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alternating [MnBi] and Li layers, as determined from single-crystal X-ray
diffraction data. Magnetic property measurements and solid-state 'Li nuclear RP
magnetic resonance data collected for polycrystalline LiMnBi samples indicate the ~ Cs
long-range antiferromagnetic ordering of the Mn sublattice at ~340 K, with no
superconductivity detected down to 5 K. LiMnBi is air- and water-sensitive. Under
aerobic conditions, Li can be extracted from the LiMnBi structure to form Li,O/LiOH and MnBi (NiAs structure type, P6;/mmc).
The obtained MnBi polymorph was previously reported to be one of the strongest rare-earth-free ferromagnets, yet its bulk synthesis
in powder form is cumbersome. The proposed magneto-structural transformation from ternary LiMnBi to ferromagnetic MnBi
involves condensation of the MnBi, tetrahedra upon Li deintercalation and is exclusive to LiMnBi. In contrast, ferromagnetic MnBi
cannot be obtained from either isostructural NaMnBi and KMnBi or from the structurally related CaMn,Bi,. Such a distinctive
transformation in the case of LiMnBi is presumed to be due to its fitting reactivity to yield MnBi and a favorable interlayer distance
between [MnBi] layers, while the interlayer distance in NaMnBi and KMnBi structural analogues is unfavorably long. The studies of
delithiation from layered-like LiMnBi under different chemical environments indicate that the yield of MnBi depends on the type of
solvent used and the kinetics of the reaction. A slow rate and mild reaction media lead to a high fraction of the MnBi product. The
saturation magnetization of the “as-prepared” MnBi is ~50% of the expected value of 81.3 emu/g. Overall, this study adds a missing
member to the family of ternary pnictides and illustrates how soft-chemistry methods can be used to obtain “difficult-to-synthesize”
compounds.
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ABSTRACT: The intermetallic compound LiMnBi was synthesized by the two-  pn AMnPn LiMnBi MnBi
step solid-state reaction from the elements. A synthesis temperature of 850 K was /ﬁ P
selected based on in situ high-temperature powder X-ray diffraction data. LiMnBi ;|
crystalizes in the layered-like PbCIF structure type (a = 4.3131(7) A, ¢ = 7.096(1) nal v
A at 100 K, P4/nmm space group, Z = 2). The LiMnBi structure is built of o v

v

v

B INTRODUCTION Introducing electrons/holes via aliovalent chemical substitu-
tion or high pressure can suppress low-temperature phase
transition and induce superconductivity in the parent layered
compounds."' '* On the contrary, the newly identified 1144
family, with the CaKFe,As, representative, features an ordered
arrangement of monovalent and divalent cations, lacks an
orthorhombic distortion, and exhibits inherent superconduc-
tivity 1516

Another interesting aspect of layered compounds is that
their structure is prone to deintercalation. Hence, these layered
compounds can yield new metastable compounds via cation
deintercalation from the parent layered structure followed by

Crystal structure and magnetic properties of equiatomic alkali
metal manganese pnictides AMnPn (A = alkali metal, Li—Cs;
Pn = pnictogen, group 15 element) were systematically studied
in the 1980s—2000s."~* AMnPn compounds have a layered
structure (tetragonal P4/nmm space group) featuring edge-
sharing tetrahedra MnPn, alternating with alkali metal layers.
Interest in layered compounds with a similar structure was
sparked by the discovery of superconductivity in LaFePO (P4/
nmm, T, = 5 K) in 2006,> which laid the foundation for novel
iron-based superconductors.”™"" In the following decades,
superconductivity with T. ~ 20—60 K was identified in several
families of iron-based superconductors, such as 1111-, 122-,
111-, and 1l-types, represented with ZrCuSiAs (P4/nmm), Received: January 20, 2023 Bl
ThCr,Si, (I14/mmm), PbCIF (P4/nmm), and PbO (P4/nmm) Revised:  March 22, 2023 4
structure types, respectively."'" The structural phase tran- Published: April 6, 2023
sition from the tetragonal to orthorhombic symmetry,

accompanied by commensurate antiferromagnetic ordering

upon cooling, is common for the compounds in these families.

© 2023 American Chemical Society https://doi.org/10.1021/acs.chemmater.3c00140
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condensation of the anionic layers. For example, NaFe,As, can
be prepared by oxidative elimination of Na from NaFeAs," "’
metastable CoS and CoSe are the products of complete
deintercalation of K* from KCo,S, and KCo,Se,*° and
K;_,Ni,Se, and K, ,Ni,_.Se, are obtained upon partial
deintercalation of K* from KNi,Se,.”" The complete or partial
deintercalation oftentimes leads to alteration in the magnetic
and other properties of the deintercalated compounds
compared to their parent counterparts.

Magnetic structures were experimentally determined for
most of the AMnPn compounds using neutron diffraction.””*
These structures exhibit antiferromagnetic ordering of Mn
spins with a Neel temperature around room temperature, and
no superconductivity down to 2 K was reported. The Mn spins
align antiparallel within each [MnPn] layer in AMnPn. The
coupling between the adjacent layers is either parallel resulting
in the same magnetic unit cell as the crystallographic one or
antiparallel leading to the doubling of the c-parameter in the
magnetic unit cell compared to the nuclear cell.”~* Out of the
20 possible AMnPrn compounds (A = Li, Na, K, Rb, and Cs; Pn
= P, As, Sb, and Bi), only LiMnBi is “overlooked”, e.g,, no
synthesis, structure, or properties are reported for LiMnBi.”
An adaptive genetic algorithm (AGA), which was previously
shown to successfully predict structures and stability of new
compounds,”*~?® has hinted at the stability of the LiMnBi
phase (P4/nmm space group). Encouraged by this, we studied
the Li—Mn—Bi system and experimentally confirmed the
existence of the LiMnBi compound. Here, we report on
LiMnBi synthesis, structure, thermal stability, and magnetic
properties. We have also found that unlike Na, K, or Ca
analogues, LiMnBi transforms into strong ferromagnet MnBi
upon delithiation. The results of the controlled LiMnBi
decomposition yielding MnBi under different chemical
environments are discussed.

