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We employ the particle swarm optimization (PSO) algorithm in combination with first-principles calculations to sys-
tematically investigate the phase stability and physical properties of Mn2AlB2 under pressures of up to 80 GPa. The results
reveal a pressure-induced phase transition from orthorhombic oC10-Mn2AlB2 to tetragonal tP10-Mn2AlB2 at approxi-
mately 21.5 GPa, accompanied by a volume collapse of approximately 1.6%, confirming a first-order phase transition.
Both phases are mechanically and dynamically stable, with the bulk and shear moduli increasing under compression. The
B/G ratio and Poisson’s ratio indicate a pressure-driven brittle-to-ductile transition occurs at pressures above 50 GPa. The
calculated Vickers hardness suggests that the two Mn2AlB2 phases are potential hard materials rather than superhard ones.
Furthermore, the minimum thermal conductivity of both phases exceeds 1.25 W·m−1·K−1, and they are not suitable as
thermal barrier coating materials. Electronic structure and bonding analyses reveal that pressure strengthens Mn–B and
Al–B bonds and reduces magnetic moments, providing a microscopic explanation for the pressure-dependent mechanical
behavior. Finally, a high-pressure and high-temperature phase diagram of Mn2AlB2 is constructed for the first time using
the quasi-harmonic approximation (QHA) method. The results show that the transformation pressure from oC10-Mn2AlB2
to tP10-Mn2AlB2 decreases with increasing temperature. These findings deepen our understanding of the pressure-induced
behavior of Mn2AlB2 and provide theoretical guidance for its mechanical optimization and high-pressure synthesis.
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1. Introduction
Nanolaminate materials are promising candidates for fu-

ture energy, transportation, and defense applications due to
their exceptional mechanical, electrical, and magnetic proper-
ties, as well as their superior radiation tolerance.[1–3] The most
representative nanolaminate materials are the MAX phases,
expressed by the general formula Mn+1AXn (n = 1, 2, or
3),[4] where M represents a transition metal, A denotes an A-
group element, typically referring to elements from groups
13–16, and X is carbon or nitrogen. These materials con-
sist of strongly bonded M–X layers that alternate with rela-
tively weakly bonded A layers.[5] Owing to their unique lay-
ered bonding structure, MAX phases exhibit high thermal and
mechanical stability, excellent electrical and thermal conduc-
tivity, and notable hardness and stiffness, thereby earning the
designation ‘metallic ceramics’.[6–8] However, the alternation
of strongly bonded M–X layers and weakly bonded A layers
limits their fracture toughness and damage tolerance, motivat-
ing the exploration of alternative layered architectures.[2,9,10]

One effective approach involves inserting main-group ele-
ments into binary boride lattices to form weakly bonded
interfaces,[11–14] resulting in ternary metal borides known as

MAB phases. In 2015, Ade and Hillebrecht first discovered
through experiments that MAB compounds exhibit a nanolam-
inate structure analogous to that of MAX phases.[15]

Among the various MAB phases, Mn2AlB2 has been ex-
tensively studied under ambient conditions. In 2018, Kota et
al.[16] successfully synthesized dense single-phase Mn2AlB2

by reactive hot pressing and reported that its Young’s modu-
lus and shear modulus at 300 K were 243 GPa and 102 GPa,
respectively. Subsequently, Potashnikov et al.[17] further re-
vealed that Mn2AlB2 exhibits canted antiferromagnetism be-
low 390 K. Later, Gokhan et al.[18] performed a comprehen-
sive theoretical study of the structural, electronic, magnetic,
elastic, and lattice dynamical properties of M2AlB2 (M = Mn,
Fe, Co), confirming its thermodynamic, mechanical, and dy-
namical stability. In 2021, Liu et al.[19] further demonstrated
the metallic behavior and covalent M–B bonding of Mn2AlB2

by combining the quasi-harmonic Debye model with den-
sity functional theory. More recently, Kota et al.[20] reported
the thermoelectric properties of Mn2AlB2, revealing nearly
isotropic thermoelectric behavior.

Despite these efforts, previous research has primarily fo-
cused on ambient pressure, leaving the high-pressure struc-
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tural evolution and potential phase transitions of Mn2AlB2

largely unexplored. High pressure can significantly alter the
crystal structure, electronic structure, and mechanical prop-
erties of materials, which is critical for understanding their
stability and potential applications. In this work, we em-
ploy the particle swarm optimization (PSO) algorithm to sys-
tematically investigate the crystal structure of Mn2AlB2 over
a wide pressure range (0–80 GPa). Subsequently, we con-
struct a temperature–pressure phase diagram for Mn2AlB2 us-
ing the quasi-harmonic approximation method and determine
the finite-temperature phase boundaries. We further present a
detailed analysis of the mechanical properties and minimum
thermal conductivity of different Mn2AlB2 phases. These re-
sults are expected to offer theoretical guidance for the experi-
mental synthesis and property optimization of Mn2AlB2 under
high pressure while enhancing our understanding of the high-
pressure behavior of ternary layered MAB phases.

