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The article reviews the rich phenomena of physical properties of MnBi. The diverse phenomena include
strong spin-orbit interaction, anomalous temperature dependence of the coercivity and the magneto-crystalline
anisotropy field, unique magneto-optical properties. Issues addressed include the nature of the electronic ground
states of MnBi, the electronic and magnetic structures, Fermi surface, magneto-crystalline anisotropy, x-ray
magnetic dichroism. The discussion includes key experiments, such as optical and magneto-optical spectroscopic
measurements, de Haas—van Alphen (dHvA) measurements, x-ray photoemission and x-ray absorption spectro-
scopy measurements as well as x-ray magnetic circular dichroism. The effect of the spin-orbit (SO) interaction
and Coulomb repulsion U were found to be crucial for the Fermi surface, cyclotron masses, magneto-optical
properties, and x-ray magnetic circular dichroism. The microscopic origin of unique magneto-crystalline aniso-
tropy and giant Kerr effect in MnBi is analyzed in detail. The huge Kerr effect in MnBi is caused by the combi-
nation of a sizable magnetic moment on manganese, the large spin-orbit coupling of bismuth, and a strong hyb-
ridization between the manganese 3d and the bismuth 6p states. The magneto-optically active states are mainly
the 6p states of Bi. We show that the observed temperature dependence of the magneto-crystalline anisotropy
can be explained taking into account the spin-orbit interaction together with strong Coulomb electron-electron
interaction. The SO coupling of Bi is equally responsible for the large magneto-crystalline anisotropy energy
as is the exchange splitting of Mn. The fabrication, morphology, and constitution of low-temperature MnBi al-
loys in bulk, thin films, and nanoparticles are discussed. The nanocomposite permanent magnetic materials based
on MnBi, (Co, Fe) and Nd,Fe14B are also discussed.

Keywords: crystal structure, magnetocrystalline anisotropy, magneto-optical properties, x-ray magnetic circular
dichroism.
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1. Introduction

Nowadays hard magnetic materials are used in numerous
domestic and professional appliances such as consumer
electronics, computer peripherals, and telecommunications.
The growing demand for miniaturization in modern tech-
nology requires the further development of hard magnetic
materials. Hard magnetic materials are characterized by high
coercivity, high remanence, and a high energy product.
Magnetic anisotropy is essential to the realization of high
coercivity, high remanence, and a high energy product.

MnBi is an intriguing ferromagnetic material, both mag-
netically and structurally. Manganese alloys usually tend to
exhibit antiferromagnetic order, because they have nearly
half-filled 3d bands, but MnBi is one of the few known
ferromagnetic manganese compounds which can be used
as a permanent magnet [1]. The other interesting magnetic
properties include an extraordinarily large Kerr rotation [2],
with a Curie temperature above room temperature (RT) [3],
a large perpendicular anisotropy in thin films at RT [4],
and a high coercivity that increases with temperature [5].
The low-temperature phase (LTP) of MnBi is ferromagnetic
and has the hexagonal NiAs structure. With increasing tem-
perature, the material remains ferromagnetic up to 628 K
and then undergoes a coupled structural and magnetic phase
transition to a paramagnetic high-temperature phase (HTP).
The HTP is a disordered NiAs phase where 10-15% of
the large bipyramidal interstitial sites are occupied by Mn
atoms [6]. Rapid cooling of HTP MnBi yields a quenched
high-temperature phase, which is also ferromagnetic with
even larger uniaxial magneto-crystalline anisotropy energy
(MAE), but smaller magnetization and Curie temperature.
At RT MnBi is known to have an extremely high MAE
(K~ 10’ erg/cm3). This decreases rapidly with decreasing
temperature and vanishes at 90 K (Tgg ) [7]. The experi-
ments indicated the presence of a spin-reorientation (SR)
transition during this temperature decrease [5]. Among
known hard magnetic materials, MnBi is one of few alloys
where the coercive field increases with increasing tempera-
ture, reflecting the magnetic anisotropy trend.

Historically, the ferromagnetic nature of manganese-bi-
smuth alloys was first reported by Heusler around 1904 [8].
In 1914 Bekier considered the formation of a phase MnBi
as probable; the phase results from a peritectic reaction at
450 °C between pure manganese and the melted alloy con-
taining 9% of manganese [9]. Parravano and Perretl [10]
established the phase diagram for this system and isolated
crystals containing 19.9% manganese, which they consi-
dered to be the MnBi phase. Hilpert and Dieckmann [11]
noted the strong ferromagnetism of these alloys and placed
the Curie temperature at around 360-380 °C. Furst and
Halla later concluded from x-ray studies that a single com-
pound was present with the structure MnzBi [12]. Montignie,
however, showed that MnBi represented the only stable

compound [13]. In further studies by Halla and Montignie,
the same results were obtained [14].

The most comprehensive studies of this material were
performed by Guillaud in 1943 in Paris. As a part of his
PhD thesis, he was the first to prepare the hexagonal MnBi
compound and study its numerous magnetic properties [15].
In addition to measuring the saturation moment, MAE, and
Curie temperature, he established the dependence of the
high coercive force of MnBi on its magnetic anisotropy
and reduced particle size. He also was first to observe the
spin reorientation and a corresponding increase of magnetic
anisotropy with temperature. Because of these considera-
tions, around 60 years ago, MnBi was chosen for the inves-
tigation by the US Naval Ordnance Laboratory. As a result,
a new permanent magnetic alloy “Bismanol” was develop-
ed [16]. Bismanol has very high coercive force and mo-
derate energy density, making it a good choice for small
electric motors. However, due to oxidation and corrosion
problems, Bismanol has not been used much as a practical
magnet.

Nevertheless, studies of both fundamental and applied
properties relevant for permanent magnetism have never
been abandoned and this material attracted the attention of
the new generation of researchers. T. Hihara and Y. K&i [17]
studied the temperature dependence of the easy axis of
the magnetization in MnBi using the nuclear magnetic re-
sonance method. They found that for high temperatures
above 143 K, the easy axis of magnetization is along the ¢
direction. As the temperature is decreased between the
Tspy =143 K and Tgg =90 K (spin canting interval), the
polar angle 0 is gradually deviates from the c axis to
Oexp ~ 37°. The magnetization flops into the ab basal
plane at 90 K. This spin reorientation was also observed by
neutron diffraction [5,7] and magnetization measurements
on MnBi single crystals [18].

Nearly simultaneously with Bismanol’s development,
MnBi became the subject of another research activity after
being recognized that, in the form of thin films, it had quite
favorable properties with regard to potential applications for
magneto-optical (MO) recording [19-22] (see references
prior 1988 and discussion in Ref. 23). The MO properties
of MnBi were measured by several authors [2,24-26]. The
most extensive study was carried out by Di et al. [2,25].
Their measured Kerr angle spectrum for MnBi has peaks at
1.84 eV and 3.35 eV. The former has a relatively large
magnitude of 2.31° at 85 K.

The electronic band structure of MnBi has been calcu-
lated by several authors [5,27-45]. The optical and MO
spectra of MnBi have been calculated in Refs. 29, 30, 32,
33, 35, 45. However, there are still disagreements about the
interpretation of the MO spectra. The major disagreement
concerns the theoretical description of a high energy peak
of the Kerr rotation observed experimentally at 3.35 eV.
Kohler and Kuibler [32,33] obtained only one peak at
1.8 eV. They hypothesized that the thin-film samples may
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have considerable impurities from materials in contact with
them. They found that oxygen, as an impurity, produced
a second peak, but energies of both peaks were not in good
agreement with the experiment. Ravindran et al. [35], on
the other hand, did find a second peak in their calculated
Kerr-angle spectrum for pure MnBi. Oppeneer et al. [30]
obtained a large negative peak at 1.8 eV. This is in agree-
ment with experiment. They then found only a shoulder
around 3.4 eV. Here, the experimental data has a pro-
nounced peak. Since the data of Di et al. [2,25] were taken
on a sample with the composition Mnj ggBi, Oppeneer
et al. [30] simulated this material and found a calculated
Kerr-angle spectrum with a similar but weaker peak at
1.8 eV and a second peak at 4.3 eV. This is higher in energy
than that for MnBi. The studies of MO properties of MnBi
performed in the LDSA approximation provide calcula-
tions values of Mn spin magnetic moment significantly
smaller in comparison with the experimental measurements.
Manganese forms a vast variety of intermetallic com-
pounds owing to its half-filled valence shell. The unpaired
electrons also make it a highly magnetically active material
with an intrinsic magnetic moment. Also, Mn element is
abundant in the Earth’s crust and it is inexpensive to pro-
cess when compared to the rare-earth (RE) elements. Among
the known intermetallic compounds, Mn-based MnBi, MnAll,
and MnGa, are some of the most common alloys that have
been studied as potential replacements for RE magnets [46].
The LTP of MnBi alloy has shown the highest energy
product (16.2 MG-QOe) among the three. For decades, much
effort has been made to understand the mechanism, struc-
tures, and magnetic properties of these Mn-based magnets.
However, a cohesive review has been still missing. There-
fore, this review summarizes the latest advancements in
Mn-based magnetic alloys across different dimensions, to
intending to further push the boundary for this dynamic
and critical subject. In the following, the development of
MnBi alloys is discussed, containing their synthetic techni-
ques, and structural, magnetic, and electronic properties.
The review is divided into two parts. The first part
(Secs. 3-5) devoted to the theoretical investigation of the
electronic and magnetic structures as well as various phy-
sical properties of MnBi. The electronic and magnetic
structures, Fermi surface (FS), orbital dependence of the
cyclotron masses, and extremal cross-sections of the Fermi
surface, magneto-optical Kerr spectra, x-ray magnetic cir-
cular dichroism, temperature dependence of the magneto-
crystalline anisotropy of MnBi have been considered. We
provide a theoretical explanation for the long-standing ex-
perimental puzzles in the measured MO properties, coerci-
vity, and spin orientation. We show that all the physical
properties under consideration can be properly described
only taking into account SO interaction and Coulomb elec-
tron-electron correlations. The second part (Sec. 4) pre-
sents the current status, challenges, potentials as well as the
future directions for MnBi as a candidate of rare-earth free
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permanent magnets. We also present the information on
the morphology and fabrication of MnBi in the bulk and
films, the influence of the substitution by different atoms
on the Mn and Bi sites. Finally, the results are summarized
in Sec. 7.

2. Crystal structure and calculation details

2.1. Crystal structure

MnBi exhibits a first-order structural transition between
temperatures of 613 K and 628 K [91]. The LTP possesses
the desired magnetic properties. Researchers also refer to
this phase as a.-MnBi. The Mn-Bi phase diagram is shown
in Fig. 1 [6]. Key phase transformations are:

1) at 628 K upon heating, a-MnBi — Mnj ogBi + Bi-
rich liquid;

2) at 719 K upon heating Mn10gBi — Mn + Bi-rich
liquid;

3) at 613 K during cooling Mn1 9sBi — o.-MnBi + Mn;

4) at 535 K during cooling, MnBi + Bi — Bi-rich liquid.

Currently the generally accepted composition, lattice
structure and parameters for the high temperature phase
(B-MnBi) at 630 K are Mnj 23Bi1 g3, Pmma symmetry, and
a=5959A b=4334A c=7505A, a=p =y =90°[47].
For the LTP phase (o.-MnBi) at 300 K, they are MnsgBisp,
P63/mmc symmetry, (group number 194), and a=b =
=429 A, ¢=6.126 A, o =p =90° y =120° For the
a-MnBi at 20 K, they are MngoBigy, Cmcm symmetry,
and a=4.269 A, b=7.404 A, and ¢=6.062 A, o= =
=y =090°.

The magnetic structure of MnBi goes through a spin-
reorientation process with temperature increasing from 0 K.
Neutron and x-ray diffraction measurements [48,49] show-
ed that the magnetic easy axis of MnBi is in-plane at lower
temperature and starts to reorient out-of-plane to c-axis at
about 90 K, and completely aligned with c-axis when tem-
perature is above 150 K (see Fig. 2). Zarkevich et al. esti-
mated the magnetic moment at 0 K as 3.96ug with site-
projected moments of 4.231 and -0.273ug on Mn and Bi,
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Fig. 2. (Color online) Temperature variation of the polar angle 6
between the easy axis of the magnetization and the c-axis in
MnBi [17].

respectively [50]. Andresen et al. [7] also showed that
above the transition between 613 and 633 K, 15% of the
Mn atoms have left their regular lattice sites and occupied
the large trigonal bipyramidal holes of the NiAs structure.
This also explains the observed contraction of the c-axis.

Figure 3 depicts the crystal and magnetic structure of
LT o-MnBi. It exhibits large trigonal-bipyramidal intersti-
tial sites, which may be occupied by dopant or Mn atoms.
It is speculated that octahedral Mn atoms are ferromagne-
tically coupled with the spin parallel to the c-axis, and the
bipyramidal Mn atoms are antiferromagnetically coupled
to the octahedral Mn atoms and result in reduced net mag-
netization [7,51].

2.2. Magneto-crystalline anisotropy

The internal energy of ferromagnetic materials depends
on the direction of spontaneous magnetization. Here we
consider one part of this energy, the MAE, which possess-
es the crystal symmetry of the material. For the material
exhibiting uniaxial anisotropy, such as a hexagonal crystal,
the MAE can be expressed as [52]

(f) Mn - octahedral

(P Mn - bipyramidal

Fig. 3. (Color online) Crystal lattice of MnBi LTP phase.

K= Klsin29+ Kzsin49+ Késin69+
+ Kgsin? 0 cos [6(¢+y)] +..., 1)

where K; is the anisotropy constant of the ith order, 6 and
¢ are the polar angles of the Cartesian coordinate system
where the ¢ axis coincides with the z axis (the Cartesian
coordinate system was chosen such that the x axis is rotat-
ed through 90° from the a hexagonal axis) and v is the
phase angle.

Here, we consider MAE caused only by the SO interac-
tion and define it as the difference between two self-
consistently calculated relativistic total energies for two
different magnetic field directions, K = E(6) — E((0001)).

