conditions for
the (SRE(;),Ti;O; crystal growth consisted of an oxygen
atmosphere at a pressure of 0.3 MPa and a growth rate of
15-20 mm per hour. The rods were counter-rotated at 20-25
rpm. Crystal quality was determined by Laue diffraction using
a Huber x-ray diffractometer and HD-CR 35 NDT for digital
imaging of the crystal structure.

The room-temperature crystal structure was determined
by x-ray diffraction using a PANalytical Empyrean mul-
tipurpose diffractometer (Cu Kol radiation). A structure
refinement analysis was performed using the General Struc-
ture Analysis System II (GSAS-I) software [40] to determine
the crystallographic parameters of the HEO pyrochlore. Mi-
croscopy of the sample surface was performed using a Zeiss
EVO scanning electron microscope with Bruker xFlash 6130
energy-dispersive x-ray spectrometer (EDXS).

Scanning transmission electron microscopy (STEM) mea-
surements were conducted for further confirmation of a
single-phase structure and homogeneous distribution of
the rare-earth cations. Single-crystalline and polycrystalline
(5REy ), Ti,O7 were crushed in ethanol. Drops of the result-
ing suspensions were deposited on lacey carbon TEM grids
and dried in air for STEM observations. High-angle annular
dark-field (HAADF) imaging and electron-energy loss spec-
troscopy (EELS) were performed on a Nion UltraSTEM100
equipped with a cold field-emission gun and a corrector of
third- and fifth-order aberrations, operated at an accelerating
voltage of 100 kV. HAADF-STEM images were collected
with a probe convergence angle of 30 mrad and an inner
collection angle of 86 mrad. EEL spectra were collected using
a Gatan Enfinium spectrometer (Gatan Inc.) with a dispersion
of 0.5 eV per channel and collection semiangle of 48 mrad.

A superconducting interference device magnetometer
(Quantum Design MPMS) was employed for the DC suscepti-
bility measurements for the polycrystalline and single-crystal
samples with an applied magnetic field of 1000 Oe and
data taken from 3 to 300 K. For the single crystal, the
DC susceptibility was measured with the field parallel to
the [100] direction. Magnetization versus field (M vs H)
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FIG. 1. Room-temperature powder x-ray diffraction pattern of
polycrystalline (SREj,),;Ti,O;. The refinement pattern (red line)
overlays the observed pattern (black circles) which matches the
Fd3m cubic structure (green vertical dashed lines are the Bragg
reflections characteristic of the pyrochlore phase). The difference
pattern is represented in blue below the diffraction pattern.

measurements were recorded using magnetic fields up to
7 T. Low-temperature (0.3—1.7 K) AC susceptibility measure-
ments were performed at the National High Magnetic Field
Laboratory with frequencies ranging from 47 to 995 Hz and
magnetic fieldsupto 1 T.

III. RESULTS AND DISCUSSION

A. Structure and x-ray diffraction for polycrystalline
(SRE).2),Ti, 07

X-ray diffraction data and structure refinement recorded
for polycrystalline (SRE(;),Ti,O; (Fig. 1) show that the
multicomponent oxide has a cubic structure and belongs
to the Fd3m space group. The diffraction pattern matches
closely with the patterns of the standard cubic pyrochlore
rare-earth titanates. Results of the structure refinement, in-
cluding refined crystallographic parameters and powder x-ray
diffraction data, are listed in the Supplemental [41].

The lattice parameter was found to be 10.1152(3) A for
(5REy 1), Ti,O7, which is comparable to the single rare-earth
component titanate pyrochlores from literature [34-38] listed
in Table I. The lattice parameter for (SRE,),Ti,O7 falls in
between the lattice parameters of Yb,Ti,O; and Dy,Ti,O7,
consistent with an even proportion of each rare-earth ion on
the rare-earth site of (SRE(;),Ti»O7. This result is expected,
given that the average ionic radius is ~1.0218 A for the five
rare-earth cations, which falls between Dy3+ (1.027 A) and
Yb3+ (0.985 A). The final refinement results, which include
setting values to the instrument parameters (U, V, W) and re-
fining the instrument parameter “X” to improve the reflection
intensities, are very reasonable with values of wRp = 6.34%),
Rexp = 4.38%, and the goodness of fit X2 = 1.45.
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TABLE 1. List of comparable lattice parameters of the single-component rare-earth pyrochlore titanate oxides and HEO rare-earth

pyrochlore titanate.

