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ARTICLE INFO ABSTRACT

Keywords: The Ni-Mn-Ga alloy system is attractive due to its functional properties with potentials in various applications.
Ga-Mn However, the fundamental alloy thermodynamics of the binary Mn-Ga system is still lack of investigation.
Phase equilibria Therefore, a comprehensive evaluation of the Mn—Ga is performed in this work. Different versions of Mn-Ga
Magnetocaloric

phase diagrams available in the literature are reviewed. A new version of the Mn-Ga phase diagram is recom-
mended along with possible invariant reactions. The crystal structure, magnetic transition, and thermochemical
properties of intermetallic compounds are reviewed by considering available experimental and modeling such as
ab initio calculations. In fact, more experimental information on the Mn-rich side is required in order to perform
CALPHAD thermodynamic modeling for a reliable database. Further experiments are recommended to study the
high-temperature phase equilibria between liquid, (yMn), (6Mn) and MnyGa(h), phase reactions between
MngGas and Mn;Gag, and invariant reactions involving the MnGa phase. Nevertheless, the summarized infor-
mation on phase equilibria, phase diagram, crystallography, magnetic transition temperature, magnetic moment,
heat capacity, and enthalpy of formation can support the future thermodynamic investigation of the Mn-Ga

Magnetic transition
Heusler compound

system, which is critical for the materials design and discovery of Ni-Mn-Ga alloys.

1. Introduction

In recent years, Mn-Ga-based Heusler compounds such as Ni,MnGa
have received attention due to their magnetic- or thermo-induced
martensitic transformation and giant magnetocaloric effects. Hence,
they find applications in actuators [1,2] and refrigerants [3,4]. Epitaxial
growth of ferromagnetic Mn-Ga thin films on semiconductor substrates
such as GaAs and GaN has been applied for the fabrication of novel
magneto-electronic and magneto-optical devices [5-7]. Several inter-
metallic compounds in the Mn-Ga system can be a potential candidate
for different applications. For example, antiferromagnetic DO0;q-type
MnsGa can be used in the exchange bias of magneto-resistive compo-
nents, such as spin valve and magnetic tunnel junction [8,9]. Ferri-
magnetic DOgo-type MnsGa and ferromagnetic L1o-type MnGa exhibit
high Curie temperature, spin polarization, coercivity, and magnetic
anisotropy, so they are promising materials for rare-earth-free hard
magnets [10-12] and spintronic devices [13-15].

An important feature of the Mn-Ga intermetallic compounds is that
their magnetic properties can be easily altered by varying the alloy
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composition and processing. Therefore, knowledge of the phase equi-
libria, crystallography, and thermodynamic properties is crucial for Mn-
Ga-based functional materials design. However, the essential informa-
tion, such as the phase equilibria, available in the literature [16-19],
varies significantly from each other. The first thermodynamic modeling
for the Mn-Ga system was performed by Sedmidubsky et al [20]. The
main focus of their work is on the modeling of the ternary Ga-Mn-N
system, and hence, the assessment of the binary Mn-Ga system was
over-simplified and cannot reproduce the phase equilibria and ther-
modynamic properties of the Mn-Ga system accurately. The liquid
phase was treated as an ideal solution, all intermetallic compounds were
modeled as stoichiometric compounds, and there is no solubility limit of
Ga in (aMn) considered in the modeling. The solubility limit of Ga in the
other three Mn allotropes are also over-simplified with simple models.
For example, both (yMn) and (8Mn) are modeled as the ideal solution
only.

Therefore, for the sake of materials design with the Mn-Ga system
involved, a reliable thermodynamic description of the Mn-Ga system is
highly in desire. In this work, the phase equilibria, crystallographic
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information, magnetic and thermochemical properties of the Mn-Ga
system are critically evaluated. A new version of the Mn-Ga phase di-
agram is recommended based on such a comprehensive review. This
comprehensive review will serve as the basis for the improved thermo-
dynamic modeling of the Mn-Ga system.

2. Phase equilibria

The Mn-Ga phase diagram is complicated due to the presence of a
variety of intermetallic compounds, among which some exhibit
magnetism. Besides, there are four allotropes of Mn, and the difference
between the melting points of Mn and Ga is as high as 1216 °C. The low
melting point (29.76 °C) of Ga and the high vapor pressure of Mn also
impose difficulties on phase diagram determination. So far, systematic
studies of the Mn-Ga phase diagram are quite limited, as listed in
Table 1. And the reported experimental Mn-Ga phase diagrams shown
in Fig. 1 are significantly different.

2.1. Experimental studies

The first systematic investigation of the Mn-Ga phase diagram over
the whole composition range was performed by Meissner et al. [16]
(Fig. 2) in 1965. Alloys less than 50 at.% Ga were melted in sintered
corundum crucibles under argon (Ar) and cooled in the electric furnace.
Other Ga-rich alloys were melted in encapsulated quartz tubes. Pure
electrolytic Mn (99.8 wt.%) and high-grade Ga (99.99 wt.%) were used
for sample preparation. Chemical analysis indicated that the weight loss
of each alloy after melting is small. Before X-ray diffraction and thermal
analysis, annealing was performed at different temperatures for
different periods varying from 200 h at 300 °C to 5 h at 1000 °C. Since
the diffusion information is even less than thermodynamics of the
Mn-Ga system, it is difficult to evaluate how long for the annealing is
sufficient enough to approach equilibrium. The same question applies to
other reported phase diagram determinations of the Mn-Ga system.

Ten intermetallic compounds and thirteen invariant reactions were
reported by Meissner et al. [16]. The two-phase region between the
liquid and (yMn) is relatively wide, spanning from 990 to 1180 °C (Fig. 2
(a)). The cubic (yMn) phase was reported to have a metastable tetrag-
onal modification with L1, ordering in alloys with 10 to 20 at.% Ga
quenched between 800 and 1000 °C. Polymorphic transformation
within the MngGas phase occurs between 770 and 860 °C (Fig. 2(b)). As
the composition of Ga or temperature increases, the structure of the
MngGas phase distorts from cubic to rhombohedral. The crystal struc-
ture of MnsGa; phase was not resolved, but a polymorphic trans-
formation was detected at 545 °C based on both thermal and X-ray
diffraction (XRD) analysis (Fig. 2(c)). As shown in Fig. 2(c), all Ga-rich
intermetallic compounds were treated as the line compounds in this
version. They all form from a peritectic reaction, except for the MnyGas
phase, which forms through a peritectoid reaction. On the Mn-rich side,
phase equilibria were not established clearly, and hence, phase bound-
aries were indicated as dashed lines. This version of the Mn-Ga phase
diagram was adopted in the latest ASM handbook compiled by Okamoto

Calphad 68 (2020) 101722

[21].

In the same year 1965, Wachtel and Nier [17] determined the Mn-Ga
phase diagram over the whole composition range based on the magnetic
susceptibility measurement. Sample preparation was similar to Meissner
et al. [16] by performing the melting of alloys in the sintered corundum
inside of the encapsulated quartz tube filled with Ar. Although the purity
of Ga (99.95 wt.%) for alloy preparation is similar to Meissner et al. [16]
(99.99 wt.%), the purity of Mn (99.99 wt.%) as the raw material is
higher than that of Meissner et al. [16] (99.8 wt.%). Before phase dia-
gram determination, a multi-stage homogenization was carried out at a
temperature just below the solidus, but never above 1000 °C. The
magnetic susceptibility of different alloys was measured over a whole
composition range in order to determine the phase transition tempera-
ture shown in the phase diagram (Fig. 3). Thirteen intermetallic com-
pounds were identified, and their compositions were reported as the
ideal stoichiometry. In this version [17], the liquid + (yMn) two-phase
region is narrow, from 1000 to 1014 °C (Fig. 3(a)). A phase that forms
from a peritectoid reaction between MngGas and MnGa phases at 635 °C
was not clearly stated (Fig. 3(b)). This unknown phase was also reported
to react with the Mn3Gay phase to form the MngGas phase. However,
such a phase was not reported in others’ work [16,18,19]. Eighteen
invariant reactions were suggested in this version. Polymorphic trans-
formations were detected for the MnGas and MnGae phases. All Ga-rich
intermetallic compounds have a homogeneity range and they form via a
peritectic reaction (Fig. 3(c)). The magnetic and electronic properties of
the Mn-Ga solid phases were also studied in this work, but their crystal
structures were not investigated.