2.3. Magneto-optical properties and x-ray magnetic
circular dichroism

For the polar Kerr magnetization geometry and a crystal
of tetragonal symmetry, where both the fourfold axis and
the magnetization M are perpendicular to the sample sur-
face and the z-axis is chosen to be parallel to them, the
dielectric tensor is composed of the diagonal ¢, and ¢,,,
and the off-diagonal ¢,, components in the form

e=| —&y & 0 | (2)
0 0 ¢4

The various elements &, are composed of real and im-
aginary parts as follows: éaﬁ = sfxlg +isg2g, where
o, B=XY,Z, gy = (n+ik)2, n and k are refractive index
and extinction coefficient, respectively. The optical con-
ductivity tensor 6,5 = cfllg +ic5&2% is related to the dielec-
tric tensor ¢, through the equation

- 47 .
Eqp(®) =84 +=, Cop (). ©))

The Kerr rotation 6 and ellipticity n are expressed as
follow [53]:

Ty
(exx _1)\/8xx

The optical conductivity of MnBi has been computed
from the energy band structure using the Kubo-Green-
wood [54] linear-response expression [55]:

0+in= 4)

—je?

m2hV,,

G(XB ((D) = X

§ flene) - f(epie) T (KTTE (k)
22 o ® oo @iy O

k nn’

where f(en) is the Fermi function, 7o, (K) = en —€nk
is the energy difference of the Kohn-Sham energies, &g,
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and vy is the lifetime parameter, it is included to describe
the finite lifetime of the excited Bloch electron states.
The Hn‘f], are the dipole optical transition matrix elements.
In a fully relativistic description, these are given by

Moy (K) =y | Co [ W) (6)

with the four-component Bloch electron wave function
Wk Velocity of light c, and Dirac operator o.. The com-
bined correction terms were also taken into account in the
optical matrix element calculations. A detailed description
of the optical matrix elements in the Dirac representation is
given in Refs. 56, 57.

Within the one-particle approximation, the absorption
coefficient u? (w) for incident x-ray of polarization A and
photon energy 7w can be determined as the probability of
electronic transitions from initial core states with the total
angular momentum j to final unoccupied Bloch states

nl(©) = 23 1 CPric [T 1 jm ) 2 (B — Ejm; —7100) x

mj nk

x 0 (Enk —Ef), (7

where ¥ jm. and Ejm. are the wave function and the en-
ergy of a core state with the projection of the total angular
momentum m;; Wy, and Ep are the wave function and
the energy of a valence state in the nth band with the wave
vector k; Eg is the Fermi energy. IT, = —eaa, is the elec-
tron—photon interaction operator in the dipole approxima-
tion (6), a,_is the A polarization unit vector of the photon
vector potential, with a, =1/+/2(1,+i,0), a =(0,0,1).
Here, “+” and “=" denotes, respectively, left and right cir-
cular photon polarizations concerning the magnetization
direction in the solid. X-ray magnetic circular and linear
dichroisms are given then by (u,—-p_) and
(= (uy + 1)1 2), respectively.

Usually, the exchange splitting of a core-shell is small
compared to the bandwidth of final valence states and can
be neglected. However, the exchange splitting of the
2pyyp 3/ States of 3d transition metals may be as large as
0.4 eV. Then, transitions from core states with different m;
in Eq. (7) occur at different photon frequencies. This may
lead to the appearance of giant x-ray magnetic linear
dichroism (XMLD) in cubic 3d metals and it’s strong de-
pendence on the magnetization direction [58].

At the core level, x-ray magnetic circular dichroism
(XMCD) is not only element-specific but also orbital spe-
cific. For 3d transition metals, the electronic states can be
probed by the K, L, 3 and M 5 x-ray absorption and emis-
sion spectra. In Bi, one can use the K, Ly3, My3, Mys,
N3, Nys, Ng7,and O, 3 spectra. For unpolarized absorp-
tion spectra p”(w) allows only transitions with Al = +1,
Aj=0,+1 (dipole selection rules). Therefore only elec-
tronic states with an appropriate symmetry contribute to
the absorption and emission spectra under consideration.

Low Temperature Physics/Fizika Nizkikh Temperatur, 2020, v. 46, No. 1

2.4. Treatment of the Coulomb correlations

It is well known that the local spin-density approxima-
tion (LSDA) fails to describe the electronic structure and
properties of the systems in which the interaction among
the electrons is strong. In recent years, more advanced
methods of electronic structure determination such as LSDA
plus self-interaction corrections [59], the LSDA+U [60]
method, GW approximation [61], and dynamical mean-
field theory [62—64] have sought to remedy this problem
and have shown considerable success. Among them, the
LSDA+U method is the simplest and most frequently
used. We used the “relativistic” generalization of the rota-
tionally invariant version of LSDA+U method [65], which
takes into account SO coupling so that the occupation ma-
trix of localized electrons becomes non-diagonal in spin
indexes.

The screened Coulomb U and exchange J integrals en-
ter the LSDA+U energy functional as external parameters
and have to be determined independently. The value of U
can be estimated from the photoemission spectroscopy and
x-ray Bremsstrahlung isochromatic spectroscopy expe-
riments. Because of difficulties with unambiguous determi-
nation of U it can be considered as a parameter of the model.
Its value can, therefore, be adjusted to achieve the best ag-
reement of the results of LSDA+U calculations with pho-
toemission or optical spectra [66]. While the use of an ad-
justable parameter is generally considered an anathema
among first principles practitioners, the LSDA+U approach
does offer a plausible and practical method to approxi-
mately treat strongly correlated orbitals in solids. The Hub-
bard U and exchange parameter J can be determined from
supercell LSDA calculations using Slater’s transition state
technique [67,68] or from constrained LSDA calculations
(cLSDA) [68-70]. Recent extensions of the cLSDA method
may be found in Refs. 71, 72. The cLSDA method, how-
ever, is known from early on to yield values of U that are
too large in some cases [73]. For example, Anisimov and
Gunnarsson [67] computed the effective on-site Coulomb
interaction in metallic Fe and Ce. For Ce, the calculated
Coulomb interaction was found to be about 6 eV in good
agreement with empirical and experimental estimates rang-
ing from 5 to 7 eV. The result for Fe (also about 6 eV) was
surprisingly high since U was expected to be in the range
of 2-3 eV for elemental transition metals, except for Ni
[74,75]. The cLSDA method applied to MnBi produces U
=4.57eV,J =0.97 eV [45].

Another method for determining the effective interac-
tion is a scheme based on the random-phase approximation
(RPA). Early attempts of this can be found in Refs. 76, 77.
A method for calculating the Hubbard U , called the con-
strained RPA (cRPA) scheme was proposed by Aryase-
tiawan et al. [78]. Subsequently, a combined cLSDA and
cRPA method was also proposed [79]. The main merit of
the cRPA method over currently available methods is that
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it allows for a precise elimination of screening channels.
They are instead to be included in a more sophisticated
treatment of the model Hamiltonian [80]. This method al-
lows easy access to obtaining not only on-site matrix ele-
ments but also off-site matrix elements as well as screened-
exchange matrix elements. These are usually taken to be
the atomic value. Another merit is the possibility of obtain-
ing the frequency-dependent Hubbard U, and may prove
to be important. The cRPA method has now been applied
to several systems with success [73,81-83].

Authors of Ref. 45 tried several approximations to ob-
tain Hubbard U and J, they found that the values U = 4 eV
and J =0.97 eV are most appropriate to describe the elec-
tronic structure and various physical properties of MnBi.

3. Energy band structure

Figure 4 shows the spin-polarized energy band structure
of MnBi calculated in the LSDA without SO interaction
(two upper panels), fully relativistic Dirac approximation
(LSDA+SO0, third panel from the top), and a fully relativis-
tic Dirac LSDA+SO+U approximation (lower panel) [45].
In “fat band” representation, the open red circles show
the Mn 3d character of the wave function in each k point.
Closed blue circles indicate the Bi 6p character. The larger
circle corresponds to the larger contribution of the corre-
sponding character in the wave function for a given k
point.

The splitting of the energy bands in the H and A sym-
metry point in the 0.6 eV to —1 eV energy interval is en-
hanced more than two times after the inclusion of the Cou-
lomb repulsion (compare third panel from the top with
lower panel in Fig. 4). Due to the shift of Mn 3d states
from the Fermi level in the LSDA+SO+U approach, the
character of the electronic states at the Fermi level are
changed towards the decreasing of an Mn 3d partial contri-
bution at the Fermi level.

Figure 5 shows partial densities of states for MnBi cal-
culated within LSDA+SO as well as LSDA+SO+U [45].
The Mn d -states are split by the on-site exchange interac-
tion into nearly completely filled majority-spin and unoc-
cupied minority-spin states. The crystal field at the Mn site
(D3q point symmetry) causes the splitting of d-orbitals
into a singlet ay (322 —1) and two doublets ey (yz and xz)
and ey (xy and X% — y2). Bi 65 states situated at the -12.2
to —10.3 eV below the Fermi level. Bi 6p states occupy the
-5.2 to 7.5 eV energy range and strongly hybridize with
Mn 3d states in the —4 to 3 eV energy range. The spin split-
ting of Bi p-states is quite small. The LSDA+U Mn 3d
partial DOSs are also presented in Fig. 5. Usually, the fail-
ure of the LSDA method generally occurs toward the right
end of the 3d transition-metal series. For Mn, which is in
the middle of 3d series, no strong correlation would be
expected. As can be seen below, however, the correlation
effects are quite important in MnBi for a correct descrip-
tion of the MO properties as well as the MAE.
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Fig. 4. (Color online) Energy band structure of MnBi in close
vicinity of the Fermi level using “fat band” representation: a non-
relativistic (two upper panels); fully relativistic (third panel from
the top) and fully relativistic LSDA+SO+U (lower panel) energy
bands [45].

Our fully relativistic LSDA band structure calculations
produce Mg of 3.572u at the Mn site in MnBi. The My of
-0.114ug induced at the Bi site is antiparallel to that of Mn.
The orbital magnetic moment (M,) at the Mn and Bi sites
are equal to 0.156 ug and -0.028 g, respectively. An ad-
ditional empty sphere also carries small Mg and M, of
-0.015ug and 0.001 pg, respectively. The net magnetic
moment in the fully relativistic LSDA band structure cal-
culations is equal to 3.572ug. Experimental numbers have
been obtained for different samples and samples of dif-
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Fig. 5. (Color online) The LSDA+SO and LSDA+SO+U partial
densities of states for MnBi [45].

ferent purity in a range from 3.82upg [84], to 4.25ug [85].
For most pure samples, the moment is close to 4.1ug and
compares favorably with our LSDA+SO+U moment
(4.172pg). The spin and orbital magnetic moments in the
LSDA+SO+U approach at the Mn site are equal to
4.224pp and 0.125pg, respectively, and Mg =-0.134ug
and M| =-0.030ug at the Bi site [45].

The opposite sign of Mg on Mn and Bi atoms can be
understood already from Fig. 4. In the LSDA, the DOS of
Mn d -states near the Fermi level is much larger for a near-
ly empty spin down electronic band. The latter band just
starts to populate in Mn reflecting typical more-than-half-
filled d-band behavior. For p-states of Bi (upper panel of
Fig. 4) the situation is opposite: the population of p-states
and their induced magnetic moments are relatively small,
with a larger DOS for p-states for spin up.

The presence of a large amount of Mn spin down and Bi
spin up electrons at and near the Fermi level creates favor-
able conditions for the appearance of the large transversal
p —d transitions induced by SO coupling.

4. Ground state properties

4.1. Fermi surface

In this section, we present the topology of the Fermi
surface of MnBi as well as the de Haas—van Alphen (dHvA)
extremal cross-sections and cyclotron masses.

Figure 6 shows the calculated cross-sectional areas of
MnBi FS in the plane perpendicular to the z direction
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LSDA+SO +U

Fig. 6. (Color online) The calculated cross sections of MnBi FS
in the plane perpendicular to the z direction k, =0 using a non-
relativistic approach (upper panel), LSDA+SO (middle panel)
and LSDA+SO+U (U =4 eV) (lower panel) [45].

k, =0 crossed I" symmetry point using a non-relativistic
method (upper panel), fully relativistic LSDA+SO (middle
panel) and fully relativistic LSDA+SO+U (lower panel)
approximations [45]. Figure 7 shows the sheets of the FS
in MnBi calculated with the LSDA+SO (left panels) and
LSDA+SO+U (right panels) approximations. The inclu-
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(1)

Fig. 7. (Color online) The LSDA+SO (left panels) and the
LSDA+SO+U (right panels) sheets of MnBi Fermi surface [45].

sion of the SO interaction changes the topology of the FS
in MnBi (Fig. 6). Instead of two sheets in the K symmetry
point in the LSDA calculations we have only one electron
FS. Besides, there are four FS cross-sections in the k, =0
plane in the spin-polarized calculations and three in the
LSDA+SO calculations.

10

There are five sheets of the FS in the LSDA+SO calcu-
lations. Almost spherical closed-hole FS centered approx-
imately at a half distance between T" and A symmetry
points in Fig. 7(a), has pure Mn 3d character. The 23, 24,
and 25 hole FSs opened along the T'— A direction with
sixfold symmetry in Figs. 7(c), (e), and (g), respectively,
are mostly due to Bi 6p states with small amounts of Mn
3d states mixed in. A closed electron FS centered in the K
symmetry point in Fig. 7(i) is the mix of Mn 3d and Bi 6p
character.

Inclusion of the Coulomb repulsion increases the size of
the 22d hole FS in Fig. 7(b) and reconstruct the 24th and
25th hole FSs in Figs. 7(f) and 7(h)). It produces a new
hole FS sheet (see Fig. 7(k)). Dashed black curve in the
lower panel of Fig. (5), and an additional closed electron
FSs centered in M symmetry point (lower panel of Fig. 6).

Figure 8 presents the angular variations of the theo-
retically calculated dHvA frequencies in MnBi in the
LSDA+SO+U approximations for field direction in the
(1010), (1120), and (0001) planes [45]. The obtained six
different type orbits a, B, v, 8, €, and o belong to the FSs
derived by the crossing of the 22nd, 23rd, 24th, 25th, 26th,
and 27th energy bands, respectively. The o orbits situated
at the almost spherical closed hole FS which centered at a
half distance between I" and A symmetry points (Fig. 7(b)).
Due to smallness and almost spherical shape of these
sheets, the corresponding dHvA frequencies are rather
small and have almost constant angle dependence. The B
oscillations belong to electron FS around the K and M
points. These orbits split for three separate B¢, B,, and B3
orbits. The B5 oscillations belong to the closed electron FS
sheets around the M symmetry point. The ; and p, are at
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Fig. 8. (Color online) The calculated angular dependence of the
dHvA oscillation frequencies in MnBi using LSDA+SO+U
(U =4 eV) approximation [45].
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LSDA+SO+U U=4.5eV

Fig. 9. (Color online) The calculated cross sections of MnBi FS
in the plane perpendicular to the z direction k, =0 using fully
relativistic LSDA+SO+U method for U =3.5 eV (upper panel)
and U = 4.5 eV (lower panel) [45].

the electron FS around the K point (see Fig. 6 lower panel).
The y and & orbits exist in wide-angle interval at all the
three planes. The highest dHVA frequencies were observed
for the ¢ orbits situated at the hole surface derived from the
26th energy band.