Rare-earth titanate pyrochlore compounds Lattice parameter (A) Reference
Yb,Ti, 0, 10.09 [34]
Tb,Ti,O; 10.158 [35]
Dy, Ti,O; 10.131 [36]
Er,Ti, O 10.086 [37]
Gd,Ti, O, 10.184 [38]

(Ybg2Tby,Gdy Dy ,Er¢2),Ti, Oy

10.1152(3)

B. Floating-zone crystal growth

Single-crystalline (5RE(;),Ti,O; was grown using the
floating-zone growth technique with growing conditions as
described in the Experimental Procedure. Figure 2(a) shows
the resulting ingot of the single-crystal growth approximately
7 cm in length. The ingot has a brownish red color and is
translucent. X-ray diffraction verified that the multicrystal
was of the cubic pyrochlore phase, confirming that it did not
change phase during growth (Fig. S3 in the SM [41]). Laue
diffraction was used to determine crystal quality [Figs. 2(b)—
2(d)] and indicates that the ingot contained multiple crystals
of good quality ranging in size from 4 mm to 2 cm.

A former study of growing the single-component rare-earth
titanate oxides using the same crystal growth technique re-
ported success with slower growth rates ranging from 2.5 to
4 mm per hour [39]; however, these rates were not success-
ful for the HEO rare-earth pyrochlore. Multiple attempts to

@

produce a completely single-domain crystal by using slower
growth speeds ranging from 2 to 10 mm per hour resulted in
unstable growth environments with bubble pocket formation
or detachment of the molten zone. Adjusting the pressure from
0.3 to 0.2 MPa and pulling the crystal through the heated zone
twice also had no improvement on the quality of the crys-
tal. Having multiple rare-earth oxides with varying melting
temperatures could be responsible for the crystal growth insta-
bility at slower speeds. Growing the crystal at a rate between
15 and 20 mm per hour was chosen as the growth speed range
and produced a more stable growth overall. Improvements on
the growth technique to obtain a larger high-quality single
crystal will need further experimentation.

C. Microscopy and microstructure

Scanning electron microscopy (SEM) and energy-
dispersive x-ray (EDX) analyses were conducted on both the
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FIG. 2. (a) Resulting multicrystal of (SRE( ), Ti,O; of 7 cm length. (b)—(d) Laue diffraction patterns of (SRE, ), Ti,O; taken from various
sections of the ingot showing good quality with (b) aligned in the [111], (c) in the [110], and (d) in the [100].
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FIG. 3. Typical HAADF-STEM images along the [011] zone axis for (a) single-crystalline and (b) polycrystalline (5REy;),Ti,O7,
respectively. The inset in (a) is the crystal structure in this projection, where only cations are shown (the red and the blue are Ti and rare-earth
atoms, respectively). The intensity variations arise from three types of atomic columns along this direction. The columns with brightest,
intermediate, and weakest contrasts involve 100% rare-earth atoms, 50% rare-earth atoms plus 50% Ti atoms, and 100% Ti atoms, respectively.

polycrystalline and single-crystal samples. A comparison of
the compositions and elemental percentages in specific areas
of each sample is found in the Supplemental Material [41],
along with chemical composition mapping of (SREy>),Ti,O7
polycrystal at 10 um (Fig. S4 in SM [41]), showing
compositional uniformity of the five rare-earth cations at
this scale.

Given the configurational complexity of this oxide, it is
necessary to employ multiple microscopy methods to provide
a better understanding of this material’s structure and ion
distribution at different scales. STEM-EELS was used to ex-
amine the homogeneity at smaller scales and further confirms
a single-phase structure in both the single-crystal and poly-
crystalline materials. In what follows we discuss the nanoscale
analysis for the single crystal. For further discussion of the
polycrystal and atomic-scale homogeneity, please refer to the
Supplemental Material [41].