B EXPERIMENTAL SECTION

Synthesis of LiMnBi. Starting materials for synthesis were lithium
granules (Alfa Aesar, 99%), manganese powder (Alfa Aesar, 99.95%),
and bismuth lumps (Alfa Aesar, 99.9%). All manipulations of reagents
and samples were carried out under an inert argon atmosphere (p(O,)
< 1 ppm, p(H,0) < 1 ppm) in a glovebox. Bismuth powders were
prepared by ball-milling bismuth lumps for 12 min in the ambient
atmosphere using a S mL tungsten carbide lined grinding vial set and
a high-energy ball-mill SPEX 8000 M MIXER/MILL. Afterward, in
glovebox lithium granules and powders of manganese and bismuth
were weighted in the desired molar ratio (Li:Mn:Bi = (1.05—1.11):
(1.00—1.07):1, total mass m = 0.3 g) and loaded into a tantalum
container that was sealed by arc-welding. The sealed tantalum
ampoules were placed into a silica reactor that was evacuated to 4 X
107° bar. The reactor was further heated from room temperature to
850 K at a rate of 1.9 K/min, held at that temperature for 8 h, and
rapidly quenched into cold water. Afterward, tantalum ampoules were
opened, and samples were reground and reheated following the same
heating profile. The nearly phase-pure sample of LiMnBi (~2 wt % Bi
impurity) was obtained using the Li:Mn:Bi =1.1:1.04:1 molar ratio
and the heating procedure described above. The LiMnBi compound
was found to be air and moisture sensitive and was stored in a
glovebox.

To obtain crystals suitable for a single-crystal X-ray diffraction a
heating profile with a slow cooling step was employed. Elemental
precursors were heated from room temperature to 973 K at a rate of
1.5 K/min, held at that temperature for 8 h, slowly cooled to 453 K at
a rate of 0.05 K/min, and cooled to room temperature by switching
the furnace off. Thin, plate-shaped single crystals (approx. dimensions
0.04 X 0.02 X 0.00S mm) of LiMnBi were mechanically separated for
further analysis.
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Controlled LiMnBi Decomposition. Controlled decomposition
of LiMnBi was carried out in air, in deionized water, absolute ethanol
(200 proof, 99.5%, Fisher), acetonitrile (ACS certified, 99.9%,
Fisher), ethylenediamine (99.9%, Alfa Aesar), pyridine (99.5%, Alfa
Aesar), DMF (dimethylformamide, 99.9%, Alfa Aesar), DMSO
(dimethylsulfoxide, 99.9%, Fisher), 12-crown-4 ether (Alfa Aesar,
98%), and by leaving a sample in a glovebox with p(0,) < 1 ppm,
p(H,0) < 1 ppm. All the reactions involving solvent were carried out
under an inert Ar atmosphere (Schlenk line) using 25 mL flasks.
Ethylenediamine was additionally purified in a solvent system, and the
rest of the solvents were used as received. Approximately, 20 mg of
the LiMnBi sample and 2 mL of solvent were used for each test.
LiMnBi reacted rapidly with water, acetonitrile, and ethylenediamine
(within a few minutes after adding solvent). Other reactions were
carried out for the duration of 1 day at room temperature, except 12-
crown-4 ether (reaction was carried at 348 K for 3 days). After the
reactions were completed, most of the solvent was removed with a
syringe, and the precipitate was dried in a vacuum oven. Oxidation of
LiMnBi in a glovebox was monitored for 3 months at room
temperature and for 2 months at elevated temperatures where the
sample in a Petri dish was heated on a hot plate.

Laboratory Powder X-ray Diffraction. The purity of poly-
crystalline samples was checked by means of a Rigaku MiniFlex 600
powder diffractometer with Cu Ka radiation (4 = 1.540593 A) and a
Ni-Kj filter. Data were collected on a holder for air-sensitive samples
at room temperature. The data for air-sensitive samples were collected
immediately after a sample (loaded into an air-sensitive holder) was
taken out of an argon-filled glovebox to limit the time a sample is air-
exposed to no longer than 10 min. Phase analysis was performed using
the PDF-2 database incorporated into PDXL program software.”
During controlled oxidation of samples in air, the corresponding
powder diffractograms were collected in ~10 min time intervals using
an open zero-background plate holder.

Single-Crystal X-ray Diffraction. Single-crystal data were
collected by means of a Bruker D8 VENTURE diffractometer
(Photon CMOS detector, Mo-IyS microsource, and Oxford
Cryosystem 800 low-temperature device) at 100 K. Crystals were
immersed into viscous cryoprotectant Parabar (Paratone) oil and
cooled with the stream of liquid nitrogen during data collection. Data
integration, absorption correction, and unit cell determination was
performed by APEX 3 software.”® The starting atomic parameters
were obtained by direct methods with SHELXS-2017.”° Subse-
quently, the structure was refined using SHELXL-2017>" (full-matrix
least-squares on F,?). Analysis of the diffraction data revealed a
tetragonal symmetry (a = 4.3131(7) A, ¢ = 7.096(1) A). The
systematic absences and the E-value statistics indicated two possible
centrosymmetric space groups P4/n and P4/nmm. Both structure
solutions imply Bi atoms occupying the 2c site, Mn — 2a site, and Li
— 2c site; therefore, a higher symmetry space group P4/nmm has been
considered. The relatively poor crystal quality leads to the ~3.5 eA’
peaks on the residual Fourier electron density map. Most of these
peaks are next to the Bi site, while no residual electron density is
present near the 2b site, consistent with PbCIF, but not the LaOF
structure type for LiMnBi. Moreover, refinement with Li in the 2b site
is unstable and leads to shifting of Li to the 2c site. Details of the data
collection and refinement are listed in Table S1, and atomic
coordinates and ADPs are given in Table S2. The crystal structure
was visualized using the program VESTA 3.%° Further details of the
crystal structure investigations may be obtained from the joint
CCDC/FIZ Karlsruhe online deposition service: https://www.ccdc.
cam.ac.uk/structures/ by quoting the deposition number CSD-
2237201.

In Situ Synchrotron Powder X-ray Diffraction. High-temper-
ature synchrotron powder X-ray diffraction (HT-PXRD) data were
collected at the beamline 17-BM (APS ANL) with an average
wavelength 1 = 0.24158 A. A powdered sample of LiMnBi was filled
in 0.7 mm outer diameter thick-wall (0.1 mm) silica capillaries and
sealed under vacuum. The capillary was mounted into a secondary
shield capillary (0.9 mm inner diameter, 1.1. mm outer diameter)
located on a sample stage equipped with two resistive microheaters

https://doi.org/10.1021/acs.chemmater.3c00140
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Figure 1. High-temperature in situ PXRD patterns (top), showing the transformation of a powdered sample of LiMnBi (contains LiBi, Bi, and Mn
impurities and a trace amount of MnBi) sealed into an evacuated silica capillary. The “waterfall” plot shows the evolution of PXRD patterns with
the temperature changing from room temperature up to 947 K. The temperature regions with distinct phase contributions are highlighted in
different colors. The temperature dependence of the unit cell parameters and unit cell volume of the LiMnBi compound is shown (bottom).

and a thermocouple set as close as possible to the measurement area.
Further details of the experimental setup can be found elsewhere.*!
Data were collected upon heating and cooling in the temperature
range 298 K — 947 K — 298 K with variable heating and cooling
rates ~ 10—20 K-min™".

