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compounds. Therefore, Nd-Fe-B and Sm-Co magnets are in general utiliz ed 
at room and high temperatures, respectively. 

Although RE permanent magnets are widely exploited at the moment, the 
availability of critical materials for permanent magnets is a growing con-
cern. "Worldwide demand for rare earths is expected to exceed supply by 
some 40,000 tons annually by the end of this decade," said Larry Allard, a 
researcher in ORNL's Materials Science and Technology Division. His re-
mark indicates that there will be a growing global shortage of rare earth 
materials in near future. In reality , the cost of these materials has increased 
dramatically since China government announced that it would begin to cur-
tail its export of the rare earths (ex. Eu, Tb, and Dy) in 2009.[1]  The rise of 
selected RE oxide prices can be seen in Figure 1.1.[5]  It was reported that 
most easily-exploitable ores are found in China, and the current rare-earth 

Figure 1.1 According to the Ministry of Economy Trade and Industry (METI) of Japan, 
prices for dysprosium and neodymium metals rose dramatically. The price for 
dysprosium metal rose from $250/kg in April 2010 to $2,840/kg by July 2011, while the 
price for neodymium metal rose from $42/kg in April 2010 to $334/kg in July 2011. [4]  
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prediction of 64.8 MGOe (512 kJ/ m3).[8]  Because of the remarkable mag-
netic performance, the production of Nd-Fe-B sintered magnets has 
steadily increased from about 6,000 tons in 1996 to about 63,000 tons in 
2008 and 80,000 tons in 2010 (see Figure 1.3), respectively.[2, 8] 

Nowadays, the world market for permanent magnets is split roughly be-
tween Nd-Fe-B and hexagonal ferrite, with smaller amounts of Sm-Co, 
alnico, and other materials.[8]  Based on the scale data reported in 2010 
(see right panel of Figure 1.3), it was found that two-third s of production 
comes from high-performance RE magnets (namely Nd-Fe-B and Sm-Co 
based products). The rest of quota was mainly represented by the ferrite 
family, which was developed in the Netherlands 60 years ago. The common 
phases are BaFe12O19 and SrFe12O19, which have the hexagonal magne-
toplumbite structure.[8]  Specifically, alnico, developed first in Japan from 
1930s, presents about 1 % quota of annual production. It has been in use 
for many years usually in electric guitar pickups, sensors, loudspeaker, mi-
crophones, etc. 

Figure 1.2 Progress of energy product in the course of the 20th century. [5] 
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 Scientific background  
2.1. Magnetism  

 Ferromagnetism  

In classical physics, ferromagnetism is the one which shows the most prac-
tical magnetic performance among several distinct types of magnetism. 
Therefore, the most useful magnetic materials, as is known so far, are the 
so-called ferromagnetic materials. Ferromagnetic materials are principally 
characterized by a long-range ordering of their atomic magnetic moments 
even in the absence of external magnetic fields. As found in many real sys-
tems, the magnetic moments orient along a direction within the same 
magnetic domain even though the overall magnetization is zero. Figure 2.1 
shows the experimental data on the variation of the saturation magnetiza-
tion of Fe, Co, and Ni as a function of temperature.[10]  This spontaneous 
interaction between neighboring magnetic moments is observed to vanish 
above an ordering temperature called Curie temperature.[11]  

Figure 2.1 Saturation magnetization of iron, cobalt, 
and nickel as a function of temperature. [10] 
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the total energy of the system as a function of magnetization along different 
directions. 

As magnetic anisotropy is the important property as the origin of hystere-
sis and coercivity. It is always not an easy task to quantitatively measure 
the strength of the magnetocrystalline (or any other) anisotropy. Experi-
mentally, people usually evaluate the rough values of magnetic anisotropy 
from the system of interest via two methods as following:[10]  

1. By fitting a calculated magnetization curve to the observed angle-de-
pendent torque curve. 

2. By measuring a M(H) graph, the area included between two magnetiza-
tion curves along easy- and hard-axes can be used roughly for determining 
anisotropy constants. The idea is based directly on the definition of the an-
isotropy energy E, namely, the energy stored in a crystal when it is 
magnetized to saturation in a non-easy direction. 

Both of these two methods have their own technical limit; nevertheless, the 
first method (ex. torque curves) is much more accurate and enables to de-
termine not only K1 but also K2 values if the contribution of K2 is not 
negligible. 

 

 Hysteresis and magnetic domain  

The wide variety of ferromagnetic materials can be rather easily divided 
into two groups: the magnetically soft (easy to magnetize and demagnet-
ize) and the magnetically hard (hard to magnetize and demagnetize).[10]  
The essential practical characteristic of ferromagnetic materials is the irre-
versible nonlinear response of magnetization M to an external magnetic 
field H. This magnetic performance can be easily epitomized by their  hys-
teresis loops, in which field is usually presented by to H, rather than B, 
because the internal field must be distinguished.[15]  Figure 2.13 shows 
some types of hysteresis loops encountered in practice: (a) the major dif-
ference between permanent (or hard) magnets and soft magnets is the 
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discussion of the angular dependence of magnetization curves and predicts 
spin-reorientation transitions. [12, 15] 

 

