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Permanent magnetism underpins a wide range of
applications including wind energy harvesting and electric

powered vehicles, where magnets are a critical component of
the generators and motors inherent to these technologies.
Materials that fuse a large magnetic response with a high
coercivity (i.e., resistance to demagnetization) display
permanent magnetism. One approach toward creating novel
permanent magnets is by bringing together atoms that are spin-
bearingfeaturing large magnetic momentswith atoms
possessing significant orbital angular momentum, to induce a
high coercivity. This strategy effectively recreates the magnetic
structure of a lanthanide using two separately tunable species.
Proof-of-concept for this approach resides in MnBi, a NiAs-
type binary intermetallic compound first described in 1939,1

which is a permanent magnet with remarkably competitive
properties as compared to rare-earth magnets. Notably, in the
1950s, MnBi boasted the highest coercive force of any magnet
known at the time. The peak value of 2.5 T for MnBi occurs at
523 K, because remarkably Hc rises with increasing temper-
ature in this compound.2−4 Although interest in MnBi waned
upon the discovery in the 1960s of the first high-performance
rare-earth magnets, SmCo5

5 and Sm2Co17,
6 this unusual

material has nevertheless been investigated ever since due to
its remarkable magnetic properties.7−15 Indeed, the promise
offered by MnBi, along with other rare-earth-free magnets such
as the FePt class of alloys,16,17 continues to drive fundamental
magnetism research.
The early promising results within the Mn−Bi system

suggest it merits further investigation, perhaps housing novel
intermetallic phases with similarly exciting properties. Further,
creating new phases within this space may enable a deeper
understanding of the fundamental interactions between these
two elements. To explore this system, we exploited high
pressure as a synthetic vector, an approach that previously
enabled the discovery of novel compounds in other binary
bismuth systems such as Co−Bi,18 Fe−Bi,19 Ni−Bi,20 and Cu−
Bi.21−23 Herein, we report the discovery of the metastable
MnBi2a previously unknown binary phase in the Mn−Bi
systemwhich we synthesized above pressures of 8.3(1) GPa.
Preliminary calculations on this phase indicate it may be a
permanent magnet with a magnetic anisotropy of 0.205 MJ/m3

in favor of the ⟨100⟩ magnetization direction at 0 K.
The temperature−composition phase diagram for the Mn−

Bi system was first mapped out over a hundred years ago.24

Under ambient pressures there are only two thermodynami-
cally stable intermetallic phases in this system: the MnBi
(NiAs-type) compound introduced earlier and an orthorhom-
bic manganese-rich derivative, Mn1.08Bi.

25,26 We chose to
investigate the Mn−Bi system at high pressures using the laser-
heated diamond anvil cell (LH-DAC).
Static pressures on the order of gigapascals (GPa) are

applied to a sample by placing it between the tips of two large
single crystal diamond anvils that are subsequently driven
together under high loads. To create a more uniform pressure
at the sample, a gasket material is placed between the diamond
tips and the sample is loaded along with a pressure
transmitting medium into a circular sample space drilled
through the center of the gasket. In our case, the pressure
transmitting medium is single crystal MgO polished to a
thickness of 5−10 μm. This choice of medium is ideal because
MgO acts as a thermal insulator between the sample and the
diamonds, with the added benefit of being optically trans-
parent, chemically inert, and a good calibrant of pressure
through its known equation-of-state, which relates cell volume
to pressure.27 We heat our sample while it is held under high
pressure using infrared laser irradiation methods, wherein a
high flux of incident photons is focused onto the sample from
both sides of the cell, raising the temperature to thousands of
degrees kelvin at a very localized region (laser fwhm is around
40 μm). A schematic of the experimental setup is given in the
Supporting Information, and further details are available
elsewhere.28−30

We pressed a single crystal of MnBi to a thickness of around
5−10 μm, loaded a small flake of this crushed polycrystalline
material into the DAC sample space, and pressurized it to
8.3(1) GPa, as determined by the lattice parameters of the
MgO pressure medium. X-ray diffraction data collected before
heating exhibits peaks from MnBi, MgO, and Bi(V), which is
the stable high-pressure polymorph of bismuth above 7.7
GPa.31 The presence of elemental bismuth is due to the flux
method used to prepare the MnBi sample.32 Even before
heating, we observed the appearance of peaks that had arisen
during compression that could not be attributed to MnBi,
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Mn1.08Bi, or any of the known polymorphs of the pure
elements.
Upon heating to temperatures of around 400−700 K, the