The masses for the low-frequency oscillations o range
from -1.0my to -0.65mq, and the dHvVA  orbits on the
electron FS sheet around the K symmetry point possess
relatively small cyclotron masses from 0.5mg to 0.8mg.
The & orbits also have relatively small cyclotron masses of
-0.8mg to —0.4mg [45]. However, some branches of the &
orbits possess cyclotron masses more than 2my. The mass-
es for the high-frequency oscillations ¢ are large.

To show how sensitive are the calculations of the FS to
the value of Hubbard U, we present in Fig. 9 the calculated
cross-sections of MnBi FS for U=3.5eV and U =45 eV
[45]. After comparing this figure with Fig. 5 for U = 4.0 eV,
we can conclude qualitatively that all the three calculations
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Fig. 10. (Color online) The calculated angular dependence of the
dHvA oscillation frequencies in MnBi using LSDA+SO+U ap-
proximation for U =3.5 eV (left panel) and U =4.5 eV (right
panel) [45].

produce similar FSs with small changes in the size and the
shape of some FS sheets. However, the dHVA oscillations
are quite sensitive to the value of Hubbard U (see Fig. 10).
The frequencies of the o orbits are significantly reduced
for U = 3.5 eV and increased for U = 4.5 eV in comparison
with U = 4.0 eV calculations. The & and ¢ orbits have an
opposite U behavior, their frequencies are decreased with
the increase of U. On the other hand, the o and y orbits are
less sensitive to the value of U .

The experimental measurements of the dHVA effect is
highly desired, it will answer which value of Hubbard U is
realized in MnBi. From the experimental point of view, it
would be no problem to measure the dHvA oscillations in
MnBi do due to relatively small cyclotron masses for most
dHvA orbits. However, a single crystal sample of good
quality might be needed.

4.2. Magneto-crystalline anisotropy

It has been established that such unique temperature
dependence of the coercivity and MAE in MnBi is deter-
mined by the thermal variation of the lattice parameters a
and c. In the following section, we explain experimental
observations by examining the dependence of calculated
total energy and MAE on the lattice geometry. We assume
that the finite temperature can be mimicked by the lattice
constants corresponding to this temperature. We confirm
that spin reorientation arises from a change of sign in MAE,
which depends on the lattice constants.

Figure 11 shows the experimentally measured tempera-
ture dependence of the lattice constants a and c according
to the Refs. 85, 86 together with the magnetization [85]
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Fig. 11. (Color online) The temperature dependence of the lattice
parameters a and ¢ (upper and middle panels, respectively) of
MnBi according to the Ref. 85 (blue curve 1) and Ref. 86 (red
curve 2). The lower panel shows the temperature dependence of
magnetization in MnBi [85].

in MnBi. Yang et al. [85] measured temperature depend-
ence of the lattice parameters a, and c in a wide tempera-
ture range from 10 to 700 K. Koyoma et al. [86], on the
other hand, used a smaller temperature interval (10-300 K).
They did use a very fine temperature mesh in the vicinity
of Tgg. Both measurements show similar behavior for the
lattice constant a, but strongly differ from each other in the
temperature behavior of lattice constant c. The results of
Yang et al. [85] show a rather smooth decrease of parame-
ter ¢ with decreasing of T below Tgr. Koyoma et al. [86]
found a discontinuous behavior of constant ¢ near Tqg
(Fig. 11).

Figure 12 shows the MAE as a function of the polar
angle 0 and temperature calculated with the LSDA+SO
and the LSDA+SO+U methods [45]. Here the temperature
dependence of the lattice constants a and c obtained by
Yang et al. [85] was used. The LSDA+SO approach gives
the value of MAE equal to —-2.2 meV/cell at zero tem-
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Fig. 12. (Color online) The MAE K as a function of the polar
angle 6 and temperature in MnBi calculated in the LSDA+SO
(open blue squares) and the LSDA+SO+U methods [45]. The
used temperature dependence of the lattice constants a and ¢ is
from Ref. 85.

perature. This value is in good agreement with the
FPLAPW band structure calculation by Ravindran et al. [35]
(-2.0 meV/cell). However, both of these values are an or-
der of magnitude larger than the experimental value of
-0.13 meV/cell [18,87]. Besides, the LSDA+SO approxima-
tion shows that the direction of the easy magnetization is in
the basal plane for any value of lattice constant a and axial
ratio c/a (meaning the entire temperature range) and,
therefore, provides no explanation of the spin-reorientation
observed experimentally at the Tgg ~ 90 K. On the other
hand, the LSDA+SO+U approach gives the value of MAE
equal to —0.39 meV/cell at zero temperature. This value is
already in better agreement with the experiment, but still
nearly three times larger than the experimentally estimated
value of —0.13 meV/cell [18,87]. Thus the inclusion of the
Coulomb correlations provides a correct easy magnetiza-
tion direction along c axis for the temperatures above Tgg
and in the plane below Tgg for the experimental parameters
a and c.

Figure 13 presents the theoretically calculated tempera-
ture dependence of the MAE in MnBi [45] using the
LSDA+SO+U approximation in comparison with the ex-
periment [18]. The theoretical MAE is in a very good
agreement with the experiment in the 150 K to 450 K tem-
perature range. Thus, the theoretical calculations confirm
the experimental claim [86] that the unusual temperature
dependence of MAE is primarily due to a specific lattice
thermal expansion. In addition, the theoretical analysis has
shown that the increase of uniaxial MAE in this tempe-
rature range is related to the increase of uniaxial MAE pro-
duced by the anisotropic component of transversal pairwise
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Fig. 13. (Color online) Theoretically calculated temperature de-
pendence of the MAE K in MnBi using the LSDA+SO+U [45] in
comparison with the experiment [18].

interaction between d -states of Mn and p-states of Bi at-
oms [45].

With the temperature increase above RT, the experi-
mentally measured anisotropy energy increases and reaches
its maximum at around 500 K, and then rapidly decreases
at higher temperatures. The LSDA+SO+U results show
the same temperature behavior. They, however, show high-
er MAE in the maximum. Besides, the theoretically calcu-
lated maximum of the MAE shifts towards higher tempera-
tures (Fig. 13). Such disagreement between the theory and
experiment might be due to the magnetic spin disorder ef-
fect. The temperature dependence of magnetization in MnBi
measured by Yang et al. [85] shows a drastic reduction of
the magnetization from the 4.25ugz at 0 K to the 1.43up
for 600 K. This presumably due to spin disorder (see lower
panel of Fig. 11). Such an effect has not been taken into
account in the calculations.

Authors of Ref. 45 found a strong dependence of the
MAE on in-plane lattice constant a. Figure 14 shows the
MAE as a function of the polar angle 0 for the lattice con-
stant ¢ =6.123 A. This corresponds to T =300 K and a
=4.272 A (curve 1) and a =4.283 A (curve 2) corre-
sponding to the T =100 K and 300 K, respectively [85].
Expansion of in-plane lattice constant a by 0.01 A occurs
from 100 K and 300 K increases the MAE by approximate-
ly 1.2 meV. Corresponding results for ¢ parameter expan-
sion produce a much smaller result of 0.1 meV (Fig. 14).

To investigate the MAE as a function of the polar angle
0 in the vicinity of the spin reorientation phase transition,
authors of Ref. 45 fixed the lattice constant a for the spin-
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Fig. 14. (Color online) The LSDA+SO+U calculations of the
MAE K as a function of the polar angle 6 for the lattice constant
c=6.123 A [45]. This corresponds to the T=300K and
a=4.272 A (curve 1) and a = 4.283 A (curve 2) corresponding to
the T =100 K and 300 K, respectively [85].

reorientation temperature a = 4.274 A [86] and vary ¢ from
c=6.09 A to c=6.14 A with a step of 0.01 A (Fig. 15).
For the lattice constants ¢=6.09 A, ¢=6.10 A, and
c=6.11 A (curves 1-3, respectively), the easy magnetiza-
tion direction is in the basal plane. There are two local
minima in the total energy for the ¢ = 6.12 A (curve 4): one
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Fig. 15. (Color online) The LSDA+SO+U calculations of the
MAE K as a function of the polar angle 0 for the lattice constant
a=4.274 A [45]. This corresponds to the spin-reorientation
(Tsg =90 K) [86] and ¢ = 6.09 A (curve 1), ¢ = 6.10 A (curve 2),
c=6.11 A (curve 3), c =6.12 A (curve 4), ¢ =6.13 A (curve 5),
and ¢ = 6.14 A (curve 6).
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along the ¢ direction and at the 6 ~ 41° with a barrier in
between. The last angle is close to the experimentally
measured g, =37° at Tgg =90 K where the magnetiza-
tion flops into the ab basal plane [17] (see Fig. 2). For
larger values of the lattice constant c, the easy magnetiza-
tion direction is along the c direction in agreement with
experimental observation. We would like to point out that
the results presented in Fig. 15 have to be considered only
as qualitative ones because by fixing the constant a and
varying c, the c/a has altered the an overall volume per
unit cell.

The results shown in Fig. 15 lead to some interesting
conclusions. The angular dependence of the total energy
demonstrates the presence of a “double-well” potential.
This fact leads to a hysteresis phenomenon as a function of
temperature. For instance, one can expect a non-smooth
dependence of the magnetization direction change with a
“sudden” switch of easy direction at different temperatures
depending on whether a cooling or heating process is being
used. This qualitatively explains the non-analytical de-
pendence of easy axes observed in Ref. 17 (see Fig. 2).
The total energy shows a highly non-trivial angular de-
pendence with several minima. This leads to a hysteresis
behavior of magnetization as a function of temperature.
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Fig. 16. (Color online) The effect of scaling of the exchange

splitting (upper panel) and value of SO constant (lower panel) on
either Mn or Bi atoms on the MAE K in MnBi [45] (see the text).
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This, in turn, creates a condition for a non-continuous spin
reorientation transition that can be considered as a planar
to the uniaxial anisotropy phase transition.

We can conclude that the increase of MAE with tem-
perature presented in Fig. 13 is mostly due to changing the
in-plane lattice constant a.

We examine the dependence of the MAE on the ex-
change splitting and the SO interaction. The exchange
splitting and SO coupling are studied by scaling the corre-
sponding terms in the Hamiltonian artificially with a con-
stant prefactor. This scaling can be atom dependent, i.e.,
within each atomic sphere. The outcomes of such con-
straining calculations for the MAE in MnBi are shown in
Fig. 16. In the upper panel, the importance of the exchange
splitting is illustrated. When the exchange splitting on Bi
is set to zero, the MAE is barely modified. But when we
performed such operation on Mn atom, the MAE totally
vanishes. Furthermore, an enhancement of the exchange
splitting on Mn by a factor of 2.0 (red open triangles) leads
to a correct easy magnetization along the z direction.
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Fig. 17. (Color online) The MAE, M|, OMA (AM;) and SMA
(AMg) for T =0 K (left panel) and T =300 K (right panel) [45].

Low Temperature Physics/Fizika Nizkikh Temperatur, 2020, v. 46, No. 1



Low-temperature MnBi alloys: electronic and magnetic properties, constitution, morphology and fabrication

The lower panel of Fig. 16 shows the dependence
on the SO coupling. If SO coupling on Mn set to zero,
the MAE does not change significantly (full black squares).
On the other hand, when the SO coupling on Bi is zero, the
MAE almost disappears (magenta full circles). The scaling
of the SO coupling of Bi by a factor of 2.0 leads to an in-
crease of the MAE by a factor of 5 confirming a dominant
contribution of the SO interaction at the Bi site to the large
value of MAE in this compound.

It is customary to relate the MAE with the anisotropy of
M, (OMA) [88-90]. Figure 17 presents the MAE, M,
OMA, and the anisotropy of Mg (SMA) for T =0 K and
T =300 K. The M|, OMA and SMA are larger at the Mn
site than at the Bi one. The OMA is four times larger than
the SMA for both sites. The Bi M, change the sign through
spin-reorientation transition, therefore the inversion of the
MAE through the spin-reorientation transition is directly
correlated with OMA at the Bi site.

The MAE is proportional to the OMA through expres-
sion K ~ %xAM| [88-90], where A is the SO parameter.
The SO constant A =0.041eV for 3d Mn ion, but
A~ 0.85 eV for Bi [91]. Therefore, the major contribution
to the MAE is due to the OMA at the Bi site. Although the
SMA is smaller than OMA for both sites, one would ex-
pect some contribution to the MAE from the SMA.

5. Excited-state properties

5.1. Magneto-optical properties

In this section we provide a theoretical explanation of
the MO properties of MnBi.

The experimental Kerr spectra as well as the calculated
ones are shown in Fig. 18. The Kerr rotation is denoted by
0k and the Kerr ellipticity by ek . First-principles LSDA
theory predicts a very large Kerr rotation in MnBi of about
—2° at 1.8 eV. This is even larger than the measured peak
value of —1.6° [25]. The experiment shows a second max-
imum in the Kerr angle at 3.4 eV. Here the LSDA calcula-
tions give only a shoulder. The reason for such disagree-
ment is the underestimation of the My in the LSDA [45].
The My at the Mn site is equal to 3.572p in the LSDA.
However, the experimental value at low temperature is
equal to 4.25ug [85]. In Fig. 18, we present the calculated
Kerr spectra in the LSDA+SO+U (red full lines) and
the LSDA+SO calculations with an artificially increased
exchange splitting on the Mn site by 1.5 times (black dott-
ed curves). In both latter calculations the M is quite close
to the experimental value (4.234ug and 4.257ug for the
LSDA+SO+U and the LSDA+SO with increased spin splitt-
ing, respectively). Both spectra have similar shapes with
much better reproduction of the second maximum in the
Kerr angle at 3.4 eV. Another feature of the experimental
Kerr rotation is that it exhibits a sign reversal at 0.9 eV. This
sign reversal is actually also given by the LSDA+SO me-
thod, but for a smaller energy. The LSDA+SO+U method

Low Temperature Physics/Fizika Nizkikh Temperatur, 2020, v. 46, No. 1

=T . ---- LSDA+SO
| o —— LSDA+SO+U
1 —_ _ o.'j',/—\\\\||“’. ....... M Mn*1 5
S R e e eexpr. 85K

Ellipticity (deg)

Kerr rotation (deg)

Energy (eV)

Fig. 18. (Color online) Calculated in the LSDA+SO (blue dashed
lines) and LSDA+SO+U (red full lines) approximations polar
Kerr rotation (6 ) and Kerr ellipticity (e ) spectra of MnBi [45]
in comparison with the experimental measurements from Ref. 25.
Mmn*1.5 denotes an exchange splitting of 150% of the first-prin-
ciples value.

and the LSDA+SO one with increased spin splitting per-
fectly reproduces the energy of a sign reversal at 0.9 eV.
The LSDA+SO+U approximation also reproduces better
the observed shape of the Kerr ellipticity and a sign rever-
sal at around 2 eV (see upper panel of Fig. 18).