2. Computational details
Using the CALYPSO[21,22] code with a variable-well

PSO algorithm, crystal structure prediction is performed for
the pressure range of 0–80 GPa using up to four formula
units (FUs) per simulation cell. The PSO algorithm, which
only needs the chemical compositions of a compound at
given pressures, can search for crystal structures with the
lowest enthalpy and has been successfully applied to many
materials.[23–25] All structural optimizations are implemented
in the Vienna Ab initio Simulation Package (VASP).[26,27]

The computational outputs from VASP are refined using the
VASPKIT tool.[28] The ion–electron interaction is described
by a projector-augmented wave pseudopotential[29] method,
and 3d54s2, 3s23p1, and 2s22p1 are treated as the valence elec-
trons of Mn, Al, and B, respectively. The Perdew–Burke–
Ernzerhof (PBE)[30] functional is employed to describe the
electronic exchange–correlation interactions. A cutoff energy
of 600 eV and a Monkhorst–Pack k-point mesh spacing of
2π × 0.03 Å−1 are used to ensure good convergence of the
total enthalpy values. The convergence criteria for the to-
tal energy and maximum force in structural relaxation are
1× 10−8 eV/atom and 0.01 eV/Å, respectively. In addition,
the bulk modulus B and shear modulus G are estimated us-
ing the Voigt–Reuss–Hill approximation.[31–34] Phonon dis-
persion calculations are performed using the finite displace-
ment method in the PHONOPY code.[35,36] A 2× 2× 2 su-
percell (containing 80 atoms) is used to ensure the conver-
gence of phonon frequencies. Correlation effects among the
Mn 3d electrons are treated using the GGA+U approach,[37]

adopting the Coulomb interaction U = 0.6 eV applied to Mn
atoms, while no U correction is imposed on Al or B. Fur-
thermore, we calculate the band-resolved projected crystal
orbital Hamilton populations (COHPs) for chemical bond-

ing analysis, which is performed using the Local Orbital Ba-
sis Suite Towards Electronic-Structure Reconstruction (LOB-
STER) package.[38,39]

3. Results and discussion
3.1. Structural properties

Our simulations indicate that oC10-Mn2AlB2 (Fig. 1(a))
is the most stable structure at zero pressure, which is in agree-
ment with previous theoretical[18,19] and experimental[13]

studies, thus validating the reliability of our computational ap-
proach. At 30 GPa, the tetragonal tP10-Mn2AlB2 (Fig. 1(b))
exhibits the lowest enthalpy. Before evaluating the pressure-
induced phase stability, we compared the formation enthalpies
of different magnetic states. The results indicate that the fer-
romagnetic (FM) configuration (−0.20 eV/atom) consistently
possesses a lower formation enthalpy than the antiferromag-
netic (AFM) configuration (−0.19 eV/atom) throughout the
examined pressure range, confirming that FM is the magnetic
ground state of Mn2AlB2. Therefore, the following discus-
sions focus on the FM state. The predicted lattice parameters
and atomic coordinates of oC10-Mn2AlB2, oI10-Mn2AlB2,
and tP10-Mn2AlB2 under pressure are summarized in Table 1.
Additionally, the formation enthalpy was calculated using the
equation ∆H = H(Mn2AlB2)− 2H(Mn)−H(Al)− 2H(B),
where the reference structures are Mn in the α phase, Al in a
face-centered cubic structure, and boron in the α phase (be-
low 20 GPa) or γ boron (above 20 GPa), respectively. As
shown in Table 1, oC10-Mn2AlB2 exhibits the lowest forma-
tion enthalpy (−0.20 eV/atom) at 0 GPa, indicating that it is
the most stable phase at 0 K and zero pressure, consistent with
previous theoretical results. Furthermore, the calculated for-
mation enthalpies of oI10-Mn2AlB2 and tP10-Mn2AlB2 are
0.09 eV/atom and −0.17 eV/atom, respectively, suggesting
that oI10-Mn2AlB2 may decompose into other stable struc-
tures at 0 K and zero pressure, whereas tP10-Mn2AlB2 could
potentially exist as a metastable phase under these conditions.

Al

Mn

B
b

ac

Fig. 1. Crystal structures of (a) oC10-Mn2AlB2 at 0 GPa, (b) tP10-
Mn2AlB2 at 30 GPa. The light blue, purple, and green spheres represent
Al, Mn, and B atoms, respectively.
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Table 1. Predicted lattice constants, atomic positions, and formation enthalpies (in eV·atom−1) of oC10-Mn2AlB2, oI10-Mn2AlB2, and tP10-
Mn2AlB2 at different pressures, together with the available experimental and theoretical data.

Space group Pearson symbol Parameters (Å) Atom x y z ∆H Ref.

Cmmm oC10 a = 2.893 Mn(4 j) 0.000 0.354 0.500 −0.20 This work
(0 GPa) b = 11.094 Al(2a) 0.000 0.000 0.000

c = 2.833 B(4i) 0.000 0.206 0.000
oC10 a = 2.923 Mn(4 j) 0.000 0.356 0.500 Exp.[13]

b = 11.071 Al(2a) 0.000 0.000 0.000
c = 2.900 B(4i) 0.000 0.201 0.000

oC10 a = 2.894 Cal.[18]

b = 11.070
c = 2.828

oC10 a =2.905 Cal.[19]

b = 11.079
c = 2.841

Immm oI10 a = 3.242 Mn(4g) 0.500 0.798 0.500 0.09 This work
(0 GPa) b = 6.210 Al(2b) 0.000 0.500 0.500

c = 4.516 B(4i) 0.000 0.000 0.312

P4/mbm tP10 a = b = 5.598 Mn(4g) 0.171 0.329 0.000 −0.17 This work
(0 GPa) c = 2.828 Al(2b) 0.500 0.500 0.500

B(4h) 0.386 0.114 0.500

P4/mbm tP10 a = b = 5.427 Mn(4g) 0.172 0.327 0.000 −0.41 This work
(30 GPa) c = 2.734 Al(2b) 0.500 0.500 0.500

B(4h) 0.385 0.114 0.500

P4/mbm tP10 a = b = 5.239 Mn(4g) 0.173 0.326 0.000 −0.67 This work
(80 GPa) c = 2.636 Al(2b) 0.500 0.500 0.500

B(4h) 0.384 0.116 0.500
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Fig. 2. Calculated enthalpy differences of various intermetallic phases of
Mn2AlB2 versus pressure.

