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ABSTRACT: Rare-earth manganese pyrochlores (R,Mn,0;) are
frustrated magnetic materials, which previously have only been accessed
using expensive high-pressure and high-temperature synthesis. In the
present work, we demonstrate a convenient synthetic approach to
synthesize R,Mn,0O, pyrochlores at ambient pressure. A series of
pyrochlores (R = Y, Ho—Lu) were prepared by a simple and cost-
effective molten salt method using NaCl and KCl as the flux. Moreover,
phase-selectivity was demonstrated for yttrium manganese oxides
(YMnO; and Y,Mn,0,) by a simple variation of synthesis temperature
and precursors-to-chlorides ratio. The synthetic procedure does not
require high pressures or temperatures nor oxygen flow. All synthesized
pyrochlores demonstrated ferromagnetic behavior at low temperature,
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and the magnetic properties were in good agreement with those of high-
pressure-synthesized materials. The versatility of the method was confirmed by the preparation of a mixed-rare earth
Y, 4Er 4Tm, 4, Yby 4Lug ,Mn,O; solid solution—a compositionally complex high-entropy oxide.

1. INTRODUCTION

Ternary rare-earth manganese oxides are technologically
important materials due to their exceptional properties such
as ferroelectricity, magnetism, and reversible magnetocaloric
effect.' ™ They are widely used in such fields as electronics,®
photovoltaics,” and others.”® The lanthanide—manganese
oxides can form various crystalline structures with different
manganese oxidation states, e.g, RMnO; polymorphs (Mn*"),
RMn,O; (Mn**, Mn*"), and R,Mn,0, (Mn*"); therefore, the
selective synthesis and understanding of the formation of
particular phases are of high importance and are highlighted in
recent reports.” "' Controllable synthesis of metastable
materials is of exceptional significance since many solid-state
reactions occur at high temperatures (T > 1000 °C) to
overcome diffusion barriers, resulting in the formation of the
most thermodynamically stable phase. Lowering the reaction
temperature in solid-state synthesis allows for control over the
reaction kinetics to form particular phases. The opportunity to
selectively prepare metastable compounds in high purity is
critically important for any property-dependent application.'”

One of the most interesting metastable rare-earth
manganese oxides is R,Mn,0,, which exhibits a pyrochlore
structure. These materials attracted much attention due to
their geometrically frustrated spin structure, which results in
interesting physics and broad prospects for the investigation of
physical phenomena. Pyrochlore oxides have the chemical
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composition A,B,0, and crystallize in the cubic, face-centered
crystal structure with the space group Fd3m (#227). Each of
the A and B atoms forms an infinite three-dimensional
interpenetrating network of corner-shared tetrahedra.'’ If
either the A or B atom is magnetic, then there is a very high
degree of frustration when the nearest-neighbor interactions
are antiferromagnetic. 14

The perovskite manganese oxides (R**Mn’*0;) are
relatively easily prepared under ambient oxygen, and phase-
pure materials can be obtained by soft chemical approaches
such as sol—gel” or hydrothermal'® methods rather than
through conventional solid-state reactions. By contrast, the
synthesis of the Mn-based pyrochlores is considered as a
significant challenge. Due to the thermodynamic instability at
ambient pressure at any temperature, this group of materials is
prepared using high-pressure methods. Empirically, for the
R,M,0, phase, the ratio of the ionic radii between R** and
M* limits the stability of the pyrochlore structure, and for the
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small M = Mn*, even the smallest lanthanides (Dy—Lu)
require high pressures."> Recently, Pomjakushina et al.'’
demonstrated that Tm,Mn,0, can be prepared through the
conversion of TmMnOj; at a relatively low oxygen pressure
(1100 °C, 1300 bar) to stabilize Mn(IV). This report provides
a simplified pyrochlore synthesis; however, the approach was
demonstrated for only one member of the series. Alternatively,
Todd and Neilson'® employed a metathesis reaction for the
phase-selective synthesis of yttrium manganese oxides
including orthorhombic 0-YMnOj;, hexagonal h-YMnOj3, and
Y,Mn,0O-. The selectivity was achieved by varying the synthetic
conditions and the alkali metal carbonate precursors. Their
work showed that Y,Mn,0, can be prepared without high
pressures although still demanding an oxygen flow. In addition,
the less stable 0-YMnOj; exhibited a contraction either due to
cation vacancies or excess oxygen or due to lithium doping
from the precursor. A wider range of lanthanides was not
demonstrated, another limiting feature.

