http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Mn-based permanent magnets

Jinbo Yang(#4:1%), Wenyun Yang(# 3 ), Zhuyin Shao(BREkEN), Dong Liang(%#%), Hui Zhao(##%), Yuanhua Xia(¥ jt
45, Yunbo Yang(# z i)
Citation:Chin. Phys. B . 2018, 27(11): 117503. d0i: 10.1088/1674-1056/27/11/117503

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Structural, M6ssbauer spectroscopy, magnetic properties, and thermal measurements of
X&xQ\LngQg

Mahdi Lataifeh, Qassem | Mohaidat, Sami H Mahmood, Ibrahim Bsoul, Mufeed Awawdeh, Ibrahim Abu-Aljarayesh, Mu'ath
Altheeba

Chin. Phys. B . 2018, 27(10): 107501. doi: 10.1088/1674-1056/27/10/107501

Effects of dipolar interactions on magnetic properties of Co nanowire arrays

Hong-Jian Li(Z=3tf#), MingYue(& 1), Qiong Wu(=35), Yi Peng(#5%), Yu-Qing Li(Z= L), Wei-Qiang Liu(xl TL5®),
Dong-Tao Zhang(7k 4:#%), Jiu-Xing Zhang(ik A %
Chin. Phys. B . 2017, 26(11): 117503. doi: 10.1088/1674-1056/26/11/117503

Magnetic properties of Sn-substituted Ni—=Zn ferrites synthesized from nano-sized powders of
NiO, ZnO, Fe»,03, and SnO,

M A Ali, M M Uddin, M N | Khan, F U Z Chowdhury, S M Hoque, S | Liba
Chin. Phys. B . 2017, 26(7): 077501. doi: 10.1088/1674-1056/26/7/077501

Low temperature ferromagnetic properties of CdS and CdTe thin films

Hafiz Tariq Masood, Zahir Muhammad, Muhammad Habib, Dong-Ming Wang(F %), De-Liang Wang(F-
Chin. Phys. B . 2017, 26(6): 067503. d0i: 10.1088/1674-1056/26/6/067503

Structural and magnetic properties of turmeric functionalized CoFe,O, hanocomposite powder

E Mehran, S Farjami Shayesteh, M Sheykhan
Chin. Phys. B . 2016, 25(10): 107504. d0i: 10.1088/1674-1056/25/10/107504


http://cpb.iphy.ac.cn/EN/abstract/abstract73089.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract72839.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72839.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71003.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70211.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70211.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract70219.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract68254.shtml

Chin. Phys. B Vol. 27, No. 11 (2018) 117503

TOPICAL REVIEW — Magnetism, magnetic materials, and interdisciplinary research

Mn-based permanent magnets*

Jinbo Yang(#4:i#%)!>>, Wenyun Yang(# 3 z)!*3, Zhuyin Shao(FFZkF)!>3, Dong Liang(##)! 23,
Hui Zhao(B4#%)123, Yuanhua Xia(Z j0#)*, and Yunbo Yang(# 2z )"

U State Key Laboratory for Mesoscopic Physics, School of Physics, Peking University, Beijing 100871, China
2Collaborative Innovation Center of Quantum Matter, Beijing 100871, China
3Beijing Key Laboratory for Magnetoelectric Materials and Devices, Beijing 100871, China
4Inst1'tutes of Nuclear Physics and Chemistry, China Academy of Engineering Physics, Mianyang 621999, China

(Received 23 September 2018; published online 25 October 2018)

Mn-based intermetallic compounds have attracted much attention due to their fascinating structural and physical prop-
erties, especially their interesting hard magnetic properties. In this paper, we have summarized the magnetic and structural
properties of Mn-based intermetallic compounds (MnX, where X = Al, Bi, and Ga). Various methods for synthesizing
single phases of MnAl, MnBi, and Mn,Ga were developed in our lab. A very high saturation magnetization of 125 emu/g,
coercivity of 5 kOe, and maximum energy product (BH )max of 3.1 MG-Oe were achieved at room temperature for the
pure T-Mn—Al magnetic phase without carbon doping and the extrusion process. Low temperature phase (LTP) MnBi with
a purity above 95 wt.% can be synthesized. An abnormal temperature coefficient of the coercivity was observed for the
LTP MnBi magnet. Its coercivity increased with temperature from 100 K to 540 K, reached a maximum of 2.5 T at about
540 K, and then decreased slowly to 1.8 T at 610 K. The positive temperature coefficient of the coercivity is related to
the evolution of the structure and magnetocrystalline anisotropy field of the LTP MnBi phase with temperature. The LTP
MnBi bonded magnets show maximum energy products (BH )max of 8.9 MG-Oe (70 kJ/m3) and 5.0 MG-Oe (40 kJ/m3) at
room temperature and 400 K, respectively. Ferrimagnetic Mn,Ga phases with L1¢ structures (x < 2.0) and D0y, structures
(x > 2.0) were obtained. All of the above structures can be described by a DO, supercell model in which 2a-Ga and 25-Mn
are simultaneously substituted. The tetragonal DO, phases of the Mn,Ga show high coercivities ranging from 7.2 kOe
for low Mn content x = 1.8 to 18.2 kOe for high Mn content x = 3 at room temperature. The Mn; ,Ga sample exhibits a
room temperature magnetization value of 80 emu/g. The hard magnetic properties of coercivity jH; = 3.5 kOe, remanence
M; = 43.6 emu/g, and (BH )max = 2.5 MG-Oe were obtained at room temperature. Based on the above studies, we believe
that Mn-based magnetic materials could be promising candidates for rare earth free permanent magnets exhibiting a high
Curie temperature, high magnetocrystalline anisotropy, and very high coercivity.

Keywords: permanent magnetic materials, magnetic properties, manganese alloys, magnetic structure, coer-
civity, magnetization, neutron diffraction

PACS: 75.50.Ww, 75.60.—d, 75.75.—, 61.05.F—

1. Introduction

To date, studies of rare-earth-transition metal intermetal-
lic compounds have paved the way for the production of high
performance permanent magnets that significantly impact the
green energy applications.!!~71 The present high performance
rare earth permanent magnets contain the transition metals Fe
and Co, which are capable of carrying a large magnetic mo-
ment in metallic compounds. Co (with a typical moment of
1.6 ug) is used in CaCus-type structures with Sm to form
SmCo binary compounds (1:5, 2:17, 1:7), while Fe (with about
2.0 up) is the principal constituent in the RyFe(4B (2:14:1),
R(Fe, M);2N, (R="Pr, Nd, M =Ti, V, Mo, ...) (1:12),
and SmyFe 7N, (2:17) families of compounds. These com-
pounds are characterized by uniaxial hexagonal or tetrago-
nal crystal structures that are the basis for large magnetocrys-
talline anisotropies. However, rare earth elements, such as
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Pr, Nd, and Dy, are relatively scare and strategically unde-
sirable, which presents a great opportunity for the study of
low-cost and environmentally sustainable magnetic metal al-
loys without rare earth elements or noble metals.[8! Mn is
another inexpensive 3d metal that can support high magnetic
moments but is not presently the major constituent of perma-
nent magnets. However, most of the Mn-based alloys normally
exhibit antiferromagnetic behavior and are not well investi-
gated. There are a few compounds containing Mn that exhibit
ferromagnetic exchange interactions, including binary alloys
Mn-Al, Mn-Ga, Mn-Bi, Mn-Ge, Mn—-As, Mn-Si, and Mn-
based Heusler alloys. Among them, the ferromagnetic 7-phase
MnAl phase (L1yp), tetragonal Mn,Ga phase, and low temper-
ature phase (LTP) MnBi have recently received a considerable
amount of attention because of their high magnetic moments,
high magnetic crystalline anisotropy constants, and high Curie
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temperatures. They therefore exhibit a potential use as perma-

nent magnets. °33]