Moreover, the applied field along hysteresis loop serves to unveil the spon-
taneous ferromagnetic order that already exists on the scale of microscopic 
domains. These domain structures are illustrated schematically along the 
hysteresis loop in Figure 2.19.[19]  Historically, the concept of domains was 
introduced to explain why two pieces of soft iron do not attract each other. 
In 1907, Weiss postulated the existence of magnetic domains created by 

Figure 2.19 Schematic representation of hysteresis loop with 
corresponding evolution of magnetic domains. [19] 

Figure 2.20 Micromagnetic spin configurations: (a) single-domain state, as observed in 
very small particles, (b) two-domain configuration, as encountered in fairly small 
particles with uniaxial anisotropy, (c) flux-closure in cubic magnets, (d) complicated 
domain structure in a polycrystalline magnet. [12] 
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mean-field interactions,  accompanied by a loss of net magnetization due 
to domain formation.[12]  Figure 2.20 shows four kinds of possible config-
urations of magnetic domain: (a) single-doamin, (b) two-domain structure, 
(c) flux-closure structure, and (d) multi-domain, which are created and sta-
bilized by minimizing the sum of magnetostatic and exchange energy.[10, 
12] 

In 1932, Bloch introduced the concept of domain walls, and the first quan-
titative calculations by Landau and Lifshitz are now regarded as the 
starting point of modern domain theory. As shown in Figure 2.21, two ad-
jacent domains are separated by a thin region called domain wall.[10]  The 
role of domain wall is for continuous spin reorientation between two re-
gions where the magnetization rotates from one easy direction to another. 
Again, the structure and energy of domain wall is determined in terms of 
energy minimum. Experimentally, the magnetic domain structure can be 

Figure 2.21 Structure of a 180° domain wall. [10] 
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which can be stored in a magnetic material (per unit volume). By definition, 
it is calculated as the maximum product of a material's residual magnetic 
flux density and its coercivity.[23]  In reality, there are several ways to es-
timate (BH)max from the second quadrant of the B-H loop. Figure 2.25 gives 
an example of two usual methods:[11]  

(a) The value is determined by the point on the second-quadrant branch 
that gives the largest area for an enclosed rectangle. It may be found at the 
point on the loop that extends furthest into the hyperbolic contours of con-
stant BH product (shown by dashed lines). 

(b) Another common way is to calculate the BH products by point from left 
panel and plot its value on the right side as seen in the figure. The location 
of (BH)max is the point at which the material characteristics of a permanent 
magnet are most efficiently used. Therefore, the design of products is usu-
ally based on the O point to achieve the highest magnetic performance. 
However, the actual (BH)max for each commercial product must be pre-
cisely determined according to its own shape, taking load line into account. 
This means that the O point here is replaced by operation point P (see Fig-
ure 2.24). 

Figure 2.24 Left: demagnetization curve; right: corresponding values 
of energy product (BH) plotted vs the same B scale. Maximum value 
of (BH) is indicated on both plots. [11] 



































  Scientific background 
 

60 

only valid for the transmission and TEY measurements, TFY mode is not 
discussed here.[67]  Among all, only transmission mode provides direct 

Figure 2.36 The XMCD effect depends on the change in the scalar product between 
the magnetization and the axial unit vector of the circular light polarization. [65] 

Figure 2.37 Qualitative description of (a) transmission and (b) 
electron yield methods for x-ray absorption measurements. [68] 
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stable beam flux with unusual broad energy range compared to other pres-
ently operating beamlines. However, applying bias voltage is not available 
at the moment for TEY measurements (still in progress), therefore it is in-
evitable to record artificial signals caused by returning electrons due to 
stray magnetic field near sample surface. 

 

2.4. Fabrication techniques  

 Arc melt ing 

Arc melting (or plasma melting) provides an excellent technique for fabri-
cating the alloys which constituents possess greatly different melting 
temperatures and vaporization pressures. On the industrial scale, large 
arc-melting furnaces work with carbon electrodes, and temperatures up to 
4000 K are achievable.[77]  The operation of arc melting is similar to that 
of arc-welding, where an electrical arc is generated between two elec-
trodes (ex. Tungsten rod and Cu crucible), as shown in Figure 2.44.[78]  

Figure 2.44 A simplified sketch of a arc melting machine. [78] 
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An electric arc originates from a stream of inert gas (argon or helium) sup-
plied by the torch to produce an intense plasma. The cathode shaped in a 
sharp rod is made of W with 2 wt% Th, which can bear high temperatures 
without melting . Conversely, the anode is usually a Cu crucible designed to 
hold the pure elements and cooled by a circulating water to avoid overheat-
ing. In order to melt materials effectively, the cathode is approached to the 
pure elements that are placed on the Cu crucible by turning a millimetric 
screw. When the cathode is close enough, an arc that melts the elements is 
discharged by ionizing the gas. It is necessary to weigh the melted ingots 
after each melting reaction to control possible weight losses, which must 
be negligible to maintain the desired stoichiometric ratio. Even refractory 
alloys are easy to obtain with this method, but it presents an inevitable 
drawback: cooling rate is much different over all ingots when the arc is bro-
ken off. This problem arises from the faster cooling at the bottom of the 
sample, where there is contact with the water-cooled Cu crucible. There-
fore, the flip-and-melt process was required to improve the homogeneity 
of the alloys. 