As shown in the inset in Fig. 3(a), three types of cationic
columns can be observed along the [011] direction, which
consist of 100% heavier rare-earth atoms, 50% rare-earth
atoms plus 50% Ti atoms, and 100% lighter Ti atoms, re-
spectively. Since the HAADF image intensity is roughly
proportional to Z? (Z is the atomic number), these three
types of columns show brightest, intermediate, and weakest
contrasts, respectively. No obvious local structural imper-
fections were observed in the single-crystalline [Fig. 3(a)]
and polycrystalline [Fig. 3(b)] samples, indicating the mixed
occupation of the five rare-earth elements maintains the py-
rochlore structure, consistent with the x-ray diffraction (XRD)
result.

In contrast, as depicted in Fig. 4(a), along the [001] di-
rection each cationic column involves 50% rare-earth atoms
plus 50% Ti atoms, suggesting an optimal zone axis for the
uniformity analysis on the five rare-earth elements Yb, Tb,
Gd, Dy, and Er in this pyrochlore structure. A region with
in-plane dimensions of 27 x 27 nm for the single-crystalline
sample [Fig. 4(a)] was selected to analyze the distribution of
the five rare-earth elements at different scales. Using the log-
ratio method as described in [42,43] from the corresponding
low-loss EEL spectrum (Fig. S5a in the SM), the thickness
for this region is calculated to be around 26 nm, i.e., 25 unit
cells with 25 rare-earth atoms and 25 Ti atoms in each cationic
column. The M5 edges for these five rare-earth elements in the
core-loss EEL spectra (Fig. S5b in SM) were used to acquire
the chemical maps. Pixel sizes for the EEL mapping were first
set to be around 0.7 x 0.7 nm, i.e., containing information
of ~200 rare-earth atoms for each pixel. The obtained maps
using their M5 edges are shown in Figs. 4(c)—4(g), respec-
tively. These maps suggest a quite uniform distribution of
these five rare-earth elements at such scale. Similar results
were found for the polycrystalline sample using the same
process described for the single crystal. It can be concluded
from the STEM-EELS results that the five rare-earth cations
in the (SREj > ),Ti,O7 samples are distributed homogeneously
down to ~2.3 nm.

D. Magnetic properties

Figure 5 shows a comparison of the DC mag-
netic susceptibility measurements for polycrystalline and
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FIG. 4. HAADF-STEM imaging and nanoscale electron-energy loss spectroscopy (EELS) mapping along [001] for the single-crystalline
(5RE),),Ti,0O5. (a) Atomic-resolution HAADF image for the EELS mapping region with the dimension of 27 x 27 nm. (b)—(g) EELS mapping
analysis: (b) HAADF image recorded simultaneously during the EELS data set acquisition; (c) Yb, (d) Tb, (e) Gd, (f) Dy, and (g) Er chemical
maps obtained from their Ms signals, respectively. Note that each pixel in the EELS maps is scanned by 16 x 16 for the simultaneously
recorded HAADF image in (b), resulting in atomic resolution in (b) with nanoscale resolution in the EELS maps in (c)—(g).

single-crystalline (5REy;),TiO;. Both samples [Figs. 5(a)
and 5(b)] show paramagnetic behavior from 3 to 300 K.
Curie-Weiss temperatures and effective magnetic moments
were determined for each sample using the Curie-Weiss fits
of the inverse susceptibility and are also listed in Table II.
The Curie-Weiss law, x = T—Cecw’ was used for these Curie-
Weiss fits where x is the magnetic susceptibility, C is the

Curie constant, T is the absolute temperature, and Oy is
the Curie-Weiss temperature [44]. Using linear fits between
50 and 300 K, the Curie-Weiss temperature for the single
crystal is Oy = —13.06(6) K and for the polycrystal ey =
—2.91(6) K. These temperatures are both comparable to the
Curie-Weiss temperatures found for the rare-earth titanate
pyrochlores [44—52] and found in Table III.

