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ABSTRACT: Creating and understanding new permanent magnets requires an understanding of the impact of orbital angular
momentum on coercivity. A simple approach to interrogating this relationship is by incorporating high Z (where Z is the atomic
number) elements into binary compounds to maximize spin−orbit coupling. The Mn−Bi system is an appealing platform for these
studies since it contains MnBi, a permanent magnet with a large coercive field. We previously identified a new compound in the
Mn−Bi system, MnBi2, but could not elucidate its magnetic properties ex situ due to its decomposition upon decompression. Here,
we harnessed synchrotron X-ray magnetic circular dichroism to probe the magnetism of MnBi2 at high pressure within a diamond
anvil cell. Our results indicate that MnBi2 exhibits ferromagnetic hysteresis at both 10 K and room temperature. Through
calculations and experiments, we show that orbital angular momentum and spin−orbit coupling from Bi impart magnetic anisotropy
in MnBi2. Comparing the Mn−Bi family of compounds, we consider the Bi p and d orbitals to explain the differences in magnetic
behavior within the system. Collectively, these results validate leveraging high-Z elements in the synthesis of new hard permanent
magnets.

Permanent magnets are foundational to our society�they
are at the core of technologies ranging from energy

generators to data storage.1−3 Tuning magnetic properties to
gain insight into the core variable of coercivity or resistance to
demagnetization is crucial for the design of the next generation
of magnetic technologies. A critical determinant of a material’s
coercivity is its magnetocrystalline anisotropy, an intrinsic
measure of the energy required to reorient the magnetization.
This magnetocrystalline anisotropy arises from spin−orbit
coupling (SOC), but the impact of SOC depends on several
variables, including structure, orbital hybridization, energy
overlap, and band structure, limiting our ability to harness large
SOC intentionally. To better understand the interplay between
these factors and SOC, we sought out a simple binary system,
where one atom bears spin (e.g., manganese), and the other
bolsters orbital angular momentum retained via strong SOC
(e.g., bismuth). This approach mimics the magnetic design
principles of lanthanide-based permanent magnets by coupling
the spin and orbital moments across two separate atoms,
offering a route toward rational alternatives to rare-earth-based
materials.
The Mn−Bi system is an attractive testbed for examining the

impact that structural modification has on SOC, as even small
changes in crystal structure and stoichiometry can have
outsized impacts on magnetic properties. For example, MnBi
is a hard permanent magnet that exhibits unusual coercivity
trends, where, contrary to typical ferromagnets, the coercive
field increases with the temperature. Modulating the crystallo-
graphic a/c ratio induces a spin reorientation transition (SRT)
that is normally observed only at low temperature.4−18 After
undergoing the SRT, MnBi is a soft ferromagnet with
negligible coercivity. In contrast, the high-temperature
Mn1.05Bi phase, a modified version of the MnBi phase where

the Mn atoms move into the interstitial sites of MnBi, is a
canted soft magnet with sluggish spin dynamics.9 We
previously harnessed high pressure to add an additional
phase to the Mn−Bi system, MnBi2, by compressing to 8.3
GPa and heating above at least 400 K. We expect MnBi2 to
exhibit ferromagnetic order similar to its ambient pressure
congener.19 This expectation is supported by prior density
functional theory (DFT) calculations which predicted that
MnBi2 is a ferromagnet, exhibiting spontaneous spin polar-
ization and magnetocrystalline anisotropy energy (MAE) of
comparable magnitude to MnBi.19,20 Yet, in contrast to the
subtle crystallographic differences between MnBi and Mn1.05Bi,
MnBi2 is structurally distinct, and subsequently, we expect the
coercivity, saturation magnetization, and temperature depend-
ence of the ferromagnetic behavior to change dramatically,
offering a powerful opportunity for comparison.
Given that MnBi2 does not persist at ambient pressure,

magnetic characterization necessitates high-pressure measure-
ments beyond the capabilities of conventional SQUID
magnetometry. The conventional diamond anvil cells
(DACs) we use to synthesize MnBi2 and maintain the phase
at high pressure contribute a background signal that greatly
exceeds that from a relatively negligible sample quantity. In this
context, in-situ high-pressure magnetometry techniques, such
as AC susceptibility, neutron diffraction, magnetic field sensing
via endogenous nitrogen-vacancy pair defects in a DAC, and X-
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ray circular dichroism spectroscopy (XMCD), provide routes
for understanding the impact of pressure on magnetic
materials.21−31