 

 Powder preparation  

Particle size reduction achieved by milling is a crucial step in many techno-
logical applications, which is defined as mechanical breakdown of solids 
into smaller particles. For the preparation of modern permanent magnets, 
size reduction is particularly important process prior to the post-sintering, 
because it is desired to have anisotropic grains which size is close to single 
domain in the texture. Nowadays, several types of size reduction equip-
ment are available, for example, cage mills, hammer mills, pulverizers and 
grinding. The right tool must be selected for the task to add energy most 
efficiently for the application. The product of milling is powder, typically a 
few micrometers in diameter, with corresponding internal nanocrystalline 
structure. 
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On lab scale, ball mills are widely used and considered as a very efficient 
tool for grinding various materials into fine powders (approximately 1 µm 
and below). Ball mills basically can be divided into two types: centrifugal 
and planetary mills. For a simple centrifugal ball mill, a single bowl fastener 
is horizontally and driven while not rotating itself, whereas planetary ball 
mills have two or four bowl fasteners, each of which accommodates one 
grinding bowl, fixed to a supporting disc. In general, planetary action gives 
up to 20 g acceleration and reduces the grinding time to about 2/3 of a sim-
ple centrifugal mill.[79]  No matter which method is applied, it is necessary 
to decrease particle size of the desired materials to less than 10 mm, for 
example, using a mortar and pestle in advance. In this work, the ball milled 
MnBi and MnAl powders were prepared by planetary mills at room tem-
perature (RT). The principle of planetary mills is simply sketched in Figure 
2.45.[80]  It can be seen that planetary mills also exploit the principle of 
centrifugal acceleration instead of gravitational acceleration. During mill-
ing operations, the grinding bowls and supporting disc rotate in opposite 
directions, so that two different centrifugal forces act on the bowl contents 
leading to attrition and impact.[79]  Also, each grinding medium influences 
the grinding process via the specific weight of milled balls. 

Figure 2.45 Relative movements of working parts and balls 
in a vial of a planetary ball mill (Top view). [80] 
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current and the sintering mechanism is still subject of many debates be-
tween plasma formation and electro-migration supporters;[83] , however, 
this is the main difference between SPS and other sintering methods. Due 
to Joule effect of the dc current, both die and powder are directly heated. 
Therefore, it is possible to raise the temperature to 2000 °C at heating rate 
of up to 1000 °C/ min or even higher. Combined with the application of 
pressure, SPS has been demonstrated to enable the consolidation of some 
materials like ceramics and intermetallics within minutes and the ability to 
obtain fully dense structure at comparatively low sintering temperatures 
(typically a few hundred degrees lower than in normal hot pressing).[83]  
Based on the advantages mentioned above, part of bulk samples were pre-
pared by SPS technique to study the influence of microstructure on the 
corresponding magnetic properties. 

 

2.5. Sample characterization  

 X-ray diffraction ( XRD) 

X-ray powder diffraction is most widely technique used for the phase iden-
tification and structure determination of unknown crystalline materials 
(e.g. minerals, inorganic compounds). There are three basic components in 
X-ray diffractometers: an X-ray tube, a sample holder, and an X-ray detec-
tor  (illustrated in Figure 2.48).[85]  In common commercial instruments, X-
rays are generated in a cathode tube by heating a filament to produce ther-
mal electrons, which are accelerated toward a target (usually Cu or Mo) by 
applying a voltage, and bombarding the target material.[85]  The interac-
tion of the incident x-ray beam with the sample causes x-ray diffraction 
peaks on a CCD or PSD detector by constructive interference when condi-
tions of diffracted rays satisfy Bragg's Law. 

Practically, there are two principal types of instrument geometry for labor-
atory powder diffractometers: reflection (Bragg-Brentano geometry) and 
transmission (Debye-Scherrer geometry).[85]  In this work, quick check 
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because it  responds to a fraction of the flux quantum. The SQUID sensor is 
usually a thin film that functions as an extremely sensitive current-to-
voltage-converter. 

To make a measurement, a sample, typically less than a few millimeters in  
size, is first attached to a sample rod. The sample is then scanned through 
the center of a first- or second-order superconducting gradiometer (see 
Figure 2.50(a)). The gradiometer forms a closed flux transformer that is 
coupled to a SQUID and the signal from the SQUID is typically recorded as 
a function of sample position (illustrated in Figure 2.50(b)).[86]  Due to this 
up and down movement, the magnetic moment of the sample induces an 
electric current in the pick-up coil system. A change of the magnetic flux in 
these coils alerts the persistent current in the detection circuit, and it in 
turn generates variation in the SQUID output voltage which is related to the 
magnetic moment of test sample. 

Figure 2.50 A scheme of SQUID measuring method. [86] 



Scientific background 
 

79 

To identify the magnetic properties of our specimens, all bulk samples 
were cut into small pieces with dimensions of 1×1×2 mm 
(width×length×hight). Angle- and temperature-dependent measurements 
M(H) were intensively performed using our new state-of-the-art MPMS3 
magnetometer (Quantum Design). Precise moment determination was cal-
ibrated by MPMS XL 7 magnetometer (Quantum Design). The B(H) loops 
were evaluated using corresponding measured density values and effective 
demagnetization factors N. The demagnetization factor of each bulk speci-
men was calculated by its three-dimensional lengths using the analytic 
equation given in Ref. [87] . Nominal (BH)max values were determined by 
the value on the second quadrant of B-H curves intersected with the corre-
sponding load lines. For powder samples, they were first fixed with resin 
under alignment field onto thin quartz plate, and then carefully clamped 
with clean scotch tapes and a small fragment of drinking straw before load-
ing into sample chambers of Quantum Design SQUID systems. 