Later in 1980, another version of the Mn-Ga phase diagram was
suggested by Lu et al. [18], which included only five intermetallic
compounds. Samples prepared from pure Mn (99.99 wt.%) and pure Ga
(99.9 wt.%) were induction melted in Al;O3 crucibles. To reduce the
evaporation of Mn, the Al,O3 crucibles were covered by graphite cru-
cibles and filled with Ar. Besides, for each as-cast sample, the Mn
composition was analyzed to check the weight loss, but the results were
not reported. Homogenizations at 900 and 600 °C for 15 days were
applied to Mn-rich (less than 30 at.% Ga) and Ga-rich (30-60 at.% Ga)
alloys, respectively. Due to the low melting point, homogenization was
not applied to the alloys higher than 60 at.% Ga. Followed by homog-
enization, the annealing for equilibrium alloys are applied at different
temperature for 1-6 h, which may be an issue of this experimental work.
Due to the insufficient annealing and long-term homogenization, it is
challenging to identify the equilibrium state for each alloy at different
temperatures, although authors choose the annealing temperature as the
equilibrium temperature for phase diagram construction (Fig. 4).

In the work by Lu et al. [18], phase boundaries of (8Mn) were
tentatively determined. The most interesting feature of this phase dia-
gram is the two-stage polymorphic transformation within the (yMn)
phase. As the temperature decreases, the (yMn) phase transforms from
disordered face-centered cubic phase y; to disordered face-centered
tetragonal phase y, and then to face-centered tetragonal phase with
L1y ordering y3 (Fig. 4(a)). Thus, the (yMn) phase exists within a wide
temperature range (0-1133 °C) and y3 is stable down to room

Table 1

Available experimental investigations for the Mn-Ga phase diagram.
Temperature/Composition Range Studied Experimental Technique Ref.
0-1400 °C, 0 ~ 100 at.% Ga XRD, DTA [16]
100-1300 °C, 0 ~ 100 at.% Ga Magnetic measurement [17]
0-800 °C, 19.0 ~ 31.2 at.% Ga XRD, thermal expansion and magnetic measurements [23]
0-1300 °C, 0 ~ 100 at.% Ga XRD, DTA, magnetic measurement [18]
400-1400 °C, 0 ~ 45 at.% Ga XRD, DSC, EPMA [19]
0-600 °C, 75 ~ 100 at.% Ga single crystal XRD, EDX, DTA [24]

Abbreviations: XRD, X-ray diffraction; DTA, differential thermal analysis; DSC, differential scanning calorimetry; EPMA, electron probe micro-analyzer; EDX, energy

dispersive X-ray analysis.
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Fig. 1. Different versions of the Mn-Ga phase diagram based on the experimental results from: (a) Meissner et al. [16]; (b) Wachtel and Nier [17]; (c) Lu et al. [18];
(d) Minakuchi et al. [19]. The dashed lines represent unsettled phase boundaries. The dotted lines represent polymorphic transformations.
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Fig. 2. The Mn-Ga phase diagram determined by Meissner et al. [16].

temperature with a homogeneity range of 36.1 to 43.7 at.% Ga, which
essentially lies in the phase region of MngGay according to the two
previous versions [16,17]. Moreover, the liquid + (yMn) two-phase re-
gion and phase equilibria between the liquid, (§Mn), and (yMn) phases
were not investigated. Seven invariant reactions and a congruent
transformation from y; to MngGa at about 820 °C were reported. A
polymorphic transition was detected to exist in the MnGa phase at
520-600 °C (Fig. 4(b)), but the crystal structure of this phase was not
resolved due to complex XRD patterns. Only three Ga-rich phases were

1 Phase boundary (Magnetic measurement)
1 1 1 | 1 1 1 1

1
D& o .
(SMH) 0&@%7150‘@ q;‘?'\,,) liquid i
d SESGEE »
[T sst
o yMn) l @g gbdv
5 F§
5 T T
© y
3 (BMn) = -
E <
@)
K & L
=
20043 -
Mn3Ga MtnGaz
o T T T T T T T T
0 0.2 0.4 0.6 0.8 1.0
Mn Mole fraction Ga Ga

Fig. 3. The Mn-Ga phase diagram determined by Wachtel and Nier [17].

proposed, among which the crystal structure and homogeneity range of
MnyGas and MnGas phases were not determined (Fig. 4(c)). This version
of the Mn-Ga phase diagram is questionable because it incorporates
several phases in one region due to the complex XRD patterns. For
example, the single-phase region for (§Mn) spans from 715 to 1244 °C
and from O to 42 at.% Ga, which contains the phase regions of Mn,Ga(h)
and MngGas in other versions [16,17,19]. This version was adopted in
the previous ASM handbook compiled by Massalski and Okamoto [22].

Recently, the Mn-rich side of the Mn-Ga phase diagram was
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Fig. 4. The Mn-Ga phase diagram determined by Lu et al. [18].

reinvestigated by Minakuchi et al. [19] in 2012, with major emphasis on
the stability range of MnsGa phase and the high-temperature phase
equilibria. 99.7 wt.% pure Mn and 99.999 wt.% pure Ga were used for
alloy melting in an induction furnace under the Ar atmosphere. Each
alloy was heat-treated in the encapsulated vacuum quartz tube with
backfilled Ar. The annealing was performed properly at different tem-
peratures for the periods ranging from 3 h (1000 °C) to 30 days (500 °C).
However, the composition deviation of alloys was not reported by
Minakuchi et al. [19].

The reported phases and phase equilibria are similar to those by
Wachtel and Nier [17], but both Mn3Ga and Mn;Gag phases have a
wider homogeneity range and are stable over a wider temperature
range. Furthermore, liquid + (yMn) two-phase region does not exist
(Fig. 5(a)). A two-stage polymorphic transformation within the MngGasg
phase was detected (Fig. 5(b)). Three structural variants (high--
temperature, intermediate-temperature, and low-temperature) of
MngGas were reported. Due to the difficulty in obtaining a single phase
high-temperature or intermediate-temperature MngGas, only the crystal
structure of the low-temperature MngGas phase was determined using
the XRD analysis. This version did not include phase boundaries repre-
senting a structural change of the MngGas phase in MngGas + MnzGay
and MngGas + MnyGag two-phase regions. Based on the XRD results,
both MnyGa(h) and Mn3Gay phases have a face-centered tetragonal
structure with Llp ordering and they are separated by the
low-temperature MngGas phase.
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Fig. 5. The Mn-Ga phase diagram determined by Minakuchi et al. [19].
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Other experimental investigations of the Mn-Ga phase diagram were
reported by Masumoto et al. [23] and Tillard and Belin [24]. Masumoto
et al. [23] established the partial Mn-Ga phase diagram between 19 and
31.2 at.% Ga below 800 °C. The phase transformation temperatures
were determined based on thermal expansion and magnetization mea-
surements. However, the tested samples were only homogenized at
850-900 °C for 30 min, and then cooled at the rate of 15-48 °C/h,
without further annealing. And the samples for XRD analysis were only
annealed at the interested temperature for 30 min. The Mn3Ga phase
was not observed, while the high-temperature phase MnyGa(h) was re-
ported to be stable down to the room temperature. Besides, this work
failed to differentiate between MnyGa(h) and MnsGa, since these two
phases have a similar crystal structure. Tillard and Belin [24] studied the
phase equilibria in Mn-Ga alloys containing 75 to 100 at.% Ga. The
stoichiometry of the phase with the highest Ga concentration was
determined to be MnGas, instead of MnGag as reported in the work of
[16,17]. A polymorphic transformation from triclinic to the tetragonal
structure was detected within the MnGag phase at around 205 °C. An
additional MnGag phase was reported, but it was not studied in detail.

