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The structural, elastic, phonon and electronic properties of a MnPd alloy have been investigated using the ﬁrstprinciples calculation. The calculated lattice constants and electronic structure agree well with the experimental results.
The microscopic mechanism of the diﬀusionless martensitic transition from the paramagnetic B2 (PM-B2) phase to the
antiferromagnetic L10 (AFM-L10 ) phase through the intermediate paramagnetic L10 (PM-L10 ) phase has been explored
theoretically. The obtained negative shear modulus C ′ = (C11 − C12 )/2 of the PM-B2 phase is closely related to the
instability of the cubic B2 phase with respect to the tetragonal distortions. The calculated phonon dispersions for the
PM-L10 and AFM-L10 phases indicate that they are dynamically stable. However, the AFM-L10 phase is energetically
most favorable according to the calculated total energy order, so the PM-L10 →AFM-L10 transition is caused by the
magnetism rather than the electron–phonon interaction. Additionally, the AFM-L10 state is stabilized through the
formation of a pseudo gap located at the Fermi level. The calculated results show that the CuAu-I type structure in
the collinear antiferromagnetic state is dynamically and mechanically stable, thus is the low temperature phase.
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1. Introduction
It is known that the L10 -type ordered equiatomic
MnM (M =Ni, Pd, Pt, Rh, and Ir) alloy systems show
high stability with very high Néel temperatures. Due
to excellent properties such as large exchange coupling
ﬁelds and high blocking temperatures deeply related
to the high antiferromagnetic stability,[1−3] they have
been intensively investigated for practical applications
such as spin-valve layers for giant magnetoresistance
(GMR)[4−7] and tunneling magnetoresistance (TMR)
device heads.[8−13] The high blocking properties of
the above alloys originates from the martensitic twin
formed through the martensitic transition (fcc→fct).
Hence, it is necessary to study the microscopic mechanism of the martensitic transition to develop superior
magnetic materials. However, up to now, little theoretical research has been done about the martensitic
transition for the L10 –type equiatomic MnM (M =Ni,
Pd, Pt, Rh, and Ir) alloys.
At high temperatures, the equiatomic MnPd alloy
forms a B2 (CsCl)-type paramagnetic cubic structure,

and transforms into the L10 (CuAu-I)-type collinear
antiferromagnetic tetragonal structure at low temperatures with a diﬀusionless martensitic process.[14]
According to the experimental measurements of
magnetic susceptibility and electrical resistivity of
MnPd,[15−17] above 920 K, the equiatomic MnPd crystal structure is the B2 (CsCl)-type (P m3m) ordered
paramagnetic cubic structure, at 920 K, the B2 structure transforms to a paramagnetic tetragonal structure called the L10 (CuAu-I)-type ordered structure.
When the annealing temperature further decreases,
the antiferromagnetic transition occurs around 780 K.
The phase transition can be validly revealed by means
of lattice dynamic instabilities, and the phonon dispersion relations can examine local as well as global stability and investigate the mechanisms of the martensitic transitions. Meanwhile, the phase stability and
the transition behavior are closely related to their electronic structures and elastic properties. However, the
theoretical and experimental studies of phonon dispersion and elastic properties of MnPd have not been
reported yet. Therefore, in this work, we investigate
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the structural, elastic, phonon, and electronic properties of MnPd by using ab intio density functional
calculations. According to the calculated results, the
microscopic mechanism of the martensitic transition
of the equiatomic MnPd alloy is interpreted well. The
rest of this paper is organized as follows. The method
of calculation is given in Section 2, the results are discussed in Section 3. Finally, a general conclusion is
given in Section 4.

2. Theoretical method
All density functional calculations were performed using the Vienna ab initio simulation
package (Vasp-MedeA package)[18,19] with projector augmented-wave (PAW) potentials,[20,21] the generalized gradient approximation (GGA), and the
exchange–correlation functional of Perdew et al.[22]
(denoted as PBE hereafter). An energy cut-oﬀ of
450 eV was found to be adequate for the calculation of
the structural, elastic, phonon and electronic properties. The pseudopotentials represented 3p6 4s1 3d6 and
4p6 5s1 4d9 electron conﬁgurations for Mn and Pd, respectively. A 17 × 17 × 17 Monkhorst–Pack[23] grid
of k-points was used for the integration in the irreducible Brillouin zone for all phases. The relaxation of geometry optimization was performed until
the total energy change was within the 10−6 eV per
atom, the Hellmann–Feynman forces on all atomic
sites were computed for positive and negative displacements with the amplitude of 0.02 Å. Our calculation
of phonon dispersion relations for PM-L10 and AFML10 structures were conducted with MedeA-Phonon
in conjunction with MedeA-Vasp by using the direct
method.[24] The lattice-dynamics calculation was carried out with a larger supercell. We used a 2 × 2 × 3
supercell containing 48 atoms, and the requested kspacing of 0.5/Å led to a 2 × 2 × 2 q-mesh. All calculations for the PM-B2 and PM-L10 structures were

performed without spin polarization. The spin polarization calculation was necessary for the AFM-L10
structure.