XMCD spectroscopy is particularly well-suited for in-situ
magnetic characterization of samples at high pres-
sure.17,24,25,32−35,32−35,35−42 This technique measures the
magnetic polarization of a system by examining the differential
absorption of left- and right-circularly polarized X-rays.43,44 By
tuning the X-ray energy to match a specific core-level
electronic transition, XMCD selectively measures the response
of a specific element, providing insight into how individual
elements contribute to the overall magnetic behavior of a
material.45−48 XMCD is highly sensitive to subtle changes in
the magnitude and orientation of the orbital and spin moments
that may occur with variable temperature and pressure
conditions.17,35,42 In our case, these capabilities allow us to
directly probe the contribution from Bi atoms to the
magnetism of MnBi2 without a spurious signal from potential
magnetic impurities. Herein, we report the experimental
observation of room-temperature ferromagnetism in MnBi2
at a high pressure. Comparative XMCD analysis and
calculations of compounds in the Mn−Bi system allow us to
rationalize differences in their coercivity through the factors
which impact the expression of SOC, offering a path for the
next generation of ultrahard permanent magnets.
To access homogeneous samples of MnBi2 appropriate for

magnetic characterization, we used a full-cell resistive heating
approach adapted from previously reported synthetic con-
ditions.19 Briefly, we heated MnBi and Bi to 648 K at 7 GPa in
a nonmagnetic cell, and used powder X-ray diffraction (PXRD)
to monitor the growth of peaks corresponding to MnBi2. We
considered the reaction complete when diffraction peaks
belonging to MnBi were no longer observable (Figure 1).32

Isolating pure MnBi precursor is challenging as this material is
not a congruently melting phase; instead, it involves a
peritectic reaction between Mn and a Mn−Bi melt. Thus,
our precursor was a mixture of MnBi and its elemental
constituents. We did not observe Mn peaks in the PXRD of
our precursor, although amorphous Mn was likely present, as
the precursor powder contained a stoichiometric 1:1 ratio of
Mn and Bi, as determined by energy-dispersive X-ray
spectroscopy (Figure S2). We observed diffraction from Bi
prior to heating, and the disappearance of the diffraction peaks
belonging to Bi suggests that the reaction proceeds via a

peritectoid mechanism, i.e., the incorporation of Bi into MnBi
to form MnBi2. We do not observe the presence of elemental
Mn via diffraction, although we should note that amorphous
Mn cannot be excluded. While this could indirectly impact the
results, Mn alone would not induce the ferromagnetism we
observe.
To interrogate the magnetic properties of MnBi2, we focused

on Bi since chemical intuition regarding SOC, calculations, and
prior work all support bismuth having a large role in dictating
the magnetic behavior of MnBi.12,13,49 Specifically, we
performed X-ray absorption spectroscopy (XAS) and XMCD
experiments on Bi L3,2-edges (13.419 and 15.711 keV,
respectively) at Beamline 4-ID-D at the Advanced Photon
Source at Argonne National Laboratory. In these XMCD
experiments, we used circularly polarized light to probe the
spin polarization of Bi 6d electronic states directly. Measuring
the difference in the population of available Bi 6d “spin-up”
and “spin-down” holes affords a net spin polarization value.48

Note that the small amount of Bi observed via PXRD should
not contribute significantly to the XMCD signal. We expect the
high-pressure bismuth polymorph, Bi(V), to remain a
diamagnet at high pressure, similar to the ambient pressure
polymorph, Bi(I). In the case where Bi(V) becomes a
paramagnet instead, we would still expect that Bi(V) would
not exhibit ferromagnetic signatures such as remanence or
coercivity. In MnBi2, however, we expect the hybridization of
Mn 3d, Bi 6d, and 6p states to result in a small ferromagnetic
net moment on Bi. Indeed, our calculations suggest that the Bi
sites should have moments of 0.003 and 0.005 μB (Table 1).