To determine the transition pressure at 0 K, the enthalpy
differences of tP10-Mn2AlB2 relative to oC10-Mn2AlB2 were
calculated under various pressures and plotted in Fig. 2. As
shown in Fig. 2, oC10-Mn2AlB2 exhibits the lowest enthalpy
at 0 K and zero pressure, confirming its stability as the ground-
state structure. With increasing pressure up to 18 GPa, tP10-
Mn2AlB2 gradually becomes more stable and surpasses all
other phases above 21.5 GPa. Thereafter, it remains struc-
turally stable, with no further phase transitions observed up to
80 GPa. Therefore, the pressure-induced phase transition se-
quence of Mn2AlB2 can be identified as oC10-Mn2AlB2 →
tP10-Mn2AlB2.

To evaluate the dynamical stability of oC10-Mn2AlB2

and tP10-Mn2AlB2 under different pressures, their phonon
dispersion curves were systematically calculated using the
finite-displacement method. As shown in Fig. 3, no imagi-
nary phonon modes are observed for oC10-Mn2AlB2 in the
pressure range of 0–21.5 GPa and for tP10-Mn2AlB2 in the
pressure range of 21.5–80 GPa, confirming their dynamical
stability under the investigated conditions. Furthermore, by
fitting the energy–volume data to the Vinet equation of state,
pressure–volume curves of Mn2AlB2 in the range of 0–80 GPa
were obtained, as shown in Fig. 4. These results indicate that
the transition from oC10-Mn2AlB2 to tP10-Mn2AlB2 is ac-
companied by a volume reduction of approximately 1.60%,
characteristic of a first-order phase transition.

3.2. Mechanical properties

Elastic constants provide critical insights into a material’s
ability to withstand external forces and maintain structural in-
tegrity under different conditions. The calculated elastic con-
stants of oC10-Mn2AlB2 and tP10-Mn2AlB2 at various pres-
sures were determined using the stress–strain method.[40] The
results are listed in Table 2, and theoretical data[11,18,19] are
also illustrated for comparison. Obviously, our obtained re-
sults are consistent with the other available data. Unfortu-
nately, no other data are available for comparison with the
predicted high-pressure phase tP10-Mn2AlB2. As shown in
Table 2, the elastic constants C33 of both oC10-Mn2AlB2 and

076105-3



Chin. Phys. B 35, 076105 (2026)

tP10-Mn2AlB2 are consistently larger than C11 and C22, in-
dicating that resistance to deformation in the [001] direction
is greater than that in the [100] and [010] directions. This

anisotropy in elastic response suggests that the material may
exhibit direction-dependent mechanical behavior under ap-
plied stress.

Table 2. Calculated elastic constants Ci j (in GPa) of different Mn2AlB2 phases at different pressures, together with the available calculated results.

Space group Pressure (GPa) C11 C12 C13 C22 C23 C33 C44 C55 C66 Ref.

oC10 0 508.4 186.8 110.9 402.8 128.1 519.3 166.7 211.1 182.4 This work
0 486.0 194.0 132.0 413.0 140.0 478.0 152.0 192.0 187.0 Cal.[11]

0 467.5 172.4 105.1 342.8 94.8 459.7 154.7 195.9 170.4 Cal.[18]

0 495.5 186.9 109.5 428.4 137.4 487.2 154.1 193.1 185.5 Cal.[19]

10 537.8 204.7 125.7 456.5 146.5 555.3 181.4 225.9 196.4 This work
21.5 609.6 242.0 160.9 538.0 181.7 629.0 205.7 257.6 220.1 This work

tP10 21.5 568.1 288.2 195.8 630.6 249.3 197.5 This work
30 617.3 313.8 220.6 682.1 269.2 212.5 This work
40 674.2 343.7 249.4 741.1 291.9 229.7 This work
50 732.6 370.1 274.0 802.9 313.5 245.0 This work
60 785.8 398.5 301.3 859.1 334.2 259.9 This work
70 837.8 426.3 328.3 914.2 354.3 274.4 This work
80 887.5 454.9 355.5 968.3 373.8 288.7 This work
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Fig. 3. Phonon dispersion curves of oC10-Mn2AlB2 at (a) 0 GPa and (b) 21.5 GPa, and tP10-Mn2AlB2 at (c) 21.5 GPa and (d) 80 GPa.

It is essential to confirm mechanical stability[41] when
studying the mechanical properties of a compound. For the
orthorhombic oC10-Mn2AlB2 phase, the mechanical stability
criteria are

C̃ii > 0, (i = 1,2,3,4,5,6),

C̃11 +C̃22 +C̃33 +2(C̃12 +C̃13 +C̃23)> 0,

C̃ii +C̃ j j−2C̃i j > 0, (i, j = 1,2,3, i 6= j). (1)

Similarly, the mechanical stability condition for the tetragonal
tP10-Mn2AlB2 phase can be expressed as

C̃ii > 0, (i = 1,3,4,6),

C̃11−C̃12 > 0, C̃11 +C̃33−2C̃13 > 0,

2
(
C̃11 +C̃12

)
+C̃33 +4C̃13 > 0. (2)

It can be seen in Table 2 that oC10-Mn2AlB2 and tP10-
Mn2AlB2 are mechanically stable at different pressures, as
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their elastic constants meet the above mechanical stability cri-
teria.
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Fig. 4. Calculated volume as a function of pressure for oC10-Mn2AlB2
and tP10-Mn2AlB2, where V0 represents the equilibrium volume of
oC10-Mn2AlB2.