 

 Kerr microscopy  

Although conventional magnetometers (SQUID or VSM) can precisely de-
termine the magnetic moments of studies specimens, no direct information 
regarding magnetic microstructure can be obtained by this method. To ob-
serve micromagnetic feature (ex. magnetic domains and domain walls), 
Kerr microscopy is a handy tool to examine the surface domain structure 
of magnetic materials at mesoscopic scale.[88]  The working principle of 
Kerr microscopy is based on the so-called magneto-optical Kerr effect, 
which is one of the magneto-optic phenomena. This interesting effect was 
discovered by John Kerr in 1877, who noticed that the plane of polarization 
of light reflected from the polished iron pole face of an electromagnet was 
rotated by less than 1°.[15]  Kerr effect is very similar to Faraday effect; 
however, Kerr effect describes the changes to linearly polarized light re-
flected from a magnetic surface rather than the changes to light 
transmitted through a magnetic material. Upon reflection from a magnetic 
surface, a beam of linearly polarized light in general will change its state of 
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polarization depending on the relative orientation of the magnetization of 
the sample and the polarization axis.[89]   

The simple scheme of a typical Kerr microscope is sketched in Figure 2.51, 
which is recommended for low resolution applications in the longitudinal 
or transverse effects to obtain an overview of the domain pattern of larger 
samples.[88]  The advantage of this arrangement is that no optical elements 
other than the sample exist between polarizer and analyzer, so that con-
trast conditions are optimal. A high pressure mercury lamp with suitable 
spectral filters to select the green and yellow mercury lines is recom-
mended as the light source in general cases.[88]  The amount of Kerr 
rotation  usually is quite small (much less than 1°), and depends the mate-
rial and on the direction and magnitude of the magnetization relative to the 
plane of incidence of the light beam. To observe the domain contrast, both 
the white light of a source and reflected light from the sample must be se-
lected by polarizers, which only transmits specific plane polarized light. 
Resolution in this arrangement is practically limited by the achievable nu-
merical aperture and aberrations. With appropriate  digital image 
processing,  Kerr  microscopy  can  extract  domain  contrast  from  the  
surface  of  virtually  any  ferro-  or  ferrimagnetic  sample. It is noted that 
all of magneto-optic techniques only probe the first 10~50 nm below the 

Figure 2.51 Simple schematic picture of Kerr microscope. [87] 
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concentration is to be determined, is nebulized into the core of inductively 
coupled argon plasma, that is generated by inductive heating (temperature 
up to 10,000 K), to excite and dissociate unknown specimen. The light emit-
ted by the atoms or ions in the ICP is converted to an electrical signal by a 
photomultiplier in the spectrometer and subsequently resolved into a 
spectrum of its constituent wavelengths. The intensity of this electrical sig-
nal is compared to a previous measured intensity of a known concentration 
of the element, and then a concentration of the specimen is computed. 

ICP is an effective source of atomic emission which can, in principle, be 
used for the determination of all elements other than argon.[95]  Using a 
commercial spectrometer (ex. Spectro Ciros ICP-OES in this work), each of 
diffracted light is consequently collected and used for quantitative pur-
poses by comparison with calibration standards. The ability of ICP to 
complete simultaneous analysis of 20-40 elements at the same time as a 

Figure 2.54 Schematic diagram of a conventional simultaneous ICP system. [94] 
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In order to identify the starting atomic ratios for all LTP-MnBi powder and 
bulk magnets, Mn55Bi45 and Mn45Bi55 specimens are marked with black and 
red in the following contents respectively. 

 

3.2. Hot-compacted bulk magnets  

Because the purified 2h-BM MnxBi100-x (x = 45, 55) powders exhibit the 
highest mass saturation magnetization (Ms) and remanence (Mr), only they 
were used for consolidation. To fabricate bulk magnets, the powders were 
first placed into a cylinder die made of Ni-based alloy and aligned under a 
perpendicular magnetic field of 1.8 T at room temperature. After pre-align-
ment, the powders were cold-pressed under a uniaxial pressure of 200 

Figure 3.2 The flow chart of MnBi sample fabrication. 
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phase (HTP) of MnBi could be found in all powder samples within the de-
tection limit of our XRD measurements. For the Mn55Bi45 powders, the 
intensities of characteristic Bi peaks increase significantly with increasing 
ball milling time, which indicate the decomposition of the LTP-MnBi during 
ball milling procedure. Rietveld analysis shows that the LTP content of as-
milled Mn55Bi45 powders goes down from 49 wt.% (for 2h-BM) to 29 wt.% 
(for 7h-BM), while the Bi content increases from 38 wt.% (for 2h-BM) to 
70 wt.% (for 7h-BM). The increase in Bi residue is also observed by the 
chemical analysis (ICP-OES) from which, for example, the purified  2h- and 
7h-BM Mn55Bi45 powder contain 45.6 and 54.7 at.% Bi, respectively. In con-
trast, the Mn45Bi55 powders always have high level of Bi (> 52 at.%) without 
obvious systematic variation in atomic ratios (not shown here). Figure 
3.4(b) proves that the fraction of LTP in the 2h-BM powders can be further 
enriched through magnetic separation. The Rietveld analysis reveals that 
the LTP content increases dramatically, for example, from 49 wt.% for as-
milled Mn55Bi45 powders to 90 wt.% for corresponding purified ones. Con-
versely, a significant decrease is observed in the peak intensities of the 
non-ferromagnetic Bi and Mn peaks. However, we found that long-term 
milled powders are not easily purified, therefore only purified 2h-BM pow-
ders were selected for consolidation. Furthermore, a relatively high 
fraction of secondary phase Bi (~6 wt.%) is always present, even for the 
finely purified powders as can be seen in Figure 3.4(b). It is quite usual to 

Figure 3.4 Room-temperature XRD patterns: (a) as-milled Mn55Bi45 powder for 
different ball-milling times. (b) purified Mn55Bi45 and Mn45Bi55 powder (2h-BM). 