2.2. Existing discrepancies

One of the major differences among different versions of Mn-Ga
phase diagrams is in the high-temperature range of the Mn-rich side,
which is highlighted in Fig. 6. According to Meissner et al. [16] (Fig. 6
(a)), (8Mn) reacts peritectically with liquid to form (yMn). However,
Wachtel and Nier [17] (Fig. 6(b)) proposed that (6Mn) decomposes
metatectically into (yMn) and liquid. And it decomposes into (yMn) and
MnyGa(h), according to Minakuchi et al. [19] (Fig. 6(d)). The formation
of MnyGa(h) is due to a peritectic reaction between the (yMn) and liquid
at around 1000 °C, according to Meissner et al. [16] (Fig. 6(a)) and
Wachtel and Nier [17] (Fig. 6(b)), while MnyGa(h) forms from a peri-
tectic reaction between (8Mn) and liquid at 1040 °C in the work of
Minakuchi et al. [19] (Fig. 6(d)). As shown in Fig. 6(c), Lu et al. [18]
proposed that (8Mn) and (yMn) exist over a wide temperature and
composition range, and no invariant reaction occurs from 950 to 1200
°C.

Two unknowns related to the MngGas phase need to be confirmed, as
indicated in Fig. 7. One is about the formation mechanism of the Mn;Gag
phase. In Fig. 7(a), according to Meissner et al. [16], phase regions of
MngGas and Mn;Gag are incorporated since their stability range over-
laps. However, as given in Fig. 7(b), Mn;Gae forms via a peritectic re-
action between MngGas and liquid based on the work by Wachtel and
Nier [17]. As the temperature decreases, Mn;Gag decomposes into
MngGas and MnGa according to Wachtel and Nier [17] (Fig. 7(b)), while
it decomposes into Mn3Gay and MnGa based on the measurement by
Minakuchi et al. [19] (Fig. 7(c)). And the homogeneity range of Mn;Gag
suggested by Wachtel and Nier [17] (Fig. 7(b)) is wider than that sug-
gested by Minakuchi et al. [19] (Fig. 7(c)). The other unknown is the
formation mechanism of the Mn3Gay phase. As shown in Fig. 7(a) and
(b), this phase transforms directly from MngGas at 650 °C based on the
works of Meissner et al. [16] and Wachtel and Nier [17], while it forms
via a reaction between MngGas and Mn;Gag at 721 °C in the work of
Minakuchi et al. [19], as revealed in Fig. 7(c). However, whether such a
congruent transformation between two intermetallic compounds can
happen needs further experimental validation.

Although Mn3Ga is an important intermetallic compound due to its
functional properties, its formation mechanism and stability range are
yet unclear. The Mn3Ga phase was not included in the phase diagram
plotted by Meissner et al. [16]. In Fig. 8(a), Wachtel and Nier [17]
suggested that Mn3Ga forms peritectoidly from (fMn) and MnyGa(r) at
510 °C, with relatively narrow temperature and composition ranges.
However, this is different from the version by Lu et al. [18], which
proposed that the temperature range of MnsGa is below 820 °C and its
formation is due to a congruent transformation from high-temperature
(yMn) phase as shown in Fig. 8(b). The formation of MnsGa



L. Hao and W. Xiong

Calphad 68 (2020) 101722

Meissner et al., 1965 [16]

O Single phase (XRD)

© Two phases (XRD)

A Phase boundary (Thermal analysis)

Luetal, 1980 [18]

0 Single phase (XRD)

I Two phases (XRD)
Minakuchi et al., 2012 [19]

Wachtel et al., 1965 [17]
1t Phase boundary (Magnetic measuremen

Vv Phase boundary (Thermal analysis)
t) @Tie-line (EPMA)

1000 + P
990
0 01 02

T
0.3 0.4

Mn Mole fraction Ga

950 T T I T T
0 0.1 0.2 0.3 0.4
Mn Mole fraction Ga

(b)1 200

1150
1138

-

iy

o

o
1

Temperature, °C

1000 - 550\ a——\1000 |

Mn2Ga(h)-{
0 01 02 | 03 0.4
Mn Mole fraction Ga

1

1 1 1 1 1

950 T

1000

Mn2Ga(h)-|}:

950 T T T T T T T
0 0.1 0.2 0.3 04
Mn Mole fraction Ga
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Minakuchi et al. [19].
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Fig. 7. Phase equilibria related to the MngGas phase according to the work of: (a) Meissner et al. [16]; (b) Wachtel and Nier [17]; (c) Minakuchi et al. [19].

determined by Minakuchi et al. [19] (Fig. 8(c)) is distinctly different
from the above two works. According to combined electron probe
microanalysis (EPMA) and thermal analysis, the temperature range of
Mng3Ga is below 730 °C, and it forms from a peritectoid reaction between
(yMn) and MnyGa(h). In the work of Minakuchi et al. [19], Mn3Ga can
also react with MnyGa(r) to form MnyGa(h), as demonstrated in Fig. 8

(o).

The phase region of the MnGa phase is another unclear feature of the
Mn-Ga phase diagram. Whether MnGa forms from a peritectic reaction
between the liquid and MngGas phases suggested by Meissner et al. [16]
(Fig. 9(a)) or between liquid and Mn;Gag suggested by Wachtel and Nier
[17] (Fig. 9(b)) needs to be studied further. The phase region of MnGa
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plotted by Lu et al. [18] in Fig. 9(c) is very wide, and it may cover other
phases due to the difficulty in resolving complex XRD patterns. Besides,
Lu et al. [18] determined that a polymorphic transformation within
MnGa will occur between 520 and 600 °C. The work of Minakuchi et al.
[19] did not cover complete phase equilibria information about MnGa.

2.3. Recommended Mn—Ga phase diagram

Okamoto [25] reviewed the literature related to experimental
studies of the Mn-Ga phase diagram till the year 2012 and recom-
mended a version of the Mn-Ga phase diagram incorporating the results
of Minakuchi et al. [19] from O to 50 at.% Ga, the results of Meissner
etal. [16] from 50 to 75 at.% Ga and the results of Tillard and Belin [24]
from 75 to 100 at.% Ga. One problem of this recommended Mn-Ga
phase diagram is that it includes the MnGa phase twice when combining
works from different researchers. Both the MnGa phase in the work of
Meissner et al. [16] and the A phase in the work of Minakuchi et al. [19]
correspond to the MnGa phase. The second problem is that it includes
the MnGag phase. However, the existence of this phase was only re-
ported by Tillard and Belin [24], and thus needs to be further confirmed.
Finally, it accepts the work of Meissner et al. [16] but fails to include the
MnsGag phase. In fact, the existence of this phase has been confirmed by
several researchers [17,26,27].

After a critical evaluation of the experimental information available
in the literature, an updated version of the Mn-Ga phase diagram is
recommended in this study (Fig. 10). The Mn-rich side (0 to 50 at.% Ga)
is based on the results of Minakuchi et al. [19], since this work used the
accurate experimental technique, namely EPMA, to measure the phase

composition. Besides, compared with others’ work [16-18], Minakuchi
et al. [19] used a longer duration, varying from 3 h at 1000 °C to 30 days
at 500 °C, to anneal the samples, which is more likely to reach the
equilibrium state. Finally, the formation of MngGay via a peritectoid
reaction between MngGas and Mn;Gag is more reasonable than via a
direct phase transformation from MngGas, which was suggested by Refs.
[16,17]. The Ga-rich side (50 to 100 at.% Ga) is based on the results of
Wachtel and Nier [17], because this work agrees well with that of
Minakuchi et al. [19] on the Mn-rich side and includes all the reported
Ga-rich phases. Meanwhile, the purity of raw materials used by Wachtel
and Nier [17] is the highest among the four works discussed above.
However, as the work of Wachtel and Nier [17] did not provide any
experimental information related to the determination of the homoge-
neity ranges of Ga-rich intermetallic compounds, these phases are all
simplified as line compounds in the recommended phase diagram in this
work. Phase regions with dense clusters of experimental data points are
magnified in Fig. 10(b), (c), and (d).