In the present work, we report a low-temperature, simple,
time- and cost-effective approach for the selective preparation
of R,Mn,0, pyrochlores by the molten salt method for R =Y
and Ho—Lu. Although the molten salt route is well-known for
the synthesis of complex oxides,'” the successful synthesis of
lanthanide manganese pyrochlores has not been achieved. One
of the distinct advantages of our suggested approach is that it
does not require high pressure or oxygen flow or other
additional oxidants. Moreover, for R = Y, we demonstrate the
phase-selective synthesis of 0-YMnO;, h-YMnOj;, and
Y,Mn,0,. The purity and phase control are confirmed by X-
ray powder diffraction and vibrational spectroscopy. The
magnetic ordering and oxidation state information was
determined using magnetic susceptibility, and we used a
combination of scanning electron microscopy (SEM) as well as
transmission electron microscopy (TEM) to study the
morphology of these materials. Finally, we also show that
high-entropy A-site solid solutions can be easily prepared by
this method, which requires only a laboratory furnace, sodium
and potassium chlorides, and the nitrates of R and Mn ions.

2. EXPERIMENTAL SECTION

2.1. Materials. For the preparation of YMnOj; polymorphs and
R,Mn, 0, pyrochlores, yttrium(III) nitrate hexahydrate [Y(NO;);-
6H,0, Sigma-Aldrich, 99.9%], holmium(III) oxide (Ho,O;, Sigma-
Aldrich, 99.9%), erbium(III) nitrate pentahydrate [Er(NO;);-SH,0,
Sigma-Aldrich, 99.9%], thulium(III) nitrate pentahydrate [Tm-
(NO,);-SH,0, Sigma-Aldrich, 99.9%], ytterbium(III) nitrate penta-
hydrate [Yb(NO;);-SH,0, Sigma-Aldrich, 99.9%], lutetium(III)
oxide (Lu,O;, Sigma-Aldrich, 99.9%), and manganese(Il) nitrate
tetrahydrate [Mn(NO;),-4H,0, Alfa Aesar, 99.9%] were used as
starting materials. Sodium chloride (NaCl, Carl Roth, >99.5%) and
potassium chloride (KCl, Carl Roth, >99.5%) were used as a
synthesis medium.

2.2. Synthesis. For the synthesis of R,Mn,0, pyrochlores,
lanthanide (including yttrium) and manganese nitrates were taken
with a molar ratio of 1:1 and thoroughly mixed with sodium and
potassium chlorides in an agate mortar; the molar ratio between
starting metal nitrates and chlorides was 1:2 and the molar ratio
between NaCl and KCl was 1:1. The obtained mixture was transferred
into the corundum crucible and annealed at 700 °C for 10 h in air
with a heating rate of 5 °C/min. After the annealing procedure, the
furnace was cooled down naturally. When lanthanide oxide was used
as the starting material (for Ho and Lu), it was converted to nitrate by
dissolving it in concentrated nitric acid. After the complete dissolution
of the oxide, manganese nitrate was added and the resulting solution
was evaporated to dryness. The obtained mixture of nitrates was then

dried in an oven, ground in an agate mortar with NaCl and KCl, and
annealed at identical conditions.

For the preparation of YMnO; polymorphs, different annealing
temperatures and ratios between metal precursors and chlorides were
adjusted. The o-YMnOj; was synthesized at 800 °C, whereas h-
YMnO; was obtained at 1100 °C. In both cases, the molar ratio
between the starting metal nitrates and chlorides was 1:20. For the
synthesis of both materials, the reaction mixture was annealed for 10 h
in air with a heating rate of 5 °C/min. After annealing, the furnace was
cooled down naturally.

The obtained products were washed with hot distilled water to
dissolve alkali metal chlorides. The resulting powders were filtered
and the presence of residual chloride ions was determined using a
silver nitrate solution. All powders were then dried in an oven at 80
°C and ground in an agate mortar.