Fabrication and characterization of LTP-MnBi 
 

95 

have decomposed phases at the surface of ball milled particles, therefore 
we suggest that part of the powders should be covered by a thin Bi-rich 
layer. In order to maximize the magnetic properties (i.e. wt% of LTP-MnBi), 
powders were always purified by magnetic separation before consolida-
tion. It is noted that the actual Mn:Bi atomic ratios of the purified 2h-BM 
Mn55Bi45and Mn45Bi55 powder are 53:47 and 46:54, which are slightly dif-
ferent from the designed values. Additionally, we emphasize that the 
SQUID values are more reliable than the phase contents given by Rietveld 
refinement due to the large difference in X-ray scattering factors of Mn and 
Bi elements. 

The room-temperature M(H) curves of the purified Mn55Bi45 powders 
milled for different time  are shown in Figure 3.5. All powders were aligned 
with resin under 2 T magnetic field prior to the SQUID measurements. It is 
obvious that the Ms and Mr ratios of purified Mn55Bi45 powders drop rapidly 
with increasing milling time. Although long-term BM can slightly enhance 
the coercivity, it reduces magnetization drastically and even leads to a kink 
in the low field range for 12h-BM powders. The drop in magnetization in-
dicates decomposition of LTP-MnBi after low-energy ball-milling . 

Figure 3.5 M(H) curves of purified Mn55Bi45 powder milled for 
different time at 300 K. 
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Figure 3.6(a) shows the M(H) curves of purified 2h-BM Mn55Bi45 powders 
measured parallel and perpendicular to the alignment direction at 300 K, 
which demonstrates that the aligned powder samples are highly aniso-
tropic. Similar trends were found for the Mn45Bi55 series (not shown here). 
In agreement with Refs. [25]  and [100], the SQUID measurements reveal 
that Mn55Bi45 series always exhibits larger Mr and Ms than those of Mn45Bi55 
samples after identical preparation procedure (see Figure 3.6(b)). The 
highest magnetic properties obtained from the finely purified 2h-BM 
Mn55Bi45(Mn45Bi55) powder are Mr of ~71(65) Am2/kg, Ms(7T) of 
~72.5(68) Am2/kg and µ0Hc of ~1.23(1.18) T at 300 K. The LTP content of 
the purified 2h-BM Mn55Bi45 powder is estimated to be over 90 wt% com-
pared to the theoretical prediction of Ms,LTP  (80 Am2/kg) .[101]  To our 
knowledge, the Mr of ~71 Am2/kg is the highest reported value for ball-
milled MnBi powder so far.[26, 102, 103] The volume magnetization of the 
purified 2h-BM Mn55Bi45 powder was further evaluated by theoretical den-
sity of LTP-MnBi (8.9 g/cm3),[26]  giving µ0Mr = 0.79 T and µ0Ms = 0.81 T. 
Combined with the observed coercivity of 1.23 T, the nominal (BH)max of 
this purified Mn55Bi45 powder reaches 120 kJ/m3, which is close to the the-
oretical prediction of 140.8 kJ/m3.[26, 28] Although the µ0Mr of our powder 
is slightly lower than that of reported value (74 Am2/kg ) in Ref. [26] , it is 
noted that our powder was pre-aligned under 2 T and then measured with 

Figure 3.6 M(H) curves of purified powder at 300 K: (a) 2h-BM Mn55Bi45 
measured parallel (�² ) and perpendicular (//) to the alignment directions. (b) 
purified 2h-BM Mn55Bi45 and Mn45Bi55 powder. 
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a field of 7 T. Nevertheless, we have to emphasize that the purified 2h-BM 
Mn55Bi45(Mn45Bi55) powder usually shows Ms(7T) of 70(66) ±2 Am2/kg . It 
is our experience that the ingot quality has a profound influence on the 
magnetic performance of the powder, including Ms and (BH)max. Therefore, 
it is crucial to mix metallic Mn and Bi homogeneously during arc-melting 
process in order to obtain high performance powders. 