2. Mn-Al hard magnetic phase

In 1958, Kono first discovered the presence of a ferromag-
netic -phase in Mn—Al alloys, [°! and Koch used the pulveriza-
tion method to obtain MnAl permanent magnetic alloys with
a coercivity of 0.6 T.['% The 7-phase Mn—Al is the only fer-
romagnetic phase of Mn—Al alloys and was considered as one
of the promising candidates for rare earth free magnets ow-
ing to its high magnetic moment (2.4 ug/f.u.) and Curie tem-
perature (650 K), large magnetocrystalline anisotropy constant
(1.7 MJ/m3), low cost, and good machinability.[1 1-16] The fer-
romagnetic T phase exists in compounds with an Mn composi-
tion that varies from 51 at.% to 59 at.%, with an ordered body-
centered tetragonal (L1¢) structure.!!!] The Mn atoms occupy
the 1a (0, 0, 0) site and couple ferromagnetically with the Al
atoms, and any Mn atoms in excess of the equiatomicity enter
the 1d (1/2, 1/2, 1/2) site coupled antiferromagnetically with
Mn at 1a (0, 0, 0) sites.l12141 Ag the © phase is metastable,
various heat treatments have been used to obtain and preserve
the 7-phase.!'>27] More structurally stable 7-phase MnAl al-
loys were fabricated by adding a small amount of carbon into
the MnAl alloy and possess improved mechanical properties,
including a better machinability!! ;141328391 and Curie tem-
peratures and anisotropy fields that are lower than those of un-
doped alloys.[!"1>] The pure 7-phase MnAl can be prepared
by annealing the arc-melting ingots at 1050 °C for two days
and allowing them to cool in air.>*l The Mn—Al alloy with a
coercivity value of up to 5 kOe was obtained by Lu et al. us-
ing melt spinning and milling.?>! The 7-phase MnAl was pro-
duced by Chaturvedi et al. via gas atomization.[”3! Fang et al.
directly obtained phase MnAl from casting Mng 54Alg 46 using
the drop synthesis method. > However, the 7-phase tends to
decompose or transform into nonmagnetic phases (i.e., the 9>
and 8 phases). The t-phase Mn-Al alloys prepared in pre-
vious studies consist of equilibrium phases, such as 9, and 8
phases, which depend on the preparation method and anneal-
ing temperature or time. It is worth noting that the coerciv-
ity, saturation magnetization Mg, and maximum energy prod-
uct (BH )max of Mn—Al magnets are still very low compared to
the theoretical values. >3]

To exploit the potential of the MnAl 7-phase as a
hard magnetic material, we have used different methods
to obtain the pure T-phase and investigated their magnetic
properties.['81924 Tt was found that the amount of 7-MnAl
in the final product strongly depends on the starting content
of the Mn in the alloys and the preparation methods. Sev-
eral different methods, including (i) melt spinning,"®! (ii) strip
casting, "1 (iii) conventional arc melting,[**! were applied to
prepare the T-MnAl phase. Figure 1 shows the typical x-ray

diffraction (XRD) patterns of Mns4Alyg alloys prepared using
arc melting methods. As shown in Fig. 1(a), a ferromagnetic
T phase with a small amount of f3 + 95-phases was observed
in the as-prepared arc-melting ingots. After heat treatment at
1050 °C for two days and a slow cooling down to room tem-
perature, the  + 7»-phases disappeared and an almost pure 7-
phase was observed, as shown in Fig. 1(b). This is consistent
with the observation that the high temperature e-phase (h.c.p)
first forms at 1050 °C , and then transforms to the ferromag-
netic 7-phase following sufficient cooling.!*’! According to
the Mn—Al phase diagram,!'%! the ferromagnetic Mn—Al phase
is able to form in compounds with Mn atomic contents of 51%
to 59%. To determine the specific 7-MnAl phase region, we
tried to prepare Mnss_,Alssq, (x =0, 1, 2, 3) alloys using
the the same method. The XRD patterns shown in Fig. 2 sug-
gest that only Mns4Alyg could easily form the single T-phase
MnAl. The equilibrium phase of the f3-phase appears in the
Mn rich MnssAlys alloy, while the equilibrium 8 + 7»-phases
occur in the more Al-rich Mns3Aly7 and Mns; Alyg alloys. As
the composition Mns4Alye is more suitable for the formation
of single 7 phase MnAl, an atomic ratio of 54:46 for Mn:Al is
chosen as the starting composition to produce the high purity
ferromagnetic 7-phase with high performance.

Melted Mn Al . ingot

Intensity

(b) Mng Al after annealing at 1050 °C

for 2 days then cooling in air

T T T T T T
20 30 40 50 60 70 80
20/(°)
Fig. 1. XRD patterns of Mns4Alyg (a) as a prepared arc-melting ingot

and (b) after annealing at 1050 °C for two days and cooling to room
temperature.
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Fig. 2. XRD patterns of Mnss_,Alys., ingots annealed at 1050 °C for
two days and cooled to room temperature: (a) x =0, (b)x=1, (c)x=2,

(d)x=3.
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As for the carbon doped MnAl alloys, alloys with com-
positions of Mnss_AlyC, (x =0, 1, 2, 3) were prepared by
method (iii). The XRD patterns of Mnss_AlyC, (x =0, 1,
2, 3) ingots after annealing and then cooling in air are shown
in Fig. 3, all of which form the pure 7 phase. In contrast to
our results, Zeng et al.!**! showed that the Mns, 5Al4C 5 al-
loy could not form a pure phase by conventional melting, and
this difference may be due to differences in composition and
heat treatment process. The XRD peaks of the Mnss_AlysC,
(x =1, 2, 3) are narrower and more intense than those of the
carbonfree samples. This reveals that the addition of C con-
tributes to the formation of the 7 phase by releasing the inter-
nal stress of the sample. The correlated differential thermal
analysis also shows that C-doped MnAl is easier to form and
has a better stability.

Mn_,Al,.C

53" 48

Intensity

MnAl,C, A

Mn,,Al,C, A

20 30 40 50 60 70 80
20/(°)
Fig. 3. (color online) XRD patterns of Mnsg_,Al46C, (x =0, 1, 2, 3)
ingots annealed at 1050 °C for two days and then cooled to room tem-
perature.
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Fig. 4. XRD patterns of the MnsyAlyg alloys prepared with method (ii)
(melt spinning speed is 30 m/s) at different steps (a)—(c).