Based on the Mn—Ga phase diagram recommended in this work, there
are seventeen invariant reactions, as listed in Table 2. The phase equi-
libria on the Ga-rich side is relatively simple, with all phases forming
from a peritectic reaction. On the contrary, the phase equilibria on the
Mn-rich side is complex and has not been confirmed experimentally,
which is probably due to the high vapor pressure of Mn-rich alloys.
These two complications will cause difficulty in phase diagram deter-
mination on the Mn-rich side. Further experiments need to be performed
to address the following problems: (1) Which type of phase reaction
occurs among the liquid, (yMn), and (8Mn) phases? (2) Does the Mn;Gag
phase exist? If so, how does it react with the MngGas phase? (3) Does the
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Fig. 10. (a) A new version of the Mn-Ga phase diagram recommended in this work. Magnified parts in (b), (c), and (d) are phase regions with dense clusters of

experimental data points.

Table 2
Invariant reactions in the Mn-Ga system.

Reaction T [°C] Composition [at.% Ga]

L + (8Mn) = MnyGa(h) 1040 29.3 24.6 25.0
(8Mn) = Mn,Ga(h) + (yMn) 1033 24.6 25.0 23.9
L + MnyGa(h) = MngGas 910 40.2 33.1 38.0
L + MngGas = Mn;Gag 781 53.8 46.0 46.9
MngGas + Mn,Ga(h) = MnyGa(r) 760 36.3 32.2 33.4
MnyGa(h) + (yMn) = Mn3Ga 730 28.4 27.1 27.9
MngGas + Mn;Gag = Mn3Gasy 721 41.6 43.5 42.2
Mn,Ga(h) = Mn,Ga(r) + Mn3Ga 711 29.4 31.4 28.9
(yMn) = (pMn) + Mn3Ga 662 22.2 20.1 24.1
Mn;Gag = MnGa + Mn3Gay 642 44.3 47.7 41.7
L + Mn;Gag = MnGa 772 57.9 46.0 50.3
L + MnGa = MnsGag 725 64.7 51.5 53.8
L + MnsGag = MnsGa; 650 78.9 54.7 57.4
L + MnsGay; = MnsGas 620 82.7 58.3 61.7
L + Mn3Gas = MnyGas 522 95.4 62.1 70.0
L + MnyGas = MnGay 498 97.9 70.3 79.6
L + MnGay = MnGag 400 99.1 80.0 85.2

MnzGay phase can really form by a congruent transformation from the
MngGas phase? (4) The stability range, homogeneity range, and for-
mation mechanism of the MnzGa phase. (5) The stability range, homo-
geneity range, and formation mechanism of the MnGa phase.

3. Crystallography

In contrast to the limited reports related to the phase equilibria of the
Mn-Ga system, there are extensive studies about the crystal structure of
the Mn-Ga phases. The relevant studies are summarized in Table 3.

3.1. Structure of intermetallic compounds

Table 4 summarizes the crystallographic information of the Mn-Ga
intermetallic compounds. As revealed, the Mn3Ga and MnGa phases can
adopt different structures as the alloy composition or the processing
condition changes. Whether the MngGas phase is primitive or body-
centered cubic is still unclear. The following text will discuss in detail
the crystal structure of intermetallic compounds in the Mn-Ga system.

Mn3Ga has been reported to have three structures, namely, hexag-
onal, tetragonal, and cubic (Fig. 11). Hexagonal MnsGa with DO;g
ordering (P63/mmc) can be obtained in the water-quenched alloys
containing 26 to 30 at.% Ga between 600 and 800 °C [28-32]. Niida
et al. [31,32] detected an orthorhombic distortion within the hexagonal
Mn3Ga phase at —157 to 59 °C based on the temperature dependence of
the lattice constant and magnetization. A structural transition at —88 °C
was also observed in melt-spun ribbons containing 30 at.% Ga [33].
According to the thermal analysis, an order-disorder transition occurs in
the hexagonal Mn3Ga phase at 652-727 °C in arc-melted alloys with
25-33.3 at.% Ga [34]. After annealing alloys containing 23.5-31.2 at.%
Ga at 350-450 °C, tetragonal Mn3Ga with DOy, ordering (I14/mmm) will
precipitate from the high-temperature (yMn) phase [35,36]. Recently,
DFT (density functional theory) calculations [37,38] predicted the
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Table 3
Experimental studies and atomistic modeling relevant to the crystal structure and magnetic properties of the Mn-Ga intermetallic compounds.
Phases Properties Studied Methods Ref.
Mn3zGa, MnGa, MnGag Structure [28]
Mn,Gas Structure [73]
MngGas Structure, magnetic XRD, magnetic measurement [42]
Mn;Ga Structure, magnetic XRD, magnetic measurement [29]
Mnj3Ga, Structure, magnetic XRD, magnetic measurement [64]
Mn,Ga(r), Mns;Gay Structure [74]
MnyGa(r) Structure, magnetic XRD, magnetic measurement [65]
MnsGay Structure, magnetic XRD, magnetic measurement [75]
All Structure XRD [16]
All Magnetic Magnetic measurement [17]
Mn3Ga Structure, magnetic Neutron diffraction [30]
Mn,Gas Structure XRD [67]
Mn,Gas Structure, magnetic Neutron diffraction, magnetic measurement [68]
Mn3Ga Structure, magnetic XRD, thermal expansion, magnetic measurements [35]
Mn3Gay Structure XRD [76]
Mn3Gay, MnGay Structure, magnetic XRD, magnetic measurement [18]
Mn2Ga(h), Mn2Ga(r), MnGa Structure, magnetic, magneto-optical XRD, magnetic and Kerr effect measurements [771
Mn3zGa Structure, magnetic XRD, magnetic measurement [31]
Mn3Ga Structure, magnetic XRD, magnetic measurement [32]
Mn,Ga5 Structure TEM, thin film [69]
Mn3Ga Structure, magnetic XRD, magnetic measurement [36]
MnGa, MnsGag, MnsGay, Mn3Gas Structure, magnetic TEM [26]
MnsGag Structure HREM [27]
MnGa Magnetic DFT (LMTO) [46]
MnGa Structure HREM [53]
MnGa Magnetic DFT (LAPW) [47]
Mn3Gas Structure XRD, single crystal [55]
MnsGay Structure HREM [54]
MnGa Structure XRD, single crystal [57]
MnGay Structure, magnetic XRD, magnetic measurement, DFT [52]
Phases Properties Studied Methods Ref.
(LAPW)
Mn3Gas Structure [56]
MnGa Structure, magnetic XRD, single crystal, DFT (LMTO) [45]
Mn;Ga Magnetic DFT (LSDA) [371
Mn3Ga Structure, magnetic DFT (LAPW) [38]
Mn3Ga Structure, magnetic XRD, magnetic measurement, DFT (LAPW) [13]
Mn,Gas Structure, magnetic XRD, single crystal, magnetic measurement, DFT (FPLO) [70]
Mn3Ga Structure, magnetic XRD, EXAFS, magnetic measurement, DFT (SPRKKR) [34]
Mn3Ga Structure, magnetic XRD, magnetic measurement, melt-spun ribbon [44]
MnGa Structure, magnetic XRD, SEM, magnetic measurement, microparticle [50]
Mn3Ga Structure, magnetic XRD, magnetic measurement, melt-spun ribbon [39]
Mn3Ga, Mn2Ga(r) Structure, magnetic XRD, TEM, magnetic measurement, melt-spun ribbon [51]
Mn3Ga Structure, magnetic XRD, neutron diffraction, XAS, magnetic measurement, thin film, DFT (LAPW) [78]
Mn3Ga Structure DFT (LAPW, VASP) [41]
MngGas, MnzGa Magnetic XRD, magnetic measurement, melt-spun ribbon [33]
Mn3Ga Structure, magnetic XRD, SEM, magnetic measurement, DFT (VASP), melt-spun ribbon [40]
MnsGay Magnetic XRD, magnetic measurement [66]
Mn3Ga Structure, magnetic XRD, magnetic measurement [62]
Mn3Ga Structure, magnetic XRD, TEM, magnetic measurement [79]
Mn3Ga, Mn2Ga(r) Structure, magnetic XRD, TEM, magnetic measurement, melt-spun ribbon [49]
MnGa Structure, magnetic XRD, magnetic measurement [12]
MngGas Structure, magnetic XRD, SEM, magnetic measurement, DFT (VASP) [43]
MnsGa Structure, magnetic DFT (pseudopotential method) [63]