The calculated elastic constants were used to evaluate the
bulk modulus B and shear modulus G of oC10-Mn2AlB2 and
tP10-Mn2AlB2 under various pressures, based on the Voigt–
Reuss–Hill approximation. In addition, Young’s modulus E
and Poisson’s ratio υ were calculated at various pressures us-
ing the following equation:

E =
9BG

3B+G
, (3)

υ =
3B−2G
6B+2G

. (4)

The calculated values of B, G, E, B/G, υ , and HV for oC10-
Mn2AlB2 and tP10-Mn2AlB2 are listed in Table 3 at different
pressures, together with available theoretical data.[14,16,18,19]

Our results for oC10-Mn2AlB2 agree with the other theoret-
ical results at 0 GPa, further confirming the reliability of our
calculations. In general, the bulk modulus serves as a primary
indicator for assessing the mechanical behavior of solids, as it
reflects their resistance to volumetric compression, while the
shear modulus represents their ability to resist deformation in-
duced by shear stress. As shown in Table 3, under varying
pressures, both oC10-Mn2AlB2 and tP10-Mn2AlB2 exhibit
stronger resistance to volumetric compression than to shear
deformation. Moreover, both B and G increase with pressure,
indicating the materials’ enhanced resistance to compression
and shear at elevated pressures. Additionally, the Young’s
modulus of a compound is identified as the ratio of linear stress
to linear strain and thus provides useful information about its
stiffness. The calculated Young’s moduli for oC10-Mn2AlB2

and tP10-Mn2AlB2 are greater than 420 GPa; thus, they can
be classified as relatively stiff compounds.

To evaluate the potential technological applications of
Mn2AlB2, we analyzed its brittle or ductile behavior. Ac-
cording to the Pugh criterion,[42] the brittleness or ductility

of a material can be determined by the ratio of its bulk mod-
ulus to its shear modulus (B/G). When this ratio exceeds the
critical value of 1.75, the material exhibits ductile behavior;
conversely, the material shows brittleness. As shown in Ta-
ble 3, the B/G ratio of oC10-Mn2AlB2 remains less than 1.75
at pressures below the transition pressure, indicating typical
brittle behavior. Above the transition pressure, tP10-Mn2AlB2

remains brittle up to 40 GPa but gradually becomes more duc-
tile at higher pressures, as indicated by the increasing B/G
ratio. Notably, although conventional MAX phases combine
the advantages of metals and ceramics, their limited fracture
toughness and damage tolerance remain a concern. In con-
trast, MAB phases achieve a better balance between structural
rigidity and tunability. Our results demonstrate that external
pressure can effectively enhance the ductility of Mn2AlB2,
significantly improving its mechanical performance and ex-
panding its potential for practical applications under extreme
conditions. Furthermore, its Poisson’s ratio[43] exhibits a trend
consistent with the B/G ratio. For oC10-Mn2AlB2, it remains
below 0.26 before the transition pressure is reached, confirm-
ing brittle behavior. The Poisson’s ratio of tP10-Mn2AlB2

remains less than 0.26 between the transition pressure and
40 GPa and gradually increases above 50 GPa. This trend
suggests a gradual enhancement of ductility at higher pres-
sures, which will be further discussed in terms of the under-
lying bonding and electronic structure.

Hardness is a critical elastic property that determines the
wear resistance of materials;[44] therefore, we employ the em-
pirical model,[45] which has been successfully applied to a
wide range of material systems,[46–49] to estimate the hardness
of these compounds in this work. This model is expressed as

HV = 2
(
k2G

)0.585−3; k = G/B. (5)

As summarized in Table 3, the calculated Vickers hardness of
oC10-Mn2AlB2 at 0 GPa is 23.28 GPa, which agrees well with
previous theoretical predictions.[19] Moreover, we can observe
that the Vickers hardness of the two Mn2AlB2 phases gradu-
ally increases as the pressure increases. This trend indicates
that lattice compression under pressure shortens covalent bond
lengths and strengthens interatomic bonding, thereby enhanc-
ing hardness. The Vickers hardness of both phases remains
below 40 GPa, suggesting that they are potential hard materi-
als rather than superhard ones.

Since the anisotropy of elastic constants can lead to di-
rectionally dependent mechanical properties, fully character-
izing such anisotropic behavior is crucial for understanding
the mechanical responses of materials. To provide a compre-
hensive and intuitive assessment of elastic anisotropy, three-
dimensional (3D) surfaces were constructed based on the di-
rectional dependence of the inverse elastic moduli.[50] The
minimum bulk modulus Bmin, maximum bulk modulus Bmax,
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and their corresponding 3D surface representations under dif-
ferent pressures are shown in Fig. 5(a). For the oC10-
Mn2AlB2 phase, within the pressure range of 0–21.5 GPa,
the anisotropy along the (100) and (010) planes gradually de-
creases, while the (001) plane exhibits nearly isotropic behav-
ior. Overall, the degree of anisotropy decreases with increas-
ing pressure. In contrast, the anisotropy of the three crystal-

lographic planes in the high-pressure phase tP10-Mn2AlB2

gradually diminishes with increasing pressure. Meanwhile,
both Bmin and Bmax increase with pressure, and their difference
remains nearly constant, indicating that pressure exerts only a
limited influence on the anisotropy of the bulk modulus. This
trend is clearly reflected in the pressure-induced evolution of
the 3D surfaces.

Table 3. Calculated bulk moduli B (in GPa), shear moduli G (in GPa), Young’s moduli E (in GPa), B/G, Poisson’s ratios υ , and Vickers
hardnesses HV (in GPa) of different Mn2AlB2 phases at different pressures, together with the available calculated results.