Diffraction patterns were analyzed by the Rietveld refinement
method using the GSAS II software package.”> The profile
parameters, background parameters, zero correction, and cell
parameters were refined first. The background was fitted using the
10-order Chebyschev polynomial function, and a pseudo-Voigt
function was applied to generate the profile shape. The LiMnBi
structure model determined from the single-crystal X-ray diffraction
(SC-XRD) was refined via the Rietveld method using synchrotron
PXRD data obtained at 17-BM at the Advanced Photon Source at
Argonne National Laboratory (APS ANL). This resulted in a good fit
of experimental data, Ry = 8% (Table S3, Figure S1).

’Li Solid-State Nuclear Magnetic Resonance. "Li (nuclear
spin I = 3/2, gyromagnetic ratio yy/27 = 16.5471 MHz/ T) nuclear
magnetic resonance (NMR) measurements in the temperature range
8—469 K were carried out by using a laboratory-built phase coherent
spin-echo pulsed NMR spectrometer on the polycrystalline samples
enclosed in a vacuumed quartz tube. Under a fixed external magnetic
field (H) of 7.4089 T, "Li-NMR spectra were taken either by
measuring the spin-echo intensity while sweeping the frequency or by
summing over Fourier transforms of the spin-echo signals. The "Li
spin—lattice relaxation rates (1/T;) were measured by the conven-

tional single saturation pulse method. The 1/T; value at each
temperature was extracted using the stretched exponential fit for I =

s s
:(f:) = O.9e_(6T:) + 0.1 e_(%l) where m(t) is the
spin-echo intensity at time (t), and /3 is the stretching exponent. Here,
p =1 in the presence of a single value T, whereas # < 1 when a
distribution of T is present. The f values were found to be nearly
constant with an average of around 0.65.

Magnetic Property Measurements. Magnetic measurements
were performed on polycrystalline samples (m = 30—S0 mg), which
were loaded under an inert atmosphere into an EPR silica tube that
was further flame-sealed under vacuum. The data were collected using
a Quantum Design MPMS XL and MPMS3 SQUID magnetometer.
Temperature-dependent DC magnetization measurements were
carried out in an applied field of 50, 1000, 2000, 3000, 10,000,
20,000, and 40,000 Oe in the 5—375 K range. Field-dependent
measurements were carried out at 2, 5, and 300 K.

Scanning Electron Microscopy and Energy-Dispersive X-ray
Spectroscopy. The quantitative elemental analysis was performed
with energy-dispersive X-ray spectroscopy (EDXS) using an FEI
Quanta-250 field-emission scanning electron microscope, equipped
with an Oxford X-Max 80 detector and an Oxford Aztec energy-
dispersive X-ray analysis system. A powdered sample of delithiated
LiMnBi was mounted on an aluminum stub using a double-sided
carbon tape. Samples were oriented perpendicular to the beam and
analyzed using a 10 kV accelerating voltage and an accumulation time

3/2 nuclei, 1 —
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of 60 s for the collection of back-scattered electron (BSE) and
secondary electron (SE) images.

Computational Details. First principles calculations were carried
out based on density functional theory (DFT) usm§ VASP codes.*>**
The projected augmented wave (PAW) method was used to
describe the electron-ion interaction, and the generalized gradient
approximation (GGA) in the Perdew—Burke—Ernzerhof (PBE)
form®” was employed for the exchange-correlation energy functional.
A plane-wave basis with a kinetic energy cutoff of 520 eV was used to
expand the electronic wave functions, and the convergence criterion
for the total energy was set to 107> eV. Monkhorst—Pack’s sampling
scheme®® was adopted for Brillouin zone sampling with a k-point grid
of 2 X 0.033 A™', and the lattice vectors (both the unit cell shape
and size) and atomic coordinates are fully relaxed until the force on
each atom is less than 0.01 eV/A.

To characterize the energetic stability of the structures, the
formation energy with respect to the elemental ground-state bulk
phases of the constituent elements (denoted as Eg,,,.1i0n) is calculated.

For any given structure Li,Mn,Bi,, Egmation iS defined as:

E(LimMnnBip) — mE(Li) — nE(Mn) — pE(Bi)

formation

m+n+p

where E(Li,,Mn,Bi ) is the total energy of the Li,Mn,Bi, compound.
E(Li), E(Mn), and E(Bl) are the per-atom energy of the ground state
of Li, Mn, and Bi crystals, respectively.

B RESULTS AND DISCUSSION
Synthesis and Thermal Stability by In Situ HT-PXRD.

Structure search using the adaptive genetic algorithm
(AGA)™™*® suggests that LiMnBi (P4/nmm) is stable with
respect to elemental Li, Mn, and Bi, as evidenced by the
negative formation energy, Eg naion = —0.130 eV/atom. SC-
XRD data confirm that LiMnBi crystallizes with the PbCIF
structure type (P4/nmm) (Tables S1—S3). The synthesis of a
nearly phase-pure sample was achieved via two-step annealing
with intermediate grinding of the powder. In the first step, heat
treatment of elemental precursors at 850 K resulted in the
ternary LiMnBi phase together with binary compounds Li;Bi,
MnBi, LiBi, and unreacted Bi and Mn (Figure S2). Regrinding
samples and reannealing at 850 K improved the yield of
LiMnBi to ~98 wt % (Figures S2 and S3).

To determine the optimized annealing temperature, we used
in situ HT-PXRD data of the sample containing LiMnBi as the
main phase together with Bi, LiBi, and Mn as impurities
(Figure 1). Above 518 K, only LiMnBi with traces of elemental
Mn are present while Bi and LiBi are molten (m.p. of Bi is 544
K,.m.p. of LiBi is 688 K, and m.p. of a eutectic between Bi and
LiBi is 516 K). With the temperature increasing above 908 K,
the ternary phase decomposes: 3LiMnBi — Li;Bi + 2Mn + Bi.
Upon cooling below 844 K, LiMnBi recrystallizes; however,
the corresponding PXRD patterns (Figure S4) indicate a
substantial preferred orientation that can be attributed to the
diffraction from the comparably large single crystals that form
on cooling from the melt (Figure SS). Therefore, the annealing
temperature of 850 K was chosen, based on the LiMnBi
thermal stability as determined from in situ HT-PXRD and
considering the perltectlc decomposition of the binary
compound MnBi at 720 K.* Specifically, the chosen annealing
temperature of 850 K is above the peritectic formation of
MnBi (720 K) but below the decomposition of LiMnB (908
K).