Figure 4 shows the XRD patterns of the MnssAlyq al-
loys prepared with method (i) at different steps. The main
phase in the resulting Mns4Alyg ingot is the T-MnAl phase,
but it contains a small amount of the equilibrium 8 + 7, phases
(Fig. 4(a)). Mns4Alye completely retains the high-temperature
nonmagnetic € phase (Fig. 4(b)) in the ribbon samples ob-
tained at a melt spinning speed of 30 m/s. The samples were
annealed at 450 °C for 45 min and then fully transformed into

the 7-MnAl magnetic phase (Fig. 4(c)). The XRD peaks of
the 7-MnAlI magnetic phase are sharper than those of the sam-
ples prepared with method (iii). The difference in the width of
the diffraction peak reveals that there should be different mi-
crostructures in the samples. The pure Mnsy_,AlyCy (x =1,
2, 3) T-magnetic phase can also be directly obtained by an-
nealing the corresponding ribbons at 450 °C for 45 min (data
not shown here).
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Fig. 5. (color online) XRD of free surfaces of MnAl strip samples and
powder samples with different compositions: (a) Mns; Alsg, Mnsg Alye,
and MnsgAlyy strip samples; (b) MnsyAlyg, MnsgAlyg, and MnsgAlyg
powder samples. [1*]

The strip casting technique has been employed to produce
large amounts of strips of Mnsy Alsg, MnssAlsg, and MnsgAlag
alloys.!"”! The as-prepared strips were milled into powders
to study their structures and magnetic properties. Figure 5
shows the XRD patterns of the as-prepared MnAl strips and
their powder samples. It is obvious that only the 7-phase was
detected on the free-surfaces of the MnspAlsg and MnssAlyg
strips (Fig. 5(a)), while both the - and 9»-phases appeared in
the MnsgAlag strip. After the strips were milled into powders,
many more f3-phases and y;-phases were detected, as shown in
the XRD patterns of MnsyAlsg and MnsgAlys powder samples
(see Fig. 5(b)). This can be attributed to two effects: (A) the
decomposition of the metastable 7-phase into 3- and »-phases
because of the high defect density introduced in the grinding
process. 2027311 Similarly, the B-phase and 7»-phase content
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increases with an increase in milling time for the MnssAlsg
powder samples with different milling times (data not shown
here). (B) The cooling rate of the surface and that of the inside
of the strip for strip samples are different, which may lead to a
lack of complete uniformity in the phase compositions of the
surfaces and insides of the strips. Generally, during the grind-
ing process, the increase in strain and the decrease in grain
size induce broadening of the diffraction peaks of Mns4Alyg
powders as shown in Fig. 5(b). The XRD data of Mns4Alyg
powders indicates that the nearly pure MnAl t-phase could be
observed together with tiny amounts of the B-phase and 7»-
phase, meaning that a high purity 7-phase can be achieved by
choosing the starting composition of the Mns4Alyg alloy.

Fig. 6. SEM images of the microstructures of 7-MnAl alloys prepared
by different methods: (a) and (b) for method (iii), (c) for method (i),
and (d) is the ground powders from (c).

Figure 6 shows the SEM images of the microstruc-
tures for the 7-MnAl alloys prepared by different methods.
For the MnAl alloy prepared using method (iii) (Fig. 6(a)),
the microstructure consists of many twin related substruc-
tures, which are related to the &-7 phase transformation
processes.! 731 The transformation from the € to T phase
occurs via a compositionally invariant, diffusion nucleation,
and growth process.*"3? The long range stresses associated

150
(a) —=— 5 minutes (b)
—e 15 minutes
100} —+ 30minutes °
—v 40 minutes =
—+ 60 minutes £
—_— |  —< 90 minutes A
K=y 50 —» 120 minutes £
£
3 0
=
-50
m
e
-100 | L
-150 " 2 2 " " 2
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Applied Field (kOe)
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2000

with the different lamellae result in the formation of the twin
bands that can be seen in Fig. 6(b). Compared to those of
method (iii), the grains of the Mns4Alyg strip sample prepared
by method (i) show uniform size distribution and relatively
completed separation (Fig. 6(c)). The uniform size distribu-
tion with relatively complete separation in Mns4Alyg alloys
is helpful for the phase transformation that occurs during the
strip casting process. As shown in Fig. 6(d), the grains of the
MnssAlsg powder sample show a fine layer-like structure that
results from a martensitic shear reaction. This layer-like struc-
ture may preserve a large strain during the grinding process,
leading to a broadening of the peak in the XRD patterns.

140
120} )
100}
2 sof —o— 300K-MH
£ —=— 10K-MH
o 60f
S 4l M, 300k=125.1 emu/g
20l M _10x=132.5 emu/g
OF =
0 10 20 30 40 50 60 70
H (KOe)
150
(b)
100 |
@ 50 -
= !
E o
3
= -50 -
i ——Mn_Al,,
00 —o—Mn Al
, & ——Mn,Al,,
-150 1 1 Il 1
-60 -40 -20 0 20 40 60
H(kOe)

Fig. 7. (color online) M-H curves for T-MnssAlyg alloys prepared by
(a) method (iii) and (b) method (i).[*°]
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Fig. 8. (color online) (a) Hysteresis loops and (b) magnetic properties of Mns4Alyg powders prepared by method (iii) and milled for different

durations.
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Figure 7 shows the M—H curve for 7-MnssAlsg alloys
prepared with methods (i) and (iii). The room temperature
magnetization of 114 emu/g and 125 emu/g can be obtained
at a magnetic field of 5 T for methods (i) and (iii), respec-
tively. These values are higher than those of the previous

16.20.30] The magnetization is critical to obtaining a

reports.[
high maximum energy product.

To further improve the magnetic properties of the alloys,
the alloys were mechanically milled to fine powders for dif-
ferent durations. The fine powders were fixed into an epoxy
resin and subjected to a magnetic field of about 1.0 T to form
magnetically aligned samples of cylindrical shape. The hys-
teresis loops of the powders from the annealed samples with
different grinding durations are shown in Fig. 8. It can be seen
from Fig. 8(b) that coercivity increases quickly with grinding
duration and reaches its maximum of 5 kOe at about 90 min.
The increase in coercivity is partly due to grain refinement.
In addition, the increase in grain boundary and lattice defects
caused by grinding also increases the coercivity of the pin-
ning mechanism. The magnetization decreases with milling
time, which is due to the decomposition and Mn-Al disor-
der effects in the grinding process.['>1331] This can be ob-
served from the change in the peaks intensity with milling
time (see Fig. 9). As the [100] and [001] peaks are related
to the Mn—Al site ordering, the disappearance of these two
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T / g /
1000 . To2
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peaks is related to the Mn—Al site disorder. As the atomic ra-
tio of Mn is over 50%, extra Mn will go to the Al sites 1d
(172, 1/2, 1/2), which will couple with the Mn on site la (0,
0, 0) in an antiparallel manner, and reduce the total magne-
tization. Thus, this suggests that it is critical to prevent the
disorder effect in MnAl alloys. The best magnetic properties
of coercivity jH, = 3.7 kOe, remanence M; = 72.6 emu/g, and
(BH)max = 3.1 MG-Oe at RT can be obtained for the sample
that was milled for 15 min. Magnetic properties of coerciv-
ity {H. = 6.0 kOe, remanence M, = 79 emu/g, and maximum
energy product (BH )max = 4.9 MG-Oe were achieved at 10 K.

MnaAI grind effect
5 180min
Mw S
2z H_‘_unzgm_mﬁ i N
‘w
- S -
o r gomln —— e e~
g . .
- Jo
—
60min
. A A 30min
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Fig. 9. (color online) XRD patterns of MnAl powders prepared by
method (iii) and milled for different durations.

0 20 40 60 0 20 40 60
milling time (minite) milling time (minite)

Fig. 10. (color online) (a) Hysteresis loops and (b) magnetic properties of Mns; Al44C3 powders prepared by method (iii) and milled for different durations.