Space group Pressure (GPa) B G E B/G υ HV Ref.

oC10 0 252.8 176.1 428.7 1.44 0.217 23.28 This work
0 226.0 161.0 390.0 1.40 Cal.[14]

0 221.6 160.6 388.0 1.40 Cal.[18]

0 252.9 169.7 394.5 1.49 22.23 Cal.[19]

0 131.0 102.0 243.0 Exp.[16]

10 277.8 189.6 463.5 1.46 0.222 23.89 This work
21.5 327.1 213.5 526.0 1.53 0.232 24.39 This work

tP10 21.5 347.4 206.9 518.0 1.68 0.251 20.72 This work
30 380.7 222.7 559.0 1.71 0.255 21.25 This work
40 419.3 240.5 605.8 1.74 0.259 21.82 This work
50 456.0 259.1 653.5 1.76 0.261 22.70 This work
60 492.5 275.4 696.4 1.79 0.264 23.15 This work
70 528.4 291.2 738.0 1.81 0.267 23.57 This work
80 563.9 306.2 777.8 1.84 0.270 23.88 This work
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Fig. 5. Pressure-induced changes in elastic modulus and corresponding three-dimensional surface structures of oC10-Mn2AlB2 and tP10-
Mn2AlB2: (a) bulk modulus B and (b) shear modulus G. The dashed vertical line indicates the phase transition pressure.

The minimum shear modulus Gmin, maximum shear mod-
ulus Gmax, and their pressure-dependent 3D surface represen-
tations are shown in Fig. 5(b). Both Gmin and Gmax increase
with rising pressure, and the large difference between them
indicates a pronounced shear anisotropy, which is clearly re-
flected in the pressure-induced evolution of the 3D surfaces.
Specifically, for the oC10-Mn2AlB2 phase within the pres-
sure range of 0–21.5 GPa, the (100) plane exhibits nearly
isotropic behavior, whereas the (010) and (001) planes display
significant anisotropy, with that of the (010) plane continu-
ously strengthening under compression. In the tP10-Mn2AlB2

phase, all three crystallographic planes exhibit pronounced
anisotropy. Among them, the anisotropy along the (100) and

(010) planes increases with increasing pressure, while the
anisotropy along the (001) plane shows exactly the opposite
trend.

3.3. Debye temperature and minimum thermal conductiv-
ity

As a fundamental parameter of the thermodynamic prop-
erties of materials, the Debye temperature Θ is related to spe-
cific heat, thermal expansion, and elastic constants. It can be
estimated using the following equation:[51]

Θ =
h
kB

[
3n
4π

(
NAρ

M

)] 1
3

vm, (6)
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where h is Planck’s constant, kB is Boltzmann’s constant, n
is the number of atoms per formula unit, NA is Avogadro’s
number, M is the molar mass, ρ is the density, and vm is the
average sound velocity, which can be estimated using Navier’s
equation. Then, the Grüneisen parameter γ can be calculated
as follows:

γ =
3
2

(
1+υ

2−3υ

)
. (7)

The calculated values of vt, vl, vm, Θ , and γ for different
Mn2AlB2 phases at various pressures are listed in Table 4,
along with the available theoretical data.[19] These calcula-
tions allow us to assess how pressure influences the elastic re-
sponse, Debye temperature, and lattice anharmonicity, which
are closely related to the material’s hardness and thermal be-
havior. At zero pressure, the Debye temperature of oC10-
Mn2AlB2 is approximately 867 K, in good agreement with
previously reported values.[19] For the high-pressure tP10-
Mn2AlB2 phase, the Debye temperature reaches about 932 K

at 21.5 GPa. As pressure increases, the Θ values of the two
phases exhibit a consistent rising trend. This can be attributed
to the fact that lattice compression raises the atomic vibra-
tion frequency and the average sound velocity, thereby in-
creasing the Θ value. In general, the Debye temperature is
closely correlated with the microhardness of the material. The
higher the Θ value, the greater the microhardness. There-
fore, applying pressure can effectively enhance the micro-
scopic hardness of both oC10-Mn2AlB2 and tP10-Mn2AlB2.
Furthermore, γ provides insight into the anharmonicity of a
crystal lattice, with larger values reflecting stronger anhar-
monic effects. At 21.5 GPa, the Grüneisen parameter γ of
oC10-Mn2AlB2 is lower than that of tP10-Mn2AlB2, indicat-
ing that tP10-Mn2AlB2 exhibits stronger anharmonicity and
potentially higher lattice vibrational contributions to its ther-
modynamic properties. Moreover, γ gradually increases with
rising pressure for both phases.

Table 4. Densities ρ (in g/cm3), transverse sound velocities νt (in km/s), longitudinal sound velocities νl (in km/s), average sound
velocities νm (in km/s), Debye temperatures Θ (in K), and Grüneisen parameters γ of different Mn2AlB2 phases at different pressures.

Space group Pressure (GPa) ρ νt νl νm Θ γ Ref.

oC10 0 5.789 5.459 9.083 6.038 867.428 1.355 This work
0 5.76 5.43 9.12 6.01 854.68 Cal.[19]

10 6.039 5.604 9.374 6.201 897.311 1.374 This work
21.5 6.281 5.830 9.869 6.459 946.905 1.417 This work

tP10 21.5 6.382 5.694 9.882 6.323 931.940 1.507 This work
30 6.534 5.838 10.183 6.485 963.317 1.525 This work
40 6.702 5.991 10.508 6.658 997.508 1.545 This work
50 6.855 6.148 10.812 6.834 1031.597 1.555 This work
60 7.001 6.272 11.081 6.975 1060.210 1.571 This work
70 7.140 6.386 11.330 7.104 1087.032 1.586 This work
80 7.272 6.488 11.561 7.221 1111.603 1.601 This work