intensity of the peaks from the unknown phase increased as a
function of time, with a concomitant decrease in the intensity
of peaks from the MnBi phase (Figure 1). Heating was stopped

once the peaks from the new phase had ceased growing in
intensity. A small amount of α-Mn and MnBi remained at the
end of the heating, and the pressure had increased slightly to
8.7(1) GPa. The peaks from the new phase are readily indexed
at this pressure to the I4/mcm space group with unit cell
parameters a = 6.8315(1) Å and c = 5.6572(2) Å. A common
structure type in this space group is Al2Cu, and indeed the
pattern can be modeled very well using Rietveld methods as
MnBi2 in this structure type (Figure 2). The reaction appears
to proceed by the decomposition of MnBi (2MnBi→MnBi2 +
Mn), as evidenced by the very small amount of Bi present
before the reaction, which would otherwise limit the alternative
“bismuth uptake” mechanism (MnBi + Bi → MnBi2). MnBi2

can also be synthesized from a mixture of the elements, albeit
in lower yields (Supporting Information).
The structure of MnBi2 is analogous to that of FeBi2, which

also requires high pressure to form.19 Each manganese atom is
surrounded by eight bismuth atoms in a square antiprism
coordination, with face-sharing of the squares between
neighboring Mn sites leading to the formation of columns
along the c-direction. Each column shares edges with its four
surrounding columns throughout the ab-plane.
Both MnBi and MnBi2 contain linear chains of Mn atoms

that in each case define the long axis of face-sharing columns
along the c-direction. In the case of MnBi, the Mn atoms are
surrounded by six bismuth atoms in a triangular antiprism
coordination environment, in contrast to the eight bismuth
atoms in a square antiprism coordination in MnBi2. The
shortest Bi−Bi interaction in MnBi is 3.94 Å, which is clearly
nonbonding; therefore, the Mn−Bi bond (2.77 Å) is the
primary stabilizing influence on this structure. In contrast,
MnBi2 contains Bi−Bi interactions that are well below
expected contact distances: at 8.7(1) GPa, the shortest Bi−
Bi interactions, d1 and d2, are 3.101(1) Å and 3.316(1) Å (2rBi
= 3.38 Å). The Mn−Bi and Mn−Mn interactions at the same
pressure are 2.930(1) Å and 2.829(1) Å, respectively. The
comparison of these distances with the expected contact
distance for the elements is consistent with what is generally
observed for the Al2Cu-type and implicates the Bi−Bi
interactions as the primary stabilizing influence, with the
Mn−Bi distance also being suggestive of a bonding interaction
yet no interaction being observed between Mn atoms along the
c-axis (vida infra and Supporting Information). Similarities
between MnBi and MnBi2 are clearly seen when both
structures are viewed down the c-direction (Figure 1, right)
and when compared side by side (Figure 3).

We investigated the electronic structure of MnBi2 at 8.7(1)
GPa using density functional theory (DFT) calculations
performed on the experimentally determined structure. The
top panel of Figure 4 shows the electronic projected density-of-
states (DOS) of nonmagnetic (NM) MnBi2. The region near
the Fermi level (EF) is populated by Bi 6p and Mn 3d
electrons. The Bi 6s electrons are at lower energies (around 9
to 12 eV below EF). This distribution of states is qualitatively
very similar to those calculated previously for MnBi,33,34 where
the Mn 3d and Bi 6p states dominate the region close to the
Fermi energy and the Bi 6s states are similarly isolated at 10 to
12 eV below EF. For both MnBi and MnBi2, the calculated

Figure 1. Left: Powder X-ray diffraction patterns collected in situ over
the course of 2 min during laser heating of a pressed flake of MnBi
under a pressure of 8.3(1) GPa. Simulated patterns of MnBi, MnBi2,
and Bi(V) at the same pressure are shown for comparison. Green,
purple, and blue asterisks mark the positions of the highest intensity
peaks from MgO, Bi(V), and α-Mn, respectively. Temperature during
heating was estimated to be between 400−700 K. Right: Comparison
of the crystal structures of MnBi and MnBi2 as viewed along the c-axis,
highlighting the faces that are shared between neighboring Mn atoms
to form columns throughout the structure (red/green polygons
overlaid in the lower left of each structure).

Figure 2. Rietveld refinement of the powder X-ray diffraction data
collected at the conversion site after cooling to room temperature.
Experimental data shown in black circles, fit shown as a purple line,
and difference curve plotted in gray. The pressure at this site was
8.7(1) GPa. Asterisks mark the highest intensity peaks from the α-Mn
(∼12.5°) and MnBi (∼8°) phases. Full details of the refinement are
given in the Supporting Information. λ = 0.4066 Å. Rwp = 4.08.