The unit cell parameters obtained from Rietveld refinement
of HT-PXRD data linearly increase upon heating (Figure 1).
The coefficients of thermal expansion (CTE) obtained from
linear fits of the data in the 300—700 K range resulted in the
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following values: CTE LiMnBi (a) == >< - =3.60(3) x 107°
K™!, CTE LiMnBi (c) = X ; = 335(1) x 1075 K™, and
CTE LiMnBi (V) = < >< = =1.09(1) x 107* K™%, The CTEs

suggest isotropic structure expansion upon heating, as it was
previously observed for the isostructural NaZbSb compound.*’
Various loading molar ratios of Li:Mn:Bi were attempted to
improve the yield of the LiMnBi phase (see the Experimental
Section). The nearly single-phase sample with only ~2 wt % Bi
impurity as determined via Rietveld refinement and a trace
amount of MnBi was obtained using the Li:Mn:Bi = 1.1:1.04:1
molar ratio and two-step annealing (Figure S3). These
optimized synthesis conditions were used to prepare samples
to measure magnetic properties and for controlled decom-
position studies. We hypothesize that an excess of Li is needed
to compensate for losses during partial evaporation at high
temperatures while an excess of Mn could be due to the
possible side reaction with crucible materials (Ta).
Structure and Magnetic Properties of LiMnBi. Alkali
metal manganese pnictides AMnPn (A = Li—Cs; Pn = P—Bi)
have a layered-like structure built from the alternating layers of
the alkali metal A and [MnPn] layers composed of edge-
sharing tetrahedra MnPn,. LiMn(P, As, Sb) were reported to
crystallize in the LaOF structure type, while the rest of AMnPn,
including newly discovered LiMnBi, crystallize in the PbCIF
structure type (Figure 2). The distinct difference in the two

LiMnSb (P4/nmm, LaOF)

LiMnBi (P4/nmm, PbCIF)

NN
L—’a b oliab:%uun

b li2cu%z
Mn-2a:% %0 Mn-2a:% %0
Sb-2c: %%z Bi-2c:% %z

Figure 2. Crystal structures of compounds LiMnSb (P4/nmm, LaOF
structure type) and LiMnBi (P4/nmm, PbCIF structure type). MnSb,
and MnBi, edge-shared distorted tetrahedra alternate with alkali metal
atoms, which are inside the tetrahedra (LaOF type, yellow) or square
pyramids (PbCIF type, yellow) formed by Pn atoms. Li-green, Mn-
blue, Sb-pink, and Bi-red. The standard setting for the P4/nmm space
group is used with the cell origin at 2/m.

structure types is in the atomic coordinates of the alkali metal
A causing a variation in the coordination environment of the
alkali metal A: tetrahedral APn, in the LaOF structure type and
square-pyramidal APn; in the case of the PbCIF structure type
(Figure 2, Table 1).

Magnetic structures were determined for most AMnPn
compounds using neutron diffraction, with the exception of
LiMnSb>~**" and reported here LiMnBi. Two types of
antiferromagnetic ordering of magnetic spins on Mn atoms
were reported. The first type implies a magnetic unit cell
coincident with the original tetragonal cell (Figure 3a) with the
antiparalle] alignment of Mn magnetic spins within the layer
and parallel alignment of Mn spins between the adjacent
[MnPn] layers. Such magnetic structure corresponds to
nearest-neighbor antiferromagnetic (AFM) coupling of Mn
spins in the ab-plane and ferromagnetic (FM) coupling
between the layers, i.e., the C-type order. The second type
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Table 1. Structure Types among Alkali Metal Manganese Pnictides AMnPn“

AMnPn P As

Li LaOF [1,3] *€ LaOF [1,2] *¢
Na PbCIF [2]%¢ PbCIF [2]%¢
K PbCIF [4]*¢ PbCIF [2]*¢
Rb PbCIF [3,4]%¢ PbCIF [3,4]%¢
Cs PbCIF [3,4]%C PbCIF [3]*¢

Sb Bi

LaOF [1] PbCIF,© this work (calculations)
PbCIF [2]*¢ PbCIF [1,2]*€

PbCIF [4]*¢ PbCIF [4]*¢

PbCIF [3]*¢ PbCIF [3,4]%¢

PbCIF [3]*¢ PbCIF [3,4]*¢

“The asterisks indicate the type of magnetic structure experimentally determined from neutron diffraction studies, except for LiMnSb;* *
superscript C indicates that the magnetic unit cell is coincident with the nuclear tetragonal unit cell, i.e., C-type magnetic structure; and superscript
G indicates that the magnetic unit cell is doubled in the c-direction compared to the nuclear tetragonal cell, i.e., G-type magnetic structure. The

crystal structure type for LiMnSb was assigned based on PXRD data and no information about its magnetic structure is available.

1-4,22

b) Mn

C-type

G-type

c)

L Na K Rb s

Figure 3. Two types of magnetic unit cells as determined from neutron diffraction studies®> for the AMnPn family (A = Li—Cs; Pn = P—Bi). The
antiferromagnetic ordering of Mn spins within the layer and ferromagnetic ordering of Mn spins between the layers result in the magnetic cell being
identical to the nuclear tetragonal cell in (a), C-type magnetic structure; in (b) magnetic unit cell along the c-direction is doubled compared to the
nuclear cell in the case of antiferromagnetic ordering of Mn spins within and between the layers, G-type magnetic structure; and (c) variation in the
ordered magnetic moment, M (in uy per Mn atom) within the AMnPr family from neutron scattering experiments below 13 K.>~* No information
about the magnetic structure of LiMnSb is available. For LiMnBi reported here, the magnetic moment from DFT calculations is added for
comparison (star, this work). To be consistent with the literature,” * the nonstandard settings for the P4/nmm space group were used with the cell

origin placed at 4m2 and Mn atoms in the 2a site (0 0 0).

of ordering leads to the doubling of c-unit cell parameter in the
magnetic unit cell compared to the nuclear unit cell due to the
antiparallel alignment of Mn spins within and between layers
(Figure 3b). Such magnetic structure is known as G-type and
implies nearest-neighbor AFM coupling in the ab-plane and
between the layers stacked along the c-axis. As can be seen
from Table 1, there is a diagonal trend between these two
types of magnetic structures within the AMnPn family.
Interestingly, the magnitude of magnetic moment determined
from neutron diffraction studies’ **' increases within the
LiMnPn, NaMnPn, KMnPn, RbMnPn, and CsMnPn rows with
increasing size of the pnictogen atom (Figure 3c). As the
radius of Pn increases in the row P — As — Sb — Bi, the
structure expands predominantly in the a X b plane at a greater
rate compared to an expansion along the c-direction. Thus, the
elongation of Mn—Mn distances within [MnPn] layers leads to
the increase in the magnetic moment. An increase in the size of
alkali ions in the row Li - Na — K — Rb — Cs leads to the
expansion of the structure mainly along the c-direction.
Therefore, the Mn—Mn distance between the [MnPn] layers
increases, while Mn—Mn distances within the a X b plane
increase only slightly.* The established dependence between
Mn—Mn distances and the magnitude of the magnetic moment
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determined by neutron diffraction was first reported for
NaMnPn* and can be extended to the whole family,>*
including the new compound LiMnBi (Figure 3c).