Abbreviations: TEM, transmission electron microscopy; HREM, high-resolution electron microscopy; DFT, density functional theory; LMTO, linearized muffin-tin
orbital method; LAPW, linearized augmented plane-wave method; LSDA, local spin-density functional approximation; FPLO, full-potential local orbital method;
XAS, X-ray absorption spectroscopy; SPRKKR, spin polarized fully relativistic Korringa-Kohn-Rostoker method; SEM, scanning electron microscopy; VASP, Vienna ab

initio simulation package.

existence of a cubic MngGa. This DOs-type cubic phase has the same
structure as Heusler compounds (Fm3m) and was observed in melt-spun
ribbons with 25 at.% Ga [39]. Kharel et al. [40] systematically investi-
gated the structural, magnetic and electronic properties of the cubic
MngGa phase using experiments and theoretical calculations. The XRD
patterns revealed a disordered structure, isostructural with CusAu
(Pm3m), for cubic Mn3Ga. They also proposed that this cubic phase
transforms into tetragonal D022-MnzGa at 327 °C then into hexagonal
D0;19-Mn3Ga at 527 °C. Accompanied by the structural transformation,
the magnetic state of the MnsGa ribbon changes from paramagnetic to
ferrimagnetic then back to paramagnetic. The substitutional disordering

within melt-spun Mn3Ga ribbons was then confirmed using DFT calcu-
lations by Kharel et al. [40], which demonstrated that the para-
magnetism of cubic Mn3Ga stems from the opposite sign of the magnetic
moments of Mn atoms on different sites. Using DFT, Zhang et al. [41]
optimized the lattice parameters for the three structures of MngGa and
compared their stability based on the variation of total energy with
volume. In contrast to the results of Kharel et al. [40], this study pro-
posed a successive structural transition from hexagonal D0;9-MnsGa to
cubic DO3-MngGa then to tetragonal D02»-MngGa as the annealing
temperature decreases.

The crystal structure of the MngGas phase was firstly determined by
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Table 4
Crystallographic data of the Mn-Ga intermetallic compounds.
Phase/Temperature Range [°C] Pearson Symbol/Space Group/Prototype Lattice Parameters [A] Composition [at.% Ga] References
(aMn) cI58 a=38.912 [16]
<730 I43m
o-Mn
(BMn) cP20 a = 6.375 15 [16]
<1098 P4,32
B-Mn
(yMn) cF4 a=3.769 25 [16]
662-1140 Fm3m
Cu
(8Mn) cl2 a = 3.080 [16]
1033-1244 Im3m
w
MnsGa hP8 a=5.363, c = 4.327 28.75 (Quenched from 800 °C) [30]
<730 P63/mmc v =120°
Ni3Sn
t8 a=3.901, c=7.120 28.75 (Annealed at 1023 °C) [30]
I4/mmm
AlsTi
cF16 a = 5.8232 (Calculated) [38]
Fm3m
AlFe3
Mn,Ga(h) hP2 a=2.678, c = 4.338 30 [16]
711-1040 P63/mmc y =120°
Mg
Mn,Ga(r) tP4 a = 3.898, c = 3.586 [16]
<760 P4/mmm
AuCu
MngGas cI52 a=8.992 38 [42]
<910 143m
CusZng
cP52 a=9.023 40.2 [19]
P43m
Al4Cug
Mn3Ga, tP2 a = 2.755, ¢ = 3.666 40.2 [19]
<721 P4/mmm
AuCu
Mnj;Gag hR78 a=12.602, c = 8.056 43.5 [19]
642-781 R3mh y=120°
MnGa hR26 a =12.587, c = 8.035 [28]
<772 R3m vy =120°
AlgCrs
hR78 a =12.605, c = 8.0424 52 [45]
R3m y =120°
mS276 a=20.157,b = 14.718, 49.1 [19]
Cl12/c1 ¢ =14.889
p =121.349°
oC* a=20.4,b=12.5c=14.8 54 [26]
Bmmm
m** a=259,b=125,c=11.5 52 [26]
p=110°
tP4 a = 3.8921, ¢ = 3.6920 45 [12]
P4/mmm
AuCu
MnsGag opP* a=12.6,b=12.5,c=14.8 55 [26]
<725 Pnma
AlsMn
oC* a=7.7,b=12.5,c=23.6 57 [26]
Bmmb
AlgoMn11Nig
MnsGay oC* a=45.7,b=12.5c=14.4 58 [26]
<650 Bmm2
Mn3Gas tP* a=125 62 [26]
<620 P4y/n2;c c=25.0
Mn,Gas tP14 a = 8.803, c = 2.694 71 [731]
<522 P4/mbm
HgsMn,
MnGay cI10 a = 5.591 80 [16]
<498 Im3m
Hg,Pt
MnGag a=8.949, b = 8.814, 86 [16]
<400 ¢ =9.944

(continued on next page)
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Phase/Temperature Range [°C] Pearson Symbol/Space Group/Prototype

Lattice Parameters [A]

Composition [at.% Ga] References

0C28
Cmcm
AlgMn
oC8
Cmca
Ga

Ga
<30

a = 4.5199, b = 7.6603;

¢ =4.5259

[80]

(a) (b)

Fig. 11. Three possible structures for the Mn3Ga phase: (a) hexagonal lattice with D0;¢ ordering; (b) tetragonal lattice with D0,, ordering; (c) cubic lattice with DO3
ordering. Blue atoms are Mn. Orange atoms are Ga. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

Tsuboya and Sugihara [42] as y-brass type (body-centered cubic).
However, Meissner et al. [16] suggested that the structure of MngGas is
not a perfect y-brass type due to the presence of reflection patterns from
a hexagonal lattice. They also proposed that when the temperature or
the Ga content increases, the structure of MngGas transforms into the
AlgCrs type (rthombohedral). A two-stage order-disorder transition
within the MngGas phase was reported by Minakuchi et al. [19]. How-
ever, only the low-temperature MngGas can be synthesized as the
single-phase and it has a similar structure to Al4Cug. This result was
supported by Tozman et al. [43] using both experiments and DFT cal-
culations. In their work, several alloys were prepared under different
annealing and cooling conditions to obtain the MngGas phase stable at
different temperatures. The XRD patterns revealed that these phases
have the same structural symmetry but differ in the degree of atomic
ordering. Further studies are still needed to confirm that the processing
condition used in their study is effective to maintain the
high-temperature and moderate-temperature MngGas phases in the

Fig. 12. The MnGa phase with L1, ordering. Blue atoms are Mn. Orange atoms
are Ga. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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single-phase state. The structural model formulated by Tozman et al.
[43] based on the DFT calculations is similar to a layered tetragonal unit
cell with L1 ordering, which explains why MngGas usually co-exists
with other L1o-type phases in the Mn-Ga alloys [12,33,44].

