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The high-temperature ferromagnet MnBi continues to receive attention as a candidate to replace

rare-earth-containing permanent magnets in applications above room temperature. This is due to a

high Curie temperature, large magnetic moments, and a coercivity that increases with temperature.

The synthesis of MnBi also allows for crystals that are free of interstitial Mn, enabling more direct

access to the key interactions underlying the physical properties of binary Mn-based ferromagnets.

In this work, we use inelastic neutron scattering to measure the spin waves of MnBi in order to

characterize the magnetic exchange at low temperature. Consistent with the spin reorientation that

occurs below 140 K, we do not observe a spin gap in this system above our experimental resolution.

A Heisenberg model was fit to the spin wave data in order to characterize the long-range nature of

the exchange. It was found that interactions up to sixth nearest neighbor are required to fully para-

metrize the spin waves. Surprisingly, the nearest-neighbor term is antiferromagnetic, and the real-

ization of a ferromagnetic ground state relies on the more numerous ferromagnetic terms beyond

nearest neighbor, suggesting that the ferromagnetic ground state arises as a consequence of the

long-ranged interactions in the system. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4948933]

The unusual magnetic properties of MnBi produce a

material that is an attractive candidate as an alternative to rare-

earth-containing ferromagnets in applications at room tempera-

ture and above.1 Its high transition temperature (TC¼ 630 K)

and strong magnetic anisotropy2–4 combined with large Mn

moments (3.50(2) lB at 300 K and 3.90(2) lB at 5 K (Ref. 5))

produce energy products up to 7.7 MGOe.4 Of particular

interest for applications, MnBi has a magnetic coercivity

that increases from �1 T at room temperature to�2.5 T at

550 K.6–8 It also displays favorable magneto-optical properties

such as a large Kerr effect, which may be useful as a magnetic

storage medium in thin films.9,10 For this reason, there is an

ongoing, concerted effort to understand the growth conditions

to optimize its properties for these applications.11

Despite the recent interest in MnBi, the microscopic

origin of its magnetic properties has not been completely deter-

mined. Above 140 K, the ordered magnetic moments lie along

the c-axis, but between 140 K and 90 K the spins undergo a

continuous rotation away from the c-axis so that below 90 K

the spins lie in the ab-plane.4 This transition has been identified

as a symmetry-lowering structural phase transition driven by

magnetostriction.5 It has been suggested that the Bi atoms play

an important role in driving this spin-reorientation, as the Bi-Bi

exchange interactions have been proposed as an origin of the

observed anisotropic thermal expansion.5 Local spin density

approximation (LSDA) calculations suggest that the spin

reorientation occurs due to an inversion of the orbital momen-

tum minimum on the Bi atom,12 while a tight-binding atomic-

sphere-approximation (ASA) model predicts a small, antiparal-

lel moment on the Bi atom, which undergoes a simultaneous

spin reorientation.4

The loss of magnetic order above 630 K is not a typical

magnetic transition, but occurs instead due to a decomposi-

tion of MnBi into Mn1.08Bi and elemental Bi,13 both para-

magnetic at this temperature. The product Mn1.08Bi has

excess Mn, where the excess Mn atoms occupy 8% of the in-

terstitial vacancies present in MnBi.13 The relative proximity

to the eutectic point (535 K) makes the synthesis difficult,

which is why most prior work has been performed on sam-

ples that are Mn1.08Bi and/or polycrystalline.3,4,8 Due to cou-

pling of the magnetism with the structural decomposition, it

has been found that application of a 10 T magnetic field can

stabilize the MnBi phase up to 650 K.14–16 By cooling the

melt in a magnetic field, MnBi crystallites can be obtained,

as described elsewhere.5,15,17 Other isostructural Mn-based

ferromagnets, such as MnSb,18 cannot be synthesized in this

manner and so they contain some degree of interstitial Mn.

Thus, studying the interstitial-free MnBi presents the oppor-

tunity to understand the magnetism and electronic correla-

tions in the most fundamental form—coincidentally, the

member of this family with the highest TC and largest energy

product.4

In this work, we use neutron scattering on a single crys-

tal of MnBi that is free of interstitial Mn in order to measurea)williamstj@ornl.gov
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the spin waves at low temperature. These measurements per-

mit us to quantitatively determine the exchange interactions

in this system, characterizing the degree of extended

exchange that is present. Comparing this to other Mn-based

binary magnets demonstrates the role that the long-ranged

interactions play in the magnetic properties of this class of

materials.