Our theoretical calculations of the total and formation
energies of the LiMnBi compound with two types of magnetic
ordering are compiled in Table 2. Two models of the crystal
structure are considered: LaOF type (LiBi, tetrahedral
environment) and experimentally determined from SC-XRD
data PbCIF-type (LiBis square-pyramidal environment)
(Tables S1 and S2). Additionally, the possibility of FM or
AFM ordering of spins on Mn atoms was considered. As can

Table 2. Calculated Total and Formation Energies of the
LiMnBi Compound with LaOF or PbCIF Type of Structure”

M, puy per Mn
E, eV/atom Eformations €V/atom atom
structure
type FM AFM FM AFM FM AFM
LaOF —4.848 —4.955 0.077 —0.030  4.055  3.944
PbCIF —4.969 —5.05§ —0.046 —0.130 3.543 3.628

“Calculations were done considering FM or AFM ordering with the
same magnetic cell as the nuclear cell (C-type shown in Figure 3a).
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be seen from Table 2, the PbCIF type of structure with AFM
ordering has the lowest energy. The total energy of the AFM
structure (E = —5.055 eV/atom) with the same magnetic cell
as the nuclear tetragonal unit cell (C-type magnetic structure
shown in Figure 3a) is slightly lower than the total energy (E =
—5.052 eV/atom) of the AFM structure with the doubled ¢
(G-type magnetic structure shown in Figure 3b). The DFT
calculated magnetic moment per Mn atom in LiMnBi with a
C-type magnetic structure amounts to 3.628 uy, which is
consistent with the general trend of increasing magnetic
moment with the size of the Pn atom established for the
AMnPn family from neutron diffraction (Figure 3c).
Magnetic properties of two LiMnBi polycrystalline samples
(sample 1 and sample 2) were measured (Figures 4, S6 and
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Figure 4. Magnetic properties of LiMnBi samples. (a) Field
dependence of magnetization, M, in sz per Mn atom at 2 K (sample
1), 5 K (sample 2), and 300 K (samples 1 and 2). (b) Temperature
dependence of M/H between 2 and 370 K with the inset showing a
transition at 345 K.

S7). Both samples contained LiMnBi as a major phase, 2 wt %
of Bi, and a trace amount of MnBi (Figure S3). Samples were
stored and handled in a glovebox prior to data collection, yet,
as we will show below, LiMnBi is extremely air-sensitive and
decomposes to yield MnBi even in the presence of a trace
amount of oxygen gas. Sample 1 was used for initial, below 300
K, magnetization measurements as well as for solid-state 14
NMR data collection (vide infra), while sample 2 was used to
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measure magnetic properties over a wider temperature range,
i.e., above room temperature. As can be seen from the field-
and temperature-dependent magnetization data for samples 1
and 2 (Figure 4) that both LiMnBi samples show similar
behavior, with no superconductivity detected down to S K.
The field dependence of magnetization at the magnetic field
above 1 T is linear with no tendency for saturation. The clear
deviation from linearity of the field dependence of magnet-
ization at a low magnetic field (0—10,000 Oe) is attributed to a
ferromagnetic impurity, assumed to be MnBi (saturation
magnetization of 81.3 emu/g, T. ~ 630 K**). From the
intercept of the linear fit above 1 T of M(H) at 300 K and
using the literature data for saturation magnetization,42 the
content of ferromagnetic MnBi impurity was estimated to be
0.03 wt % in both samples. The ferromagnetic impurity is also
manifested in the field dependence of M/H vs T plots for
sample 1 (Figure S6a). Using the Honda—Owen method,*¥**
we estimated the amount of MnBi to be 0.1 wt % based on its
literature M(H) data*>** (Figure S6a). Since both samples
have pronounced contributions from the MnBi impurity phase,
any attempt at a Curie—Weiss analysis M/H vs T data in the
150—24S K range (even using Honda—Owen analysis) gives
nonphysically small values for Mn moments (see Figures S6
and S7 and the Supporting Information for further discussion).
The below-room-temperature data strongly suggested that
there might be an AFM order of the Mn sublattice taking place
above room temperature. Indeed, when Li solid-state NMR
(see below) and magnetization data were collected for
temperatures above 340 K (Figures 4b and S6a), a clear
signature of antiferromagnetic ordering emerged. This AFM
ordering above room temperature resembles that in AlMn,B,,
where solid-state NMR was used to unambiguously detect the
transition above room temperature.46

Solid-State “Li NMR. To further probe magnetic ordering
in LiMnBi, we collected solid-state “Li NMR data for the same
sample as was used for magnetic measurements (sample 1 from
above). Temperature dependence of the representative Li-
NMR spectra in the temperature range 8—469 K is shown in
Figure 5a. The spectra above 345 K are observed around zero
NMR shift shown by the dashed line and are very sharp with a
full width at half maximum (FWHM) of ~25 kHz (~15 Oe).
For the I = 3/2 nuclei, one may expect three spectral lines in
the presence of quadrupole effects: one central (I, = 1/2 < 1/
2) and two satellite transitions (I, = 3/2 <> 1/2 and — 3/2 <
—1/2). The observed single-line shape indicates the small
quadrupole interaction whose upper limit is estimated to be
100 kHz from the observed spectra at high temperatures. Upon
cooling just below 342 K, a drastic broadening of the NMR
spectra is observed, indicating a magnetic phase transition.
Since no obvious change in the peak position below 342 K is
observed, the magnetic state is considered to be AFM. Similar
broad NMR spectra in the AFM state have been observed in
AlMn,B,.** The inset shows the temperature dependence of
the FWHM where the clear increase of FWHM on cooling is
evident around the magnetic phase transition temperature Ty
~ 342 K. It is noted that no clear change in FWHM can be
detected around either 100 or 50 K. These results suggest that
the features detected in the temperature-dependent magnet-
ization near ~100 K and again at ~50 K (Figures S6 and S7)
are either completely suppressed by the application of an
external magnetic field (H ~ 7.4 T) or the anomalies
associated with impurity phases contain no Li. Taken together
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Figure 5. (a) Temperature dependence of "Li-NMR spectra. Spectra in the paramagnetic state are shown in black whereas those in the magnetic
state are shown in blue. The dashed line corresponds to the zero shift frequency for "Li at an applied field of 7.4089 T. Inset: the temperature
dependence of FWHM. A drastic change in FWHM is observed around Ty ~ 342 K. The straight lines are guides for the eye. (b) Temperature
dependence of the "Li spin—lattice relaxation rate (1/T)). The red curve shows 1/T; = 1.3 X 1077 T*>” + 0.002 (1/s) where the first term originates
from the two-magnon relaxation process in antiferromagnets and the second term is due to impurities.

with the magnetization data, a MnBi impurity (Mg,aton = 81.3
emu/g, T. =~ 630 K*) is the most likely explanation.