(a) 20— T T T T T — 3.0 (b) 16— T T T T T —T35 (c)
. . 6 . .
PR Polycrystalline (SRE, ,),Ti,0, 1a] Single Crystal (SRE,),Ti,O, —&—Polycrystalline (SRE, ), Ti,O,
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FIG. 5. DC susceptibility measurements on (SREy,),Ti,O; polycrystal (a) and single crystal with applied magnetic field along the [100]
direction (b) from 3 to 300 K, along with the magnetization curves (c) at 3 K from —7to 7 T.
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TABLE II. Calculated effective magnetic moments, applied field direction, temperature ranges, and Curie-Weiss temperatures for

(5RE(»),Ti, 0.
Sample Field direction Temperature range (K) Magnetic moment (ug) Curie-Weiss temperature (K)
Single crystal along [100] 3-20 5.79 —2.98(0)

50-300 6.50 —13.06(6)
Polycrystal - 3-20 5.46 —3.14(1)

50-300 5.87 —2.91(6)

*Estimated standard deviations are lo.

The single crystal’s Ocy is close to that of Gd,Ti,O;
and Er,TipO;, while the polycrystal’s O¢cy falls in between
those of Gd,Ti,O; and Dy,Ti,O;. Since the Curie-Weiss
temperatures for both samples are negative, antiferromag-
netic frustration in the lattice and antiferromagnetic exchange
coupling are expected. The discrepancy between the Ocw
temperatures of the single crystal and polycrystal is much
reduced when using the Curie-Weiss fits between 3 and 20 K,
with Ocw = —2.98(0)K for the single crystal and 6y =
—3.14(1) K for the polycrystal. For the single crystal, there
are some minor changes in slope between the higher and lower
temperature fit ranges. This could be an indication of crystal
electric field effects causing fluctuation of the magnetic inter-
actions at the different temperature ranges.

The effective magnetic moment from 50 to 300 K for the
single crystal is (e = 6.50 g, making it slightly higher than
the polycrystal’s effective moment (tesr = 5.87 p). From 3
to 20 K, the effective magnetic moments for the polycrystal
(Mefr = 5.46 up) and single crystal (e = 5.79 pp) are more
agreeable but remain consistent with the higher temperature
calculated values. These values are smaller than the calculated
average (roughly pe = 8.48 pup) from the free-ion magnetic
moments of each of the five rare-earth cations having an

oxidation state of 3+ listed in Table III. It is probable that
competing magnetic interactions between the five different
rare-earth cations on the A site due to some level of A-
site cation disorder, chemical pressure, or possible lattice
distortions could contribute to the overall smaller effective
magnetic moments. The effective magnetic moments of the
single-component rare-earth titanate pyrochlores found from
literature [45-52] also show signs of variation compared to
their expected free-ion magnetic moments. Due to single-ion
magnetic anisotropy in Er,Ti;O; and Dy,Ti,O5, the values
reported for these compounds vary depending on field and
direction [45,50,52]. Several studies have found smaller val-
ues for the effective magnetic moments in comparison to
their free-ion moments [45-46,50-52], including a study that
reported the effective magnetic moment of Yb,Ti,O; show-
ing temperature dependence [45]. It is therefore difficult to
fully determine an average of the single-component rare-earth
pyrochlore oxides that agrees perfectly with the effective mag-
netic moments found for both the HEO polycrystal and single
crystal.

The magnetization curves for the polycrystal and single-
crystal samples obtained at 3 K are displayed in Fig. 5(c).
Neither crystal nor polycrystal reaches complete magnetic

TABLE III. Compilation of literature-reported magnetic moments for the single-component rare-earth pyrochlore oxides, applied field
direction (for single crystals), temperature ranges measured, free-ion magnetic moments, and Curie-Weiss temperatures®.

RE,**Ti,O;  Free-ion magnetic
Temperature magnetic moment ((g) Curie-Weiss
Rare-earth ion Sample Field direction range (K) moment ((g) Ref. [44] temperature (K)  Reference
Yb3t Polycrystal — 5-11 3.33 4.54 0.59 [45]
Polycrystal - - 1.15 0.75 [46]
Tb**+ Polycrystal - - 9.40 9.72 -19 [47]
Polycrystal - 200-300 9.60 —18.9 [48]
Gd**+ Polycrystal — 50-300 7.22 7.94 —8.95 [45]
Polycrystal - 10-300 7.70 -9.60 [49]
Polycrystal - - 7.80 —11.70 [51]
Er3* Polycrystal - 50-300 8.93 9.58 —15.93 [45]
Polycrystal - 20-50 9.34 —223
Single crystal Along [110] — 3.01 — [52]
Dy3+ Polycrystal - 10-20 9.59 10.65 —-0.20 [45]
Polycrystal - - 9.96 —0.65 [51]
Single crystal ~ Along (111) axis Near 70 10.03 -0.8 [50]
Near 300 10.51 -