The minimum thermal conductivity is a key parameter for
evaluating materials in high-temperature applications, as ther-
mal conductivity generally decreases with increasing temper-
ature until it approaches a limiting value, known as the min-
imum thermal conductivity.[52,53] Investigating the minimum
thermal conductivity helps us understand the high-temperature
performance of different Mn2AlB2 phases and broadens their
potential applications in various fields. In this study, two the-
oretical models proposed by Clarke[54,55] and Cahill[56] are
employed to estimate the minimum thermal conductivities of
oC10-Mn2AlB2 and tP10-Mn2AlB2 under different pressures.
Clarke’s model, based on the Debye approximation, assumes
that the phonon mean free path is equal to the interatomic spac-
ing and can be expressed as

kmin = 0.87kBM
− 2

3
a E

1
2 ρ

1
6 , (8)

Ma =
M

mNA
, (9)

where kB is Boltzmann’s constant, Ma is the average mass per

atom in the unit cell, ρ represents density, M is the molar mass,
m refers to the total number of atoms per unit cell, and NA

is Avogadro’s number. Meanwhile, Cahill’s model is mainly
based on Einstein’s model, and it can be expressed as

kmin =
kB

2.48
n

2
3 (vl +2vt) , (10)

where n is the density of the number of atoms per unit volume.
Unlike the Debye model, which assumes a continuous phonon
spectrum, the Einstein model approximates phonons as inde-
pendent oscillators with a characteristic frequency. Building
upon this assumption, Cahill’s model provides an estimate for
the lower bound of thermal conductivity.

The calculated minimum thermal conductivities (kmin) of
oC10-Mn2AlB2 and tP10-Mn2AlB2 at various pressures are
summarized in Table 5. At 0 GPa, the kmin values of the
oC10-Mn2AlB2 phase obtained by the two models are in good
agreement with previously reported theoretical data.[18] How-
ever, because Clarke’s model neglects the contribution of op-
tical phonon modes to thermal conductivity, its calculated val-
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ues are consistently slightly lower than those derived from
Cahill’s model. With increasing pressure, the kmin values for
both oC10-Mn2AlB2 and tP10-Mn2AlB2 phases gradually in-
crease, indicating enhanced phonon transport under compres-
sion. This trend correlates with the simultaneous increase
in the Grüneisen parameter γ , which reflects stronger lattice
anharmonicity and shorter bond lengths caused by pressure-
induced lattice contraction, collectively promoting phonon
propagation. Despite this increase, the kmin values remain
greater than 1.25 W·m−1·K−1, suggesting that these phases
are unlikely to function as highly efficient thermal barrier ma-
terials. Nevertheless, the observed tunability of kmin with pres-
sure, together with the associated variation in γ , provides valu-
able insight into the thermal transport behavior of Mn2AlB2

and offers guidance for potential optimization strategies, such
as defect engineering, alloying, or microstructural modulation,
for high-temperature or heat-management applications.

Table 5. Calculated minimum thermal conductivities kmin (W·m−1·K−1)
of different Mn2AlB2 phases at different pressures.

Space Pressure Clarke model Cahill model
Ref.

group (GPa) Ma (10−26) kmin N (1028) kmin

oC10 0 5.263 2.37 10.999 2.56 This work
0 2.258 2.456 Cal.[18]

10 5.263 2.48 11.474 2.71 This work
21.5 5.263 2.66 11.933 2.91 This work

tP10 21.5 5.263 2.65 12.127 2.90 This work
30 5.263 2.76 12.414 3.03 This work
40 5.263 2.89 12.734 3.17 This work
50 5.263 3.01 13.026 3.31 This work
60 5.263 3.12 13.303 3.43 This work
70 5.263 3.22 13.566 3.54 This work
80 5.263 3.32 13.818 3.65 This work

3.4. Electronic properties and chemical bonding

To elucidate the electronic features and magnetic origins
of Mn2AlB2 in different structures, we computed the spin-
polarized total and projected density of states (DOS/PDOS)
for the oC10 and tP10 phases, as depicted in Fig. 6. The ver-
tical dashed line represents the Fermi level (EF). Both phases
exhibit metallic behavior with no band gap near the EF. How-
ever, their distinct spin-resolved DOS profiles reveal a clear
structure-dependent magnetic response. For the oC10 phase
(Figs. 6(a) and 6(b)), the states near the Fermi level are dom-
inated by Mn-d orbitals, and the pronounced asymmetry be-
tween the spin-up and spin-down channels indicates strong
spontaneous magnetization. The Mn-d split peaks appear in
the range of −2 eV to 2 eV, and their relatively narrow shapes
suggest a partially localized character, which serves as the
primary source of the magnetic moment. Meanwhile, strong
Mn–B hybridization is observed from −6 eV to −2 eV, where
the B-p and Mn-d states overlap and form directional Mn–B
covalent bonds that enhance the structural stability of oC10-
Mn2AlB2. This is consistent with previous findings.[18]

Upon transitioning to the tP10-Mn2AlB2 phase
(Figs. 6(c) and 6(d)), the Mn-d DOS near the Fermi level
undergoes notable changes: several d-orbital peaks become
sharper, indicating enhanced localization. This is consistent
with the transient increase in magnetic moment during the
phase transition. Additionally, the redistribution and strength-
ening of B-p and Mn-d hybridization reshape the bonding
environment and magnetic contributions, reflecting the elec-
tronic reconstruction associated with the structural change.
With increasing pressure, the Mn-d bandwidth gradually
broadens, and the exchange splitting near the Fermi level
diminishes, resulting in a monotonic pressure-induced sup-
pression of the magnetic moment.