MnBi crystallizes in the hexagonal NiAs-type structure

(space group P63/mmc), with the Bi atoms occupying half of

the interstitial sites.3,4 For this study, single crystals of MnBi

were grown in zero applied field from a flux utilizing excess

Bi, as described elsewhere.5 The crystals have previously

been characterized using powder and single-crystal x-ray dif-

fraction measurements,5 whose refinements gave a nominal

composition of Mn1.01(1)Bi, where excess Mn atoms occupy

interstitial sites. This can be seen in Fig. 1, where the open

circles denote the interstitial positions that can be partially

filled by the excess Mn atoms.

For the neutron scattering measurements, a single crystal

of mass 1.989 g and a mosaic of 0.41� was rotated over a 90�

range in 1� steps about a vertical axis, with the [H 0 L] plane

horizontal. The measurements were performed on the Wide

Angular-Range Chopper Spectrometer (ARCS) at the

Spallation Neutron Source (SNS)19 using incident neutron

energies of 80 meV and 150 meV, giving an energy resolu-

tion of 3.2 and 6 meV, respectively, at the elastic line. The

sample was measured in a closed-cycle refrigerator at tem-

peratures of 5 K and 200 K.

The measured magnetic Bragg peaks at 5 K and 200 K

are consistent with moments directed perpendicular and par-

allel to the c-axis, respectively. The 5 K data, which have

reduced phonon scattering due to the Bose factor, were used

to determine the magnetic exchanges in this system. The

upper panels of Fig. 2 show representative slices through the

spin wave spectrum measured on the ARCS spectrometer at

T¼ 5 K, below the spin reorientation, so that the magnetic

moments lie within the ab-plane.

The spin waves were measured across multiple direc-

tions in reciprocal space and are observed to be well-defined,

allowing the exchange interactions to be quantified. In the

case of Mn1.13Sb (shown in Fig. 2(e)), diffuse inelastic scat-

tering is seen around the magnetic Bragg peaks that are

attributed to the inclusion of interstitial Mn.18 The same

measurement in MnBi (shown in Fig. 2(f)) does not show

this diffuse component, consistent with the refinement of dif-

fraction data that measured 1(1)% excess Mn in this sample.

This allows for a simpler determination of the exchange

interactions since we do not have to account for the effects

of interstitial Mn on the magnetic exchange.