2.3. Characterization. Powder X-ray diffraction (XRD) analysis
was performed using a Rigaku MiniFlex II diffractometer (Cu Ko, 4 =
1.5419 A) working in Bragg—Brentano (6/260) geometry. The data
were collected within the 10—80° 26 range with a step of 0.02° and
scanning speed of 1°/min. The FullProf Suite was used for structural
refinement (FullProf Suite software version September 2020).
Elemental composition and chemical states of the elements were
investigated by X-ray photoelectron spectroscopy (XPS) using a
Kratos Axis Supra spectrometer with monochromatic Al Ka (25 mA,
15 kV). The instrument was calibrated using metallic gold and copper
samples. The measurements were carried out with a charge
neutralization, while the energy scale was charge-corrected to the
main line of carbon (C 1s) at 284.8 eV. Fourier transform infrared
(FTIR) spectra were obtained in the range of 4000—400 cm™" with a
Bruker ALPHA-FTIR spectrometer with 4 cm™" resolution. Raman
spectra were recorded using a combined Raman and scanning near-
field optical microscope WiTec Alpha 300 R equipped with a 532 nm
excitation laser source. The morphology of the synthesized powders
was analyzed by SEM using a Hitachi SU-70 microscope. HRTEM
and energy-dispersive spectrometry (EDS) were performed on a
JEOL JEM 2100F FEG TEM/STEM instrument operated at 200 kV.
Magnetic susceptibility data were collected using a Quantum Design
MPMS3 SQUID magnetometer. Data were collected using a
temperature sweeping mode from S to 300 K at 50 Oe under both
zero-field cooled (ZFC) and field-cooled warming (FCW) conditions.
FCW data were collected by cooling the samples to S K in a field of
50 Oe and measuring the moment as the sample was heated to 300 K.
The Curie—Weiss analysis was done on field-cooled (FC) data at
5000 Oe. Magnetic hysteresis data were collected at 5 K from —20
000 to 20 000 Oe. Data were collected in VSM mode with 5 mm scan
lengths and 2 s averaging or in DC scan mode with 30 mm scan
lengths and S s averaging. All data were corrected for diamagnetic
contributions using Pascal’s constants®® and for sample shape and
radial offset effects using the MPMS3 Sample Geometry Simulator.”’
Curie—Weiss analyses were performed by plotting 1/y vs T data
collected at 5000 Oe and fitting the linear portion from 100 to 300 K.

3. RESULTS AND DISCUSSION

The yttrium manganese oxides were selected as a model
system to demonstrate phase control because of the sensitivity
to the reaction pathway.'® It is known that larger lanthanides
tend to form orthorhombic perovskites (0-RMnO;) whereas
smaller ones preferably crystallize in a hexagonal structure (h-
RMnO;).”> YMnO; can possess both these structures, and
although 0-YMnO; is assumed to be metastable, it can be
obtained by either high-pressure synthesis or soft chemistry
procedures. = Upon annealing under ambient pressure, o-
YMnOj; transforms to h-YMnOj;, and the phase transition
occurs at around 1123 K; therefore, the most straightforward
way to control the formation of either polymorph is to change
the synthesis temperature. Figure 1 depicts the XRD patterns
of yttrium manganese oxides synthesized under different
conditions. Clearly, at 800 °C, o-YMnO; was obtained; the
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Figure 1. XRD patterns for different synthetic conditions: 800 °C, o-
YMnO; (green); 1100 °C, h-YMnO; (blue); 700 °C and high
concentration, Y,Mn,0, (red).

most intense diffraction peaks are in a good agreement with
the standard XRD data (PDF no. 01-082-8504). However,
some minor phases such as h-YMnO; and MnO, were also
observed. When the synthesis temperature was increased to
1100 °C, h-YMnOj; was obtained. The positions of diffraction
peaks match very well with the PDF no. 00-025-1079 data.
Thus, both YMnO; polymorphs with Mn ions in oxidation
state 3+ can be easily obtained by changing the synthesis
temperature. Alternatively, when the concentration of nitrates
precursors was increased (nitrates-to-chlorides molar ratio
1:2), the product was the single-phase Y,Mn,0; pyrochlore.
All diffraction peaks correspond to cubic Y,Mn,O, with the
space group Fd3m (no. 227); the intensity and positions of the
peaks match very well with the standard data (PDF no. 01-071-
5193). The formation of this material suggests that Mn ions
are oxidized from the precursor 2+ to the 4+ state in the
product. Besides the use of high pressure, previous successful
syntheses of cubic R,Mn,0- are associated with using strong
oxidizin% agents such as KIO,,”* NaOH and NaClO;™ or O,
pressure %% even when Mn(IV) oxide was used as a starting
material.”* "> The softest reported approach demonstrated by
Todd and Neilson'® also employed oxygen flow for the
synthesis of Y,Mn,0,. Here, the synthesis is performed in air
under atmospheric pressure. We hypothesize that the in situ
oxidation of Mn ions to the 4+ state could be related to the
nature of metal precursors and the mechanism of decom-
position of nitrates, which results in the oxidation of Mn** ions.