a"." Indicates no reported value.
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FIG. 6. AC susceptibility measurements (the real part) on single crystal (SRE ), Ti,O; from temperatures of 0.3 to 1.7 K with (a) magnetic
fields ranging from O to 1 T and (b) dependence on frequency ranging from 47 to 995 Hz, indicating a spin-glass magnetic ground state. (c)
Linear relation of frequency dependence to freezing temperature (Vogel-Fulcher law).

saturation up to 7 T, and higher magnetic fields are needed to
determine the saturation magnetization. The (SREy;),Ti,O;
single crystal shows a higher magnetization overall in com-
parison to the polycrystal.

AC susceptibility measurements on the single-crystal sam-
ple between 0.3 and 1.7 K are displayed in Fig. 6. A noticeable
broad peak near 0.94 K in Fig. 6(a) begins to decrease and
shift toward lower temperatures as the field is increased from
0 to 1 T, indicating that the system’s interactions are antiferro-
magnetic. Figure 6(b) shows a peak that is characteristic of the
spin-freezing temperature at approximately 7y = 0.84 K and
moves from 0.84 to 0.98 K as the frequency increases from 47
to 995 Hz. This frequency dependence may signal a possible
spin-glass ground state.

In order to have a spin-glass material, site disorder and
frustration must be present [53]. As mentioned previously,
disorder exists in this material due to the presence and ran-
domization of the five rare-earth cations on the A site. The
frustration index f = —9% is often used to measure the

level of frustration in a system and indicates frustration if
f > 1[53]. In (5RE;),Ti,07, we find a frustration value of
~15.5 using the single-crystal values ¢y = —13.06(6) K and
Ty = 0.84 K. This value represents a material having strong
geometric frustration (f > 10), providing evidence for a spin
glass [53,54]. If the single-crystal value 6cy = —2.98(0) K
found from the Curie-Weiss fit between 3 and 20 K is used,
we get a frustration value of ~3.5, which is still a clear
indicator of system frustration. Figure 6(c) is a relation of the
frequency dependence with the freezing temperature using the
Vogel-Fulcher law represented by Ty = Tp — E—Bm, where
E, is the activation energy, 1 is the intrinsic relaxation time,
f is the frequency, and Ty is the ideal glass temperature for
the system [54,55]. A 1y value between 1 x 1013 s (conven-
tional spin glasses) and 1 x 1077 s (cluster glasses) represents
the typical range of possible intrinsic relaxation times for
spin glasses [53-55]. For this reason, 1 x 107" s is used for
79 in this fit and gave reasonable values of E, = 0.5 meV
and Ty = 0.37K. The fit shows reasonable linearity of the
freezing temperatures using the Vogel-Fulcher law, provid-
ing extended evidence of glassy behavior. Although there
is significant evidence for a spin-glass ground state, further
measurements, such as specific heat and inelastic neutron

scattering, are still needed to verify this behavior, understand
the local magnetic structure, and confirm the ground-state
transition.

IV. CONCLUSION

We report the synthesis, structure, and magnetic char-
acterization of a high-entropy, configurationally complex
oxide (Ybg2Tbo2Gdy 2Dy ,Erg2)2Ti,O7, also referred to as
(5RE),),Ti,O;. We have shown that this material can be
synthesized in the cubic pyrochlore phase (227), and single
crystals of good quality can be grown using the floating-zone
growth technique. STEM-EELS results further support single-
phase polycrystalline and single-crystalline materials and
confirm cation homogeneity down to ~2.3 nm. Susceptibility
and magnetization studies on this oxide indicate antiferromag-
netic exchange coupling, and the effective magnetic moments
and Curie-Weiss temperatures were determined and reported.
Low-temperature AC susceptibility measurements suggest a
spin-glass magnetic ground state.
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