Reports [19,26,28,45-47] about the crystal structure of the MnGa
phase disagree with each other, which may be due to the polymorphism
of MnGa. Schubert et al. [28] determined the structure of MnGa to be the
same as AlgCrs (R3m), which can be indexed with either the hexagonal
or rhombohedral axis. A different space group, R3m, was suggested by
Gourdon and Miller [45] based on the single-crystal XRD analysis. Other
structural parameters, including the atomic coordinates, displacements,
and interatomic distance were refined using the R3m symmetry. Mina-
kuchi et al. [19] determined the crystal structure of MnGa as monoclinic
with a large unit cell. This phase was reported to relate to the decagonal
quasicrystal and adopt an orthorhombic or a monoclinic structure with
the same lattice constant b by Wu and Kuo [26]. Using DFT calculations,
the MnGa phase was predicted to adopt the AuCu type structure with L1
ordering [46,47]. Due to its extraordinary magnetic performance,
several researchers have successfully synthesized the L1o-type MnGa
phase in bulk alloys [12], thin films [6,10,48], melt-spun ribbons [39,
49], and mechanically milled powders [12,50]. It needs to be mentioned
here that both MnyGa(r) and Mn3Ga, phases have the L1y-type ordered
structure similar to AuCu, and their phase regions are close to each
other. Thus, the Lly-type MnGa phase described in this and the
following sections is not the same as that indicated in the Mn-Ga phase
diagram. The L1y-type MnGa phase here refers to the Mn-Ga interme-
tallic compounds with the L1o-type crystal structure, and thus includes
the MnyGa(r), Mn3Gay and MnGa phases as denoted in Fig. 10.

The unit cell of the MnGa phase with L1 ordering is illustrated in
Fig. 12. It has a tetragonal structure with similar lattice constants a and
c. Indeed, the structure of tetragonal L1-type MnGa is closely related to
that of tetragonal D09>-MngGa. The lattice parameters a for both phases
are almost the same, while the lattice parameter ¢ for D0O32-Mn3Ga is
around two times the value of ¢ for L1y-type MnGa [36]. Therefore, for
different applications, it is convenient to synthesize either L1y-type
MnGa or D022-MnsGa by tuning the alloy composition. For example,
Niida et al. [36] obtained the L1,-type phase in annealed alloys with 36
to 37 at.% Ga, and the D0Ogo-type phase in annealed alloys with 26 to 34
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at.% Ga. Huh et al. [51] determined that the melt-spun Mn-Ga ribbons
exhibit the L1 structure when the Ga content is 38 to 45 at.%, and the
D05 structure when the Ga content is 34 at.%.

The crystal structure of MnGag was firstly reported by Schubert et al.
[28], with the ideal composition of MnGags. Later, Meissner et al. [16]
suggested the stoichiometric composition of this phase to be MnGag, and
confirmed the structure to be Hg4Pt type with the space group Im3m. As
a representative of Hume-Rothery compounds, structural parameters of
MnGay4 were refined using the XRD analysis and DFT calculations by
Haussermann et al. [52]. Tillard and Belin [24] studied the structural
properties of MnGay4 using single-crystal XRD data, and constructed its
structure by packing the cubic subunit of Ga atoms with a Mn atom in
the center.

The stoichiometric composition of the phase with the highest content
of Ga was determined to be MnGag by Meissner et al. and Wachtel and
Nier [16,17], but its structure was not resolved in these two studies. A
polymorphic transformation at 340-385 °C within this phase was re-
ported by Wachtel and Nier [17]. Lu et al. [18] assumed that the stoi-
chiometry of this phase should be either MnGas or MnyGag. This
assumption was confirmed by Tillard and Belin [24], which determined
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that the stoichiometric composition of the phase with the highest con-
tent of Ga is closer to MnGas, instead of MnGag. Besides, this phase has
two structural modifications: tetragonal MnGasgs and triclinic
MnGayg g3. The structures of these two modifications can be constructed
based on subunits with a square antiprismatic shape.

3.2. Decagonal quasicrystal (DQC) approximants

Due to the similarity with the Al-Mn system in which the first qua-
sicrystals were reported, the Mn-Ga system is also featured by the ex-
istence of DQC in rapidly solidified alloys. Wu and Kuo [26] successfully
synthesized DQC in the melt-spun ribbons containing 52 to 58 at.% Ga,
and proposed that in contrast to the AI-Mn DQC, the Mn-Ga DQC is
metastable and can coexist with other intermetallic compounds in
water-quenched alloys.

The crystal structures of many Ga-rich intermetallic compounds,
including MnGa, MnsGag, MnsGay, and Mn3Gas, are related to that of
Mn-Ga DQC. These intermetallic compounds consist of the same sub-
units as that of Mn-Ga DQC, but they exhibit both the translational and
rotational symmetries. Meanwhile, these decagonal subunits are packed
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Fig. 13. Magnetic properties of the Mn-Ga intermetallic compounds: (a) magnetic transition temperature; (b) mean magnetic moment.
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in a periodic way within these intermetallic compounds, while they are
packed aperiodically in the Mn-Ga DQC. Therefore, these Mn-Ga
intermetallic compounds are called DQC approximants. Wu and Kuo
[26] demonstrated that all these Mn—-Ga DQC approximants have a large
unit cell, with the lattice parameter b equal to the tenfold axis period-
icity of the Mn-Ga DQC.

The MnsGag DQC approximant has two structural variants: primitive
and B-centered orthorhombic. Built on the basis of the same subunits
these two structural variants often coexist and produce tenfold twins
[26]. Using the high-resolution electron microscopy, Wu et al. [53]
constructed the structural model for the MnsGag DQC approximant by
the hexagonal subunits. If the subunits orient along the same direction, a
B-centered lattice forms; If the subunits orient along with two different
directions alternately, a primitive lattice forms. Based on the proposed
structural models, Wu et al. [53] simulated the diffraction patterns and
electron images, which agree well with the experimental observations.

The structural model of the MnsGay; DQC approximant was resolved
by Wu and Kuo [54]. They found that the one-face-centered ortho-
rhombic MnsGay consists of differently oriented hexagonal subunits,
which are separated by subunits with a crown shape.

Bostrom and Hovmoller [55] refined the structural parameters for
the tetragonal MngGas DQC approximant using the single-crystal XRD
data. The unit cell of Mn3Gas was constructed based on the alternate
arrangement of a cluster existing in y-brass and a rod-shaped subunit
existing in Cry3Ce. Uchida and Matsui [56] proposed a new perspective
to understand the structure of DQC approximants, and used this method
to analyze the structure of Mn3Gas. In their work, the large unit cell of
MnsGas DQC approximant was constructed by stacking close-packed
layers over which the vacancy sites are distributed in an ordered
manner, rather than by packing the subunits, as suggested by Bostrom
and Hovmoller [55].

According to Wu and Kuo [26], the MnGa DQC approximant can
adopt the orthorhombic and monoclinic structures. These two invariants
exhibit certain orientation relationship, so the structural transition can
easily occur by introducing the stacking faults. The structural parame-
ters of the monoclinic MnGa DQC approximant were refined based on
the single-crystal XRD patterns by Bostrom and Hovmoller [57], who
also constructed the unit cell of this DQC approximant by packing the
wheel-shaped pentagonal subunits in planes perpendicular to the
pseudo five-fold axis.

4. Magnetic properties

The intrinsic magnetic properties of a phase can have a significant
influence on its total Gibbs free energy, which determines its phase
equilibria with other phases. For example, an additional miscibility gap
can occur in some phase diagrams such as Fe-Ni [58] and Fe-Cr [59,60]
owing to magnetic ordering energy contribution [61]. The Mn-Ga sys-
tem is featured by the richness of magnetic phases. Therefore, the
magnetic properties of these phases are critically reviewed, in order to
accurately calculate the magnetic contributions to the Gibbs free energy
and the magnetic phase diagram of the Mn-Ga system.

A majority of Mn-Ga intermetallic compounds, namely, Mn3Ga,
MnyGa(h), MnyGa(r), MngGas, Mn3Gay, MnGa, Mns3Gas, MnyGas,
MnGagy, and MnGag, have been reported to be magnetic. Meissner et al.
[16] suggested that MnyGa(h) is ferromagnetic, but since then, no study
about the magnetic properties of MnyGa(h) was conducted. Other
magnetic phases that are stable till the room temperature were inves-
tigated extensively for applications in magnetic thin films, permanent
magnets, and spintronic devices. After a comprehensive review of re-
ported magnetic properties, the magnetic transition temperature and the
mean magnetic moment for several Mn—Ga intermetallic compounds are
summarized in Fig. 13. As can be shown, the unit of the magnetic
transition temperature in Fig. 13 is Kelvin, so this unit will be used to
describe the Curie and Néel temperatures for the Mn-Ga intermetallic
compounds in the following sections. These data are critical to the
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CALPHAD-type (Calculation of Phase Diagrams) assessment of the
Mn-Ga system [61]. However, one needs to keep in mind that the
revised Inden-Hillert-Jarl model proposed by Xiong et al. [61] for the
CALPHAD approach considers the effective magnetic moment but not
mean magnetic moment, which has been proved as the wrong physical
quantity for magnetic entropy estimation. Therefore, some DFT calcu-
lations are required to obtain local magnetic moment for estimation of
the effective magnetic moment during the CALPHAD modeling.