Although the B/G ratio and Poisson’s ratio are commonly
employed as empirical indicators for distinguishing between
brittle and ductile behavior, the numerical threshold of 1.75
should not be regarded as a strict physical boundary. To fur-
ther validate the predictions based on elastic moduli, we ana-
lyzed the bonding characteristics using COHP analysis. The
COHP profiles depicting the Mn–B, Mn–Al, Al–B, and B–
B bonding interactions in oC10-Mn2AlB2 and tP10-Mn2AlB2

are presented in Fig. 7. As shown in Figs. 7(a) and 7(b), the
COHP analysis reveals that the oC10 phase at low pressure is
dominated by strong directional B–B covalent bonds, which
restrict shear deformation and are typically associated with
brittle behavior.

Table 6. Calculated negative integrated COHP (–ICOHP) values and
bond distances of different Mn2AlB2 phases at different pressures.

Space group Pressure (GPa) Bonds Bond distance (Å) –ICOHP (eV/bond)

oC10

0 B–B 1.746 2.951
Al–B 2.284 1.526

Mn–Al 2.590 0.544
Mn–B 2.132 0.866

21.5 B–B 1.712 3.032
Al–B 2.203 1.626

Mn–Al 2.497 0.604
Mn–B 2.088 0.923

tP10

21.5 B–B 3.110 0.054
Al–B 2.199 1.623

Mn–Al 2.449 0.528
Mn–B 2.112 0.891

80 B–B 2.973 0.061
Al–B 2.102 1.710

Mn–Al 2.343 0.586
Mn–B 2.032 1.117

The negative integrated crystal orbital Hamilton popula-
tions (–ICOHPs) for both the oC10 and tP10 phases are sum-
marized in Table 6. In oC10-Mn2AlB2, the -ICOHP values for
B–B, Al–B, Mn–Al, and Mn–B bonds all increase with pres-
sure, suggesting a progressive strengthening of the primary
bonding interactions under compression. Among these, the
B–B bonds exhibit the largest –ICOHP values, confirming that
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B–B interactions are significantly stronger than the other bond
types. Meanwhile, the antibonding states near the Fermi level
remain weak, indicating that pressure reinforces the structure
primarily by enhancing the occupation of bonding states rather
than populating antibonding states. This trend aligns with the
evolution of the elastic moduli: the bulk modulus B, the shear
modulus G, and the ratio B/G all increase with pressure, re-
flecting an enhanced overall resistance to deformation.

Following the phase transition to the tP10-Mn2AlB2

phase, the bonding characteristics change markedly, as shown
in Fig. 7(c). Mn–B and Al–B bonds become the dominant
contributors to bonding, while the B–B contribution near the
Fermi level is substantially diminished, indicating a shift in
the primary bonding channels induced by structural reorgani-
zation. Upon further compression to 80 GPa (Fig. 7(d)), the

COHP magnitudes of the Mn–B and Al–B bonds continue to
rise, consistent with the –ICOHP values in Table 6. In the
tP10-Mn2AlB2 phase, strong covalent B–B bonding weakens,
and the dominant interactions are replaced by Mn–B and Al–
B bonds. This means that the pressure mainly strengthens
the collective metallic–covalent hybrid bonding, rather than
the strong B–B covalency typically found in transition-metal
borides.[46,49] The COHP results for tP10-Mn2AlB2 show that
the main bonding interactions are uniformly enhanced with in-
creasing pressure. Correspondingly, the B/G ratio and Pois-
son’s ratio rise, indicating a relative reduction in shear rigid-
ity and an improvement in ductility. Thus, the tP10-Mn2AlB2

phase exhibits reduced brittleness and enhanced toughness un-
der high pressure, progressively developing mechanical be-
havior characterized by ductile dominance.
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Fig. 6. Spin-polarized total and partial DOS of oC10-Mn2AlB2 at (a) 0 GPa and (b) 21.5 GPa, and tP10-Mn2AlB2 at (c) 21.5 GPa and (d) 80 GPa.
Solid lines denote spin-up states, and dashed lines denote spin-down states. The vertical dashed line at zero indicates the Fermi energy level.

To understand electron pairing and localization in oC10-
Mn2AlB2 and tP10-Mn2AlB2, we further computed the elec-
tron localization function (ELF),[57] which can be seen in
Fig. 8. An ELF value of one corresponds to perfect elec-
tron localization, indicative of covalent bonding; a value
of 0.5 reflects a homogeneous electron-gas distribution; and

ELF = 0 represents complete delocalization. In the oC10-
Mn2AlB2 phase (Figs. 8(a) and 8(b)), pronounced high-ELF
regions (red–orange, ELF≈ 0.6–0.8) are observed between B
atoms, signifying strong covalent B–B interactions that form
a directional bonding framework. With increasing pressure,
these high-ELF regions become more intense and continu-
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ous, demonstrating pressure-enhanced B–B bonding, consis-
tent with the strengthening trend observed in the COHP anal-
ysis. In contrast, the Mn–B and Al–B regions exhibit inter-
mediate ELF values (green–yellow, ELF ≈ 0.3–0.5), charac-
teristic of mixed metallic–covalent interactions. Under com-
pression, these intermediate regions strengthen moderately but
do not show pronounced directional enhancement, suggesting
that Mn–B and Al–B bonds are reinforced in a relatively uni-
form manner.

After the transition to the tP10-Mn2AlB2 phase
(Figs. 8(c) and 8(d)), the ELF distribution changes markedly.
While B–B localization remains high, the Mn–B and Al–B
ELF isosurfaces become more uniform, indicating a more

homogeneous electron distribution throughout the structure.
With increasing pressure, strong B–B localization persists,
consistent with its significantly lower –ICOHP values com-
pared to those of Mn–B and Al–B in the COHP results. Mean-
while, the ELF around Mn–B and Al–B becomes smoother
and lacks strong directional enhancement, showing that pres-
sure primarily strengthens the overall bonding network rather
than promoting specific localized bonds. These observations
explain why the tP10-Mn2AlB2 phase exhibits reduced brittle-
ness and enhanced ductility under pressure, ultimately evolv-
ing toward mechanical behavior dominated by ductile charac-
teristics.
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Fig. 7. Negative COHP curves for oC10-Mn2AlB2 at (a) 0 GPa and (b) 21.5 GPa, and tP10-Mn2AlB2 at (c) 21.5 GPa and (d) 80 GPa. Here, a
positive value represents a bonding interaction, and a negative value represents an antibonding state.