The Kerr spectra depend on the MO conductivity spec-
tra in an entangled way. Therefore, it is difficult to assign
features in the Kerr spectra to particular band transitions.
The absorptive parts of the optical conductivity o4, and
Oasxy NOWever, relate directly to the interband optical transi-
tions, and therefore provide more physical insight [57,92].
The calculated absorptive part of off-diagonal optical con-
ductivity c,,, for MnBi is shown in Fig. 19. The main
peak in the Kerr rotation of MnBi is due to the maximum
in the o5,, at 1.8 eV. The second fine structure in MnBi
Kerr spectrum at 3.4 eV corresponds to the high energy
peak in the o,,, at the same energy. The LSDA+SO calcu-
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Fig. 19. (Color online) Calculated in the LSDA+SO (blue dashed
lines) and LSDA+SO+U (red full lines) approximations off-dia-
gonal component (02xy) of the conductivity tensor for MnBi [45]
in comparison with the experimental measurements in MnBi
from Ref. 25. Myn*1.5 denotes an exchange splitting of 150% of
the first-principles value.

lations strongly underestimate the intensity of the second
high energy peak in the Ooyy- As a result, the LSDA+SO
fails to correctly describe the second negative peak in the Kerr
rotation at 3.4 eV. On the other hand, the LSDA+SO+U and
the LSDA+SO with increased spin splitting quite well re-
produce the intensity of the second high energy peak in
the o,,, spectrum and therefore better describes the 3.4 eV
peak in the Kerr rotation.

We can conclude that the main reason for the failure of
LDSA to describe the MO properties in MnBi is the signi-
ficant underestimation of spin magnetic moment on the Mn
atom. Two very different techniques (the LSDA+U method
and the application of external magnetic field on the Mn
atom) produced similar spin moment enhancement and
consequently better MO values.

It is important to identify the origin of the large Kerr ef-
fect in MnBi. To this end, authors of Ref. 45 examine the
dependence of the MO spectra on the exchange splitting
and the SO interaction. The exchange splitting and the SO
coupling were studied by scaling the corresponding terms
in the Hamiltonian artificially with a constant prefactor.
These modifications can be done within each atomic sphere
independently so that we can investigate the separate ef-
fects of these quantities on Mn and Bi. The outcomes of
these model calculations for the Kerr rotation of MnBi are
shown in Fig. 20. In the lower panel, the importance of the
exchange splitting is illustrated. When the exchange split-
ting on Bi is set to zero, the Kerr rotation remains as it is.
But when we do the same for the exchange splitting on
Mn, the Kerr rotation totally vanishes. This implies that the
exchange splitting due to Mn is crucial for the sizable Kerr
rotation, but that of Bi is not important. Furthermore, an
enhancement of the exchange splitting on Mn by a factor
of 1.5 (dotted line) leads to a much larger peak in the Kerr
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Fig. 20. (Color online) The effect of scaling of the exchange
splitting (upper panel) and value of SO constant (lower panel) on
either Mn or Bi atoms on the MO Kerr spectra in MnBi (see the
text) [45].

rotation at 3.4 eV. The upper panel of Fig. 20 shows the
dependence on the SO coupling. If we set the SO coupling
on Mn to zero, the Kerr rotation does not change very
much (dashed red line). On the other hand, when the SO
coupling on Bi is zero, the Kerr rotation almost disappears
(dotted magenta line). Thus, the SO coupling of Bi is equal-
ly responsible for the large Kerr rotation as is the exchange
splitting of Mn. An intermediate scaling of the SO coupl-
ing of Bi by a factor of 0.5 leads to an approximately half
as large Kerr angle, thereby illustrating the almost linear
dependence of the Kerr effect on the SO interaction of Bi
in this compound.

5.2. X-ray magnetic circular dichroism

Motivated by the developing interest in obtaining ele-
ment-specific magnetic moment information provided by
XMCD measurements authors of Ref. 45 calculate the
XAS and XMCD spectra of MnBi at the Mn K, and L; 3
and at the Bi M, 3, My 5, Ny 3, Ny 5, Ng 7, and O, 5 edges.

Figure 21(a) shows the theoretically calculated x-ray
absorption spectra at the Mn K edge in MnBi with the elec-
tric field vector of the x rays both parallel (dashed red curve)
and perpendicular (full blue curve) to the ¢ axis. The asso-
ciated XLD signal (obtained by taking the difference of
the XA spectra for the two polarizations) is given in the pa-
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nel (b) of Fig. 21. Fig. 21(c) shows the theoretically calcu-
lated XMCD in terms of the difference in absorption
Aug =k —ug for left and right circularly polarized ra-
diation in MnBi. After comparing the panels (b) and (c),
we can conclude that the XMCD signal is almost one order
of magnitude smaller than the corresponding XLD signal.
Also, the spectra have major peaks in different energy in-
tervals. Major peaks in the XMCD spectrum are mostly
located in the 0 to 15 eV energy interval. However, the
XLD spectrum possesses the major peaks above 15 eV.
Because dipole allowed transitions dominate the ab-
sorption spectrum for unpolarized radiation, the absorption
coefficient p?( (E) reflects primarily the DOS of unoccu-
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Fig. 21. (Color online) (a) the theoretically calculated x-ray ab-
sorption spectra of MnBi at the Mn K edge with the electric field
vector of the x rays parallel (red dashed curve) and perpendicular
(blue full curve) to the z-axis [45]; (b) theoretically calculated
XLD spectra at the Mn K edge [45]; (c) the theoretically calcu-
lated XMCD spectrum at the Mn K edge (red full curve) and dm,
function (blue dashed curve) [45]. The calculations have been
done using the LSDA+SO+U approach.

pied 4p-like states N,(E) of Mn above the Fermi level.
Due to the energy-dependent radial matrix element for the
1s — 4p, there is no strict one-to-one correspondence be-
tween py (E) and N,(E). The exchange splitting of the
initial 1s-core state is extremely small and therefore only
the exchange and SO splitting of the final 4 p-states is re-
sponsible for the observed dichroism at the K -edge. For
this reason, the dichroism is found to be quite small (lower
panel of Fig. 21).

To illustrate the influence of SO interaction on the final
states involved in the transitions, let us introduce a site-
dependent function dmy (E) given by [93]:

g (E) = X3 (V10 1¥jn, )SE-En), @)

mjnk

where fz is the z projection of the angular momentum op-
erator, E, and ‘I’{}k are the energy of the nth band and the
part of the corresponding LMTO wave function formed by
the states with the angular momentum | inside the atomic
sphere centered at the site t, respectively. In analogy to the
I-projected density of states, dmy (E) can be referred to as
site- and |-projected density of the expectation value of fz.

The 4p—23d hybridization and the SO interaction in the
4p states play a crucial role in the Mn K edge dichroism.
As seen in Fig. 21(c), the K XMCD spectrum and dmy (E)
functions are closely related to one another and give a ra-
ther simple and straightforward interpretation of the
XMCD spectra at the K edge.

Because of the dipole selection rules and apart from the
4sy,,-states (which have a small contribution to the XAS
due to relatively small 2p — 4s matrix elements [57]),
only 3d;/,-states occur as final states for L, XAS for
unpolarized radiation. Whereas for Lz XAS the 3ds/,-
states also contribute. Although the 2p;;, — 3ds;, radial
matrix elements are only slightly smaller than elements for
the 2p3;, — 3dg, transitions the angular matrix elements
strongly suppress the 2ps;, — 3dg/, contribution. There-
fore in neglecting the energy dependence of the radial ma-
trix elements, the L,- and the Lg-spectrum can be viewed
as a direct mapping of the DOS curve for 3dz;5- and 3ds5-
character, respectively.

In contrast to the K edge, the dichroism at the L, and
L3 edges is also influenced by the SO coupling of the ini-
tial 2p-core states. This gives rise to a very pronounced
dichroism in comparison with the dichroism at the K edge.
Figure 22 shows the theoretically calculated Mn L, 3 XMCD
spectra in MnBi. The XMCD spectra at the L, 3-edges are
mostly determined by the strength of the SO coupling of
the initial 2p-core states and spin-polarization of the final
empty ds;, 5/, states. The exchange splitting of the 2p-core
states as well as the SO coupling of the 3d-valence states
are of minor importance for the XMCD at the L, 3-edge of
3d-transition metals [57].
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Fig. 22. (Color online) X-ray absorption (top panel) and XMCD
spectra (lower panel) at the Mn L3 edges calculated using
the LSDA+SO+U [45].

6. MnBi: A potential candidate for rare-earth free
permanent magnets

Permanent magnets (PMs) are critical components for
electric motors and power generators. Key properties of
permanent magnets, especially coercivity and remanent
magnetization, are strongly dependent on microstructure.
The widely used PMs for the traction motor in electric ve-
hicles and the power generator in wind turbines contain
rare earth elements Nd and Dy due to their high maximum
energy product. Due to the high supply risk of RE elements
such as Dy and Nd, these elements are listed as critical
materials by the international institutes. Compared to rare
earth PMs, non-rare earth (hon-RE) PMs typically have
lower maximum energy products, however, given their
small supply risks and low cost, they are being intensively
investigated for less-demanding applications. The general
goal for the development of non-RE PMs is to fill in the
gap between the most cost-effective but low performing
hard ferrite magnet and the most expensive but high per-
forming RE PMs [94]. In the past decade, great progress
has been made toward improving the physical properties of
non-RE PMs. Several new candidate materials systems
were investigated, and some have shown realistic potential
for replacing RE PMs for some applications. One of them
is LTP-MnBi compound.

NdoFe14B (NdFeB) magnets are widely used for con-
version between electricity and mechanical energy. Unfor-
tunately, the magnetic properties of NdFeB is strongly

18

temperature-dependent [94]. The (BH ). Of the NdFeB
magnet falls sharply once temperature exceeds 373 K (as
shown in Fig. 23). Permanent magnet motors and genera-
tors using NdFeB magnets must consider some form of a
cooling mechanism to dissipate the heat generated by eddy
current and friction. Better thermal stability (up to 50%
increase of (BH ).y at 473 K) can be achieved by adding
Pr and Dy [95].

The best known hard magnetic materials have usually a
lower saturation polarization Jg than many soft magnetic
materials. They are chemically very reactive and also ex-
pensive on account of a substantial content of a rare earth.
It is possible to make permanent magnets of composite
materials consisting of two suitably dispersed ferromagnet-
ic and mutually exchange-coupled phases, one of which is
hard magnetic to provide high anisotropy and high coer-
cive field, while the other may be soft magnetic just pro-
viding a high saturation magnetization [96]. A general theo-
retical treatment of such systems shows that one may ex-
pect besides a high-energy product (BH ). two uniquely
characteristic features, a reversible demagnetization curve
(“exchange-spring”) and, in certain cases, an unusually high
isotropic remanence ratio B, / J; while the required volume
fraction of the hard phase may be very low, of the order
10% [96]. The technological realization of such materials
has to be based on the principle that all phases involved
must emerge from a common metastable matrix phase to
be crystallographically coherent and consequently mag-
netically exchange-coupled. Theoretical work suggests that
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Fig. 23. Temperature dependence of (BH )y, most commercial
permanent magnets. (Data extracted from Ref. 94).
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energy products could significantly surpass those provided
by conventional uncoupled magnetic materials [97], and
experiments have verified that energy products are indeed
increased [98-101]. However, to date, the technical mag-
netic properties of the resultant products have not come
close to their theoretical promise due to unresolved issues
of phase purity, uniformity, and crystallographic alignment.

Although, the low-temperature phase of MnBi also ex-
hibits many intriguing properties, described partly in the
first part of the Review, the fabrication of ferromagnetic
MnBi remains challenging, since the reaction between Mn
and Bi is peritectic due to the large difference in melting
temperature between Mn (1519 K) and Bi (544 K). Be-
sides, Mn easily reacts with oxygen, causing decomposi-
tion of MnBi [94]. In addition, according to the phase dia-
gram (Fig. 1), MnBi exists in several closely related phases,
among which only the LTP is ferromagnetic.

MnBi was first investigated as a permanent magnet by
Adams et al. in 1952 [102]. The permanent magnet was
prepared by hot pressing finely pulverized MnBi in the pre-
sence of a strong magnetic field to facilitate particle align-
ment. The MnBi magnet possessed a maximum energy pro-
duct of (BH)max=4.3 MG-Oe, B, =4.3 kG and H; =
= 3.4 kOe. Fifty years later, Yang et al. re-investigated the
subject and improved the room temperature (BH)max to
7.7 MG-Oe [103]. The improvement is attributed to the pu-
rification process yielding fewer impurities. The significance
of Yang’s work is that it showed the importance and diffi-
culty of obtaining a pure MnBi phase. The peritectic reac-
tion between Mn and Bi dictates that regardless of the start-
ing stock composition, the conventional casting process
will always result in Mn precipitating out from the MnBi
liquid. The diffusion of Mn or Bi to MnBi is slow, which
indicates that low-temperature sintering will cost a long time
to complete, and it is likely the reaction is only partly
complete, leaving behind Mn and Bi as impurities. Histori-
cally, the alloy was obtained by sintering Mn and Bi pow-
ders at high temperatures. Such a process will yield 60%
pure MnBi phases. Magnetic purification was applied to
filter the magnetic MnBi phase from the nonmagnetic im-
purities. However, the purification process will not result
in near 100% pure phase because impurities are not always
physically separated from the MnBi phase. For example, if
the Bi or Mn particles are intimately attached to a MnBi
particle, applying the magnetic field will not help separate
them. To date, the best record is about 90% pure. Further
improvement using the conventional method is presumed
to be difficult.

Recently, Li et al. [104] show that Ar-ion beam bom-
bardment resulted in a 200% increase in the saturation
magnetization of the annealed MnBi thin film. This advance-
ment was attributed to the enhanced interdiffusion and re-
action of Mn and Bi in the ion-beam-bombarded thin films.
This work provides an effective approach for the fabrica-
tion of high-quality MnBi thin films.
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The o-MnBi based bulk magnet may be commercial-
ized if its energy product exceeds 10 MG-QOe at room tem-
perature. The current state of the art result is close to this
target. The approach to push the current 8.7 MG-Oe to
10 MG-Oe is through a novel synthesis approach that can
yield 99% pure o.-MnBi powder with <5 pum particle size
and through a large scale warm-iso-press system that can
densify the aligned compact to over 96% density [94].