While small, these moments residing on Bi sites proved
sufficient to detect an XMCD response, thus providing us with
a spectroscopic handle to measure the magnetic properties of
MnBi2. Finally, by relying on a technique that probes the
atomic core states of Bi, we ensure that we are probing the
magnetic behavior of MnBi2, rather than nominal magnetic
impurities such as elemental Mn. While Mn 3d states account
for most of the magnetic moment in MnBi2, measuring the
XMCD at the Mn K-edge (6.54 keV) at high pressures poses
significant challenges due to a combination of an inherently
small XMCD signal (∼0.1% of the absorption jump), and
strong X-ray absorption by both the heavy Bi ions and
diamond anvils.
Our XMCD measurements demonstrate that the Bi 6d

bands of MnBi2 are broadened over a wide energy range and
do not exhibit a clear white line, complicating standard
quantifications of individual ms and ml components with the
use of sum rules (Figure 2).30 We instead calculated the ratio
of orbital and spin contributions to the magnetic moment, ml/
ms, which we derive using the L3,2 XMCD areas (ΔA3,2) by
integrating from 13.41 keV to 13.45 keV for L3 and from 15.71
keV to 15.75 keV for L2. While this analysis would ideally
involve integrating the entire L3 and L2 range to satisfy XMCD
sum rules, such an analysis is challenging for states spread over

Figure 1. Background-subtracted X-ray diffraction patterns (λ =
0.413280 Å) showing the conversion of the precursor sample to
MnBi2. Bi(V) refers to the highest-pressure polymorph of bismuth.

Table 1. Calculated Magnetic Moments and
Magnetocrystalline Anisotropy Energy of MnBi2 at 8.4 GPa
and MnBi at 0 GPa

MnBi2 MnBi

magnetic moment on Bi 6d states (μB) 0.003, 0.005 0.011
total magnetic moment (μB) 6.256 6.965
magnetocrystalline anisotropy energy (MJ/m3) 0.205 0.275
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large energy ranges. Assuming a negligible magnetic dipole
operator, as is common in the analysis of powder-averaged
samples, we approximate the ratio of ml/ms as

17,50,51

=
+m

m
2( A A )

3( A 2 A )
l

s

3 2

3 2

At 9.4(5) GPa, 10 K, and ∓ 2 T, we find that ΔA3 = −4.82 ×
10−5 (arb. units) and ΔA2 = 1.04 × 10−5 (arb. units). In
MnBi2, the ml/ms ratio (0.37) is positive, indicating that the Bi
6d spin and orbital moments align parallel. Compared to the
ml/ms ratio measured for MnBi (0.05) at 300 K, MnBi2 (0.37)
has an order of magnitude larger ml/ms ratio at 10 K.17

Multiplying the experimental fractions of orbital moment
versus total moment, 0.05 and 0.27, by the calculated total

magnetic moment on Bi 6d states, 0.011 and 0.003 μB, the
resulting product indicates the orbital moment on the Bi 6d
states are 0.0005 and 0.0008 μB for MnBi and MnBi2,
respectively. We assign the relatively large orbital moment of
Bi 6d states in MnBi2 to the additional spin−orbit coupling
imparted by a higher composition of Bi which we expect to
result in a large magnetic anisotropy, consistent with analysis
performed on related systems.17,52−55