To confirm the role of the nitrates, we performed the
synthesis under identical conditions using metal chlorides
(YCly and MnCl,) and oxides (Y,0; and MnO,) as starting
materials. These reagents did not lead to the formation of the
pyrochlore structure but rather resulted in the crystallization of
0-YMnO; (Figure S1). When only manganese nitrate was
treated in molten salts (without yttrium nitrate), the resulting

product was a mixture of MnO, and Mn,0;. The mixed
oxidation states of Mn suggest that the amount of nitrates was
insufficient for the complete oxidation of Mn** ions. For
targeting the pyrochlore, the nitrates-to-alkali chlorides molar
ratio was also important. Single-phase Y,Mn,0, was obtained
when the molar ratio of Y and Mn nitrates to NaCl and KCl
was 1:2. Lowering this ratio (less nitrates) led to the dilution of
nitrates, and the percentage of pyrochlore gradually decreased
with decreasing concentration (Figure S2). When the ratio
dropped below 1:20, the major crystalline phase was o-
YMnO;.

The optimized pyrochlore synthesis for yttrium manganese
oxides was tested with other rare-earth elements to confirm the
generality and suitability of the synthetic approach. Figure 2
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Figure 2. XRD patterns of R,Mn,0, (R = Ho—Lu). The asterisks
denote the relevant Ln,O; phase.

shows the XRD patterns of R,Mn,0O, (R from Ho to Lu). In
some patterns, negligible amounts of the lanthanide sesqui-
oxide phase can be detected; however, it is evident that the
major pyrochlore phase was obtained in all cases, with no
evidence of the RMnOj; phases. As found in the solid state, the
synthesis of pyrochlores with larger lanthanides was not
successful. To the best of our knowledge, Dy is the largest
lanthanide ion forming the R,Mn, O, structure,”> however, this
method did not produce phase-pure Dy,Mn,0,. Although the
pyrochlore phase was evident, significant amounts of DyMnOj;
and DyMn,O; were also present (Figure S3). Rietveld
refinement was performed for all synthesized pyrochlores
(Figures S4—S9), and the calculated cell parameters are
summarized in Table 1. The Ilattice constants for the
corresponding materials synthesized using high-pressures
reported by Subramanian et al.”> are provided for comparison.
As expected, the cell parameters in the lanthanides’ row
gradually decrease from Ho to Lu, which is in good agreement
with their ionic radii,>’ and there is no evidence for non-
stoichiometry. The unit cell of pyrochlores is sensitive to
composition, and the consistency in the cell constant suggests
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Table 1. Cell Parameters of Synthesized R,Mn,0,

sample a (A) V (A3) a (A), ref 25
Y,Mn,0, 9.8962(7) 969.20(2) 9.901
Ho,Mn,0, 9.899(86) 970.2(57) 9.905
Er,Mn, O, 9.8704(7) 961.64(1) 9.869
Tm,Mn,O, 9.8467(3) 954.72(1) 9.847
Yb,Mn,0, 9.8251(4) 948.4(53) 9.830
Lu,Mn,O, 9.803(48) 942.1(96) 9.815

that there is neither oxygen deficiency (which would increase
the cell) nor cation vacancies (which would decrease the
cell)."?