Similar to that of Mns4Alyg, the saturation magnetization
of Mns;AlygCs decreases with an increase in milling time,
and decreases from 124.2 emu/g to 55.1 emu/g after 60 min,
while the coercive force increases linearly from 531.6 Oe to
2931 Oe (Fig. 10). As the initial coercive force is too small,
the residual magnetization increases with increasing coercive
force, reaches its maximum value after 30 min of grinding, and
then begins to decrease. The best permanent magnetic prop-
erties are obtained after grinding for 60 min. The magnetic
properties are coercivity jH. = 2.93 kOe and residual magne-
tization M, = 32.9 emu/g. The maximum energy product of
Mns; AlgeCs is much smaller than that of MnsgAlgg.

The saturation magnetization of MnAl(C) decreases sig-
nificantly with milling time, which is not due to the phase

transition induced by grinding, as no new diffraction peaks
are found in the XRD and neutron diffraction (ND) patterns
(data not shown here). The reason for the decrease in the
saturation magnetization may include: (A) The crystal inter-
face is increased after grain refinement. In 1966, Zijlstra et
al. observed the antiferromagnetic coupling of the lattice de-
fect boundary using a Lorentz microscope.*?! (B) The XRD
background growth indicates the presence of amorphous com-
ponents, which may also reduce the saturation magnetization,
because amorphous components generally do not show strong
ferromagnetism. The saturation magnetization decreases from
124.1 emu/g to 16.5 emu/g, which is reduced by 86.7% with
an increase in milling time. The above two reasons are not suf-
ficient to explain the decrease in the saturation magnetization
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with milling time. Another important reason for the decrease
in saturation magnetization is that the milling leads to an in-
crease in the disorder of the atomic occupancy in the MnAl(C)
magnetic phase so that more Mn atoms appear in the antifer-
romagnetic coupling state.[!314]

The coercivities of all as-prepared strip Mn—Al samples
were less than 1 kOe. The strips were further milled into
powders with a particle size of less than 0.1 mm to study
their magnetic properties. The coercivities of the powder sam-
ples showed a value of 2.8 kOe, indicating a significant in-
crease, when compared with those of the as-prepared strip
samples. The measured magnetizations Mst for Mns4Alyg and
MnsgAlys powder samples were 63.9 emu/g. They are lower
than those of the strip samples due to the decomposition and
Mn-Al disorder effect in the grinding process. Besides, the
amorphous-like phase, which can be detected by an increase
in the XRD background, also makes a contribution.

We also successfully prepared the Ga-substituted T-phase
Mnsg sAlys 5 Ga, (x = 0.0, 15.0, 25.0, 35.0, 45.5) with L1g
structure by meltspinning and subsequent annealing.!!'8) The
site-specific ordering and magnetic structure were determined
by XRD and ND (see Figs. 11 and 12). In particular, we found
that Al and Ga atoms both occupy the 1a (0, 0, 0) and 1d (1/2,
172, 1/2) sites, and show a preference for occupying the 1d
site. With an increase in Ga content x, the lattice parameter a
slightly decreased, while ¢ abnormally increased, which is due
to the fact that the Ga atom located at the 1d sites is larger than
that of Al. The mass magnetization decreased from 134 emu/g
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to 91 emu/g at 5 K as x increased from 0.0 to 45.5 owing
to higher density of the alloys with Ga. The Curie tempera-
ture decreased almost linearly from 644 K for Mnsgq sAlys 5 to
578 K for Mnsy 5Gays s owing to the decrease in the ferromag-
netic Mn—Mn interaction in the a—b plane. A coercivity (iH.)
value of 3.67 kOe and a maximum energy product (BH )max
of 2.05 MG-QOe were obtained for Mns4 5Al3g 5Ga;s powders
(Fig. 13). The observed magnetic properties are in accordance
with the competing ferromagnetic interactions between Mn
moments at the regular 1a site and antiferromagnetic coupling
with the excess Mn atoms occupying the 1d site.
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Fig. 11. (color online) XRD patterns of Mnsy 5Al455_,Ga, (x = 0.0,
15.0, 25.0, 35.0, 45.5) samples. The right inset shows the magnified

region around the (001) and (100) peaks, which are normalized by the
intensity of the (101) peak.!'8]
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Fig. 12. (color online) Neutron diffraction patterns of the (a) Mnsg 5Alss 5, (b) Mnsg 5Al30 5Gays, (¢) Mnsg sAlyg sGaps, and (d) Mnsg 5Al19.5Gaszs
samples at 300 K, which are indexed to the L1 tetragonal structure. The simulated pattern (black line) is compared to experimental data (red dots).
The difference is shown by the blue line. The structural and magnetic peak positions are shown by magenta bars.[!8!

117503-6



Chin. Phys. B Vol. 27, No. 11 (2018) 117503

100 - . / \\
-3
OZ
3
o
L O grind Omi;
s0=y X ::::“:::n\
g’ 0070 30 40 s0)
£ 0 Ga content
<O
E MnSA.SAI45.5
"50 o Mn54.5AI30.SGa15
Mn54,5AI20.SGaZS
100 Mn54.5AI10.SGa35
Mn54.5Ga45}5

20 =0 o0 10 200 %0
H(kOe)

-30

Fig. 13. (color online) Room temperature M(H) hysteresis loops of
Mnsg sAlys s—xGay, (x = 0.0, 15.0, 25.0, 35.0, 45.5) samples. The inset
shows the coercivity as a function of Ga content with milling time of 0
and 30 min.!'8]

3. MnBi hard magnetic materials

The MnBi low temperature phase (LTP) with an NiAs-
type hexagonal crystal structure exhibits unique magnetic and
structural properties. The saturation magnetization of LTP
MnBi is about 81 emu/g at RT, and the maximum theoretical
energy product (BH )max is about 18 MG-Oe. The magnetic
anisotropy constant K is about 107 ergs/cm > at 500 K. Com-
pared to those of most ferromagnetic materials, the unusual
positive temperature coefficient of coercivity from 150 K to
550 K in the LTP MnBi makes it a promising candidate for
applications as a high-temperature magnet. [33-4% Heusler first
discovered the ferromagnetic MnBi over a century ago.33! An
energy product (BH )max of 4.3 MG-Oe was achieved in the
1950’s.1341 The highest (BH ) may of the bulk LTP MnBi magnet
that has been observed to date is about 8-10 MG-Oe at room
temperature,*%#!1 which is mainly related to the fact that it
is hard to obtain high purity MnBi powders, as Mn tends to
segregate from the Mn—Bi liquid at the peritectic temperature.
Considerable efforts have been expended to prepare high pu-
rity LTP MnBi over the past decades through methods includ-
ing rapid solidification,3%38] arc melting,[*3! sintering, #4431

[46] and chemical solution.”) Over 95

mechanical alloying,
wt.% was prepared by rapid quenching from melt followed
by thermal annealing.® High purity MnBi powder (> 90%)
was obtained by sintering and exhibited an M; of 74.6 emu/g at
room temperature, while the (BH )pnax of the properly aligned
powder reached 11.9 MG-Oe.*! Ko et al.[*! fabricated MnBi
magnets with a coercivity value of 10 kOe and (BH )max up
to 5.34 MG-Oe using mechanically alloyed powders via the
spark plasma-sintering process. At room temperature, the cry-
omilled powders show large coercivity values of 18.5 kOe and
20.7 kOe for MnsoBisg and MnssBiys, respectively. [48] Re-
cently, by using low temperature low energy ball milling and
fast warm compaction technique, a MnBi bulk magnet with

a density of 8.4 g/cm® has been achieved, which exhibits a
(BH ) imax of 7.8 MG-Oe at 300 K.[*! The hybrid anisotropic
MnBi/Sm;Fe 7N, magnet with a maximum energy product
(BH ) max of 18 MG-Oe at 300 K was also prepared.[’! As a
hard phase in the hybrid magnets, MnBi could improve the
temperature dependence of the hybrid magnets.[>!->?]