As mentioned earlier, Mn3Ga can exhibit three structures, depending
on the composition range and the processing condition. Their magnetic
properties differ significantly: DO;9-MnsGa is antiferromagnetic with the
Néel temperature of 460 K and the magnetic moment of 2.4 pg/Mn [30];
DO09>-Mng3Ga is ferrimagnetic and it is characterized by the high Curie
temperature and low magnetization; DO3-Mn3Ga is ferrimagnetic with a
Curie temperature of 314 K [37], and a magnetic moment of —0.003
ps/Mn [38,41].

Krén and Kadar [30] resolved the spin configurations for D0;g-and
DO02>-Mn3Ga using the neutron diffraction. DO;9-Mn3Ga has a triangular
antiferromagnetic arrangement of Mn magnetic moments in the basal
plane of the hexagonal lattice. In contrast, DO2>-Mn3Ga aligns all mag-
netic moments with the opposite sign along the ¢ axis of the tetragonal
lattice. Besides, Krén and Kadar [30] suggested that the weak ferro-
magnetism of D0;g-MnzGa observed below the Néel temperature by
Tsuboya and Sugihara [29] and Niida et al. [31] stems from the
distortion of the triangular magnetic structure.

Niida et al. [31] detected an orthorhombic distortion within the
hexagonal D0;19-Mn3Ga, and such a structural transition leads to a steep
increase in the spontaneous magnetization. The same researchers [32]
used the XRD analysis and magnetization measurement to determine the
Néel and structural distortion temperatures for the D0;9-MnzGa phase in
the composition range of 24 to 32 at.% Ga as shown in Fig. 13 (a).

Since the Curie temperature for D02>-MngGa is higher than the
structural transition temperature (770 K) from D032-to D0;9-Mn3Ga, it is
difficult to measure it via experiments. Kiibler [37] estimated the Curie
temperature of D02>-MnsGa to be 762 K, using the DFT method. Win-
terlik et al. [34] studied the effect of the deficiency in Mn atoms on the
magnetic properties of alloys with the D0yo-type structure. As the con-
tent of Mn decreases, the coercive force and maximum energy product
will decrease, while the magnetization will increase. That confirmed the
magnetic structure predicted through the DFT calculations. There are
two crystallographically inequivalent sites for the Mn atoms, and their
magnetic moments align in the opposite direction. As the reduction in
the Mn content, more Mn atoms are removed from one site than the
other, leading to the increased magnetization. Wei et al. [62] investi-
gated the composition dependence of magnetization in Mns,Ga (x = 0
to 1.15) series of alloys. They proposed that the increase in the
magnetization with the decrease in the Mn content is due to the pref-
erential substitution of Ga for Mn at specific crystallographic sites,
rather than the introduction of vacancies. Meanwhile, their work ach-
ieved the coercivity at the room temperature as high as 18.2 kOe by
pressing and annealing the cast ingot with 25 at.% Ga.

Ferrimagnetic D03-MnsGa has a structure (Fm3m) similar to that of
Heusler compounds, and hence, the magnetic moments are highly
localized. Local magnetic moments of Mn atoms at Wyckoff positions 4b
(1/2, 1/2, 1/2) and 8¢ (1/4, 1/4, 1/4) are 3.03 pg and —1.54 pp,
respectively [38]. From the DFT calculations, Zhang et al. [63] reported
that the total magnetic moment of D03-MnsGa is highly dependent on
the lattice constant. As the lattice constant increases, the covalent hy-
bridization between the Ga and Mn atoms weakens, and thus the total
magnetic moment increases. The change of lattice parameters has a
profound effect on the local magnetic moment at the 4b sites. Kharel
et al. [40] synthesized the cubic Mn3Ga phase in the melt-spun ribbons
with 25 at.% Ga, and demonstrated that this phase is antiferromagnetic,
with a Néel temperature of 420 K and a zero magnetization at the room
temperature. The discrepancy between the DFT calculations [37,38] and
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experimental measurements [40] may come from the difference in the
structure of the MnsGa phase. In the melt-spun ribbons, the Mn3Ga
phase exhibits a disordered primitive cubic crystal structure [40], while
in the DFT calculations, the MnsGa phase adopts an ordered
face-centered cubic crystal structure [37,38].

As shown in Fig. 13, both the MnyGa(r) and Mn3Gay phases with the
L1, structure are ferromagnetic. Bither and Cloud [64] used the mag-
netic measurements to determine the Curie temperature and the mag-
netic moment of the MnyGa(r) phase to be 748 K and 0.502 pp/Mn,
respectively. The Curie temperature and the magnetic moment of the
MnsGay phase were measured to be 690 K and 1.5 pg/Mn by Tsuboya
and Sugihara [65]. They reported a high coercivity for the MnsGa,
phase, which increases with the increase in the Mn content. The coercive
force reaches 5.75 kOe in the alloy with 31.5 at.% Ga. Lu et al. [66]
determined the Curie temperature of the MngGay phase to be 650 K and
the coercivity to be 4.18 kOe. Gourdon and Miller [45] proposed two
possible magnetic structures for the ferromagnetic MnGa (R3m) phase
based on the DFT calculations. According to these two models, Ga will
contribute to the total magnetic moment due to 3d-4p hybridization
between the Mn and Ga electrons. Moreover, the Ga atoms that are
surrounded by a larger number of Mn atoms have a larger local magnetic
moment.

Sakuma [46] used the DFT calculations to predict the spin configu-
ration in the L1p-MnGa phase, and determined the magnetic moments
for Mn and Ga to be 2.51 and —0.09 pp, respectively. They reported that
the magnetic moments of Mn atoms are along the c axis, thus leading to a
magnetocrystalline anisotropy of 2600 kJ/m®. Yang et al. [47] studied
the effect of strain on the magnetic structure of L1y-MnGa using the DFT
calculations. It was suggested that the magnetic moment for the un-
strained phase is 2.51 pg/Mn, while that for the strained phase is 2.33
ps/Mn. That is because, owing to the strains, the decrease in the tetra-
gonality (i.e., the decrease in the c value) of L1p-MnGa will increase the
hybridization between electrons and decrease the density of states at the
Fermi level, thus decreasing the magnetic moment. Mix et al. [12] re-
ported that as the Mn content increases, the Curie temperature and the
anisotropy constant of L1y)-MnGa increase, while the maximum
magnetization decreases. This work also studied the influence of pro-
cessing methods on the magnetic properties of the L1o-MnGa phase. The
mechanical milling of the bulk samples will enhance the coercivity of the
L1op-MnGa phase, at the expense of the maximum magnetization. After
hot compacting the mechanically milled powders, the L1p-MnGa phase
shows a high magnetization and a large coercivity.
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Fig. 14. Low-temperature heat capacity determined by experiments for two
Mn-Ga alloys [34]. The black solid line is for Mn-33.3 at.% Ga alloy. The red
dotted line is for Mn-25 at.% Ga alloy. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 15. Enthalpies of formation of the Mn-Ga intermetallic compounds
calculated using the DFT [45,52,70,72], the CALPHAD method [20], and the
Miedema model [71].