The hallmark of permanent magnetism is hysteretic
behavior, where the material retains magnetization without
an applied magnetic field. Thus, to probe whether MnBi2 is a
permanent magnet, we undertook field-dependent XMCD
measurements at 10 K and 9.4(5) GPa. First, we magnetically
polarized MnBi2 at 6 T, and then recorded the XMCD signal
while sweeping the field from 6 T to −6 T. Upon changing the
field from 6 T to 0 T, we observed nearly constant intensities
of the XMCD signal within the uncertainty of our measure-
ment, indicating significant remnant magnetization (Figure 3).
Polarizing the sample in the opposite direction to −1 T, we
observe that the XMCD signal switches sign, and eventually
saturates at −2 T. Next, sweeping the field from −6 T to 6 T,
we likewise see full inversion of the XMCD signal at 2 T. We
performed two different methods to estimating the coercive
field from the hysteresis curve. First, we used a linear
interpolation between 0 and 1 T on the background-subtracted
data, which symmetrizes the hysteretic curve (Figure S10). We
obtained the x-intercepts of ±0.61 T. However, due to the
coarse 1 T sampling interval and the high likelihood that the
magnetization curve is nonlinear near the coercive region, this
is not a precise measurement of coercive field. Our second
estimation involved fitting one branch of the hysteresis curve
with an arctangent model (see the Supporting Information for
details). In doing so, we estimate the coercive field to be
−0.631 ± 0.195, which is in agreement with the estimation
from linear interpolation. We emphasize that this is a rough
indicator of the width. Based on this interpolation and the
remnant moment being significantly nonzero, we estimate the
coercive field to lie in the range of 0.436 T to 0.826 T,
suggesting that MnBi2 is a hard magnet.
Having established that MnBi2 is a hard ferromagnet at low

temperatures, we next investigated the temperature-dependent
magnetic properties of MnBi2 by performing abbreviated
hysteresis loops up to room temperature. The remanent
magnetization decreases as the temperature increases from 10
K to 300 K, but remains nonzero, indicating MnBi2 retains

Figure 2. Experimental Bi XAS (blue) and XMCD (orange) response
of MnBi2 at 9.4(5) GPa, 10 K, and ∓2 T at the L2 edge (left). The
shaded regions indicate integrated regions. Experimental Bi XAS
(blue) and XMCD (orange) response of MnBi2 at 9.4(5) GPa, 10 K,
and ∓2 T at the L3 edge (right). The shaded regions indicate that the
regions were integrated. The principles of XMCD are described in
detail in ref 48.

Figure 3. Integrated XMCD signal vs magnetic field plot of MnBi2, showing hysteresis at 9.4(5) GPa and 10 K (left); XMCD signal vs magnetic
field plot of MnBi2 as a function of temperature, showing hysteresis at 300 K (right). Error bars indicate the standard deviation of the XMCD signal
across several XMCD scans at each temperature, field, and pressure condition.
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ferromagnetism at room temperature. Meanwhile, the
magnetic saturation moment does not significantly change
with temperature, as demonstrated by the abbreviated
hysteresis loop performed at 300 K. Taken together, these
data suggest a Curie temperature of over 300 K in MnBi2.
Comparing MnBi, Mn1.05Bi, and MnBi2, we note distinct

differences in magnetic behavior. MnBi undergoes a spin
reorientation transition (SRT) at 90 K, and, unusually, the
coercive field increases as temperature increases.4−18 Previous
literature suggests this to be related to the magnetic structure
evolving from an “easy-cone” magnetic texture along the ab-
plane at low temperatures to a collinear, easy-axis magnetic
structure along the c-axis at high temperatures. Mn1.05Bi,
meanwhile, contains Kagome lattice layers and is a soft
ferromagnet, exhibiting negligible coercivity and a noncol-
linear, dynamic magnetic structure.9 In both cases, the spin−
orbit interaction is a critical component of these complex and
evolving magnetic structures. In contrast, our results on MnBi2
suggest that the temperature dependence of its magnetic
structure is less complex and does not exhibit evidence of a
SRT, as the coercivity and remanence are comparatively less
perturbed by temperature changes.
To better understand these results, we consider the factors