To obtain further insights into the magnetic properties of
LiMnBi, we have also measured 1/T, for temperature
dependence (Figure Sb). With decreasing temperature from
450 to 360 K, 1/T, is nearly independent of temperature,
which is attributed to the paramagnetic fluctuations of the Mn
spin. With further lowering of the temperature below 360 K, 1/
T, starts to increase and exhibits a clear peak at Ty ~ 342 K.
This is due to the critical slowing down of the Mn spin
fluctuations, indicating that the AFM phase transition is a
second-order phase transition. Below Ty ~ 342 K, 1/T, shows
a strong temperature dependence where 1/T| roughly follows
a T*” power-law behavior. This power-law dependence of 1/T,
is close to T° expected for the two-magnon scattering process
for antiferromagnets.”” A deviation from the power-law
behavior below 20 K was observed, which is likely due to
relaxation associated with impurities giving a temperature-
independent 1/T,. The red curve in Figure 5b is the calculated
temperature dependence of 1/T) with the two contributions to
1/T, from the magnon scattering and impurity effect, which
seems to reproduce the experimental data. Finally, it is noted
that no clear anomaly in 1/T) around either 100 K or 50 K is
detected as in the case of NMR spectrum measurements,
indicating again that the magnetic anomaly in the magnet-
ization measurements is completely suppressed due to the
external field or is due to impurities.

All in all, magnetic property measurements of two
polycrystalline LiMnBi samples together with solid-state ’Li
NMR data suggest that the Mn sublattice in LiMnBi orders
antiferromagnetically below Ty ~ 340 K, while the low-
temperature features in magnetic data are attributed to the
trace amount of secondary phases, including ferromagnetic
MnBi. Interestingly, variable-temperature neutron diffraction
data for selected representatives of the AMnPn family indicate
an AFM ordering of Mn atoms above room temperature for
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isostructural NaMnBi and NaMnSb (293 K < Ty < 383 K),
KMnAs (393 K < Ty < 423 K), NaMnAs (293 K < Ty < 633
K), and NaMnP (293 K < Ty < 593 K),” as well as structurally
different LiMnAs (Ty = 374 K),*' while the temperature-
variable neutron diffraction data needed to unambiguously
determine the transition temperature range for other AMnPn
representatives are lacking.” "

Controlled Decomposition of LiMnBi to MnBi
Ferromagnet. We further studied the reactivity of LiMnBi
in various chemical environments and found out that by
controlling the rate of the LiMnBi decomposition, it is possible
to stabilize the MnBi product with the hexagonal NiAs
structure type (P6;/mmc). MnBi is one of the strongest rare-
earth-metal-free ferromagnets.*”****~>" The chosen synthesis
method tremendously impacts the magnetic properties of
MnBi. The reported synthesis methods include continuous
spinning arc melting, rapid solidification, reannealing, ball-
milling, and high-temperature solution growth of single
crystals.***™>” The purity of the target stoichiometric MnBi
varies from 50% to essentially 100% for single-crystal growth.
Synthetic challenges are attributed to the complex peritectic
Mn—Bi phase diagram™ that implies crystallization of the ht-
Mn, ,;Bi, g3 compound (Mn:Bi ~ 1.19:1) prior to the
formation of MnBi. While stoichiometric MnBi is a strong
ferromagnet, the compositionally similar ht-Mn,,3Bi; g¢ is
paramagnetic.45’48’58’59

We studied LiMnBi decomposition in air, in deionized water
and ethanol, and in aprotic polar solvents, including
acetonitrile, ethylenediamine, pyridine, DMF, and DMSO. As
it will be shown below, the yield of MnBi strongly depends on
the type of reagents and kinetics of the reaction: a slow rate
and mild reaction media lead to a high fraction of the MnBi
product (~80 wt %). PXRD data (Figure 6) show that LiMnBi
reacts with moisture and oxygen and decomposes to MnBi
and, presumably, amorphous lithium hydroxide (not detected
by laboratory PXRD). The basic pH (10—11) of the solution
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Figure 6. PXRD patterns show that upon exposure to air, LiMnBi
(bottom, black; the representative diffraction peak is highlighted in
blue) slowly decomposes into ferromagnetic MnBi (peak highlighted
in yellow), which in turn, hydrolyzes, yielding Bi (diffraction peak
highlighted in pink) and traces of Mn(OH), (diffraction peaks
marked with *).

obtained by rinsing LiMnBi powder with DI water is consistent
with LiOH/Li,O formation. The delithiation of LiMnBi is
relatively fast during the first hour (Figure 6, PXRD patterns in
blue). The delithiation slows down afterward, and after 12 h of
exposure to air, nearly all of LiMnBi is decomposed.
Simultaneously, hydrolysis of binary MnBi occurs leading to
an increase in the fraction of elemental Bi. The PXRD pattern
of the sample after washing with water contains Bi as a major
crystalline phase and possibly traces of Mn(OH), (mostly
amorphous and indetectable by PXRD). As a result, LiMnBi —
MnBi — Bi chemical transformation under aerobic conditions
is accompanied by the variation in room-temperature magnet-
ism: antiferromagnet — ferromagnet — paramagnet. After 12
h of exposure to air, the weight fractions of the crystalline
phases determined from Rietveld refinement of PXRD data are
LiMnBi:MnBi:Bi = 11 wt %:55 wt %:34 wt %.