To parametrize the spin wave dispersion, the data were fit

to a Heisenberg model. The moment was assumed to be

3.90 lB on the Mn atoms,5 while no moment was placed on

the Bi atoms. This is because the theoretical prediction for the

size of the Bi moments is two orders of magnitude smaller

than the Mn moments, and any moment on the Bi sites and

accompanying Bi-Bi exchange interactions would be too

weak to be observed in these measurements.4,12 In order to

accurately reproduce the spin wave measurements, it was nec-

essary to include interactions up to the 6th nearest neighbor

(J6), corresponding to a distance of 7.462 Å. These exchange

interactions are shown schematically in Fig. 1. The need to

include interactions up to d¼ 7.5 Å indicates the significance

of relatively long-ranged interactions, likely due to an itiner-

ant nature of the magnetic exchange. Similarly, other isostruc-

tural Mn binary systems MnP,20 MnAs,21,22 and MnSb18,23 all

have large Mn moments and all order ferromagnetically at, or

near, ambient pressure. Despite the symmetry-lowering transi-

tion at TSR¼ 90 K, the high-temperature space group (NiAs-

type) was used for the spin-wave calculations as previous

measurements of the symmetry-lowering distortion indicated

that the magnitude of the distortion is very small, and thus

unlikely to significantly influence the magnetic excitation

spectrum.5 For more details of the fitting procedure, see the

supplementary material.24

The magnetic anisotropy present in this system necessi-

tates a non-zero spin gap. However, the possible origins of this

anisotropy all result in a small gap,5,12 which agrees with the

measurements of Fig. 2, where any spin gap is less than the

resolution of the data, approximately 6 meV. Measurements

on MnSb at low temperatures likewise observed no gap, with

a resolution of 0.5 meV.18 Moreover, the system undergoes a

spin reorientation between 140 K and 90 K, suggesting that

the magnetic anisotropy is small and strongly temperature-

dependent.5 For these reasons, no spin gap term was included

when fitting the data. The line through the data of Fig. 2 is

the fit, showing that the dispersion was able to be accurately

reproduced with the model that only included the Mn-Mn

exchange terms given below, without any terms to account

for Bi moments or a spin gap, though these may still be pres-

ent. The lower panels of Fig. 2 show constant energy slices

from the related material Mn1.13Sb at 20 meV,18 and from

FIG. 1. The crystal structure of MnBi. The Mn atoms (small, blue) occupy the

2a position, while the Bi atoms (large, red) occupy the 2c position. The other

half of the interstitial positions (Wyckoff symbol 2d), shown as open circles,

can be occupied by Mn impurities. Characterization measurements of the sam-

ples used suggested that 1(1)% of the interstitial sites were so occupied by Mn

atoms.5 The spin arrangement shown is for the low-temperature range

(T< 90 K). At all temperatures, MnBi is ferromagnetic; however above

T¼ 140 K, the spins point along the c-axis, while from T¼ 140 K to 90 K, the

spins rotate away from the c-axis such that below 90 K the spins lie entirely in

the ab-plane. The exchange parameters (J1 through J6) determined in this

work are shown between the relevant Mn ions.

192403-2 Williams et al. Appl. Phys. Lett. 108, 192403 (2016)
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MnBi at 20 meV, 40 meV, and 60 meV. Comparing both

20 meV slices, we see that there is additional scattering in

Mn1.13Sb along the L-direction, arising from the presence of

interstitial Mn. The lack of that scattering in the MnBi data

is consistent with the diffraction measurements that have

only a small amount of interstitial Mn.5

The values of the exchange interactions are shown in

Table I. The effective nearest-neighbor interaction is

strongly antiferromagnetic, while the rest of the terms are

smaller and ferromagnetic. However, due to the larger num-

ber of neighbors at greater distances, the ferromagnetic terms

more than compensate for the J1 term, leading to a ferromag-

netic ground state. The antiferromagnetic J1 term is some-

what unexpected, due to the large Mn-Mn distance,25,26 but a

fit that forced J1 to be ferromagnetic did not reproduce the

data. As a further consistency check on the nature of the

magnetic interactions, we have performed first principles cal-

culations of the effective Heisenberg exchange parameters

using the generalized gradient approximation (GGA)27 in the

planewave all-electron density functional theory code

WIEN2K28 (see the supplementary material24). In agreement

with the experiment, J1 is found to be large and antiferro-

magnetic, but the ground state is ferromagnetic due to mod-

erate ferromagnetic values for J3 and J5. The remaining

exchange constants are all small, as was found in the fits to

the experimental data. The calculations find that the antifer-

romagnetic state lies some 135 meV per Mn higher than the

ferromagnetic ground state, leading to a mean-field estimated

Curie temperature of 522 K, in reasonable agreement with

experiment. While the nearest-neighbor exchange term being

antiferromagnetic is unexpected, both the calculations and

the experimental data conclude that the long-ranged nature

of the Mn exchange gives rise to ferromagnetism. This com-

petition between antiferromagnetic local exchange and the

ferromagnetic itinerant exchange component may also be re-

sponsible for the reduction of the moment to 3.90 lB from

the nominal moment of gS¼ 4 lB.5 However, the long-range

character in MnBi clearly dominates, especially when com-

pared to isostructural and isoelectronic Mn binary systems

(see Table II).