6.1. Morphology and fabrication of MnBi

After decades of scientific research, MnBi has emerged
as one of the rare-earth-free permanent magnets. As a pro-
mising alternative to rare-earth magnets (such as NdFeB
magnets), MnBi possesses great magnetocrystalline aniso-
tropy. One of the key features that make MnBi a unique
permanent magnet is its positive temperature coefficient
of coercivity. In other words, unlike the regular tendency,
the coercivity of MnBi increases with increasing tempe-
rature. A broad bifurcation shows that MnBi permanent
magnets exist in three different forms-bulk, thin films, and
nanoparticles. The existence of MnBi in each of these
forms and their magnetic properties are majorly dependent
on the synthetic methods. Despite many reported scientific
works, there are still efforts being made to reach the theo-
retical value of the energy product of the MnBi, which is
around 18 MG-Oe [46].

a. Bulk samples. That small particles of MnBi would be-
have as elementary magnets was noted by many observers,
notably by Frenkel and Dorfman [105], Gottschalk [106],
and Dean and Davis [107]. This phenomenon was quantita-
tively examined by Néel [108], Stoner and Wohlfarth [109],
and Kittel [110,111], who derived expressions for the eva-
luation of the various energies involved. They showed that
the effective internal energy of the small particles will be
high if (1) the magneto-crystalline anisotropy is high,
(2) the particle is elongated, or (3) a severe strain is present
in an anisotropic manner. The applied external field neces-
sary to overcome this internal energy is called the coercive
force H,.

The roadmap for developing a MnBi based exchange-
coupled magnet starts with preparing high purity MnBi
compound in large quantities. Synthesizing MnBi is a chal-
lenge. As shown by the Mn-Bi phase diagram Fig. 2, the
melting temperatures of Mn and Bi are 1519 K (1246 °C)
and 544 K (271 °C), respectively. A rather drastic peritectic
reaction exists over wide temperature and composition ranges,
therefore, it is very difficult to prepare the single-phase
compound using conventional methods. So far, many
methods have been tried to avoid the segregation. Several
methods have been utilized in preparation of high purity
MnBi single phase, including arc-melting, sintering, and
melt-spin rapid solidification [1,112-115]. Among them,
only rapid solidification was able to consistently produce
over 90% pure MnBi single phase. However, a conven-
tional method such as casting followed by heat treatment is
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much preferred because of its compatibility with current
industrial practice. A recent result by Rao et al. shows that
the conventional cast-anneal method has the potential to
achieve 90% single-phase material [116,117]. The Mn-Bi
phase diagram shows that in addition to the peritectic re-
action, there is a eutectic reaction at 535 K (262 °C),
L <> Bi + MnBi. This reaction limits the maximum tem-
perature to which the material can be exposed. While this
eutectic temperature is about 62 K higher than the desired
operating temperature of 473 K (200 °C), it is rather low
for a typical bulk magnet fabrication method such as sin-
tering and hot pressing. In practice, the feedstock powder
always contains several percent of Bi metal as the result of
the peritectic reaction. Once the fabrication temperature
exceeds the eutectic temperature at 535 K, Bi and part of
the MnBi will transform to Bi rich liquid. Any trace
amounts of oxygen may react with the Mn atoms in the
liquid resulting in MnO formation. Once MnO is formed,
it cannot be reduced even in the hydrogen environment at
a temperature <535 K. Excessive Bi will be left behind,
causing dissolution of even more MnBi. A thorough under-
standing of MnBi thermal stability is critical for develop-
ing a bulk magnet fabrication method as well as determin-
ing the maximum and peak operating temperatures.

Gui et al. [118] show that the MnBi compound is sensi-
tive to oxygen and temperature. Oxygen is the driving force
for MnBi decomposition when subjected to a temperature
higher than 473 K. Once decomposed, the Mn reacts with
oxygen forming MnO, causing irreversible loss of mag-
netic properties. On the other hand, if the fabrication tem-
perature is limited to 473 K and below, the MnBi is stable.
Furthermore, if the fabrication process has tight control
of oxygen, the fabrication temperature may be increased
by a few tens of degrees. Therefore, there is a small ther-
mal-mechanical window allowing a bulk MnBi magnet to
be fabricated and the resulting magnet is stable up to 473 K
(200 °C).

Another way to prepare homogenous MnBi alloys is by
using melt-spinning, and LTP MnBi can be obtained with
subsequent annealing. Guo et al. [115] have prepared high
purity LTP MnBi using this method, but the H, is only
0.2 T at room temperature. Sara et al. [119] have used a grind-
ing method to increase the H,, but the saturation magneti-
zation decreased severely after grind due to the impurity
phase. Up to now, no single-phase MnBi with high H, has
been made by melt-spinning. Yoshida et al. 112] have re-
ported obtaining MnBi of about 90 wt% by zone-arc-
melting under He atmosphere. Yang et al. [1] obtained
90 wt% LTP MnBi by sintering Mn and Bi powders and
subsequent magnetic purification. Yang et al. [120] were
prepared nanocrystalline LTP MnBi by melt-spinning and
subsequently annealing. It was found the amorphous MnBi
ribbons could transform into low-temperature phase by
heat treatment in a temperature range of 533-593 K.
The coercivity of MnBi was greatly improved by porphy-
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rization, and exhibited a positive temperature coefficient.
The maximum energy product BH,,,, of the anisotropic
bonded magnet is 7.1 MG-Oe (56 kJ/ma) and 4.0 MG-Oe
(32 kJ/ma) at room temperature and 400 K. Zhang et al. [121]
prepared Mn,Bijgo_x (x =48, 50, 55, and 60) alloys by
the induction melting technique, and subjected to melt
spinning and subsequent ball milling. X-ray diffraction
(XRD) shows that the as-milled powders were mainly
composed of LTP MnBi. Increasing melt spinning speed
and reducing annealing treatment time can able to restrain
the segregation of Mn from MnBi liquid during the peritec-
tic reaction, which increases the LTP MnBi content. High
energy ball milling results in the coercivity increase of MnBi
powders. With increasing milling time, the coercivity in-
creases initially and then decreases gradually. After ball
milling for 4 h, the coercivity of the Mn,Bi;go_, powders
is 11.4 kOe for x =48 and 14.8 kOe for x =55. To date,
how to produce pure LTP MnBi remains a big problem for
basic science and application.

The melt-spinning process can produce MnBi alloys
with accurate composition control. The rapid cooling in the
order of 104-107 °C/s can freeze the composition of the
starting stock in a liquid state, effectively avoiding the lig-
uid MnBi phase. However, the obtained phase is a single
amorphous phase. Following this with an annealing step at
300°C is required to obtain the desired LTP MnBi phase
and to avoid the Mn segregation problem. Guo et al. have
reported that 95% pure MnBi was achieved by rapid solidi-
fication, followed by thermal annealing [113]. X-ray dif-
fraction shows that the melt-spun ribbons are amorphous.
This surprising result may indicate that the atomic size mis-
match may be more important for glass formation than the
presence of deep eutectics. The crystallization and trans-
formation of the as-quenched ribbons involve complex pro-
cesses. The amorphous phase crystallizes first into Bi, Mn3Bi,
and ferrimagnetic MnBi. The formation of LTP MnBi im-
mediately follows the eutectic melting of these phases at
540 K. The amount of Bi present with MnBi (LTP) is less
than 5 wt%. Further improvement in the removal of these
impurities is expected to be non-trivial.

b. Single crystals. Some authors were able to grow the
MnBi monocrystals. Yim and Stofko [122] obtained single
crystals of Bi containing ordered MnBi filaments (4% by
volume) by a zone-melting technique in the presence of
a longitudinal magnetic field. Metallographic and x-ray exa-
minations showed that the long axis of the MnBi needles (4u
in diameter and 200u long) was aligned along the pre-
ferred growth direction, which is perpendicular to the
trigonal axis of the single crystalline Bi matrix. The long
axis of the needles is the ¢ axis of MnBi, the direction of
easy magnetization. These needles rendered the eutectic
Bi-MnBi crystal ferromagnetic with a strong magnetic ani-
sotropy, as revealed by magnetic moment measurements.

MnBi single crystals were grown by pulling with a seed
from a bismuth-rich melt [6,123]. By varying the amount
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of excess Bi, the growth could be performed at a tempera-
ture in either the low-temperature phase region (below
355 °C) or high-temperature phase region of the com-
pound. The effects of pulling rate and seed orientation on
Bi inclusions in the grown crystals were investigated. It
was established that at a pulling rate of 0.5 cm per day, Bi
inclusions can be minimized by pulling with the crystallo-
graphic c-axis of the seed normal to the surface of the melt.
By changing the growth temperature and Mn concentration
in the melt, the effects of phase transformation on the de-
gree of crystallinity and orientation of the crystals grown
by this method were investigated. Based on the results of
the crystal growth from Bi rich solutions and metallogra-
phic analysis of heat-treated samples, the high-temperature
phase of the compound was identified to be a separate
compound with the chemical formula of Mnj ggBi. The
ferro-to-paramagnetic transition upon heating to 628 K and
para-to-ferromagnetic transition upon cooling to 613 K
correspond respectively to the phase decomposition of
MnBi — MnygBi + Bi and Mn10gBi — MnBi + Mn.
Magnetic properties of the LTP, HTP, and QHTP obtained
from the single crystals were compared to the previous
data obtained from polycrystalline samples or thin films.
For the QHTP single crystals, the saturation magnetization,
M, at 4 K is 3.04 ng per Mn atom. This is 86% of the M
of the LTP. A 300 K My appears to be 1.8 times larger
than previously reported for polycrystalline samples or thin
films. The anisotropy energy in the QHTP was found to be
much larger than that of the LTP.

Brammeier at al. [124] were grown single crystals of
MnBi by slowly cooling a melt of 10 at% Mn and 90 at% Bi
from 410 °C to 272 °C, at which temperature the excess Bi
was decanted by centrifuging. Each growth process pro-
duced dozens of crystals, often in the form of hexagonal
platelets or prisms. The largest had hexagon “diameters” of
1-2 mm. Longer growth times yielded taller prisms, but
not prisms with larger basal-plane areas. The magnetiza-
tion was measured for fields applied parallel and perpen-
dicular to the c-axis, both in a steady field as a function of
temperature from 2 to 450 K, and as a function of field at
constant temperature. Single crystals of MnBi were used
for magneto-optic Kerr-angle spectroscopy and photoelec-
tron spectroscopy.

c. Thin films. Thin films of MnBi mostly used for mag-
neto-optical recording. The films can be prepared by va-
por-deposition of a layer of Mn on a glass substrate fol-
lowed by vapor-deposition of a layer of Bi. Subsequently,
the composite system is annealed at temperatures ranging
from 225 to 350 °C for several days [23]. Chen [22] pro-
posed that more homogeneous films can be prepared by
first depositing the Bi layer and subsequently the Mn layer.
Favorable results were obtained with freshly cleaved mica
substrates [23]. This material has the same basal plane
symmetry as MnBi and makes it possible to have epitaxial
growth. Thin MnBi films prepared on mica often were
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found to be essentially single crystals. Other types of sub-
strate material can also be used (rock salt, quartz, teflon). It
was found, in general, that the MnBi films have the c-axis
oriented perpendicular to the substrate surface. The a-axis
commonly adopts a random orientation, excepting films pre-
pared on mica substrates. The MnBi film is usually over-
coated with SiO. This overcoating protects the film against
oxidation and contamination by moisture. Its presence is
also of advantage with regard to the optimal properties of
the thin-film system.

The first-ever reported preparation of MnBi thin film
permanent magnets was in 1957 by Williams et al. [19], in
which Mn and then a Bi layer were deposited on a glass
substrate and then vacuum annealed for three days in the
temperature range of 225-350 °C. Their large uniaxial
anisotropy with easy c axis, large Faraday rotation and a
large saturation magnetization at room temperature have
made the o-MnBi thin films a rare-earth-free magnetic
material for several applications, such as high-density re-
cording, magneto-optic applications, magnetic storage and
erasable magnetic holography applications.

Single-crystal MnBi films of thickness ranging from
2500 to 260 A were grown epitaxially on mica substrates
by vacuum deposition followed by a prolonged annealing
procedure by Chen [125,126]. The ¢ axis of these films
was perpendicular to the plane of the film. Magnetic hyste-
resis in the direction along the c axis has been measured by
both the magneto-optic method and the torque magnetometer
technique. The hysteresis loop shows an abrupt decrease in
magnetization as the field is reduced from positive satura-
tion to a critical value. This critical field is positive in films
thicker than 1200 A. The coercive force of the films varies
from 200 Oe to 2 kOe as film thickness decreases. The field
required to saturate the films is 3.7 kOe and is approxi-
mately identical for all films. The dynamic flux reversal
properties of these films were measured using a magneto-
optical technique. The switching coefficient S,, was found
to be 0.067 Oe-s. The experimental results suggest that the
flux reversal in these films is not by domain rotation, but
by the motion of the domain wall.

Usually, thin films for MO recording are prepared by
evaporation or sputtering several thin alternating layers of
Mn and of Bi followed by annealing to produce single-
phase MnBi. The crystallite size of MnBi films, thus pre-
pared, depends strongly on the annealing time and the
temperature. Since the annealing time required for a com-
plete reaction decreases with decreasing film thickness, the
thinner MnBi film is expected to have smaller crystallites.
The smaller crystallite size the higher density magneto-
optical recording might be achieved. To obtain small crys-
tallite MnBi films of a given thickness Masuda et al. [127]
prepared multilayers of a thin MnBi double film by alter-
nately evaporated Bi and Mn metals in a vacuum. These
films were then annealed for as short time as possible but
sufficient for a complete growth of MnBi. The MnBi com-
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posite films, thus prepared, were found to possess a crys-
tallite size of about 1000 A which is too large for high-
density recording.