The rate of delithiation in LiMnBi and the subsequent
hydrolysis of MnBi can be controlled by the chemical
environment (Figure 7), for instance, by the type of organic
solvent used under anaerobic conditions. The LiMnBi
compound reacts vigorously and immediately with water,
acetonitrile, and ethylenediamine yielding Bi as the main
crystalline product (>75 wt %). The reactions with ethanol,
DMF, DMSO, and pyridine are considerably slower and,
therefore, were carried out for 1 day. As can be seen from
Figure 7 the fraction of MnBi increases from 35 to 77 wt % in a
row DMF — ethanol — pyridine — DMSO. Yet, the
decomposition in ethanol and DMSO is faster, thus leading
to a considerable fraction of Bi (54 and 23 wt %, respectively),
whereas decomposition in DMF and pyridine is slower,
resulting in a considerable amount of LiMnBi that remained
after the 1 day exposure (57 and 5SS wt %). Therefore, the
exposure time in DMF and pyridine was extended to 3 days,
which only slightly increased the MnBi fraction (from 35 to 49
wt % in DMF and from 44 to SS wt % in pyridine); however,
the Bi fraction increased as well (up to 9 wt %), and a
significant amount of unreacted LiMnBi was still present. We
then attempted a reaction between LiMnBi and 12-crown-4
ether (boiling point 343 K), which is a ligand known to
selectively bind various cations, particularly Li'. After 3 days at
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Figure 7. PXRD patterns show the outcome of delithiation of the
LiMnBi phase in different solvents. The most intense diffraction peaks
of LiMnBi, Bi, and MnBi phases and their relative weight fractions (wt
%) from Rietveld refinement of PXRD data are shown in red, black,
and blue, respectively.

an elevated temperature of ~348 K, the LiMnBi-to-MnBi
transformation was complete, but a sample contained a
considerable fraction of Bi impurity (31 wt %). To sum up,
the speed of Li* leaving the LiMnBi structure defines the
reaction outcome. If the Li “removal” is fast (as in water,
ethanol, acetonitrile, and ethylenediamine), then the major
crystalline phase is elemental Bi. For the slower rate of
delithiation (DMF and pyridine), a significant fraction of
LiMnBi leftover is still present even after 3 days. However,
even if delithiation is slow enough to be accomplished within 1
day (DMSO and 12-crown-4 ether), the competing side
reaction leads to 20—30 wt % of Bi impurity. Therefore, none
of the attempted reactions resulted in a yield of the MnBi
product exceeding 77 wt %.

To study the kinetics of LiMnBi-to-MnBi transformation, we
then subjected LiMnBi to a trace amount of oxygen in a
glovebox with p(0,) < 1 ppm and p(H,0) < 1 ppm (Figure
8). At room temperature, the reaction is extremely slow.
Around 2 months is needed to achieve ~87 wt % fraction of
MnBi by controlled LiMnBi decomposition (Figure 8a). The
precursor LiMnBi contained ~3 wt % of Bi impurity initially,
and its amount only slightly increased to ~4 wt % after 2
months. Exposure of a sample in a glovebox for longer than 50
days did not result in complete decomposition, since ~10 wt %
of LiMnBi was still present. In turn, the MnBi fraction started
to slowly decrease leading to the increase in the Bi content,
indicating MnBi decomposition.

To achieve a complete LiMnBi-to-MnBi transformation, an
experiment was carried out in a glovebox at elevated
temperatures (Figure 8b). The sample of LiMnBi was kept
on a hot plate at room temperature for the first 4 days for
reference (Figure 8b, region I highlighted in pink). Afterward,
the temperature was raised to 398 K, which resulted in an
increase in the reaction rate (Figure 8b, region II in green).
Even though 78 wt % fraction of MnBi was achieved within 17
days, an increase in the decomposition rate causes an increase
in the amount of the Bi side product (from 3 to 7 wt %).
Neither further exposure (Figure 8b, region III in blue) at the
same temperature nor regrinding of the sample in a mortar and
pestle (Figure 8b, region IV in pale yellow) promoted
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Figure 8. Variation of phase fractions (wt %) of LiMnBi (red circles), MnBi (blue squares), and Bi (black triangles) in the sample exposed to trace
amounts of O,/H,0 in a glovebox at room temperature (298 K) (a) and at elevated temperatures (398 K/453 K). Regions of various rates of the
decomposition process are highlighted in light blue in (a) and I-pink, II-green, III-light blue, IV-pale yellow, and V-gray in (b). Cyan triangles are

used to highlight regions where Bi wt % rapidly increases.

subsequent LiMnBi decomposition or formation of additional o - 43A
Bi. We presume that the remaining particles of LiMnBi are < ‘
heavily coated with Li,O inhibiting O, diffusion, thus Li -

extraction. A further increase in temperature to 453 K (Figure
8b, region V in gray) leads to a slight increase in the reaction
rate with the subsequent increase in the Bi fraction. Overall,

c

aet,

Mn, 5381y g5 (PMma)

paramagnet
LiMnBi decomposition in a glovebox at room temperature LiMnBi (P4/nmm) -Li MnBi (P6,/mmc)
(Figure 8a, MnBi: 86.7 wt %; Bi: 3.6 wt %; LiMnBi: 9.7 wt %) antiferromagnet ferromagnet
and at elevated temperatures (Figure 8b, MnBi: 86.6 wt %; Bi: distorti
istortion

11.2 wt %; LiMnBi: 2.2 wt %) resulted in a weight fraction of
MnBi as high as 87 wt %. However, it should be mentioned
that Rietveld refinement of PXRD provides the relative wt % of
the crystalline phases only. If the expected stoichiometric
amounts of amorphous phases Li,O and MnO, are considered,
the fraction of MnBi is reduced to 82.4 wt % for the
decomposition carried out at room temperature (MnBi: 82.4
wt %; Bi:3.4 wt %; LiMnBi: 9.2 wt %; Li,O: 4.6 wt %; MnO,:
0.3 wt %) and to 79.8 wt % for the decomposition at elevated
temperatures (MnBi: 79.8 wt %; Bi: 10.3 wt %; LiMnBi: 2.0 wt
%; Li,O: 4.9 wt %; MnO,: 3.0 wt %).