Figure 3. Comparison of the crystal structures of MnBi and MnBi2,
highlighting the formation of face-sharing columns along the c-
direction that edge-share across the ab-plane. Faces that are shared
between Mn coordination environments are highlighted in red/green,
as in Figure 1. Mn and Bi atoms are represented by pink and purple
spheres, respectively. Yellow rods highlight the two nearest-neighbor
Mn−Mn magnetic interactions: Jin (in the ab-plane) and Jout (along
the c-axis).
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DOS is consistent with strong covalent Mn−Bi interactions,
where hybridization between the Mn 3d and Bi 6p states leads
to electron delocalization. The total DOS at EF is about 6.3
states/eV/f.u., with a Van Hove singularity located ∼20 meV
above EF. Within Stoner theory,35 a ferromagnetic instability is
expected when NI > 1, where N is the number of states at EF
and I are the Stoner parameters. Since the DOS at EF is
dominated by Mn states, it is appropriate to choose I = 0.4
eV,36 which puts MnBi2 on the verge of a magnetic instability.
To evaluate the magnetic ground state of MnBi2, we include

the spin degree of freedom in our calculation (see Supporting
Information for details). We find that MnBi2 exhibits local
magnetic moments of ∼3.2 μB at the Mn sites and ∼0.07 μB at
the Bi sites,37 the magnetic moments at the Mn sites are
aligned ferromagnetically with each other, while the magnetic
moments at the Bi sites are aligned antiferromagnetically to the
Mn sites due to the strong Mn 3d−Bi 6p hybridization.38 This
coupling scheme is strikingly similar to that exhibited by MnBi,
for which an earlier theoretical work suggested magnetic
moments in the range of 3.57−3.68 μB for Mn and 0.06−0.08
μB for Bi.38,39 The projected DOS for this magnetic
configuration is given in the bottom panel of Figure 4.
We calculate the first excited state in MnBi2 to have

antiferromagnetic Mn−Mn interactions, with a total energy
that is 69 meV/f.u. higher than the ferromagnetic ground state.
To estimate the exchange integrals (Ji), we calculated the total
energy difference between the ground and excited state
magnetic configurations,40 assuming the −JSi·Sj convention
in the Heisenberg spin Hamiltonian. We found that the in-
plane and out-of-plane exchange integrals are both ferromag-
netic, with values of 3.4 and 23.5 meV, respectively. We also
calculated the Curie temperature, TC, using the following mean
field approximation:

T
k

J
2

3 iC
1

∑γ=
Β (1)

where kB is the Boltzmann constant and the factor γ is given by
S(S + 1)/S2 for quantum spins (γ = 1 for classical spins).41

Assuming a quantum spin (S = 3/2, γ = 5/3), we find TC = 521
K, which is comparable with the experimental value of 628 K
measured for MnBi.42 For classical spins, TC is reduced to 208
K.
A critical property of permanent magnets is their coercivity,

which is derived in large part from the magnetocrystalline
anisotropy energy; the greater this energy, the stronger the
preference for the material to align its magnetism along a
specific direction. Given the remarkable magnetic properties of
MnBi, which are derived in large part from its unusual property
of exhibiting an increased coercivity at elevated temperatures,26

we also examine the magnetocrystalline anisotropy of MnBi2.
We calculated the DOS with the magnetization aligned

along the ⟨100⟩ and ⟨001⟩ directions, with the spin−orbit
interaction (SOI) included (see Supporting Information).
Although the spin−orbit interaction mixes the up- and down-
spin channels, the DOS are qualitatively similar to the non-SOI
calculation shown in Figure 4. Comparing the DOS for the
⟨001⟩ and ⟨100⟩ magnetization directions, we note that the
former exhibits a strong degeneracy at around −4.0 and +2.0
eV relative to EF that is not present in the ⟨100⟩ case (compare
insets in Figure S5). Although subtle, this difference in
degeneracy results in a magnetocrystalline anisotropy energy of
0.205 MJ/m3 (or 0.338 meV per formula unit) in favor of the
⟨100⟩ magnetization direction. This is comparable to the value
of 0.275 MJ/m3 predicted for MnBi.39 Our efforts to isolate
MnBi2 in bulk form will support the study of magnetism in this
remarkable new material.
Currently, attempts to recover MnBi2 to ambient pressures

were unsuccessful, with complete loss of diffraction peaks upon
completely releasing the load on the diamond anvils (see
Supporting Information). Diffraction peaks from the MnBi2
phase are lost below approximately 3−4 GPa. Peaks from the
MnBi phase grow in intensity over the course of the
decompression, indicating that MnBi2 decomposes by the
expulsion of bismuth atoms, perhaps to reduce the Mn
coordination from the increasingly unfavorable eight-coor-
dinate to six-coordinate as the relative atomic radius of Bi
versus Mn (rBi/rMn) increases. Diffraction peaks from bismuth
are also observed to grow alongside those from MnBi,
consistent with the difference in stoichiometry between the
two phases. A similar lack of quenchability is also observed in
FeBi2, which is detectable only down to around 3 GPa.19