The magnetic properties of L1p-MnGa can be readily tuned by
altering the alloy composition due to its homogeneity range in this alloy
system. Cui et al. [50] reported that the heat treatment, such as
annealing, can enhance the degree of ordering of the L1, phase, thus
contributing to the improvement of the coercivity. However, if the
annealing temperature is too high, the grains become coarse, which will
deteriorate the coercivity of the L1 phase. After annealing the powder
containing 44 at.% Ga at 600 °C for 20 min, a coercivity as high as 6.2
kOe and a saturation magnetization of 61 emu/g can be reached.

Both L1y and D025 structures have a high Curie temperature as well
as coercivity, and thus, they are suitable candidates for permanent
magnets. Gong et al. [49] synthesized the L1y and D0y, structures in
melt-spun ribbons and suggested that the high coercivity of these two
structures is due to the nucleation and pinning mechanisms, respec-
tively. The magnetizations of these two structures are not comparable.
Hubh et al. [51] proposed that the magnetic properties of the L1y-MnGa
phase depend closely on the alloy composition. With the increase in the
Mn content, the Curie temperature increases, while the magnetization
and the anisotropy constant decrease. That is because, in the L1yp-MnGa
phase, the magnetic moments of Mn align along the same direction,
while the magnetic moments of Ga that have the opposite sign compared
with those of Mn are so small that can be ignored. When excess Mn
atoms are introduced, they will occupy the Ga sites, and align antifer-
romagnetically with other Mn atoms, causing a decrease in the magnetic
anisotropy and the magnetization. Huh et al. [51] also reported that as
the Mn content increases continuously, the ferromagnetic L1y phase
finally transforms into the ferrimagnetic D02y phase, followed by a
decrease in the magnetization.

The MngGas phase was reported to be ferromagnetic, with a Curie
temperature of 210 K, by Tsuboya and Sugihara [42]. Besides, the
magnetic moment was determined to be 1.0 pg/Mn and 2.05 p/Mn,
based on the magnetization and the susceptibility measurements,
respectively. Such a difference indicates that the magnetization of the
alloy did not saturate under the applied magnetic field in the work of
Tsuboya and Sugihara [42]. Tozman et al. [43] proposed that the Curie
temperature and the magnetization of the MngGas phase are influenced
by the degree of atomic ordering, which can be altered by changing the
annealing temperature and cooling rate.

Most Ga-rich phases are ferromagnetic, except for the MnsGae and
MnsGay phases (see Fig. 13). Mn3Gas DQC approximant has a Curie
temperature of 433 K [26]. The Curie temperature of the MnGa,4 phase
was determined to be 453 K, based on the temperature dependence of
the saturation magnetization [18]. The Curie temperature of the MnGag
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phase is 420 K, according to Wachtel and Nier [17].

The ferromagnetic MnyGas phase was synthesized by Kitchingman
and Norman [67,68] in an alloy with 73 at.% Ga. They determined the
Curie temperature and the magnetic moment of the MnyGas phase to be
521 K and 1.777 pg/Mn, respectively, using the neutron diffraction. The
possible spin configuration was also suggested in this study. Donishi
et al. [69] synthesized the MnyGas phase in the vacuum evaporated thin
films containing 70 at.% Ga, and successfully controlled the orientation
of this phase by changing the annealing temperature. They demon-
strated that a preferential alignment of the c axis perpendicular to the
film surface can be achieved after annealing the amorphous film at 250
°C. Kim et al. [70] conducted the magnetic measurements, from which
the Curie temperature and the magnetic moment of the MnyGas phase
were determined to be 450 K and 1.355 pp/Mn, respectively. Besides,
they performed the electronic band structure calculations to study the
origin of such strong ferromagnetism. It was proposed that the
super-degeneracy resulting from the bonding features between the
atoms leads to the ferromagnetism for the MnyGas phase.

5. Thermochemical properties

So far, only limited studies have been performed about the thermo-
chemical properties of the Mn-Ga system. Winterlik et al. [34] used the
Quantum Design Physical Property Measurement System to obtain the
low-temperature Cy (heat capacity at constant volume) for alloys con-
taining 25.0 and 33.3 at.% Ga. This apparatus is commonly used for the
determination of heat capacity at low temperatures, and the results are
plotted in Fig. 14. Considering the negligible difference between Cy and
Cp (heat capacity at constant pressure) at low temperatures, experi-
mental data of Cy in Fig. 14 can be approximated to Cp and used in future
CALPHAD-based thermodynamic modeling of the Mn—Ga system. As can
be seen in Fig. 14, the Cy vs. T curve shows a typical metallic behavior,
demonstrating major contributions from phonons within such a
low-temperature range.

Fig. 15 presents the enthalpies of formation for the Mn-Ga inter-
metallic compounds, which were obtained using different methods. The
Miedema model [71] was used to estimate the enthalpies of formation
for all Mn-Ga intermetallic compounds listed in Table 4. The CALPHAD
approach was used by Sedmidubsky et al. [20] to assess the enthalpies of
formation at room temperature for several Mn-Ga intermetallic com-
pounds. Several researchers have calculated the total energy at 0 K for
MnGay [52], MnyGas [70], MnGa [45,72], MngGas [72], and Mn3Ga
[72] phases, using the DFT calculations. The enthalpies of formation for
the MnGa phase with the space group P4/mmm (L1o) and R3m are
—12.447 [72] and —9.167 kJ/mol [45], respectively. For the MnsGa
phase, the enthalpies of formation for the D032, D09, and D03 structures
are —0.289, 3.570, and 3.377 kJ/mol [72], respectively. Therefore, from
the DFT calculations, the most stable structure for the MnGa phase is
L1y, and that for the Mn3Ga phase is DOgy. This is contradictory to the
experimental results, which demonstrated that the MnGa phase with
space group R3m and the MnsGa phase with the D0;o-type structure are
more stable. According to the DFT calculations, the enthalpy of forma-
tion for the MngGas phase with the CusZng-type structure is 9.456
kJ/mol [72], which suggests this structure is metastable. Therefore, the
stable structure for the MngGas phase should be the Al4Cuq-type, as
determined by Minakuchi et al. [19]. However, this assumption needs to
be validated by further studies. Meanwhile, as shown in Fig. 15, there is
a large discrepancy between formation energies calculated by
CALPHAD-based thermodynamic descriptions and by DFT. As
mentioned earlier, the work of Sedmidubsky et al. [20] involved many
simplifications and cannot lead to reliable thermodynamic calculations.
Therefore, their reported formation energies deviate largely from those
calculated by DFT. A self-consistent CALPHAD-based thermodynamic
assessment of the Mn-Ga system is ongoing and will be published later.
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6. Conclusions

Despite the scientific and technological importance of Mn-Ga-based
alloys, reports related to thermodynamics of the Mn-Ga system are
still limited and exhibit great discrepancies. Therefore, this work
comprehensively reviews current progress on studies of the phase dia-
gram, crystallography, magnetism, and thermochemical properties for
this binary system. Afterward, a new version of the Mn-Ga phase dia-
gram, which incorporates relatively reliable results from two groups, is
recommended. The information about crystal structure, magnetic tran-
sition temperature, magnetic moment, heat capacity, and enthalpy of
formation for Mn-Ga intermetallic compounds is summarized. This
work provides guidelines for future investigations of the Mn-Ga system,
and the summarized information can serve as useful inputs for future
thermodynamic modeling.

Based on critical evaluations, a considerable amount of work is still
required to have a better understanding of the thermodynamics of the
Mn-Ga system. For example, experimental studies about phase equi-
libria on the Mn-rich side are highly suggested to clarify existing dis-
crepancies among works performed by different researchers. A self-
consistent CALPHAD-based database should be established to facilitate
alloy and processing designs of Mn-Ga based materials. Thermochem-
ical properties, such as activity, enthalpy of mixing of liquid as well as
solid solutions, and heat capacities covering more compositions, also
deserve further experimental determination, to better support thermo-
dynamic modeling. DFT calculations should be performed to obtain the
local magnetic moment for intermetallic compounds, which can lead to
a more physically sound description of the magnetic phase diagram.
Enthalpies of formation for intermetallic compounds and different
structures of Mn3Ga, MngGas, and MnGa phases need to be calculated
using DFT, to evaluate the phase stability better.
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