To improve the hard magnetic property of MnBi, we
have employed different methods to synthesize the high pu-

37,38:42,50.53-571 (1) Sintering method: well

rity MnBi alloys.|
mixtures of manganese (99.9%) and bismuth (99.99%) pow-
ders were molded into a columnar shape and then sintered
in an argon atmosphere at 1000 °C for 24 h followed by
cooling to room temperature. The optimum composition was
about Mn:Bi=155:45, at which 60 wt.% of LTP MnBi can be
achieved after sintering. (2) Mechanical alloying: the mixed
powders of appropriate amounts of Mn and Bi were mechan-
ically alloyed, and subsequently annealed at 800 °C for 2 h.
About 30 wt.% of LTP MnBi can be obtained by this method.
(3) Induction/arc melting: the ingots of MnBi were prepared
by induction/arc melting appropriate amounts of Mn and Bi
under an argon atmosphere. About 20 wt.% of LTP MnBi can
be obtained after induction melting. (4) Melt spinning: the in-
gots of MnBi were prepared by induction/arc melting appro-
priate amounts of Mn and Bi under an argon atmosphere. The
ingots were then divided equally into several parts with each
part about 2.5 g. The ribbons of Mn,Bijgp_, were obtained by
ejecting the melt from a quartz tube onto the surface of a rotat-
ing copper wheel under an argon atmosphere. The tangential
speed of the wheel was altered from 10 m/s to 70 m/s. The rib-
bons were then annealed at different temperatures from 473 K
to 773 K. To improve the purity of LTP MnBi, the as-prepared
alloys were crushed into powders, and a magnetic separation
process was then employed to enrich the LTP MnBi. Accord-
ing to the XRD and ND data refinements, 12! the ratio of LTP
MnBi can be enriched up to about 90 wt.%, 60 wt.%, and
25 wt.% after magnetic separation for methods (1), (2), and
(3), respectively. It is obvious that method (1) is more suitable
for producing high-purity LTP MnBi, which is probably ow-
ing to the good reactivity between Mn and Bi, and the larger
grain size, which facilitates the magnetic separation.

To improve the hard magnetic properties of MnBi, the
magnetic separated powders from method (1) are further pul-
verized into fine particles approaching a single domain size of
about 500 nm. The fine powders are fixed into an epoxy resin
under a magnetic field of about 1.0 T to form aligned sam-
ples of cylindrical shape. The hysteresis loops of resin-bonded
MnBi powders measured at different temperatures are shown
in Fig. 14(a). Coercivities of 2.0 T and 1.5 T were observed
at room temperature and 400 K, respectively. Below 150 K,
the coercivity tends to become zero owing to the spin reorien-
tation of the Mn atomic moments (see Fig. 14(b)). The maxi-
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mum energy products (BH )max of the magnet are 7.7 MG-Oe
(61 kJ/m?) and 4.6 MG-Oe (37 kJ/m?) at room temperature
and 400 K, respectively. As shown in Fig. 14(b), the coercivity
rapidly increases with temperature from 150 K to 400 K, and
an even larger coercivity than 2.0 T can be expected at a higher
temperature. This is a great advantage for high-temperature
applications relative to most of the present hard magnets such
as Nd,Fe 4B, which has a negative coefficient.
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Fig. 14. (a) The hysteresis loops of resin-bonded MnBi magnets

measured at different temperatures, and (b) the coercivity at different
[42]

temperatures.
Melt spinning is a method that can produce nanosize
MnBi grains with high purity, as it can reduce or even elim-
inate Mn segregation, i.e., avoid the segregation by prepa-
ration of an amorphous MnBi precursor.*¥! MnBi ribbons

with different compositions were prepared at various quench-
ing rates.[*3! It was found that the ribbons that quenched at
60 m/s showed a complete amorphous phase. The low speed
(10 m/s) quenched ribbons have an inhomogeneous fraction,
which shows distinct peaks of Mn and Bi in the XRD pat-
terns. Thus, a high wheel speed of 65 m/s was used to ob-
tain the amorphous ribbons. The ribbons were annealed in the
temperature range of 473 K to 893 K. Figure 15 is the XRD
pattern of MnssBis5 melt-spun at 65 m/s before and after an-
nealing. It can be seen from the pattern that amorphous MnBi
transforms to high purity LTP MnBi at 573 K. The content of
MnBi determined from XRD and ND data is higher than 95%.
A saturation magnetization of 75 emu/g was measured at room
temperature. It was also found that when MnssBigs was used
in the mixture, LTP MnBi with a purity of more than 95 wt.%
could be stably prepared after annealing.

The SEM image (Fig. 16(a)) indicates that the grain size
is on a nanoscale for the as-prepared ribbons. For the an-
nealed ribbons, an average grain size of about 20-30 nm
was observed by TEM, as shown in Fig. 16(b). To improve
the magnetic properties, the annealed ribbons were milled
for various durations. The SEM images of the milled MnBi
magnetic powders are shown in Figs. 16(c) and 16(d). The
size of the MnBi particle is about several microns as seen in

T T T T T T T

(a) before annealing |

Intensity

40
260/(%)
Fig. 15. XRD patterns of the MnBi after melt spinning at a speed of
65 m/s (a) and subsequently annealing at 573 K for 3 h (b).[38]

Fig. 16. (a) SEM image of as-quenched MnBi ribbons melt-spun at 65 m/s, (b) TEM image of annealed ribbons melt-spun at 65 m/s,

(c) and (d) the milled MnBi powders. 8!
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Fig. 16(c). The particle morphology observed after magnifica-
tion (Fig. 16(d)) indicates that each of the large MnBi particles
contains a number of small grains. This indicates that the size
of the MnBi grains is much smaller than the size of the parti-
cles after milling. As the MnBi single domain size is around
500 nm, the resulting grains can be regarded as single domain
size grains.

Figure 17 plots the hysteresis loops of the milled pow-
ders measured at different temperatures. The ratio of the re-
manence to saturation magnetization M;/M; is about 0.935,
which indicates that most of the particles are aligned to the c-
axis. As most nanocrystalline magnets prepared by melt spin-
ning are isotropic and show an M;/M; ratio of normally less
than 60%, such a high M, /M ratio of nanocrystalline MnBi is
unique and is due to to the crystallographically orientation of
the single crystal grains. The coercive forces reach 1.9 T and
1.1 T at 400 K and 300 K, respectively. The maximum energy
products (BH )ax are 8.9 MG-Oe (70 kJ/m?) and 5.0 MG-Oe
(40 kJ/m?) at room temperature and 400 K, respectively. The
coercivity and energy product are much larger than those of the
Nd,Fe 4B magnet at 400 K, and have a very low temperature
coefficient. Figure 18 is the temperature dependence of the co-
ercivity for the powders milled for 7 h. The coercivity of MnBi
increases with temperature from 100 K to 540 K, reaches a
maximum of 2.5 T at 540 K, and then decreases slowly to
1.8 T at 610 K. The positive temperature coefficient of the co-
ercivity is related to the magnetocrystalline anisotropy field of
MnBi, which increases with temperature from 150 K to 530 K,

and reaches a maximum at about 530 K.[33-36]