Vibrational spectroscopy provides information regarding the
distribution of cations located in different sites, distortion of
local symmetry, or any short-range order. Out of the 26 normal
modes predicted by the group-theoretical analysis for
pyrochlore-type materials,”® only 7 are IR-active (namely,
7F,,) and 6 are Raman-active (Alg, Eg and 4F2g). According to
the previous study by Brown et al,”” 3 active IR modes can be
found in the 460—570 cm™! range, while the remaining bands
are located in the far-infrared region. In the R,Mn,O, case
(Figure 3a), we observed 3 absorption bands centered in the
range from 410 to 560 cm™' (Table 2). The intense band
centered at 560 cm™ (for Lu,Mn,0,) is associated with the
Mn—O stretching vibration (F},), while two others at 497 and
428 cm™' are attributed to R—O’ (F3,) and R—O (F3)
stretching vibrations, respectively. Here, having the complete
series of R,Mn, O, provides an opportunity to observe trends
as a function of R radii. First, an increase in the lanthanide
ionic radius leads to a shift to lower wavenumbers for all
absorption bands. Moreover, the intensity of the band located
in the ~483—497 cm™" range decreases as R increases from Lu
to Ho. Although the ionic radius of Y*" is the largest in the
investigated series, Y,Mn,0, does not follow this trend.
According to the previous work by Subramanian et al,* the
location of the band maxima can be influenced not only by the
ionic radius of the A-site cation but also by the mass of this ion.
Since Y is about two times lighter than the closest in ionic
radius Ho, this could explain the difference in peak positions
for Y,Mn,O.,.

We also compared the Raman spectra of R,Mn,0,, as seen
in Figure 3b. Neither R* or Mn*' ions contribute to the
allowed fundamental transitions, which means that a change in

the A-site cations (R) leads to small variations in band
positions and intensity in Raman spectra. According to
previous detailed spectroscopic analysis of some pyrochlores,
R,Mn,0, (R =Y, Dy, Er, Yb, In, T1), by Brown et al,*?! six
Raman-active bands were observed in the 300—600 cm™
range, which appear to overlap in our study. The most intense
peak (A;,), which arises due to the bending of Mn—Og
octahedra, was observed at $10—518 cm™ for all compounds
(Table 2). Although XRD analysis revealed a small amount of
the lanthanide sesquioxide phase, there were no signals
corresponding to this neighboring phase in the Raman spectra,
and the most intense band for R,0; should occur at ~320—
420 cm™' depending on R.** Additionally, for some R,Mn,O,
(R = Ho, Er, Tm, Yb) a low-intensity band at the 481—48$
cm™! region was observed, which was not reported in previous
studies as characteristic of the pyrochlore phase. The origin of
this band is unclear; however, it is not associated with R,04
nor manganese oxide phases.*

The morphology of the materials was characterized using
SEM, which is shown in Figure 4. Cubic crystals can grow as
cubes when the [100] face grows more rapidly or as octahedra
when the fastest growing face is the [111] face.”* The primary
shape observed was octahedral crystals although samples did
have polyhedral particles with neighboring particles of an
undefined shape.

Interestingly, across the series of lanthanides, the pyro-
chlores with a smaller R tended to form more well-faceted
particles of a defined shape, whereas pyrochlores with a larger
R contained more particles of an irregular shape. The size of
particles varied from approximately micron- to nanoscale.
There has been little comment about the morphology of
R,Mn,O, pyrochlores synthesized under high pressures;
however, Subramanian et al.”®> mentioned crystals with an
octahedral shape.

The TEM studies are consistent with those of SEM. For
example, a representative TEM of Lu,Mn,0O, shows a particle
of octahedral shape in Figure S. In addition, the HRTEM
image reveals that the synthesized material contains single
crystals. Both fast Fourier transform (FFT) and inverse FFT
analyses were performed to evaluate the interplanar spacing.
The d-spacing was determined to be ~0.5 nm, which can be
assigned to the (111) plane of Lu,Mn,0;. The obtained FFT
image also displays evidence of double diffraction, which is
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Figure 3. FTIR (a) and Raman (b) spectra of R,Mn,0,.
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Table 2. Band Wavenumbers (cm™') and Assignments of the FTIR and Raman Spectra of R,Mn,0,

Y,Mn,0, Ho,Mn, 0, Er,Mn,0, Tm,Mn,0O, Yb,Mn,0, Lu,Mn, 0O,

FTIR

Fl, 544 535 542 546 552 560

Fi, 503 483 488 490 494 497

Fi, 430 410 414 416 422 428
Raman

Ay 510 512 513 514 514 518

E, + Fj, 325 328 334 328 329 326

Fj, 591 596 596 597 581 598

F3, 452 453 455 458 444 459

B 356 361 365 356 351 365

Figure 4.

Figure 5. TEM images of Lu,Mn,0,.

common for materials containing heavy elements and thick
samples.