The desire to enhance the magnetocrystalline anisotro-
py of MnBi thin films has been the driving force for re-
searchers to try various techniques to grow high-quality
films, such as magnetron sputtering, e-beam evaporation,
and molecular beam epitaxy. One such technique, to pre-
pare highly textured MnBi thin films, is via the pulsed la-
ser deposition (PLD) method. The PLD allows the thin
film preparation at temperatures as low as room tempera-
ture. Following this method, Zhou et al. reported the prep-
aration of highly textured MnBi thin films [128]. Increas-
ing the film thickness showed a better crystalline texture
along the c-axis. The Bi layer was crucial for the growth of
the textured MnBi and the column-like structures consist
of many MnBi grains that are in the nanometer scale. On
the other hand, depositing Mn as the first layer was met
with several obstacles. It required more power from the
source for the deposition of the Mn layer as the melting
point of Mn is much higher than that of Bi. Besides, there
were no observable phenomena of the preferential growth
in the Mn thin film. Hence, the Bi layer turns out to be the
better selection. Furthermore, annealing temperature play-
ed an important role in bringing out the texture and en-
hancing the magnetic properties of the MnBi. The films
annealed between 340 and 350 °C showed the highest
MnBi intensity under the XRD. The Rietveld refinement
shows 85 wt% of the LTP-MnBi phase. This number is
much lower than the values discussed in the bulk section
because of the presence of the additional Bi in the first Bi
layer. When examined for its magnetic anisotropy, the
MnBi thin film showed large coercivity (15 kOe) at room
temperature, which further increased up to 25.3 kOe at
100 °C. This positive temperature coefficient makes MnBi
a unique magnetic system that can potentially replace
NdFeB magnets at higher temperatures.

d. MnBi nanoparticles. MnBi has shown large coer-
civity at the bulk and thin film structures. Similar, or even
better, results can be expected from the nanostructures of
MnBi. Furthermore, a positive temperature coefficient for
the coercivity makes MnBi a unique magnetic system and
its energy density surpassed that of NdFeB magnets at
higher temperatures. This makes MnBi a good candidate
for the hard-magnetic part of the hard/soft composite for
the exchange coupling [129]. Hence, material researchers
have attempted several methods to synthesize MnBi nano-
particles with a facile and environmentally friendly method.

The attainment of nanostructured MnBi was reported by
Kang et al. [130] at the nominal eutectic composition
((MnBi)sBigs). Rapid solidification of the Mn-Bi binary
composition, followed by annealing, was found to produce
regular nanorods of LTP MnBi embedded in a Bi matrix.
Transmission electron microscopy (TEM) studies revealed
well-separated (7 vol.%) nanorods with dimensions 10 nm
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diameter x30 nm length that were regularly self-assembled
along the hexagonal basal plane axial directions of large Bi
grains [130]. High-resolution TEM revealed atomically co-
herent contact between the basal planes of the MnBi and Bi
phases but incoherent bonding along the ¢ axes due to a very
large lattice constant difference between the two phases.
Elevated-temperature magnetic measurement confirmed
a large Curie temperature T reduction to 520 K for these
nanorods, relative to T =633 K found for bulk MnBi.
A large coercivity, over 16 kOe at 300 K, with a positive
temperature coefficient was observed. In agreement with
bulk results, ac susceptibility measurements show a spin
reorientation around 90 K coincident with an abrupt de-
crease in the coercivity with decreasing temperature. The
high coercivity at 300 K is attributed to a mixture of nucle-
ation and pinning mechanisms for magnetic reversal. Later
Kang et al. [131] investigated MnBi nanoparticles in a Bi
matrix appeared in rapidly solidified MnyBii_x alloys for
x =0.05 and 0.10. They found that microstructural differ-
ences underlie diverse magnetic behavior: Mng gs5Big o5
alloys has well-separated nanorods along the basal plane
axial directions of Bi, while Mng 10Big.go consists of MnBi
nanorods and submicron-sized MnBi grains. The Curie
transition of Mng 10Big.g0 is Tc =630 K with a second-
order thermodynamic character, while Mng g5Big.95 nano-
rods exhibit a reduced and hysteretic T = 520 K. Magnetic
field annealing fosters (00n) the alignment of the MnBi
phase. Mng 10Big.9o also shows alignment of the Bi matrix
by a proposed templating mechanism.

Lam et al. fabricated MnBi nanoparticles using high
energy ball-milling method [129]. First, a high-quality in-
got was prepared by arc melting Mn and Bi with an atomic
ratio of 55:45 (MnssBigs). The ingot was then crushed into
smaller pieces, which were then ball-milled into nano-
particles. The size of the particles was largely dependent
on the time of milling. Increasing the time of milling from
0.5 to 2 h reduced the particle size to about 25 nm. How-
ever, there was no noticeable reduction in the particle size
for milling time >4 h. The milling time also affected the
magnetic properties of the sample because the magnetic
properties of a material depend on its grain size. It was
found that the coercivity of the specimen increased drasti-
cally from 7 to 16 kOe when the milling time was in-
creased from 0.5 to 2 h. There was a smaller increment in
the coercivity, from 16 to 17 kOe, when milled for 4 hours.
After this, there was a noticeable decrease in the coercivity
as the specimen was milled for 8 h. Though 4 h of milling
gave larger grain and particle sizes, the largest coercivity at
this milling time made it the optimal milling time for high-
ly coercive MnsgBiss. The Mg of the sample steadily in-
creases with the increase in the milling time. This opposite
behavior between the Mg and the coercivity is due to the
presence of the larger volume fraction of the ferromagnetic
MnBi when the specimen was milled for longer time,
whereas the presence of more non-ferromagnetic compo-
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nent, at shorter milling time, isolates the ferromagnetic com-
ponents, thus increasing the coercivity of the specimen.

6.2. Constitution of MnBi

Up to now, no single-phase of MnBi with high H_ has
been made by using convention methods such as arc-melt-
ing, mechanical milling and sintering, mainly due to the
fact that Mn tends to segregate from the Mn-Bi liquid be-
low the peritectic temperature. On the other hand, some
authors argued that the effect of the substitution of man-
ganese by some elements might be perspective way to im-
prove the physical properties of MnBi as a permanent
magnet. For example, the M-H data (at room tempe-
rature) on Mng 75Nig 25Big 5Sbg 5 sample indicates that the
maximum magnetization (at 1.75 T) increases substantially
to 38.8 emu/g compared to about 22 emu/g in MnBi pre-
pared under similar conditions. The substitution possibly
prevents segregation of Mn and thus results in the for-
mation of a larger concentration of the magnetic phase.

e. Thin films. Kharel et al. investigated the structural,
magnetic and magneto-transport properties of Mn substi-
tuted by Pt (Mnss_«PtyBigs) [132] and Fe (Mnss_yFexBigs)
[133] thin films. The coercivity of the Pt-alloyed thin films
increases and the saturation magnetization decreases as the
Pt concentration increases. The anisotropy field increases
as a function of Pt concentration, too but the coercivity
increases more rapidly than the anisotropy field [132]. This
indicates an enhanced domain-wall pinning, caused by
increased interstitial disorder due to the occupancy of regu-
lar Mn sites by Pt. The same mechanism explains the re-
duced magnetization. All samples exhibit a large extraor-
dinary Hall effect with anomalous Hall coefficient about
an order of magnitude larger than the ordinary Hall coeffi-
cient. Fe doping has produced a significant change in the
magnetic properties of the samples including the decrease
in saturation magnetization and magneto-crystalline anisot-
ropy and increase in coercivity [133]. Although the mag-
netization shows a smooth decrease with increasing Fe
concentration, the coercivity jumps abruptly from 8.5 to
22 kOe as Fe content changes from 4 to 5%, but the change
in coercivity is small as the concentration goes beyond 5%.
The temperature dependence of resistivity shows that the
samples with low Fe concentration (< 4%) are metallic, but
the resistivity increases unexpectedly as the concentration
reaches 5%, where the resistance increases with decreasing
temperature below 300 K. First-principle calculations [133]
suggest that the observed magnetic properties can be un-
derstood as the consequences of competing ferromagnetic
and antiferromagnetic exchange interactions between the
interstitial atom and the rest of the MnBi lattice.

Kharel et al. [134] investigated the Kondo effect and
electron-transport behavior of Pt-substituted MnBi thin
films. They found that MnBi-Pt system exhibits a low-
temperature Kondo resistance minimum in a strong ferro-
magnetic material with a Curie temperature well above
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room temperature. The system shows a positive magne-
toresistance, which is unusual for Kondo systems. First-
principles calculations show that Mn atoms displaced to
the bipyramidal interstitial sites are antiferromagnetically
coupled to the Mn atoms on their regular lattice sites. Both
the Kondo effect and the positive magnetoresistance were
explained as the consequences of local spin correlations
involving Mn atoms displaced to interstitial sites by Pt
doping.

The MnBi—MnSh system has been intensely investigated
over the years using both polycrystalline bulk samples and
thin film specimens. Ahlborn et al. [135] investigated the
magnetic moment as a function of temperature for the full
compositional range between pure MnSb and pure MnBi.
The authors found the existence of a single ferromagnetic
phase with a NiAs-type structure (LTP) only for Sb-rich
compounds (x > 0.7). For all other compositions, the authors
observed the coexistence of more than one crystallographic
phase. The crystallographic phases for low concentration
of Sb (0.05 < x <0.15) in the MnBi—-MnSb system were stu-
died by Gobel et al. [136,137]. These authors found a stable
orthorhombic (ORT) phase up to temperatures of 720 K.
This phase is similar to the crystallographic structure first
proposed by Andersen et al. [138] for their MnBig.gSho 1
polycrystalline samples. Based on neutron scattering mea-
surements [138] and the magnetic measurements [135]
of MnBiggShg 1 the authors found that the magnetic mo-
ments form a spiral along the c-axis at room temperature.
The growth, magnetic, and magneto-optical properties of
MnBi-MnSb films for the Sb rich compositions were in-
vestigated by Takahashi et al. [139] and Wang et al. [140].
They found a significant excess of Mn, up to 60 at.%, was
necessary to obtain positive uniaxial magnetic anisotropy
in thin films [139].

Fang et al. [141,142] fabricated MnBiRE ; (RE = Dy,
Sm) alloy films, which exhibit perpendicular anisotropy,
with thickness ranging from 60 to 1200 nm by the thermal
evaporation method diffraction analysis has shown that
the samples exhibit low-temperature phase (LTP) MnBi
with a NiAs-type structure when the thicknesses of samples
are less than 250 nm, however, the BisMn, phase, which is
non-magnetic, also appears when the thicknesses are larger
than 250 nm. The magnetic measurements have revealed
that the saturation magnetization M4 = 46-78 emu/g, rema-
nence ratio r = 0.67-0.99, coercive force H, = 3.2-7.3 kOe,
and magnetic energy product (BH)pax = 3.3-14.3 MG-Oe,
depend on the film thickness. The coercive force H. reaches
a maximum when d =400 nm.

The effects of Ga-doping on the microstructure and
magnetic properties of MnBi alloys were investigated re-
cently by Yang et al. [143]. They show that the room tem-
perature coercivities of MnssBigs_xGay after ball milling
increased from 1.43 T for x =0 to 1.66 T for x =5, while
the saturation magnetization decreased from 60.7 Am2/kg
(x=0)to45.1 Am2/kg (x =5). The maximum energy pro-
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duct (BH)ax Of MnssBissGa powders reached 7.87 MG-Oe.
The Curie temperature of the MnssBigs_¢Gay alloys in-
creased from 633 K to 658 K with increasing Ga concen-
tration in the range of 0 < x <5.

f. Bulk MnBi. The most efforts in forming solid solu-
tions of MnBi with other elements have been done for thin
films of MnBi to improve magneto-optical recording pro-
perties. However, to create good permanent magnets we
need to improve magnetic properties of MnBi in the bulk.
In fact, the properties needed to improve in the films for
magneto-optics and bulk for permanent magnets are differ-
ent. The major problem in the former case is the prepara-
tion of a single-phase of MnBi. As we mentioned above,
due to Mn segregating from the MnBi liquid at the peritec-
tic temperature of 719 K and the slow diffusion of Mn
through MnBi, it is difficult to obtain single-phase MnBi
using conventional synthesis techniques [7,114,144]. Nume-
rous attempts have been made for the purpose of obtaining
single-phase MnBi, such as arc melting and rapid solidifi-
cation methods [112,115], but formation of Mn precipita-
tions and Bi matrix could not be avoided [145]. At present,
no single-phase MnBi has been prepared. In order to over-
see this impediment, many efforts have been made to stabi-
lize MnBi by varying its stoichiometry or by alloying it
with a third element like Cu, Al, Nb, Si, etc., without any
success [29,51,146].

Rednic et al. [147] reported to obtain almost single-
phase in Sb substituted MnBi. Four samples belonging to
MnSb;_yBix (x=0, 0.2,0.5 and 0.95) system were pre-
pared by argon arc melting method. The alloys obtained
by the substitution of Sb with Bi in MnSb have the same
hexagonal crystallographic NiAs structure type phase
(MnSh1_«Biy) corresponding to the parent compound
MnSb and also observed for MnBi. They found the pre-
sence of some pure Bi atoms in the investigated samples
due to the segregation of Bi during the preparation process.
The pure Bi phase is quite small comparing to MnSb1_xBix
phase, except for x =0.95 where it succeeds the nickel-
arsenide structure type phase. Unfortunate, authors did not
investigated the magnetic properties of the compounds
and restricted themselves to the x-ray photoelectron spectra
(XPS).

Saha et al. [145] examined the effect of partial substitu-
tion of Bi with rare earth elements on the magnetic proper-
ties of MnBi. MnBi1_xRy (R = Nd, Dy) were prepared by
mechanically alloying powders of the constituent elements
at liquid nitrogen temperature followed by heat treatment.
They found that in MnBi1_xNdy, the coercivity (at room
temperature) increases from 0.7 kOe to 6.6 kOe for x = 0.0
and 0.3, respectively. In MnBij_yDyy the coercivity in-
creases from 0.7 to 7.9 kOe for x =0.0 and 0.3. The in-
crease in coercivity may be in part due to the increase in
the crystal field anisotropy as Nd or Dy is introduced and
in part due to the finer particle size. A magnet made from
MnBi shows coercivity of 17 kOe. The saturation induc-
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tion is 1.55 kG. The significantly higher coercivity achiev-
ed in Ref. 145 is most likely due to the much finer particle
size obtained by an extended period of ball milling. The ob-
tained coercivity value is even higher than 16 kOe achiev-
ed by Kishimoto et al. [148] where an optimum grinding
condition was established to achieve maximum coercivity.

6.3. Nanocomposite magnetic materials

Research has shown that the energy product of a mag-
netic material is dependent on its saturation magnetization
(M) and coercivity (H.). It is a challenge to synthesize
a magnetic material that simultaneously exhibits large Mg
and H., as the former is a property of a soft-magnet
whereas the latter is a hard-magnetic property. A promis-
ing technique to promote both the above-mentioned pro-
perties in a magnetic material is via “exchange coupling”,
where soft and hard-magnetic materials are fused together
to give a good interface between them [46]. Research has
shown that exchange coupling between magnetically soft
and hard materials can give a large energy product, given
that the parameters are maintained within a certain limit.