601 i i i 300K
400K
40t

M (emu/q)

TR 0 20 40

Magnetic field ( kOe)

Fig. 17. (color online) Hysteresis loops of the milled powders measured
at different temperatures. 8]

The powder neutron diffraction was used to investigate
the phase and structural evolution of MnBi with different

37.38] The temperature dependence of lattice pa-

temperatures. [
rameters, ¢/a ratio, and magnetic moment of MnBi obtained
from refined ND data are summarized in Fig. 19. A kink is
observed in both the a and ¢ axes around 100 K, which is con-
sistent with the spin reorientation of the Mn atoms observed
in Fig. 20. The relaxation of the lattice is found to be associ-

ated with changes in the magnetocrystalline anisotropy from

planar to c-axis anisotropy. When the c¢/a ratio is less than
1.425, the LTP MnBi shows planar anisotropy; as ¢/a > 1.425,
the uniaxial anisotropy appears, and the anisotropic field in-
creases with an increase in ¢/a up to 1.433. When the c¢/a
ratio reaches 1.433, a magnetostructural phase transition from
ferromagnetic to paramagnetic occurs. At the magnetostruc-
tural transition, the ¢/a ratio of the nanostructured MnBi re-
mains unchanged, whereas that of the bulk material decreases
abruptly to 1.37. No evidence of discontinuity is noticed for
the lattice a- and c-parameters at 625 K for high purity MnBi,
while the discontinuity is easily seen in the lattice parame-
ters of the bulk at this temperature. The magnetic moment of
the Mn atom decreases slowly with an increase in temperature
(Fig. 19(b)) and shows no discontinuity around 100 K corre-
sponding to the spin reorientation of the Mn atom. A sharp
drop in the magnetic moment is observed at 540-550 K ow-
ing to the magnetic phase transition, and it reaches a value of
1.41 up at 600 K.
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Fig. 18. (color online) Temperature dependence of the coercivity for
LTP MnBi. 53!
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Fig. 19. (color online) (a) Lattice parameters a, ¢, and ¢/a ratio of MnBi
at different temperatures, and (b) the temperature dependence of the Mn
magnetic moment in MnBi. 381
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Fig. 20. Thermo-magnetic curve of MnBi measured along the c-axis.
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Fig. 21. (color online) (a) Initial magnetization curves for MnBi with
different annealing temperatures. (b) Relationship between coercivity
field and maximum applied magnetic field at 300 K and 350 K.

The coercivity mechanism of MnBi can be simply ana-
lyzed by using the initial magnetization curves of MnBi mag-
netic powders. As shown in Fig. 21, when the applied mag-
netic field is small, the magnetization increases rapidly to
near saturation, and this phenotype is the nucleation controlled
magnetizing mode. In the magnetization process, rotation of
the magnetic moment and movement of the magnetic domain
are the main occurrences. Obvious domain wall pinning be-
havior is not observed. The initial magnetization curves of
573 K, 613 K, and 653 K of the annealed samples are very
steep. To study the coercivity mechanism under the nucleation
model, the relationship between the coercivity and the applied
field was measured (see Fig. 21(b)). From the curves of the

coercivities measured at 300 K and 350 K, one can see that
the coercivities increase with the applied magnetic field and
slowly reach their maximum values. The curve is not perfectly
linear owing to microstructural factors such as grain misalign-
ment and lattice defects in the materials.

A more in-depth analysis of the coercivity mechanism
was conducted using the micromagnetic theory.>>¢! The an-
gular dependence of coercivity is determined from the hystere-
sis loops measured at different angles and shown in Fig. 22(a).
The coercivity decreases with an increase in the angle between
the easy axis and the applied field direction, indicating that
a coherent rotation of magnetization occurs in MnBi accord-
ing to the classical Stoner—Wohlfarth (S—-W) model.®® The
mechanism of coercivity was then analyzed by comparing the
experimental results with three theoretical models: (i) the S—
W model with Hid! (K 0, K, = 0, K3 = 0) for K, = 0 and
K4 = 0 originally proposed by Stoner and Wohlfarth, where
the parameters K; and K, are the anisotropy constants of
MnBi, and Ky is the anisotropy constant related to the demag-
netization field; (ii) the nucleation field model developed by
Kronmiiller ez al.!>! that considers the second anisotropy con-
stant K, (K, /K = 0.318 for MnBi at room temperature, 160] g
shown in the Hi% (K| # 0, K> # 0, K4 = 0) curve; (iii) for
the third model,®" ; HP" represents the angular dependence of
the pinning field, which is proportional to 1/cos 6. The angu-
lar dependence of the theoretical nucleation and pinning fields
for ideal grain alignment are plotted in Fig. 22(b). The value
of the y axis is normalized to the value for ¢ = 0. The angular
dependence of the critical field Hy and coercive field jH, of
MnBi measured at 300 K are also plotted in Fig. 22(b). Here,
the critical field Hy is defined as the point of inflection of the
hysteresis loops in the second or third quadrant, and the coer-
cive field {H, is defined as the magnetic field where the mag-

netization is zero. It is found that Hy "’

initially decreases with
increasing ¢, and then increases from ¢ = 45° to 90°, which
is at most coincident with the Hfffeal (K1 #£0,K, =0, Kg =0)
curve. The disparity in Hy between the experimental measure-
ment and Stoner—Wohlfarth model may be caused by not in-
cluding the second anisotropy constant K>, which will increase
the critical field.[®! In addition, the coercive field ;HS™ shows
a different dependence on ¢. The variation trend of ;He " is
in accordance with that of Hy " for 0° < ¢ < 45°. However,
H'P starts to deviate from Hy " in the range of 45° < ¢ < 90°,
which was predicted by the Stoner—Wohlfarth model. There-
fore, the magnetic reverse process of MnBi powders is sup-
posed mainly controlled by coherent rotation of single domain
grains. Because the grain sizes in LTP MnBi do not show an
apparent change from 300 K to 540 K, the Stoner—Wohlfarth
model is supposed to be the appropriate coercivity mechanism
for MnBi at temperatures between 300 K and 540 K.
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Fig. 22. (color online) (a) Hysteresis loops of MnBi anisotropic powders measured at various angles, taken at 300 K. (b) The theoretical angular
dependence of the Stoner different model, the nucleation field model developed by Kromuller, and the 1/ cos ¢ law. The experimental results
for the coercive field ;H. and critical field Hy of 7 h milled MnBi powder measured at 300 K. 1551

4. Mn,Ga magnetic materials

Mn-Ga exhibits remarkable magnetic properties with dif-
ferent structures. Mn—Ga forms mainly two kinds of crys-
tal structures, the tetragonal L1y (tP4; P4/mmm; AuCu)
and DOy (tI8; I4/mmm; Al,Ti) types, depending on the
composition. [62-65] Mn3,Ga compounds with D05, (0.0 <x <
1.1) and L1y (1.2 < x < 2.0) structures are expected to have
anisotropy constants K, of 20 Mergs/cm? and 26 Mergs/cm?,
magnetizations M, of 305 emu/cm’ and 845 emu/cm?, and
energy products (BH)max of 3.67 MG-Oe and 28.2 MG-Oe,

[65-67) For L1y-type MnGa alloys, the key issue

respectively.
is that the ;H. value is still relatively low. The coercivity of
the Mn; »Ga ribbon was only about 1.0 kOe, although the
anisotropy constant of 14.0 Merg/cm? was measured.[%%] An-
other problem is that the Mn—Ga powder can only be aligned
partially and the hot compacted sample is isotropic.!%) Ow-
ing to the low magnetization and the high material cost of Ga,
DO0y;-type Mn—Ga is not suitable for permanent magnetic ap-
plications. However, it can be a valid candidate for spintronics
and the hard component of an exchange spring magnet.