contributing to the coercivities of MnBi and MnBi2. We
measured the coercivity of a MnBi polycrystalline sample
prepared similarly to the one used for the synthesis of MnBi2 at
ambient pressure using vibrating sample magnetometry
(VSM), resulting in values of 0.045 T at 300 K and 0.005 T
at 10 K (Figure S22). These coercivities are significantly lower
than the values reported in the literature, which reach 1 T (via
XMCD) at 300 K and 2.5 T (using VSM) at 540 K. Despite its
low coercivity, our sample has similar magnetization values at 5
T (55 emu/g) to those reported in the VSM experiment (60
emu/g) at room temperature.10,17 In a prior XMCD
experiment, Yang and co-workers10 have reported on arc-
melting, grinding, heating, and cryomilling to synthesize
polycrystalline MnBi, and in a different experiment using
VSM, Choi and co-workers17 have reported on arc-melting an
ingot and creating ribbons out of the ingot, which they
annealed before grinding, to create nanocrystalline MnBi. Our
synthesis involved ball-milling and heating without any arc-
melting, a simplified procedure, as we did not optimize our
synthesis for improved coercivity by microstructure engineer-
ing. We expected that the high-pressure transformation of the
sample from MnBi to MnBi2 could result in a different
microstructure in MnBi2 compared to the precursor.
Regardless, these results highlight that converting our MnBi
sample to MnBi2 significantly improved the coercivity, despite
the MnBi2 sample consisting of strained, unoriented
polycrystals. We expect that, with more experimentation on
the synthetic conditions of MnBi2, we may enhance the
coercivity of the MnBi2 sample even further, given that we
report the estimated coercive field on a sample without any
attempts to optimize the microstructure. The upper bound for
the coercivity for MnBi2 is likely less than MnBi, since the
calculations show that the MAE of MnBi2 is smaller than that
of MnBi.
Our results showed that ml/ms is an order of magnitude

larger for MnBi2 than MnBi. In practice, the experimental ml/
ms ratio of a sample has a limited dependence on the
microstructure as well. As previously discussed, the reported
ml/ms ratio for MnBi was measured on a more pristine sample
than on our highly strained MnBi2 sample. This suggests that

the ml/ms ratio of MnBi2 could be even greater than that of
MnBi in a sample with an engineered microstructure. This
might lead us to expect larger magnetic anisotropy in MnBi2
compared to MnBi. However, the total magnetic moment
residing on the Bi atoms (0.003 and 0.005 μB) is several times
smaller in MnBi2 than that in MnBi (0.011 μB) based on our
calculations. Experiments show that the Bi spin and orbital
moments are of the same sign, negating any considerations that
the spin and orbital moments may both be large but cancel
each other out.
The smaller Bi moment is due to a broader 6d band in

MnBi2, and our calculations demonstrate this via fewer Bi 6d
states in MnBi2 (0.013 and 0.0058 states/eV/f.u. for up and
down states, Figure S18) than literature values for MnBi
(0.018 and 0.047 states/eV/f.u. for up and down states) at the
Fermi level.56 We posit that the difference in the magnitude of
the moment on Bi may explain, at least in part, the smaller
coercivity in MnBi2 compared to ideal MnBi samples: while
the Bi moments in MnBi2 are more anisotropic, the Bi 6d
contribution to the magnetic behavior in MnBi2 is significantly
smaller compared to MnBi.10,17 We note that MnBi2 coercivity
could still be maximized via microstructure engineering.
Additionally, while the tabulated Bi 6d orbital moment is
higher in MnBi2 than in MnBi, magnetic coupling strongly
influences the effect of the Bi orbital moment on magneto-
crystalline anisotropy. As the magnetic moment and unfilled
states on Bi 6d orbitals stems from interactions with
neighboring Mn and Bi atoms, we expect that stronger
coupling leads to a larger moment on the Bi 6d orbitals. Thus,
we conclude that the smaller moment on the Bi 6d states
suggests the coupling is weaker between the Bi 6d states and
Mn 3d states. Our calculations support this explanation, as the
MAE of MnBi2 is only 75% of that found in MnBi (Table 1).
We expect the remaining contribution to coercivity to come