To confirm the purity of the pyrochlores, which contain only
Mn(IV), XPS spectra were recorded for the series (Figure 6).
An adventitious carbon signal was the only additional signal
unrelated to the compound-constituting elements such as R,
Mn, and O. Importantly, neither sodium or potassium was
detected, consistent with the cell constants, confirming that
there was no adventitious alkali metal doping. To determine
the oxidation state of manganese, high-resolution Mn 2p;,, and
Mn 3s were recorded. As found for many other transition
metals, the spectra of Mn 2+, 3+, and 4+ demonstrate not only
spin—orbit splitting, resulting in Mn 2p;,, and Mn 2p, /, peaks,
but also multiplet splitting. Each manganese oxidation state of
2+, 3+, and 4+ in the Mn 2p;,, consists of multiple basic
components, where Mn 2+ also exhibits a satellite peak of
higher binding energy.”> All of the states are generally
characterized by very similar binding energies, making Mn
analysis quite complicated. Thus, to correctly evaluate

10639

instrumental errors and obtain typical full width at half-
maximum (FWHM) values, an additional MnO, standard
sample was measured. The lack of satellite features in the Mn
2p;/, spectra of all the samples suggests that the presence of
the Mn 2+ state is highly unlikely. Thus, MnO, and the rest of
the spectra were fitted using the Mn 3+/4+ model similar to
MnO, due to the dominant amount of Mn 4+.°° The XPS
spectra of Lu,Mn, 0, are given in Figure 6 as representative. A
small percentage of Mn 3+ (5—10%) was detected in the
samples and the standard, which is most likely related with
manganite formation on the surface or X-ray-induced
reduction. These results were further supported by the peak
orbital splitting measurements in Mn 3s high-resolution
spectra. Mn 3s spectra splitting results from spin coupling
between electrons in the 3s and 3d orbitals. The binding
energy difference (AE) between two 3s peaks is typically
related to Mn-oxidation state and could, to some degree, be an
indicator of the manganese oxidation state in oxide
compounds.”” The Mn 3s energy difference amounts to ~4.7
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Table 3. Magnetic Quantities for Rare-Earth Pyrochlores in This Study”

pyrochlore T. (K) T, (ref 42) Hegr (#13) Mo (ref 42) Ocw (K) M, (emu/g) My (pp/fu) H_ (Oe)
Y,Mn,O, ~20 20 5.66 54 522 75 53 14
Ho,Mn,0, ~40 37 15.0 14.4 927 135 13.4 1050
Er,Mn,0, ~35 35 13.9 13.3 372 145 14.7 350
Tm,Mn,0, ~30 30 115 104 359 95 9.5 175
Yb,Mn,0, ~40 35 7.80 7.6 50.0 85 8.7 65
Lu,Mn,0, ~20 23 5.52 49 59.9 50 52 28

“Saturation magnetization (M,,) and coercivities (H,) were determined at S K. Curie temperatures (T), effective moments (t.g), and Curie—
Weiss temperatures (Ocy) were determined at 5000 Oe.

O = S S oo
) SN SO0 =3 [ =4, |
3 & &8 S §95 99 43 (Mn2p Mn 3s AE=4T4eV
Sz ¢ cc OF 550935 e 312 | -
== = == a4 33 == < Mn2p © Mn3s ! 7%
Mn** 93.5% Components :
Mn* 6.5% - - -Background |
- — - Background Envelope J
Envelope 7ok
M
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B.E. (eV) B.E. (eV) B.E. (eV)

Figure 6. XPS spectra of Lu,Mn,0,.

eV in MnO, samples and increases drastically as the Mn is
reduced to 3+ or 2+ to AE ~ 5.9 eV.”® In the R,Mn, O, sample
and standard MnO,, the measured AE = 4.7 eV. All of the Mn
spectra indicate that the major amount of manganese is in the
tetravalent state (Mn*"), which also agrees well with the results
of structural analysis. The results of XPS analysis for the rest of
the synthesized pyrochlores (Figure S10) were comparable
with those given for Lu,Mn,0-.