Of these materials, MnBi has the highest Curie tempera-

ture and largest ordered moment. This is likely due to the

larger inter-Mn distance, which reduces the nearest-neighbor

exchange and places increased emphasis on the higher-order

FIG. 2. Spin wave measurements and fits of MnBi at T¼ 5 K. (a)–(d) Inelastic neutron measurements using Ei¼ 150 meV along different reciprocal space

directions in the (H 0 L) scattering plane. The line is a fit to a Heisenberg model, which required interactions up to J6. Bottom row: Slices of the MnBi data in

the (H 0 L) scattering plane at 20 meV (f), 40 meV (g), and 60 meV (h), integrating the data 65 meV. The inelastic slices show the form factor dependence of

the spin wave intensity, indicating their magnetic origin. (e) A slice of the related material Mn1.13Sb at 20 meV, multiplied by a factor of 5 to normalize it to

the MnBi scale. (Data adapted with permission from Taylor et al., Phys. Rev. B 91, 224418 (2015). Copyright 2015 The American Physical Society.)

Compared to panel (f), we see that there is additional diffuse scattering along L in Mn1.13Sb, arising from the presence of interstitial Mn. The lack of similar

elastic or inelastic signatures is consistent with the MnBi crystal studied being virtually free of interstitial Mn.

TABLE I. The values for the exchange constants obtained from fitting the

data in Fig. 2, where positive values denote antiferromagnetic exchange. In

order to model the data, it was necessary to include up to 6th nearest-

neighbor interactions due to the extended nature of the exchange.

Exchange No. neighbors Vector Distance Value (meV)

J1 2 c/2 3.055 Å 4.70(17)

J2 6 a 4.283 Å �0.61(10)

J3 12 aþ c/2 5.261 Å �1.73(3)

J4 2 c 6.110 Å �0.12(18)

J5 6 aþ b 7.418 Å �1.29(8)

J6 12 aþ c 7.462 Å �0.63(3)

TABLE II. Magnetic properties of various MnT (T¼Bi, Sb, As, P) materi-

als. These compounds are found to be ferromagnetic, where the distance

between the Mn ions increases with increasing size of the T ion. This sug-

gests that there is a systematic increase in the role of the extended exchange,

which results in higher moments and transition temperatures for larger T
atoms in the MnT series. This agrees well with the results of the inelastic

neutron scattering on MnBi.

Compound TCurie (K) Moment (lB) NN Mn Dist. (Å)

MnBi5 630 3.90 3.055

MnSb29,30 587 3.55 2.895

MnAs22,31 318 3.20 2.852

MnP20,32,a 292 1.33 2.743

aThe compound MnP is orthorhombic, a slight distortion of the NiAs-type

structure of the other compounds listed here. This leads to a helical magnetic

state below 50 K; however, the magnetic structure between 50 K and

TC¼ 292 K is the same as for the other MnT compounds.

192403-3 Williams et al. Appl. Phys. Lett. 108, 192403 (2016)
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exchange terms. Therefore, we expect similar spin wave

measurements of these compounds to demonstrate a system-

atic shift from long-ranged to more local interactions. These

measurements are greatly complicated by the inclusion of in-

terstitial Mn,18 and it also remains an open question to what

degree the interstitial ions influence the moment and

exchange pathways in these various systems.30 However, the

systematic changes through the Mn binary ferromagnets are

likely controlled by the varying importance of the long-

range interactions.

In conclusion, we have observed well-defined spin

waves in MnBi. In order to characterize the spin waves, a

Heisenberg model with six exchange constants has been fit

to the data. The need to include terms out to d¼ 7.5 Å sug-

gests that the Mn-Mn exchange is itinerant, and the data

taken here show that any gap in this material is less than

6 meV. The resulting fits to the data have shown that the

nearest-neighbor term is antiferromagnetic, while all of the

higher-order terms are ferromagnetic. This quantitative

determination of the exchange parameters shows that the

long-range interactions are the determining factor in the fer-

romagnetic ordering, a trend that can explain the reduction

in ordered moment and Curie temperature in isostructural

and isoelectronic Mn binary systems.

The strength and sign of the exchange constants in

MnBi should form a basis for comparing to non-

stoichiometric Mn1.08Bi, as well as other Mn binary ferro-

magnets: MnAs, MnP, and MnSb, particularly in understand-

ing the role of interstitial Mn on the magnetic properties.

Finally, the results obtained here shed light on the role of

extended exchange in determining the essential characteris-

tics of MnBi for use in permanent magnet applications.
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