 

 Hot-compacted bulk magnets  (anisotropic)  

Figure 3.7 compares the M(H) curves of the Mn55Bi45 and Mn45Bi55 magnets 
hot-compacted at 473, 523, 573 K, which were measured along the pre-
alignment direction at 300 K. The highest volume magnetization is ob-
served in Mn55Bi45-523 and Mn45Bi55-573, respectively. In contrast to the 

Figure 3.7 M(H) curves of (a) Mn55Bi45 and (b) Mn45Bi55 
hot-compacted magnets at 300 K. 
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(both µ0Mr and µ0Ms) within measuring temperatures, which decreases 
from 0.68 T and 0.79 T at 300 K to 0.56 T and 0.63 T at 500 K, respectively. 
Grain misalignment usually causes a drop in the remnant magnetization of 
bulk magnets. SQUID curves indicate that all Mn45Bi55 magnets are highly 
textured because the Mr/ Ms ratios are all above 0.86 within the measuring 
temperature range (300~500 K). However, the largest temperature-de-
pendent coercive fields are found in Mn45Bi55-473, which increases from 
0.31 T at 300 K to 2.1 T at 500 K. Therefore, the highest nominal (BH)max 
value of Mn45Bi55 series at 300 K is 46.1 kJ/m3 found in Mn45Bi55-473. Alt-
hough the highest (BH)max value in this study is lower than the reported 
value of 61.6 kJ/m3 in Ref. [26] , it is higher compared to that of commercial 
ferrite or alnico 5 magnets. We also note that the nominal (BH)max of all 
Mn45Bi55 samples is above 40 kJ/m3 at 500 K, which is higher than experi-
mental (BH)max of Nd2Fe14B (15.8 kJ/m3).[28, 104] Furthermore, it was 
found that all Mn45Bi55 and Mn55Bi45 bulk samples retain the same magnetic 
properties after one-day heating at 500 K under inert atmosphere. This ev-
idence strongly suggests that LTP-MnBi can be a good candidate for high 
temperature applications, while the proper surface coating is carried out 
to prevent oxidation problem. 

 

 SPS-compacted bulk magnets  (isotropic)  

Based on the great experience in hot-compacted samples, a systematic 
work was repeated by using SPS-technique because it is always desired to 
achieve homogeneous microstructure. Magnetization curves, M(H), of all 
isotropic SPS-compacted samples were measured up to an applied filed of 
6 Tesla (60 kOe). It is noted that again the purified 7h-BM Mn45Bi55 powder 
has larger Ms(6T) of 49 Am2/kg at 300 K compacted to Mn45Bi55 one, in con-
trast to the purified 2h-BM Mn45Bi55 powder discussed above. 
Temperature-dependent M(H) curves of the isotropic Mn45Bi55 and 
Mn55Bi45 bulk magnets are plotted in Figure 3.10(a) and (b). The as-pre-
pared Mn45Bi55 bulk samples also possess higher Ms(6T) of ~64 Am2/ kg 
and remanence of ~34 Am2/ kg at 300 K, regardless of the slightly lower 
µ0Hc values. To our knowledge, these values are the highest reported for 
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less than 5 µm. The shape of the grains in the sintered magnet is irregular 
similar to that of the original powder, meaning that no obvious grain 
growth happened during SPS process. Corresponding EDX elemental maps 
confirm more unreacted Mn metal embedded in the Mn55Bi45 matrix (see 
Figure 3.12(e) and (f)) within the technical limit  of the SEM instrument. In 
addition, the surface structure of the as-prepared magnets was also studied 
by the focused ion beam scanning electron microscope (Nova NanoLab 600 

Figure 3.12 SEM images of the as-prepared (a) Mn45Bi55 and (b) Mn55Bi45 
isotropic bulk magnets. There is no clear grain boundary in both bulk 
samples. The etched surface of both samples and corresponding EDX 
elemental (Bi and Mn) maps of Mn45Bi55 and Mn55Bi45 bulk magnets are 
shown in (c,e) and (d,f) respectively. 
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DualBeam), which gives similar results (not shown here). Combined with 
the XRD patterns in Ref. [107] , we suggest that the outer shell of LTP-MnBi 
grains is Bi-rich because we did not observe significantly large metallic Bi 
area in all SEM images, as suggested in the Figure 14 of Ref. [26] . 

Although the bulk samples show unusual coercivity behavior at T > 550 K, 
there is still a strong positive correlation between temperature and the 
measured µ0Hc values in the temperature range from 300 to 600 K. It is 
suggested that coercivity behavior of LTP-MnBi is related to its tempera-
ture-dependent magnetocrystalline anisotropy, K(T).[104]  For example, 
the reported experimental K(T) data (blue curve in Figure 3.13(a)) meas-
ured from a non-perfect MnBi single crystal can explain the variation of the 
corresponding observed µ0Hc in previous work, which has maximum coer-
civity at 500 K and then rapidly drops at higher temperatures [110] . 
However, this experimental K(T) curve does not fit well with the theoreti-
cally calculated one (black curve in Figure 3.13(a)) given in Ref. [111] . In 
this study, the variation of the µ0Hc(T) values (red curve) is in good agree-
ment with the change in theoretically calculated K(T). We suppose that this 
finding could be related to the mentioned fine-grained microstructure. To 
clarify this assumption, some sintered samples were fabricated following 
the same procedure but for much longer dwell times (30 and 45 minutes). 
For these specimens, the grains have clear and smooth boundary with 
larger average grain sizes similar to the reported hot-compacted mag-
nets.[107]  With this distinct texture, it was found that the magnets can only 
exhibit hard magnetic behavior below 630 K with maximum coercivity oc-
curring at T < 550 K. Therefore, we strongly suggest that the 
microstructure can have a great effect on the observed temperature-de-
pendent coercivity behavior and high thermal stability. 