The magnetic properties of the prepared pyrochlores were
measured and compared with analogues synthesized by high
pressures. The R,Mn,0, materials exhibit a cooperative two-
sublattice ferromagnetism that is second-order, which can lead
to a strong magneto-caloric effect.* Since Lu** and Y3* are
nonmagnetic ions with g = 0, the magnetic susceptibility of
Lu,Mn,O; and Y,Mn,O, are only due to Mn magnetic
moments, while the magnetic properties of other pyrochlores
are influenced by both cations. Based on neutron diffraction
studies, the Mn(IV) sublattice ferromagnetically orders, with a
moment close to the full spin-only value (3.0 4B per Mn) and
a reduced moment for the rare earth.'” As a result, the g
(from Curie—Weiss analysis) and M, (M-vs-H) both tend to
be lower than predicted and ascribed to a reduced lanthanide
moment. The representative magnetic data obtained for
Er,Mn,0, is given in Figure 7, and the corresponding
magnetic data for other pyrochlores can be found in Figures
S11—-S25. The magnetic measurements are consistent with
other data reported here that support the fact that the
R,Mn,0O, materials are stoichiometric with no alkali metal
doping. The magnetization versus field curves (at S K) confirm
that the series of R,Mn,0, are ferromagnetic, and these data
were used to determine the saturation magnetization (5.2—
14.7 pg/fu.) and coercivities (14—1050 Oe) (Table 3). The
saturation magnetization values obtained in our work are
slightly lower than the values reported for R,Mn,0, (R = Ho—
Yb) in previous studies,”””*" which may be attributed to the

lack of full saturation at our maximum applied magnetic field
2 7T).

The ferromagnetic ordering temperature was determined
from the maximum in the slope of the y-vs-T plots, and the
Curie—Weiss law was applied to the paramagnetic region for
1/y vs T data (inset of Figure 7b) to determine Curie—Weiss

150-a B T
Vs L
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=] L =
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S T 0z
= -50- /f 5 =
-100 A F-10
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Figure 7. M vs H curves of Er,Mn,0, at 5 and 300 K. Inset: zoomed-
in curve at § K (a); magnetic susceptibility of Er,Mn,O vs T at 50 Oe
for ZFC and FC data. Inset: inverse magnetic susceptibility of
Er,Mn,0; vs T at 5000 Oe with Curie—Weiss analysis and linear fit
from 100 to 300 K (b).
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temperatures @y and effective moments pig, as summarized in
Table 3. The T, values are close to those reported, and the
Weiss constants are positive as expected for ferromagnetic
coupling. The level of magnetic frustration is often measured
by the frustration index (f = 10cyl/T.)."” In agreement with
prior reports, R,Mn,0O, with magnetic metals for R have an
index in a range close to 1 (here 1.1—1.4), which is normal for
a ferromagnet. By contrast, for non-magnetic metals, R =Y and
Lu are notably larger (here 2.14—2.6), suggesting a more
complex magnetic coupling for Mn."” Consistent with the
saturation magnetization measurements, the effective moment
(Heg) is slightly smaller than previously reported.”” Finally, we
include the warming data for both FC and ZFC samples, as
shown in Figure 7b. Splitting between the ZFC and FC curves
was observed for all pyrochlores in the 20—40 K range. The
extent of splitting depends on R and has been attributed to
magnetocrystalline anisotropy, magnetic domain formation,”
additional R—R or R—Mn interactions,””*' or spin glass
behavior.*’

Finally, we were interested in determining whether the
magnetic pyrochlores, RyMn,0,, would allow for chemical
disorder, to form a high entropy oxide,”* with multiple metals
on the R site as demonstrated for other pyrochlores,** for
phase stabilization and tuning of magnetic properties.* To our
knowledge, A-site solid solutions of R,Mn, O, were synthesized
and investigated only in one work by Imamura et al,*' who
investigated three binary solid solutions, namely,
(Y,_4Lu,),Mn,0,, (Dy,_,Yb,),Mn,0,, and
(Dy,_,Lu,),Mn,0, and demonstrated that the magnetic
properties of pyrochlores can be tuned by A-site substitution.
Due to recent interest in magnetic high-entropy oxides**™*°
and to demonstrate the versatility of our synthetic approach, a
Y,.4Er4Tmg,Yb, JLuy,Mn, O, solid solution was synthesized.
The XRD pattern is shown in Figure 8, and it is seen that all

Y, [Er,,Tm Yb Lu, ,Mn,0,

0404

Intensity (arb. units)

1 (11)
= (311)

10 20 30 40 50 60 70 80
2theta (deg.)