To understand the magnetic properties, Krén ef al. first
revealed the ferrimagnetic structure of D0y;-type Mn—Ga us-
ing neutron diffraction experiments, with Mn magnetic mo-
ments of 1.6 ug at the 4d site and 2.8 up at the 2b site.["]
To explain the compositional dependence of magnetic prop-
erties for DO,-type Mn—Ga alloys, Mizukami ef al. have pro-
posed a magnetic structure model in which the extra Mn atoms
can randomly replace Ga atoms at the 2a or 2b sites and cou-
ple antiferromagnetically with the Mn atoms at the 4d site in
Mn-Ga films.!"!l Winterlik et al. proposed the Mn atom va-
cancy model involving the Mn vacancies at both the 26 and
4d sites.”?) Normally, the vacancies at the 2b or 4d sites will
decrease ¢ and the unit cell volume V, but the observed ex-
perimental data show that ¢ and V increase with a decrease
in Mn content. Recently, Rode et al. obtained a noncollinear
magnetic structure in Mn3Ga, where the 20 moment has a soft
intrinsic a—b plane component.!’3! The structural correlation

and transformation between are not well studied, which is crit-
ical for understanding the magnetic properties of these com-
pounds. Therefore, a symmetrical investigation of the crystal
and magnetic structures of the Mn,Ga compounds for the wide
composition range is required.

We have used several different methods to synthesize the
ferro/ferrimagnetic Mn—Ga alloys: 74751 (1) Mn,Ga (1.0 < x <
3.0) alloy ingots were prepared by arc melting method. We
found that it is generally difficult to obtain a single-phase mag-
netic phase by annealing the bulk ingot directly. To promote
the magnetic phase, we first mechanical crushed the ingots into
powders, and then heat-treated the alloy powders. For Mn,Ga
(x=1.2, 1.4, 1.6) powders, heat treatment at 350-500 °C can
directly lead to a magnetic phase, and the higher the temper-
ature, the shorter the heat treatment time required. While for
Mn,Ga (x = 1.8-3.0) alloys, ingots were first sawed into pow-
der (different from the previous mechanical crushing), and
the resulting y-Mn phase sawdust was then transformed into
tetragonal DO, phases by annealing at 400 °C for 14 d. (ii)
Mn,Ga (x = 1.8-3.0) ingots were melt-spun at a rate of 15 m
/'s, and the resulting ribbons were then heat treated. It was
found that the main phase in the Mn,Ga (x = 1.8-2.6) ribbons
is the 1 phase of D09, while Mn, gGa and Mnj3 (Ga ribbons
are all in y phase. All ribbon samples were annealed at 400 °C
for 7 d to form a single tetragonal phase.

Figure 23 shows the XRD patterns of the prepared Mn,Ga
(x = 1.2-3.0) magnetic phases. Some of them are do not ap-
pear in all of the Mn—Ga phase diagrams.!’%-8% The range
of the Mn atomic fraction of the Mn—Ga magnetic phase we
have obtained is the largest reported in the literatures. All
diffraction peaks can be indexed to a single tetragonal phase:
the DOy or L1 phase (see Fig. 24). The magnetic phase
of Mn,Ga (x < 2.0) has an L1 structure and that of Mn,Ga
(> 2.0) has a D0y, structure. These two structures look very
similar. If a cell of D0,; is regarded as a supercell of the L1
unit cell, which extends twice along the c-axis, the difference
in the two is essentially only the ordering degree of the atom
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occupying position. From the XRD patterns of the D0,,- and
L1y-type structures, it is obvious that the two kinds of diffrac-
tion spectra are almost identical, except in the low angle re-
gion (20°-35°) in Fig. 23(b), where the (101) peak from D0,;
structure can be used to distinguish them. The three peaks
with the indexes of (002), (101), and (110) are crucial as they
can be used to identify the structural evolution and occupation

fraction of the specific atomic sites in the tetragonal structure.
Owing to the poor x-ray contrast between Mn and Ga, and the
weak intensities of the typical peaks, the XRD pattern can-
not be used to study the Mn—Ga atomic site disordering effect
in these compounds. Hence, the exact atomic occupation can

only be further refined using neutron diffraction data.
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Fig. 23. (color online) (a) Typical room temperature XRD patterns of Mn,Ga (1.2 < x < 3.0); (b) enlarged low angle region of the
XRD patterns.
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Fig. 24. (color online) (a) The tetragonal D0y, structure. (b) The tetragonal L1 structure. (c) The tetragonal D0y, structure, including

two unit cells with L1 structure.[7>]

To further analyze the crystal and magnetic structures of
Mn,Ga, the ND patterns of Mn,Ga (x = 1.2-3.0) were col-
lected and are shown in Fig. 25. Different from the XRD
patterns in Fig. 22, the typical peaks (101) and (110) become
the strongest peaks owing to the pronounced scattering length
difference between Mn and Ga atoms (i.e., by, = —0.373,
bGa = 0.729, both in units of 10!2 cm) in the ND pattern. Three
peaks, i.e., (002), (101), and (110), provide the ordering de-
gree of the atom occupying position and the contribution from
the magnetic structure.

According to the XRD and neutron diffraction data
analyses, ['874 we hypothesized that Mn3Ga had an ideal D0,
structure and that a decrease in Mn content would lead to the
substitution of the excess Ga by Mn. Mn,Ga (2.2 < x < 2.8)
also has a DO0y,-like structure. Mn;Ga and Mn; gGa belong
to the transition region from a DOy, structure to an L1¢ struc-
ture, in which not only 2b-Mn is substituted by Ga, but 2a-

Ga is substituted by Mn. Mn,Ga (1.2 < x < 1.6) compounds
have an L1 structure. All of the above structures can be de-
scribed by a D0y, supercell model in which 2a-Ga and 2b-
Mn are simultaneously substituted.”* We used this structural
model to sufficiently fit all the neutron diffraction spectra of
Mn,Ga (1.2 < x < 3.0) in Fig. 25. The refined occupancy
numbers of Mn and Ga atoms at different sites are shown in
Fig. 26. As the Mn content decreases, the occupancy number
of the 2b-site Mn atom decreases from 2.0 to 0.2. At the same
time, the occupancy number of the 2b-site Ga atom increases
from 0.0 to 1.8. As expected from the analysis, as the Mn con-
tent decreases, the structure gradually transforms from a D0y,
structure to an L1g structure. In this process, the 2b-site Mn
atoms are gradually replaced by 2a-site Ga atoms, increasing
the disorder of these two sites. When x decreases to 1.8, the
atomic ratio of the Mn atoms at the 2a and 2b sites (i.e. rvn)

is the same as that of the Ga atoms (i.e., rg,). Further, as x
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decreases, the same ratio (i.e., "vn = 7'Ga, namely, the struc-
tural form factor f>, = f55) is maintained. It is notable that the
refined occupancy numbers for Mn; gGa and Mn, oGa are lo-
cated between the two model values, indicating that the atomic
ratio of Mn (Ga) atoms at 2a and 2b sites is almost the same
in this transition region.