Nanocomposite magnetic materials are the mix of hard
magnetic phase with high magnetocrystalline anisotropy
and soft magnetic phase with high saturation magnetization
in nanoscale. The optimal magnetic properties can be ac-
quired via ferromagnetic coupling effect between the grains
of the two phases. The micromagnetic simulations predicted
(BH)max of 25 MG-Oe in MnBi/Co nanocomposite mag-
net [149] and of 25.13 MG-Oe in MnBi/a.-Fe systems [150].

g. MnBi/(Fe,Co) systems. It is known that some Mn at-
oms in the MnBi lattice are antiferromagnetically aligned
resulting in overall reduction of magnetization. To achieve
strong ferromagnetic exchange coupling between MnBi and
Fe domains, the effect of antiferromagnetically coupled Mn
atoms must be quenched. Some authors try to develop a com-
posite of MnBiX, where MnBi is the hard phase exchanged
coupled with X =Fe or Co soft phases. The concept is to
take advantage of MnBi’s exceptionally high coercivity at
high temperatures and use soft phases such as Fe(Co) to
amend its weak magnetization thus creating a magnet with
high energy product at high temperatures. Here, element X
is doped to the MnBi crystal lattice to prompt the ferro-
magnetic exchange coupling between Mn atoms of the
MnBi lattice as well as across the MnBi and Fe or Co do-
mains [151]. In an ideal situation, as simulated by Li’s
group using micro-magnetic finite element method and
assuming a perfect ferromagnetic exchange coupling, the
a-MnBi-Fe(Co) composite can exhibit a (BH )4y as high
as 40 MG-Oe [150]. Such impressive potential inspired
intensive theoretical and experimental investigations. Indi-
rect evidence that this strategy can work was found in
MnAl alloy, which is similar to MnBi: both have hexago-
nal structures, easy axis parallel to the c-axis, and large co-
ercive fields up to 300 °C. Earlier, Matsumoto et al. [152]
have reported that doping MnAl with a small amount of
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transition metals can double the magnetization. Such a signi-
ficant increase in magnetization lends direct support for
substituting the Mn atoms responsible for the antiferro-
magnetism.

MnBi thin films grow with strong columnar texture
leading to robust out-of-plane magnetic anisotropy. By com-
parison, most soft magnetic thin films possess in-plane an-
isotropy due to shape anisotropy. The perpendicularly ex-
change-coupled configuration of o.-MnBi/CoyFe1—x bilayers
with Co at the interface leads to a significant energy-
product enhancement. The pure o.-MnBi film shows strong
perpendicular anisotropy with out-of-plane coercivity of
1.6 T and saturation magnetization of 0.8 T. By comparison,
MnBi (20 nm)/Co (3 nm) and MnBi (20 nm)/Co (5 nm)
bilayer films both exhibit reduced coercivity and enhanced
remanence while maintaining a relatively square loop, in-
dicating that an exchange coupling is established between
the MnBi and Co films.

Gao et al. [151] explore the interfacial energy differ-
ences between AFM and FM magnetic-moment alignments
across the interface for MnBi/CoyFe1—x exchange-coupl-
ed layers used density functional theory. They found that
a-MnBi will ferromagnetically exchange couple with Co,
but not with Fe. It is also possible for a-MnBi to ferro-
magnetically exchange couple with Fe-Co alloy, but the
amount of Fe cannot be more than 50 at%. For the Co case,
the maximum thickness of Co layer is only about 2 nm.
The most striking feature of the present hard/soft ex-
change-coupled films is the significant enhancement of
the nominal maximum energy product (BH ) sy Figure 24
shows the energy products for MnBi/Co, MnBi/Cog 7Feg 3,
MnBi/Cog 3Fep.7, and MnBi/Fe bilayers with different soft-
layer thicknesses according to Gao et al. [151]. For all
soft-layer compositions CoxFei—x, (BH)qa initially in-
creases sharply with the soft layer thickness, reaches
amaximum, and eventually decreases. The (BH)yax Of
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Fig. 24. (BH)max of MnBi/CoxFe1_x bilayers for different soft-
layer compositions and thicknesses [151].
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pure MnBi films are 89(+6.2) kJ/ma, and it increases to
172(+8.6) kJ/m® for 3 nm Co and then gets reduced to
95(45.7) kJ/m® for 7 nm Co.

In parallel to the thin film approach, researchers have
been working on nano-synthesis of MnBi—FeCo core-shell.
Xu and Hong [153] used a magnetic self-assembly process to
obtain exchange-coupled hard/soft o.-MnBi/Fe-Co core/shell
structured composites. Their MnBi particles were obtained
through milling of coarse powder, and the FeCo shell was
coated later through chemical synthesis. Henkel plots of
the obtained o-MnBi/FeCo core-shell particles indicated
exchange coupling dominates in a.-MnBi/FeCo (95/5 wt%)
composites, and magnetostatic interaction dominates in o-
MnBi/FeCo (90/10 wt%) composites, indicating the limita-
tion in the amount of the soft phase can that can be cou-
pled. Dai and Ren [154] also demonstrated the exchange
coupling between o-MnBi and FeCo using nano-synthesis
method. The difference is that the a-MnBi nanoparticle
was obtained using metal-redox method and FeCo nan-
owires were electrospun. In both cases, the overall energy
product of the composite was less than 6 MG-Oe, mainly
due to the large amount of impurities that are difficult to
remove after the solutionbased chemical synthesis.

h. MnBi/NdFeB systems. Today, bonded NdFeB-based
permanent magnets have been widely used due to their
good magnetic properties. However, their undesirable ther-
mal stability is still a major concern (see Fig. 23) in some
practical application such high-temperature motors. As a re-
sult, a kind of magnet, named bonded hybrid magnets, in
which two or more different magnetic powders were mixed
together, had been developed [155-158]. In the common
hybrid magnets, ferrite with positive coercivity tempera-
ture coefficient was used to compensate the NdFeB, lead-
ing to an improved thermal stability. Unfortunately, the poor
coercivity of the ferrite undermines the application of such
hybrid magnets. The a-MnBi compounds possess a high
coercivity and pronounced positive temperature coefficient
below 300 °C, therefore, the bonded hybrid MnBi/NdFeB
magnets are expected to bear good magnetic properties and
thermal stability.

Cao et al. [155] investigated magnetic properties and
thermal stability of the MnBi/NdFeB (MnBi =0, 20, 40,
60, 80, and 100 wt%) bonded hybrid magnets prepared by
spark plasma sintering (SPS) technique. Effect of MnBi
content on the magnetic properties of the hybrid magnets
was studied. With increasing MnBi content, the coercivity
of the MnBi/NdFeB hybrid magnets increases rapidly, while
the remanence and maximum energy product drops simul-
taneously. Thermal stability measurement on MnBi magnet,
NdFeB magnet, and the hybrid magnet with 20 wt% MnBi
indicates that both the NdFeB magnet and the MnBi/NdFeB
hybrid magnet have a negative temperature coefficient of
coercivity, while the MnBi magnet has a positive one. The
(BH)max Of the MnBi/NdFeB magnet (MnBi =20 wt%)
is5.71 MG-Oe at 423 K, which is much higher than
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3.67 MG-Oe of the NdFeB magnet, indicating a remark-
able improvement of thermal stability.

Zhang et al. [157] fabricated and investigated anisotro-
pic hybrid bonded magnets MnBi/NdFeB (MnBi =0, 20,
40, 60, 80, and 100 wt%). Figure 25(a), (b) shows the room
temperature magnetic properties and density of the aniso-
tropic MnBi/NdFeB hybrid bonded magnets as a function
of MnBi content [157]. The pure anisotropic NdFeB bond-
ed magnet possesses the best coercivity (H.), and maxi-
mum energy product (BH),) Of 1122.36 kA-m_l, and
92.34 kJ-m_3, respectively, while the pure MnBi bonded
magnet has the lowest values of the magnetic properties.
As MnBi content increases, the coercivity and maximum
energy product of the hybrid magnets all drop simulta-
neously. The coercivity temperature coefficients of the
MnBi/NdFeB bonded magnets (in the temperature range of
293-398 K) are shown in Fig. 25(c). Throughout this tem-
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Fig. 25. Dependence of maximum energy product (BH)max (a),
coercivity H (b), and coercivity temperature coefficient (in
the temperature range 293-398 K) (c) on MnBi content in
MnBi/NdFeB bonded magnets. (Data extracted from Ref. 157).
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perature range, the pure MnBi bonded magnet exhibits
a positive coercivity temperature coefficient of 0.61% K™,
while pure NdFeB bonded magnet possesses a negative
one of —0.59% K. As for the hybrid bonded magnets,
the coercivity temperature coefficient remains negative
but slightly improves compared with pure NdFeB bonded
magnet. For the hybrid bonded magnet with 80 wt% MnBi,
the coercivity temperature coefficient is about —-0.32% K_l,
indicating that the MnBi/NdFeB bonded magnets exhibit
better thermal stability in the temperature range of
293-398 K. So the MnBi/NdFeB bonded magnets could be
a good candidate for high-temperature applications.

Similar results were obtained also in the case of an-
isotropic MnBi/SmFeN hybrid bonded magnets by Zhang
et al. [156]. For the pure MnBi magnet, the coercivity is
increased from 10.76 kOe at 293 K to 16.5 kOe at 373 K.
For the hybrid magnet with 40 wt% MnBI, the coercivity
is increased by 19% compared to pure SmFeN magnet at
373 K. In the temperature range of 293-373 K, the coerci-
vity temperature coefficient of the hybrid magnets changes
gradually from —-0.42%/K for the pure SmFeN magnet to
-0.11%/K for the magnet with 80 wt% MnBi, and becomes
0.67 %/K for the pure MnBi magnet.

Anisotropic bulk hybrid MnBi/NdFeB magnets have
been prepared also by Ma et al. [158] via improved warm
compaction and sintering techniques. It was found that a
proper processing and suitable composition lead to high -
density bulk magnets that possess advantages of both the
MnBi and NdFeB phases. An energy product (BH) .y Of
10 MG-Oe has been obtained at NdFeB content of 50 wt%,
which is substantially higher than any reported values of
the energy density-bulk MnBi-based magnets. Meanwhile,
the hybrid magnets also have a better thermal stability at
elevated temperatures compared to the NdFeB magnets
due to the positive temperature coefficient of coercivity of
the MnBi phase.

7. Conclusions

It is apparent that ultrastrong magnets with superior
thermal and chemical stability are essential to address on-
going and future technological needs in society. In particu-
lar, escalating demand for cheaper, smaller, and more po-
werful motors and generators for consumer, military, and
energy applications such as wind turbines and hybrid or
electric vehicles will require a steady and secure supply of
high-energy product permanent magnets. In this context,
the rare earth elements, in their role as enabling chemical
components of high-energy product magnets, will remain
extremely important. On the other hand, it is anticipated
that the so-called “rare-earth crisis” will subside-some-
what-over the next decade as new rare-earth element sup-
plies are secured, new permanent magnetic materials are
developed, and new device and motor designs that utilize
lower amounts of rare-earth permanent magnets are imp-
lemented. While there currently exists a shortage of rare
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earth production capacity, it is important that create new
concepts for the creation of low- or rare-earth-free perma-
nent magnet materials will remain an important pursuit in
magnetic materials science.

Although MnBi is a good candidate for the rare-earth-
free permanent magnet, it is very difficult to prepare the
single-phase compound using conventional methods such
as arc-melting, mechanical milling and sintering, which is
mainly due to that Mn tends to segregate from the Mn-Bi
liquid below the peritectic temperature 719 K. So far,
many methods have been tried to avoid the segregation.
For example, MnBi has been grown under microgravity
condition by greatly reducing the separation of Mn and Bi.
Another way to prepare homogeneous MnBi alloys is by
using melt-spinning, and LTP MnBi can be obtained with
subsequent annealing. A high purity LTP MnBi prepared
using this method [115], but with relatively small H; (only
0.2 T at room temperature). The grinding method can in-
crease the H. [119], but the saturation magnetization de-
creased severely after grind due to the impurity phase. Up
to now, no single-phase MnBi with high H has been made
by melt-spinning. On the other hand, the effect of the sub-
stitution of manganese by some elements might be the per-
spective way to improve the physical properties of MnBi
as a permanent magnet. For example, the M-H data (at
room temperature) on Mng 75Nig 25Big5Sho 5 sample indi-
cates that the maximum magnetization (at 1.75 T) increas-
es substantially to 38.8 emu/g compared to about 22 emu/g
in MnBi prepared under similar conditions. The substitu-
tion possibly prevents segregation of Mn and thus results
in the formation of a larger concentration of the magnetic
phase.

Another approach to improve the energy product of a-
MnBi is to take advantage of its large magnetocrystalline
anisotropy and exchange couple the «-MnBi with a soft
phase such as Fe, Co or FeCo. In an ideal situation, with
assuming a perfect the ferromagnetic exchange coupling,
the a-MnBi-Fe(Co) composite can exhibit a (BH)yay aS
high as 40 MG-Oe [159]. Such impressive potential in-
spired intensive theoretical and experimental investiga-
tions. Indirect evidence that this strategy can work was
found in MnAl alloy. Matsumoto et al. have reported that
doping MnAl with a small amount of transition metals can
double the magnetization.

Today, bonded NdFeB-based permanent magnets have
been widely used due to their good magnetic properties.
However, their undesirable thermal stability is still a major
concern in some practical application such high-temperature
motors. As a result, a kind of magnet, named bonded hybrid
magnets, in which two or more different magnetic powders
were mixed together, had been developed [155-158]. In the
common hybrid magnets, ferrite with a positive coercivity
temperature coefficient was used to compensate the NdFeB,
leading to improved thermal stability. Unfortunately, the poor
coercivity of the ferrite undermines the application of such
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hybrid magnets. o.-MnBi compound possesses a high coer-
civity and pronounced positive temperature coefficient be-
low 300 °C, therefore, the bonded hybrid MnBi/NdFeB
magnets are expected to bear good magnetic properties and
thermal stability.