A further aspect that has been addressed is the stability of magnetic prop-
erties of MnBi samples after thermal cycling. Basically, permanent magnets 
cannot keep their hard phase behavior once the ambient temperature rises 
beyond their phase transition temperature. Therefore, manufacturers usu-
ally provide information about the maximum working temperatures of 
their permanent magnets. In order to evaluate the thermal stability of the 
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isotropic SPS-compacted magnets, several samples were heated in vacuum 
up to 650 K repeatedly, which is well beyond the phase transition point. 
Most remarkably, all specimens still retain hard magnetic properties after 
cooling back to room temperature as displayed in Figure 3.13(b). There is 
no visible reduction in the saturation magnetization and coercivity, show-
ing that the loss of LTP MnBi from eutectic and peritectic reactions is fully 
reversible after cooling. Compared to previous studies on LTP-MnBi mag-
nets,[107]  this unprecedented result is very promising for future high 
temperature applications. 

The performance of our SPS-compacted magnets could be further en-
hanced by (i) using powder with higher Ms and µ0Hc and (ii) producing 
anisotropic samples under magnetic field during compaction procedure. 
The preliminary attempt in these directions has indeed demonstrated that 
anisotropic SPS-compacted MnBi samples could be achieved and will be 
discussed in the next subchapter. 

 

Figure 3.13 (a) Summary of the temperature-dependent µ0Hc values of the 
isotropic Mn45Bi55 magnet with the calculated and experimental K values both 
reported in Ref. [111]. (b) Bulk magnets show unique thermal stability of hard 
magnetic phase after thermal cycles to 650 K. 
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 SPS-compacted bulk magnets (anisotropic)  

As discussed above, in-situ magnetic alignment is necessarily required to 
achieve magnetically anisotropic SPS-compacted magnet, so numerous 
samples were at first  prepared by route #1 to examine the influence of 
magnetic alignment during SPS-compaction. The preliminary test was per-
formed using purified 7h-BM Mn55Bi45 powder, which was consolidated at 
533 K for 2 minutes. The magnetization curves of this specimen are plotted 
as a function of temperature in Figure 3.14. It is clear that the shape of its 
hysteresis loops looks more square compared to those of isotropic ones. 
Table 3.3 summarized the comparison of detailed magnetic properties be-
tween isotropic and anisotropic magnets. The most remarkable 
improvement caused by in-situ alignment is the increased values of coer-
civity and Mr/ Ms ratio, which are enhanced by 0.25 kOe and 32%, 
respectively. 

 
 

Figure 3.14 Temperature-dependent M(H) curves of the 
anisotropic Mn55Bi45 magnet measured along alignment direction 
(easy-axis). Noted that the starting material used here is the 
purified 7h-BM Mn55Bi45 powder. 
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Table 3.3 Influence of in-situ magnetic alignment via route #1. The starting 
material was purified 7h-BM Mn55Bi45 powder. Noted that the isotropic 
specimen was compacted at 533 K for 5 minutes, while the dwell time for 
anisotropic one was 2 minutes. 

Sample Hc Mr Ms(6T) Mr/Ms 

[kOe] [Am2/kg] [Am2/kg]  
Isotropic 3.9 21 54 38% 
Anisotropic 6.4 36 51 70% 

 

Although the magnetic performance is indeed advanced with aid of mag-
netic alignment, the observed remanence is still not good enough in 
comparison with hot-compacted samples. The same test was carried out 
for purified 7h-BM Mn45Bi55 powder, but no surprising results were found 
except slightly increased coercive field. In order to further increase Mr and 
Ms, the starting material was changed to the purified 2h-BM Mn55Bi45 pow-
der. So far the sample, SP1-260-2m, shows the highest magnetic 
performance considering all the factors like µ0Ms, µ0Mr, etc. The magnetiza-
tion curves of SP1-260-2m are plotted in Figure 3.15, which give Ms(7T) of 

Figure 3.15 Room-temperature M(H) curve of SP1-260-2m 
along alignment direction (easy-axis). Noted that the starting 
material used here is purified 2h-BM Mn55Bi45 powder. 
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According to the thermogravimetric analysis provided by the company, the 
binder used in this study decomposes instantly above 513 K (240 °C) and 
can be easily removed in vacuum. Therefore, thermal decomposition of 
binder should be the main reason for the significant drop in the Mr/ Ms ra-
tios of SP2-533-5m and SP2-573-5m, while the dwell time increases from 
30 seconds to 5 minutes. The effect of dwell time not only leads to distinct 
Mr/ Ms ratio but also change in the compaction density and coercive field. 
With longer dwell time at sintering temperature, the compaction density 
increases from ~8.4 g/cm3 for SP2-533-30s(SP2-573-30s) to ~8.7 g/cm3 
for SP2-533-5m(SP2-573-5m). Similarly, the coercive field at 300 K in-
creases from 0.05 T(0.05 T) for SP2-533-30s(SP2-573-30s) to 0.14 T(0.24 
T) for SP2-533-5m(SP2-573-5m). Furthermore, it is more difficult to satu-
rate the samples as the dwell time increases. Among these samples, SP2-
573-30s has the highest µ0Mr of 0.56 T and µ0Ms of 0.71 T at 300 K, which 
is are higher than those of the reported values in Refs. [107]  and [99]  by 
over 30 %. However, its µ0Hc is only 0.05 T so that the (BH)max value at 300 
K is 13 kJ/m3 (1.6 MGOe). The temperature-dependent µ0Ms, µ0Mr and µ0Hc 
values are summarized in Figure. 3.17(b)-(d). As what can be seen, all of 
the specimens show typical magnetic behavior of LTP-MnBi, namely in-
creased coercive field at elevated temperatures. However, it is noted that 
the hard magnetic properties disappear above phase transition tempera-
ture (~630 K) . For anisotropic SPS magnets, the temperature-dependent 
variation in magnetic properties is consistent with that of hot-compacted 
specimens, but in contrast to isotropic SPS results. Again, this discrepancy 
could be ascribed to the high level of Bi residue in isotropic SPS-compacted 
samples as discussed in previous subchapter.  Furthermore, the magneti-
zation and magnetic anisotropy of the SPS-compacted specimens in this 
study is lower compared to that of hot-compacted ones. According to the 
M(H) measurements, it is concluded that preparing MnBi bulk magnets 
with  SPS method must be carried out under sufficiently large external mag-
netic field in order to achieve both high Mr and (BH)max. 