Fig. 8. Calculated electron localization function (ELF) maps for oC10-
Mn2AlB2 at (a) 0 GPa and (b) 21.5 GPa on the (100) plane, and tP10-
Mn2AlB2 at (c) 21.5 GPa and (d) 80 GPa on the (100) plane.

To further clarify the pressure-induced magnetic evolu-
tion of Mn2AlB2, we calculated the local magnetic moments
of Mn at different pressures, as listed in Table 7. The re-
sults reveal that in the oC10-Mn2AlB2 phase, the Mn mag-
netic moment decreases from 0.503 µB·atom−1 at 0 GPa to
0.336 µB·atom−1 at 21.5 GPa. Similarly, in the tP10-Mn2AlB2

phase, it declines from 0.528 µB·atom−1 at 21.5 GPa to
0.477 µB·atom−1 at 80 GPa. This consistent reduction indi-
cates that pressure effectively suppresses Mn spin polarization
and weakens the FM order. This magnetic evolution aligns
with changes in the electronic structure and bonding behav-

ior. With increasing pressure, the Mn-3d bands in the PDOS
broaden, leading to reduced spin splitting. Concurrently,
COHP analysis shows enhanced Mn–B and Mn–Al bonding
interactions, while ELF results indicate decreased electron lo-
calization. These features collectively demonstrate that pres-
sure promotes stronger bonding and greater electronic delocal-
ization, which themselves act to suppress the local magnetic
moments and weaken the overall magnetism of Mn2AlB2.

Table 7. Calculated local magnetic moments of Mn in different Mn2AlB2
phases under different pressures.

Space group Pressure (GPa) Magnetic moment (µB/Mn)

oC10 0 0.503
0 0.430[18]

10 0.412
21.5 0.336

tP10 21.5 0.528
30 0.512
40 0.502
50 0.497
60 0.492
70 0.486
80 0.477
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3.5. Pressure–temperature phase diagram

In the previous section, the pressure-induced phase tran-
sition order (oC10-Mn2AlB2 → tP10-Mn2AlB2) was deter-
mined at 0 K. Phonon frequency calculations confirm that
both phases are dynamically stable over a wide pressure
range. Using the quasi-harmonic approximation (QHA),[58]

the pressure–temperature phase diagram was further investi-
gated at elevated pressures and temperatures. In the QHA
framework, the Helmholtz free energy at a given pressure and
temperature is expressed as follows:

F (V,T ) = E (V )+Fvib (V,T ) , (11)

where the static energy E(V ) is the total energy, and Fvib(V,T )
is the nonequilibrium vibrational Helmholtz free energy ob-
tained from

Fvib (V,T )=
∫

∞

0

[
}ω

2
+κBT ln

(
1− e

−}ω
κBT

)]
g(ω,V )dω, (12)

where g(ω,V ) is the phonon density of states and depends on
the crystal geometry. Then, the Gibbs free energy Ggibbs is as
follows:

Ggibbs = F (V,T )−V
(

∂F
∂V

)
T
. (13)

In this work, 11 sets of volume, energy, and phonon density
of states data were selected for data fitting of both the oC10-
Mn2AlB2 and tP10-Mn2AlB2 phases. Based on the calculated
results, a pressure–temperature phase diagram of Mn2AlB2

under high-pressure and finite temperature conditions was cre-
ated for the first time (see Fig. 9). As shown in the figure,
the effect of temperature is evident: with increasing tempera-
ture, the transition pressure gradually decreases. At room tem-
perature (300 K), the phase transition occurs at approximately
18 GPa.

Fig. 9. Phase diagram of Mn2AlB2 at high pressure and finite temperature.

4. Conclusion
The pressure-induced phase transition of Mn2AlB2 was

investigated using the PSO algorithm. The results indicate that
oC10-Mn2AlB2 transforms into tP10-Mn2AlB2 at approxi-
mately 21.5 GPa, accompanied by a 1.6% volume reduction,
confirming a first-order phase transition. First-principles cal-
culations of the elastic constants and phonon dispersion rela-
tions demonstrate that both phases are mechanically and dy-
namically stable throughout the investigated pressure range.
Analysis of the B/G ratio indicates that oC10-Mn2AlB2 is
brittle from 0 to 21.5 GPa, while tP10-Mn2AlB2 exhibits brit-
tleness at 21.5–40 GPa and ductility at 40–80 GPa, indicat-
ing that pressure can effectively tune the material’s brittleness
and ductility. The Vickers hardness results further suggest that
both phases are hard materials, with hardness increasing under
pressure. Furthermore, the minimum thermal conductivity of
both phases exceeds 1.25 W·m−1·K−1 and increases slightly
with pressure, indicating limited thermal insulation capabil-
ity. Analysis of the electronic structure and bonding in the
two Mn2AlB2 phases clearly shows that pressure strengthens
the Mn–B and Al–B bonding interactions, leading to enhanced
electronic delocalization and reduced magnetic moments. Fi-
nally, a high-pressure and high-temperature phase diagram
constructed using the QHA shows that the transition pres-
sure from oC10-Mn2AlB2 to tP10-Mn2AlB2 decreases with
increasing temperature.
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