To test whether the delithiation of LiMnBi yielding
ferromagnetic MnBi is exclusive to the LiMnBi compound,
we studied a decomposition of the isostructural NaMnBi and
KMnBi compounds as well as the structurally related
CaMn,Bi,. Neither of them yielded MnBi. More reactive
isostructural NaMnBi and KMnBi compounds showed a rapid
decomposition in air, yielding only elemental Bi as a crystalline
product, while CaMn,Bi, is quite stable in air. The formation
of MnBi ferromagnets from antiferromagnetic LiMnBi can be
understood considering their crystal structures, as proposed by
the following simplistic mechanism (Figure 9). After a
complete Li deintercalation from LiMnBi, the resulting
[MnBi] layers condense and subsequently distort to yield 3D
hexagonal structures of MnBi (Figure 9). Notably, a Mn—Mn
distance of 3.1 A within the square nets in the LiMnBi
structure is identical to the shortest Mn—Mn distance in the
hexagonal MnBi structure. As it was shown above (Figures 6, 7,
and 8), Bi is a side product of LiMnBi decomposition (in
addition to presumably amorphous manganese and lithium

deintercalation condensation

Figure 9. (a) Crystal structure of LiMnBi highlighting square nets of
Mn atoms capped by Bi atoms; Li — green, Mn — blue, and Bi — red
spheres and (b) crystal structure of Mn,3;Bi; 5. Atoms partially
occupying sites are shown as partially filled spheres. (c) Crystal
structure of MnBi and (d) proposed mechanism of LiMnBi
decomposition yielding MnBi. The schematic includes Li-layer
“removal” (deintercalation), condensation of the Mn square nets
with dy_nm = 3.1 A, and subsequent formation of the hexagonal
MnBi structure; Mn—Bi bonds are omitted for clarity.

oxides/hydroxides that are not detectable from PXRD); thus,
the Bi formation rate is proportional to the speed of the
reaction. If the speed of Li deintercalation from the LiMnBi
structure (the first step in the proposed mechanism, Figure 9a)
is slow (as at room temperature), the condensation of the
[MnBi] layers leads to the MnBi structure. However, if the
reaction speed is too rapid, a lot of “faults” during the [MnBi]
condensation occur, and a fraction of [MnBi] layers can be
oxidized prior to the condensation, yielding elemental Bi and
manganese oxide. Considering this, lower reactivity due to a
shorter interlayer [MnBi] distance of 7.1 A (Figure 9) in
LiMnBi compared to isostructural NaMnBi (7.7 A) and
KMnBi (8.3 A) can explain the formation of MnBi only in the
case of LiMnBi, but not for the Na- and K-analogues.

3244 https://doi.org/10.1021/acs.chemmater.3c00140

Chem. Mater. 2023, 35, 3236—3248


https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00140?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00140?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00140?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00140?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00140?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00140?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00140?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00140?fig=fig9&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c00140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

Scanning electron microscopy (SEM) images using BSE and
SE modes were collected for the powdered sample that
contains up to 82 wt % MnBi and was prepared by controlled
decomposition of LiMnBi in a glovebox for an extended period
of time at room temperature. As can be seen from Figure 10a,

1000 %
Mode: SE

Figure 10. SEM images obtained in BSE and SE modes for a sample
of LiMnBi kept in a glovebox for an extended period of time (the
sample contains up to 82 wt % MnBi). (a) Images show the variation
in the particle size and (b) MnBi particle coated with lithium oxide
(white in the SE image and dark in the BSE image) and elemental Bi
(gray in the SE image and white in the BSE image).

the samples show the variation in the particle size between 5
and S0 um. MnBi particles are heavily coated with
(presumably) lithium oxide and elemental Bi (Figure 10b).
EDXS analysis confirmed the expected Mn:Bi = 1:1 molar
ratio. The saturation magnetization (Figure 1la) of the
LiMnBi sample oxidized in a glovebox (containing up to 82
wt % MnBi) is in the 35—40 emu/g (1.6—1.9 p/Mn) range at
300 and 2 K, which is about 50% of the expected value of 81.3
emu/g (~3.8 yg/Mn) for pure and fully dense MnBi samples
at 300 K** or high-quality single crystals (3.6—4.1 pp/Mn).*
The saturation magnetization is slightly higher for the sample

oxidized on a hot plate at 453 K as compared to the sample
kept at room temperature (Figures 8a,b and 1la). A
comparably low value of saturation magnetization is not
unexpected for the “as-prepared” MnBi, since postprocessing
(e.g, ball-millin§ and particle size optimization combined with
heat treatment’”>%) is required to obtain a high-performance
permanent magnet. The temperature dependence of M/H
between 5 and 300 K of the MnBi sample prepared by
decomposition of LiMnBi in a glovebox is shown in Figure
11b. These data are in good agreement with the
literature, > *4950 suggesting that MnBi obtained via LiMnBi
decomposition has the same spin reorientation transition at
90—100 K as MnBi prepared by other routes.

B CONCLUSIONS

The intermetallic compound LiMnBi is a newly discovered
member of the AMnPn family (A = alkali metal; Pn =
pnictogen). LiMnBi has a layered PbCIF type of crystal
structure that is common for AMnPn compounds. The
structure is built of alternating Li and [MnBi] layers with
Mn tetrahedrally coordinated to four Bi atoms within the layer.
LiMnBi was synthesized by two-step annealing of elements
with the annealing temperature chosen based on in situ PXRD
data. DFT calculations predict that the PbCIF type of structure
with AFM ordering of Mn spins and the magnetic unit cell that
is coincident with the nuclear cell has the lowest energy. DFT
calculated magnetic moment on Mn atoms in the AFM
structure of LiMnBi at 0 K is in agreement with the previously
established trend for the AMnPn family between magnetic
moment and Mn—Mn interatomic distances. Magnetic
property measurements and solid-state 'Li NMR data collected
for polycrystalline LiMnBi samples indicate the long-range
antiferromagnetic ordering of the Mn sublattice at ~340 K,
with no superconductivity detected down to 5 K.

LiMnBi is air- and water-sensitive. The study of the
controlled LiMnBi decomposition in air indicates LiMnBi —
MnBi — Bi transformation with a concurrent change in
magnetic properties as antiferromagnet — ferromagnet —
paramagnet. Such decomposition is exclusive for LiMnBi, since
neither isostructural NaMnBi and KMnBi compounds nor
structurally related CaMn,Bi, yield MnBi upon decomposition.
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Figure 11. (a) Magnetization M vs magnetic field and (b) temperature dependence of M/H vs T (right) of the “as-prepared” MnBi polycrystalline
sample obtained by controlled decomposition of LiMnBi in a glovebox. Additionally, M vs magnetic field (orange curve*) for the sample heated to

453 K in a glovebox is shown in (a).
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Delithiation in LiMnBi proceeds in various organic solvents
and under anaerobic conditions, while the MnBi yield depends
on the type of solvent used and kinetics of the reaction. A slow
decomposition in the mild reaction media leads to a high
fraction of the product (up to 82 wt %). The saturation
magnetization of the “as-prepared” MnBi is ~50% of the
expected value of 81.3 emu/g, yet it is known that
postprocessing is required to obtain MnBi-based permanent
magnets with high performance. Overall, this study enriches
the chemistry of ternary pnictides and showcases an example of
using soft-chemistry methods to obtain difficult-to-synthesize
compounds.
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