Since SPS technique enables easily varying preparation parameters in a 
large range, the magnetization and coercivity of SPS-compacted samples 
show diverse magnetic response. In this thesis, the samples consolidated 
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the grain boundary phases of six representative samples were analyzed be-

Figure 3.19 EDS mapping imaging. The result shown here was obtained 
from Mn45Bi55-473. As can be seen here, the LTP-MnBi grains were 
marked with black manually. 

Figure 3.20 EDS line-scans used for determination of grain-
boundary composition. The result shown here was obtained 
from Mn45Bi55-573. 
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of the majority of grains is prolate ellipsoid with an easy axis along the 
major axis. 

After identifying the possible origins of the coercivity mechanism in LTP-
MnBi magnets, the last critical issue is thermal stability of our bulk samples 
because LTP-MnBi compound is considered as a promising material for 
high-temperature applications. To study the effect of high-temperature  ex-
posure on the magnetic properties, the M(H) curves of bulk samples were 
repeatedly measured in the temperature range of 550~650 K. It was found 
that, for the anisotropic hot-compacted samples, the hard magnetic phase 
of Mn45Bi55 specimens mostly persists up to 620 K, but not for the Mn55Bi45 
ones. Figure 3.25(a) shows the difference in 620 K hysteresis loops be-
tween Mn55Bi45-573 and Mn45Bi55-573 as examples for the hot-compacted 
magnets consolidated with two atomic ratios. This observation can be 

Figure 3.25 M(H) curves measured at 620 K and DSC results for (a) Mn55Bi45/ 
Mn45Bi55-573 and (b) SP2-573-5m/30s magnets. 
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of the annealed alloys is isotropic as supported by correspond hysteresis 
loops. 

For practical applications, the grains inside the permanent magnets should 
be aligned as much as possible. In Figure 3.27, only bitter pattern could be 
observed from two hot- and SPS-compacted samples within resolution 
limit , regardless of the grain size. This suggests that most of the grains are 
actually oriented along in-plane direction, namely the direction of mag-
netic alignment. The light regions that do not display any domain structure 
are nonmagnetic phases (ie. Mn or Bi residue), while the invisible domain 
structures in some grains should be derived from non-flat surfaces. Theses 
Kerr images clearly confirms that the bulk samples in this work are highly 
anisotropic. Moreover, it seems that the magnetic domains are continuous 
at the grain boundary. Unfortunately, field-dependent measurement has 
not been performed yet to monitor the domain wall movement. 

 

 XMCD investigation  on Mn L2,3 edges (at RT) 

In the preceding subchapter, the considerable deviation of experimental 
coercivity (µ0Hc) from corresponding anisotropy field (2K1/ µ0Ms) was ex-
plained in terms of microstructural constituents. In order to study the the 

Figure 3.27 Kerr images measured roughly perpendicular to alignment direction 
at room temperature from (a) Mn45Bi55-573 and (b) SP2-533-2m. 
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 XMCD investigation on Mn L 2,3 edges (tem-
perature -dependnet)  

In addition to room-temperature measurements, two sets of temperature-
dependent XMCD spectra were completed in WERA and BOREAS beam-
lines in order to clarify the origin of the varied coercivity at elevated 
temperatures. In some published reports, it is claimed that the unusual 
positive temperature coefficient of coercive field for LTP-MnBi (from 100 
up to 540 K) is strongly linked to its thermal expansion and corresponding 

increased MAEK.[101, 129, 130] Although the neutron diffraction studies 
demonstrated that the magnetic moments on Mn atoms change with aniso-
tropic lattice expansion at elevated temperatures, no direct proof has been 
found to explain the origin of the increased coercivity, namely MAEK. 

Prior to detailed XMCD studies, the temperature-dependent crystalline 
structure of the specimen, Mn45Bi55-573, was determined using XRD 
method combined with Rietveld refinement. The XRD analysis indicates 
that both lattice constants c and a of LTP are raised steadily from 100 to 
450 K as presented in Figure 3.34(a). Moreover, Figure 3.34(b) presents 
the more important feature of LTP-MnBi: the c/a ratios go up, like the the-
oretical MAEK values given in Ref. [111] , as a function of temperature. The 
values of c/a ratios are well consistent with the experimental data in some 

Figure 3.34 Temperature-dependent (a) lattice constants and (b) c/a ratio of 
Mn45Bi55-573 magnet. The theoretical K values at different temperatures are 
quoted from [111]. 
















































































