Figure 8. XRD pattern of the Y,,Er,,Tm,,Yb,Luy,Mn,O, solid
solution. Inset: SEM image of the Y, ,Er,,Tm,,Yb, Lu, ,Mn,0; solid
solution. The asterisk denotes the Ln,O; phase.

intense diffraction peaks correspond to cubic pyrochlore
structure; however, a negligible amount of Ln,O; is also
observed, like in the case of some single-lanthanide pyrochlores
(Figure 2). The diffraction peaks were indexed according to
the Er,Mn,0, standard XRD data (no. 96-153-0847), and the
Rietveld refinement data are given in Figure S26. As evidence
of the formation of solid solution, instead of a mixture of 5

separate pyrochlores, FWHMs of the most intense [222] peaks
were calculated for single-lanthanide pyrochlores and the solid
solution. Due to the difference in ionic radius,”’ there is a
systematic peak shift across the row (Figure S27); therefore, a
mixture of different pyrochlores is expected to give broad peaks
due to the overlapping. The FWHM value for the solid
solution was determined to be 0.239, whereas these values for
single-lanthanide pyrochlores varied in the range from 0.212 to
0.243°. The cell parameter a was calculated as 9.8499 A and
was close to that of Tm,Mn,0, (see Table 1), which is in the
middle of the rare-earths used.

The morphology of the Y, Er,,Tm,,Yb, ,Luy,Mn,0, solid
solution was similar to that of the observed for single A-
element materials; the SEM image (inset of Figure 8)
demonstrates the formation of sub-micrometric particles with
a well-defined polyhedral shape. A minor amount of needle-
shaped particles is also observed, suggesting the presence of a
negligible amount of impurities.

The STEM image of the pyrochlore solid solution and EDS
mapping are given in Figure 9. The data support the results of
XRD and reveal that all A-type cations are evenly distributed in
the material as there are no visible regions with high
concentrations of some rare-earth elements and complete
absence of others, which also confirms the formation of the
solid solution. Nevertheless, it was recently shown that the
synthesis of high-entropy oxides by flux routes may result in
different compositions of the final product compared to the
ratio of starting materials, which might be due to the different
solubilities or differences in reagent particle sizes.”’ The results
of EDX analysis demonstrated that the percentage of Y was
lower compared to that of other lanthanides, while the content
of the rest of the A-site cations was comparable. The small
amount of needle-like particles, which were also seen in the
SEM image (inset of Figure 8), was confirmed to be a
manganese oxide since only Mn and O were detected in this
area.

Finally, analysis of the magnetic susceptibility data lead to a
Heg of 5.85 pg, which is slightly smaller than the average of the
five metals (8.32 pi.q) (Figures $28—S29). Summarizing the
obtained results, it can be concluded that rare-earth manganese
pyrochlores and their solid solutions can be successfully
synthesized by the presented molten salt method at ambient
pressure in an air atmosphere. Further investigation should be
directed toward in situ analysis in order to determine the
mechanism of the formation of the described R,Mn,0,.

4. CONCLUSIONS

A low-temperature, simple, time- and cost-effective approach
for the preparation of metastable R,Mn,O, pyrochlores by the
molten salt method was demonstrated. The suggested
synthetic route requires neither high pressure and high
temperature nor oxygen flow, which are traditionally used for
the preparation of this class of materials. A series of
pyrochlores (R = Y, Ho—Lu) was successfully synthesized at
700 °C at ambient pressure in an air atmosphere, which allows
for transfer of this synthetic procedure to any laboratory. All
synthesized pyrochlores demonstrated ferromagnetic behavior
at low temperature, and the magnetic properties were in good
agreement with those of high-pressure synthesized analogues.
Moreover, we showed the phase-selective synthesis of o-
YMnO;, h-YMnOs;, and Y,Mn,0, by a simple variation of
annealing temperature and precursors-to-chlorides ratio.
Finally, the versatility of the method was demonstrated by
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' '

Figure 9. STEM image (a) and elemental mapping of the Y, 4Erq,Tm;,Yb, L, ,Mn,O; solid solution demonstrating the distribution of Y (b); Er

(c); Tm (d); Yb (e); Lu (f); Mn (g); and O (h).

the preparation of a mixed-rare earth

Y, 4Ero 4 Tmg ,Ybg 4 Luy4Mn, O, solid solution.
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