from the Mn orbitals, as is demonstrated in MnBi, where the
orbital moment of Mn significantly contributes, even more so
than the Bi orbital moment.49,56,57 The difference in the Mn
crystal field geometries between MnBi and MnBi2 largely
dictates the role of Mn in the MAE of MnBi2 (Figure 4).
Specifically, the trigonal antiprism coordination environment
of MnBi leads to a degree of unquenched orbital angular
momentum, whereas the square antiprism coordination in
MnBi2 quenches the orbital angular momentum by breaking
the degeneracy of d states.58

A key parameter for developing new permanent magnets is
the MAE. We performed calculations that indicate that MnBi2
has a significant magnetic moment (6.256 μB) and magneto-
crystalline anisotropy energy (0.205 MJ/m3) (Table 1). This
compares favorably to elemental magnetism in Fe, Co, and Ni
(magnetic moments of 2.2, 1.7, and 0.6 μB, respectively, and
MAE of 0.017, 0.85, and 0.042 MJ/m3, respectively).59,60 In
comparison, industrial permanent magnets relying on
lanthanide elements, such as Nd2Fe14B and SmCo5, have
higher magnetic moments (38.1 and 9.4 μB, respectively) and
greater MAE (4.9 and 24.3 MJ/m3, respectively).59,61−63 This
contextualizes the performance of MnBi2, compared with
industry standards.
We suspect that MnBi exhibits a SRT while MnBi2 lacks one,

due to the difference in the bonding nature of the Bi p-orbitals.
In MnBi, the SRT is driven by anisotropic Bi−Bi p-orbital pair
exchange striction, which is connected to temperature-based
changes in the a/c crystallographic ratio.49 We suspected that
the p-orbital contribution to the magnetic moment was smaller
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in MnBi2 compared to MnBi, which, in turn, would lead to less
striction, preventing an SRT from occurring. However, we
calculated that Bi 6p-orbitals in MnBi2 have a magnetic
moment of −0.088 and −0.096 μB, while the literature reports
that MnBi Bi 6p-orbitals have a magnetic moment of −0.09
μB, suggesting that the magnitude of p-orbital magnetic
moments does not lead to the difference in magnetic behavior
(Table S8).56 This is consistent with the comparable bonding
distances between the Mn and Bi atoms in MnBi and MnBi2.
However, examining the Bi subsystem, the Bi atoms in MnBi
are clearly nonbonding, while bonding in MnBi2. We suggest
that a significant contributing factor to the lack of SRT in
MnBi2 is that the stronger bonding between the Bi atoms
reduces the localization of the Bi p-orbitals, reducing the
anisotropy of the orbitals that is crucial to the SRT.
Our findings demonstrate that MnBi2 is a permanent

ferromagnet with an estimated coercive field within the range
of 0.436−0.826 T at 10 K and retains its ferromagnetic
properties up to room temperature. Compared to MnBi, which
has unusual temperature-dependent magnetic behavior, our
XMCD results suggest that MnBi2 is more akin to conventional
magnetic phases. We argue that this significant orbital moment
shows SOC contributions from Bi impart magnetic anisotropy
in MnBi2, although the weaker coupling between the Bi 6d and
Mn 3d states fails to maximize the coercive field compared to
MnBi. The delocalized Bi p-orbitals are also likely responsible
for the lack of a deleterious SRT in MnBi2, affording superior
coercivity at low temperatures. Our analysis of the Mn−Bi
system supports the rational design of novel permanent
magnets using high-Z elements with sizable SOC to contribute
orbital magnetic moments and impart magnetocrystalline
anisotropy. More generally, these results illustrate the value
of in-situ high-pressure measurements in unveiling magnetic
behavior and demonstrating the differences in properties
among congeners within the same system.
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