Figure 26(c) shows the lattice parameters obtained from
the ND data. With the increase in x, parameter a remains al-
most constant, and ¢ shows a significant increase, resulting in
an increase in unit cell volume V. Our experimental data im-
ply that V and density p increase linearly with a decrease in
Mn content, which indicates that Mn atoms are replaced by
Ga atoms and do not form atomic vacancies with increasing
x. This is different from Winterlik’s model that involves the
Mn vacancies at the 2b sites or at both the 25 and 4d sites for
Mns_,Ga alloys.!”? This agrees with the report by Mizukami
et al., in which the authors mentioned that Mn vacancies were

s.[”1] The refined mag-

not observed in their Mn,Ga;_, film
netic moments from the ND data (see Fig. 27(a)) are consistent
with the magnetic measurements, which further support this.
As x increases, the moment at the 4d site remains at about
2.2 ug, while the moment of the Mn atom at the 2b site in-
creases from 2.3 up to 3.3 up (Fig. 27(b)) and shows antifer-

romagnetic coupling to that at 4d sites shown in the inset of

Fig. 27(a).

Figure 28(a) is the normalized magnetization (M /M3 )
as a function of temperature for the Mn,Ga samples. When
1.2 < x < 2.4, the Curie temperature increases linearly from
550 K to 761 K with an increase in Mn content (Fig. 28(b)).
However, there is an anomaly for Mn,Ga with x = 2.6, 2.8,
and 3.0, and the Curie temperature does not increase contin-
uously. The high temperature XRD measurements of these
three samples indicate that Mn,Ga (2.6 < x < 3.0) transforms

0 N o )
s Mn, (Ga = ERN 3
+ n n Mn, ;Ga i M
5 r A A Mn, ;Ga " M
Br Mn, ,Ga
‘B __AA___L 24 M A__A A
% AA }‘ Mn;;Ga M A A AA
é Mn, ,Ga
S Em )l 20 M A AA
- A Mn, ;Ga A A oA
LA A Moi@a A A A A
;_A A Mn, ,Ga '
_.A A Mn, ,Ga A A
3

O 40 50 60 70 8 90 100
)

20/(

Fig. 25. (color online) Neutron diffraction patterns of Mn,Ga at RT.[74!
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Fig. 26. (color online) Obtained occupation numbers of (a) Mn and (b) Ga atoms at different sites, and (c) the refined lattice parameters a and

¢’ of Mn,Ga (¢’ is twice ¢ of the L1g cell).[74!
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Fig. 27. (color online) (a) Refined magnetic moments of the unit cell from the refined ND data and (b) refined magnetic moments of Mn atom

(Unn) at 2b/2a site and 4d site versus x. [74]
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from a magnetic phase with a DOy, structure to a nonmagnetic
phase with a D09 structure around 760 K. In addition, the
magnetization increases with an increase in temperature when
2.6 < x < 3.0, which is related to the ferrimagnetic exchange
interaction in the Mn,Ga (2.6 < x < 3.0) due to the antiferro-
magnetic coupling between Mn atoms at la and 4d sites.

25
——Mn, ,Ga
2.0 ——Mn, ,Ga
——Mn, ;Ga
¥ ——Mn, ,Ga
815 —— Mn, Ga
m :
s ——Mn, ,Ga
- = Mn, ,Ga
= 10 24
= Mn, (Ga
—— Mn, ,Ga
0.5 ——Mn, Ga
0.0k L L L : L
300 400 500 600 700 800 900
x of Mn:Ga
800
750 °/
) | o temperature of
~ 700 / phase decomposing
= /9
650 /g
Qo
600
o/
550 1 1 1 1
1.0 1.5 2.0 25 3.0
x of Mn:Ga

Fig. 28. (color online) (a) Normalized magnetization versus tempera-
ture curves of Mn,Ga (1.2 < x < 3.0) (applied field 1 T) and (b) the
Curie temperatures of the Mn,Ga. [74]
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Fig. 29. (color online) Hysteresis loops of Mn,Ga at the temperatures
of (a) 5 K and (b) 300 K[!

The Mn,Ga (x = 1.8-3.0) powders prepared by the an-
nealing of ingot powders have very high coercivity.[’* The
hysteresis loops of the annealed Mn3_,Ga samples measured
at 5 K and 300 K are displayed in Fig. 29. All the samples
show wide M(H) hysteresis loops, but the magnetizations are
not saturated even at 70 kOe. This suggests that Mn3_,Ga
powders have relatively large magnetic anisotropy. The mag-
netization and coercivity are very sensitive to the composition
of Mns_,Ga (Figs. 29 and 30).
netic moments (at 7 T) of the series clearly increase from
22.3 emu/g to 57.4 emu/g at 5 K, and 21 emu/g to 55.5 emu/g
at 300 K as x increases from O to 1.15. The coercivity ;H,
of Mn,Ga increases from 6.6 kOe to 21.4 kOe at 5 K and
from 5.4 kOe to 18.2 kOe at 300 K with increasing x (see
Fig. 30). This coercivity is much higher than that of any other

The maxima of the mag-

bulk Mn,Ga ever reported. This is related to the microstruc-
ture of the powders.!”!

60
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Lack x of Mn in Mn, Ga

Fig. 30. (color online) Composition dependence of the saturation mag-
netization M in a 7 T field and the coercivity ;H, of Mn,Ga at the
temperatures of 5 K and 300 K.[73]

5. Summary

In this work, the magnetic and structural properties of
Mn-based intermetallic compounds (MnX, where X = Al, Bi,
and Ga) have been reviewed. We successfully produced mag-
netic single phases of MnAl, MnBi, and Mn,Ga using differ-
ent methods. A saturation of 125 emu/g, coercivity of 5 kOe,
and maximum energy product (BH )max of 3.1 MG-Oe were
achieved at room temperature for the pure 7-Mn-Al mag-
netic powders without carbon doping and an extrusion pro-
cess. The maximum energy products (BH )max of LTP MnBi
were 8.9 MG-Oe (70 kJ/m?) and 5.0 MG-Oe (40 kJ/m?) at
room temperature and 400 K, respectively. The coercivity
of MnBi increased with temperature from 100 K to 540 K,
and reached a maximum of 2.5 T at 540 K. The tetragonal
D0y, phases of the Mn,Ga showed relative high coercivities
ranging from 7.2 kOe for low Mn content, i.e., x = 1.8, to
18.2 kOe for high Mn content, i.e., x = 3, at room tempera-
ture. A room temperature magnetization value of 80 emu/g
can be achieved for the Mn; ,Ga sample. The hard magnetic
properties of ;H. = 3.5 kOe, remanence M; = 43.6 emu/g,
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and (BH )max = 2.5 MG-Oe were obtained at room tempera-
ture. Based on the above investigations, we can conclude that
Mn-based magnets can exhibit high Curie temperature, high
magnetocrystalline anisotropy, and very high coercivity. The
coercivities of MnAl alloys need to be further improved for
practical applications by understanding their coercivity mech-
anism. Mn-based magnets such as LTP MnBi have great appli-
cation potential as high temperature permanent magnets with a
(BH ) max better than that of an Nd,Fe 4B magnet above 400 K.
It is noticed that the relatively low magnetization of the Mn-
based magnetic phase restricts them for real application as per-
manent magnets at room temperature. This can be tuned by
forming new uniaxial structures with more elements. In ad-
dition, the prospects of exchange-spring magnets using Mn-
based alloys as hard magnetic phases can also be used to fur-
ther enhance their magnetic performance as novel magnetic
materials.
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