MnBi2 and FeBi2 are currently the only known examples of
bismuthides crystallizing in the Al2Cu structure type, and both
appear to be unstable at ambient pressure (i.e., metastable).
This observation led us to examine why MnBi2 does not lend
itself to recovery to ambient conditions, with a view to inspire
approaches for future work targeting its recovery.
We repeated the synthesis of MnBi2 starting from a higher

pressure (10.5(1) GPa) so that we could collect decom-
pression data over a wider range of pressures. During this
synthesis, the pressure had increased to 11.7(1) GPa after the
reaction. Aided by the crystallographic simplicity of the
structure, we are able to use Rietveld methods to reliably
extract the Wyckoff 8h x-coordinate from the data collected
during decompression, which in turn allows us to calculate
interatomic distances reliably as a function of pressure. The
salient interactions we extract are the Mn−Mn, the Mn−Bi,
and the shortest and second shortest Bi−Bi interactions, which
we denote as d1 and d2, respectively. Selected crystallographic
parameters for the highest and lowest pressures measured for
MnBi2 are given in Table 1 for comparison.

Figure 4. Projected density of states (DOS) per formula unit for the
nonmagnetic (top panel) and ferromagnetic (bottom panel) ground
state of MnBi2 calculated within DFT-PBEsol. Energies are given
relative to the Fermi level (vertical dashed line). Contributions from
individual orbitals are plotted in different colors, while the total DOS
is plotted in gray.
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We performed two empirical analyses on the structure of
MnBi2 as a function of pressure, the full details of which can be
found in the Supporting Information. In our first analysis, we
examined the d1 and d2 interactions. We found that d1 remains
below the expected bonding threshold for a Bi−Bi interaction
over all pressures. However, below ∼6 GPa, d2 begins to
rapidly approach this limit with a projected intercept at around
∼3 GPa, indicating that this bond breaks during decom-
pression (Figure 5, top).

In our second analysis, we examined the subtle variation in
the structure adopted by MnBi2 as a function of decompression
by plotting it within a nearest-neighbor diagram previously
established for the Al2Cu structure type (Figure 5, bottom).43

This analysis shows that while at high pressure MnBi2 adopts a
structure that is well within the Al2Cu-type stability field, it
begins to distort below ∼6 GPa in such a way that by the
lowest pressures (∼3 GPa) the Mn−Bi distance becomes
unfavorably long for a bonding interaction.

Taken together, the two analyses implicate structural
distortion as the primary cause for decomposition of MnBi2
at low pressures. While the Al2Cu type is easily adopted under
compressionwhere the rMn/rBi ratio has become favorable
as pressure is released and rBi expands more rapidly than rMn,
this ratio becomes too small and the Al2Cu structure is no
longer structurally stable. Although this result may seem
intuitive from the size difference of the two elements,
quantification is nevertheless important for determining
approaches toward the ambient-pressure stabilization of exotic
high-pressure phases. From the present results, it appears that a
control of rA/rB using chemical site doping at the B site could
be a promising direction to pursue.
We reported the discovery of MnBi2, a new metastable

intermetallic phase in the Mn−Bi system. This compound
bears strong structural similarities to MnBi, which makes it a
promising compound for further experimental study in search
of outstanding magnetic properties. We examined the structure
as a function of decompression in order to understand why it
does not survive to ambient pressure and found that the
unfavorable rMn/rBi ratio is likely to be the primary cause for
the loss of structural stability at low pressures. Preliminary
studies of the electronic and magnetic structure of MnBi2 using
DFT show that it shares many features with MnBi, such as
strong covalent interactions between Mn and Bi, as well as a
ferromagnetic alignment of the magnetic moments on the Mn
sites. We also find the magnetocrystalline anisotropy to be
comparable with that found in MnBi. Future work will explore
in situ approaches for the characterization of MnBi2 under high
pressures, alongside attempts to recover samples to ambient
pressure through the use of chemical site doping.
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