Modern first-principles band-structure methods are able
to calculate the electronic structure, Fermi surface, orbital
dependence of the cyclotron masses, and extremal cross-
sections of the Fermi surface, magneto-optical Kerr spectra,
x-ray magnetic circular dichroism, temperature dependence
of the magneto-crystalline anisotropy of MnBi with good
accuracy. It was found the SO interaction strongly affects
the shape of the Fermi surface changing the size and even
the topology of some sheets of the FS in MnBi. The inclusion
of the Coulomb repulsion in a frame of the LSDA+SO+U
method also changes of the theoretically calculated FS in
MnBiI. The effect of the Coulomb correlations change the
energy band structure of MnBi in two ways. First, it leads
to a shift of the Mn d occupied states downward by
U.fr /2 and empty Mn 3d states to a shift upwards by this
amount (U =U —J) relative to the Fermi energy. Se-
cond, the Coulomb correlations enhance an effective spin-
orbit coupling constant. The splitting of the energy bands
is enhanced more than two times after the inclusion of the
Coulomb repulsion for some states near Fermi energy. The
inclusion of the Coulomb repulsion U also changes the or-
bital character of the electronic states at the Fermi surface.

The band-structure theory, based on density-functional
theory in the local spin-density approximation with spin-
orbit and Coulomb repulsion taken into account, explains
the measured Kerr effect of MnBi very well. The experi-
mentally observed record Kerr rotation of —1.6° is directly
given by band-structure theory. First-principles calculations
even predict a larger Kerr angle for pure MnBi than was
measured. However, the experimental peak at 3.4 eV in the
Kerr angle comes out smaller in our ab initio LSDA+SO
calculations. A tentative explanation of this feature can be
sought in the influence of the Coulomb electron-electron
correlations. The LSDA+SO+U calculations produce the
second high-energy negative peak at 3.4 eV in good agree-
ment with the experimental measurements. Although the Kerr
effect is a rather complicated function of the diagonal and
off-diagonal optical conductivities, band-structure theory
nevertheless provides very practical insight into the origin
of the Kerr effect in MnBi. The huge Kerr effect in MnBi
can be understood within a simplified model, based on the
maximal 3d magnetic moment on Mn, the nearly maximal
SO coupling of Bi, as well as the strong hybridization be-
tween the manganese d bands and the bismuth p states. The
magneto-optically active states are mainly the p states of Bi.

Both magneto-optical effects and MAE have a common
origin in the spin-orbit coupling and exchange splitting.
Thus, a close connection between the two phenomena seems
plausible. At room temperature, MnBi is known to have
an extremely high magneto-crystalline energy. This de-
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creases, however, rapidly with decreasing temperature and
posses zero at a spin-reorientation transition temperature
Tsr ~ 90 K. The magnetic moment turns from the along
the hexagonal axis at room temperature to a direction in
the basal plane below Tgqz. With increasing temperature
above room temperature, the anisotropy energy increases
rapidly and reaches its maximum at about 500 K and then
rapidly decreases above this temperature.

The LSDA+SO approximation gives the value of MAE
equal to —2.2 meV/unit cell at zero temperate. This value is
an order of magnitude larger than experimentally estimated
one 0.13 meV/unit cell [18,87]. Besides, the LSDA+SO
approximation shows that the easy direction of the magnet-
ization is in the basal plane for all temperature range and,
therefore, provides no explanation of the spin-reorientation
observed experimentally at the Tgg ~ 90 K. On the other
hand, the LSDA+SO+U approach provides the value of
the MAE at 0 K of 0.39 meV which is in better agreement
with the experiment in comparison with the LSDA+SO
approach. The inclusion of the Coulomb correlations in a
frame of the LSDA+SO+U approach provides correct easy
magnetization direction for the whole temperature interval.
The LSDA+SO+U theory produces the MAE in a very
good agreement with the experiment in the 150 to 450 K
temperature range.

The SO coupling of Bi is equally responsible for
the large MAE as is the exchange splitting of Mn. When
the exchange splitting on Bi is set to zero, the MAE re-
mains almost as it is. But when we do the same for the
exchange splitting on Mn, the MAE totally vanishes. If we
set the SO coupling on Mn to zero, the MAE does not
change very much. On the other hand, when the SO coup-
ling on Bi is zero, the MAE almost disappears. The scaling
of the SO coupling of Bi by a factor of 2.0 leads to a tre-
mendous increase of the MAE by factor of 5, thereby illus-
trating the leading role of the SO interaction at the Bi site
for the MAE in this compound as it was observed in the
case of the MO spectra. The SO interaction and Coulomb
correlations also strongly affects the shape of the FS by
changing the size and even the topology of some sheets of
the FS in MnBi.

For a large amount of properties that have been dis-
cussed in this paper, no prior theoretical or experimental
studies have been performed. With high-quality single crys-
tal samples already available, the opportunity to perform
the initial experimental study of many properties discussed
above becomes feasible and therefore our theoretical pre-
dictions can be tested.
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HusbkoTemnepatypHi cnnasu MnBi:
€MEeKTPOHHI Ta MarHiTHI BMacTUBOCTI, cknag,
MOPAONOris | BUTOTOBIEHHS
(Ormsi)

B.M. AHToHoOB, B.I1. AHTponoB

Po3ristHyTO BeMMKy pI3HOMAHITHICTH ()i3HYHHX BIACTHBOCTEI
MnBI, siki BKJIIOYAIOTH CHIIBHY CITIH-OpOiTabHY B3a€MO/II0, aHO-
MaJIbHY TeMIIepaTypHY 3aJIe)KHICTh KOCPLMTUBHOI CHIIM Ta aHi30-
TPOMII0 MarHiTOKPUCTAIIYHOTO OIS, YHIKaIbHI MarHiTOONTHYHI
BJIACTHUBOCTI. PO3MISANAIOTBCS NMHUTaHHS HPUPOIHM EIEKTPOHHUX
BJIACTUBOCTEH OCHOBHOTrO cTtaHy MnBi, einekTpoHHa Ta MarHiTHa
CTPYKTYpH, NoBepxHst DepMi, MarHiTOKPUCTAIIYHA aHI30TPOIIis,
PEHTTeHIBCbKUIT MarHiTHUH TuXpoi3M. OOGroBOPIOIOTHCS KITFOUOBI
eKCIICpIMEHTH TaKi, SIK ONTHYHI Ta MarHiTOONTHYHI BUMipIOBaH-
Hs1, BUMiptoBanHs epexry ne ['aaza—Ban Anbdena (dHVA), dpoto-
eMiCisl PEHTTCHIBCHKOTO BHIIPOMIHIOBAHHSI Ta CIIEKTPOCKOIIS
PEHTI€HIBCBKOTO MOTJIMHAHHSA, a TAKOXK PEHTI€HiBCBKUH MarHiT-
HHUI LUPKYJSIPHUHA AUXpOi3M. BeTaHoBIEHO, 1110 CriH-0p0iTanpHa
B3a€EMOJIisI Ta CHJbHE KYJOHIBCbKE MIDKEICKTPOHHE BiIITOB-
XYBaHHS MalOTh BHpIllajbHE 3HAYCHHS [ HoBepxHi Depwmi,
[MKJIOTPOHHUX Mac, MarHiTOONTHYHUX BJIACTUBOCTEH Ta PEHT-
TeHIBCHKOIO MArHiTHOIO LHUPKYJSIPHOTO IUXpoismy. JleTayibHO
NpPOaHaTi30BaHO MiKPOCKOIIYHE MMOXOKEHHS YHIKalIbHOT MarHi-
TOKpHCTanigHOi aHi3oTpormii Ta epexry Keppa y MnBi. I'irant-
cokuii epext Keppa y MnBi Buknmkano KoMOIHAI[i€l0 BETHKOTO
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MarHiTHOrO MOMEHTY Yy MapraHili, BEJIMKOIO CHIiH-OpOiTaILHOIO
B33€EMOJIIEI0 Y BICMYTI Ta CHJIBHOIO TiOpHAM3ALI€I0 MK Mapra-
meBuMu 3d- Ta BiCMyTOBUMH 6OP-cTaHamu. MarHiTOONTHYHHMU
AKTHBHHMMH CTaHaMU € B OCHOBHOMY 6p-ctanu Bi. [TokasaHo, mo
3aJIeKHICTh MarHITOKPUCTATIYHOI aHI30TpOMil Bix TeMmepaTypH,
sIKa CIIOCTEPIraeThesi, MOXKe OyTH IOSICHEHA 3 ypaxXyBaHHSM CITiH-
opOiTanbHOI B3aEMOAIi pa3oM 3 CHJIBHOK KYJOHIBCBKOIO €JIeK-
TPOH-EJIEKTPOHHOK B3aemojiero. CriH-opOiTalbHa B3a€EMOJIS
y Bi Ta oOminHe po3iierieHHs y Mn 0AHAKOBO BiANOBifaNbHI 32
BEJIMKY MarHiTOKpHCTalIiYHy aHizoTpomiro y MnBi. O6rosopeno
BUI'OTOBJICHHS, MOpP(OJIOris Ta CKJIaJ HHU3bKOTEMIIEPATYPHUX
ciaBiB MnBi B 00’€Mi, TOHKHX IUTIBKaxX Ta HAHOYAaCTHHKaX. P0o3-
[SIHYTO TaK0XX HAHOKOMIO3UTHI Matepianu MnBi 3 nocriiinnmun
marnitamu Ha ocHoBi Co, Fe ta NdyFeq4B.

KirouoBi ciioBa: KpHcTaldiyHa CTPYKTypa, MarHiTOKpHCTadidHa
aHI30TPOIIisl, MATHITOONTHYHI BJIACTHBOCTI, PEHTTCHIBCHKHI Mar-
HITHHH HUPKYJISPHUIL ANXPOTI3M.

HuskoTemnepaTypHble cnnasbl MnBi:
3MNEKTPOHHbIE U MarHWTHbIE CBOMCTBA, COCTAaB,
MOopOnornsi 1 N3roToBreHne
(O630p)

B.H. AHToHOB, B.I1. AHTpOMNOB

PaccMoTpeHo orpomHoe pa3sHooOpasue (pHU3NUECKHX CBOMCTB
MnBi, KOTOpEIe BKIIIOYAIOT CHIIBHOE CIIMH-OPOUTANBHOE B3aNMO-
JEeHCTBUE, aHOMAJIBHYIO TEMIIEPAaTYPHYIO 3aBHCHMOCTh KO3PIIH-
THUBHOH CHJIBI M aHH30TPONHIO MAarHUTOKPHUCTAUINIECKOTO IIOJIS,
YHUKaJIbHbIE MarHUTOONTHYECKHE CBoiicTBa. PaccmarpuBarorcs
BOIIPOCHI IIPUPOIBI TEKTPOHHBIX CBOMCTB OCHOBHOTO COCTOSIHHS
MnBi, 3JeKTpOHHAas W MAarHUTHas CTPYKTYPbl, HOBEPXHOCTh
@depMy, MarHUTOKPHUCTANINYECKAs AHU30TPOIMS, PEHTIEHOB-
CKHMI MarHUTHBINA AUXpou3M. OOCYKAAI0TCs KITI0YEBbIE IKCIEPH-
MEHTHI TaKHe, KaK OITHYECKAEC ¥ MarHUTOONTHYECKHE U3MEPEHHS,
n3mepenns addexra ne ['aaza—Ban Asnbdena (dHvA), doroamuccust
PEHITCHOBCKOTO M3JIyYCHUs U CIEKTPOCKONUS PEHITEHOBCKOIO
MOTJIOLEHUS, & TAaKXKE€ PEHTI€HOBCKUI MArHUTHBIN LIUPKYISAPHBII
JUXPOU3M. YCTaHOBJIEHO, YTO CIUH-OPOHTAIbHOE B3aHMMOJCH-
CTBUE U CHIIBHOE KYJIOHOBCKOE MEKAIEKTPOHHOE OTTAIKUBAHHE
HMEIOT peliarolee 3HaueHue Uil noBepxHoctd depmu, mUKIO-
TPOHHBIX MacC, MarHUTOONTUYECKUX CBOMCTB M PEHTT€HOBCKOI'O
MarHUTHOTO IUPKYJSIPHOTO AMXpoM3Ma. JleTalbHO MpOoaHaIH3HU-
pOBaHbI MHKPOCKOITHMYECKOE IPOUCXOXKIEHHE YHHMKAJIBHON Mar-
HHUTOKPHCTAIUIMYECKOH aHm3orponuu U d¢pdekra Keppa B MnBi.
T'uranrckuii 3¢ pexr Keppa B MnBi BbI3BaH koMOuHaLHeH 00ib-
IIOr0 MarHNTHOTO MOMEHTa B MapraHie, OOJIBIIOro CHHH-OpOu-
TabHOTO B3aMMOJAEHCTBHS B BUCMYTE U CHIIbHOM TMOpuan3anu-
el Mex 1y MapraHueBbiMu 30- 1 BUCMYTOBBIMH 6P-COCTOSHUSIMH.
MarHuTOONTHYECKN AKTHBHBIMHM COCTOSIHUSIMU SIBJISIIOTCS B OC-
HOBHOM 6p-cocrostaus Bi. Iloka3ano, 4yto HaOmomaemas 3a-
BHCHUMOCTh MarHUTOKPHCTAJUNIMYECKON aHM30TPONUH OT TEMIIe-
paTypel MOKeT OBITh OOBSICHEHA C Y4ETOM CIHMH-OPOUTAIBHOTO
B3aHMOJIEHCTBUSI BMECTE C CUJIBHBIM KYJIOHOBCKHUM 3JIE€KTPOH-
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V.N. Antonov and V.P. Antropov

JJIEKTPOHHBIM  B3amMoJieiicTBUeM. CIHH-OpOUTAILHOE B3aWMO- puanel MnBi ¢ mocrossHHbIME MarauTamu Ha ocHoBe Co, Fe u
neiictere B Bi 1 oOMeHHOE paciieruieHre B Mn OJMHAKOBO OT- Nd,Fe14B.

BETCTBEHHBI 32 OOJNBIIYI0 MAarHUTOKPUCTAIUTHYECKYIO aHU30TPO-

. KntodeBble coBa: KpHCTaUTMYECKass CTPYKTypa, MarHUTOKpH-

o B MnBi. OGcyskieHbl H3roTOBIICHHE, MOP(HOJIOTHS M COCTaB .

) CTaJUIMYECKas AHU30TPOIMs, MarHUTOONTHYECKUE CBOICTBA,

HHM3KOTEMIIEpaTypHBIX cr1aBoB MnBi B 06beMe, TOHKHX TIIEHKaX N N N

PEHTTEHOBCKHI MAaTHUTHBIM LIUPKYIAPHBIN TUXPOU3M.
U HaHOYacTUlaX. PaccMOTpeHBI Takke HAHOKOMIIO3UTHBIC MaTe-
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