3. Results and discussion
3.1. Structure properties
We adopt experimental lattice constants to initialize the geometrical optimization. The calculated
and the previous theoretical and experimental results of the space group, lattice constants, volume,
energy diﬀerence ∆E from the minimum energy for
AFM-L10 and the local moment mMn for AFM-L10
are summarized in Table 1. The optimized crystal
structure of PM-B2 is the CsCl-type (P m3m) cubic
structure with the Mn and Pd atoms respectively
occupying the corners and the center of the cube
with a lattice constant of 2.998 Å, which is a little
smaller than the observed value of 3.15 Å[16] with
an error of 4.8%. The experimental magnetic structure of AFM-L10 MnPd is shown in Fig. 1,[15] where
the Mn moments are coupled antiferromagnetically
in the c-plane, and the moments between the nearest
neighbor layers of Mn atoms are coupled ferromagnetically. It has been found that the AFM-L10 phase
is the ground state with a = 3.992 Å and c = 3.694 Å
(c/a = 0.925), which are very close to the observed
values of a = 4.072 Å and c = 3.58 Å (c/a = 0.88)[15]
and also to the calculated ones by Yamada et al.[25]
The calculated AFM-L10 structure with the minimum
energy has P 4/mmm space group with atomic positions of Mn (0, 0, 0), Mn (1/2, 1/2, 0), Pd (1/2, 0,
1/2), and Pd (0, 1/2, 1/2). The local magnetic moment is 3.78 µB on the Mn site, which is smaller than
the experimental value of about 4.4 µB [15] and close
to the previously calculated 3.8 µB .[21] The Pd sublattice moment is found to be zero. Because of a lack
of experimental lattice constants for the intermediate

Table 1. Calculated space group (SG), equilibrium lattice constants a and b, volume V , magnetic moment mMn , and
energy diﬀerence ∆E from the minimum energy for AFM-L10 .
Structure

SG

a/ Å

c/ Å

V /Å3

mMn /µB

∆E/eV·atom−1

PM-B2

P m3m

2.998

2.998

26.946

0

0.865

PM-B2a)

P m3m

3.15

3.15

31.256

0

–

PM-L10

P 4/mmm

2.630

3.807

26.333

0

0.617

PM-L10 b)

P 4/mmm

2.60

3.90

26.364

0

–

AFM-L10

P 4/mmm

3.992

3.694

58.868

3.78

0.00

AFM-L10 c)

P 4/mmm

4.072

3.580

59.361

4.4

–

AFM-L10 d)

P 4/mmm

4.086

3.6

60.103

4.08

–

a) Experimental

results form Ref. [16];

b)d) calculated

results from Ref.
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[25];c) experimental

results from Ref. [15].
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the total energy is expressed as
E(V, ei ) = E(V0 , 0) + V0

6
∑

σi ei

i=1

+

Fig. 1. Crystal structure with spin structure for L10 -type
MnPd ordered alloy in the AFM state. The Mn and Pd
sites are marked by black and gray balls, respectively.

PM-L10 structure, we determine its equilibrium lattice
parameters by optimizing the previous experimental
lattice constants of AFM-L10 mainly for comparing
the total energies for the three states. The optimized
lattice parameters for PM-L10 are determined to be of
the P 4/mmm space group with Wyckoﬀ sites of Mn
(0.0, 0.0, 0.0) and Pd (1/2, 1/2, 1/2), and its volume
is smaller than that of the calculated AFM-L10 with
an error of 10.53%. The total energies for all phases
are obtained by relaxing all structural constants, angles, and internal atomic coordinates with equal convergence standards. The calculated total-energy order PM-B2 > PM-L10 > AFM-L10 means that the
PM-B2 structure ﬁrst relaxes to the tetragonal phase
without local moments on all atoms, and then to the
collinear antiferromagnetic tetragonal phase spin ordering, which is in accordance with the experimental
results.[17] In addition, it is well known that the volume conserving martensitic transition is a necessary
and suﬃcient condition for shape memory alloy eﬀect
in systems with a cubic austenitic phase. However, a
major volume expansion of the 1.244 Å3 per atom exists for the transition from the PM-B2 structure to the
AFM-L10 structure according to Table 1, which shows
that the stoichiometry MnPd alloy does not have a
shape memory behavior. Furthermore, we employ the
above obtained crystal parameters of the PM-B2 and
the AFM-L10 phases to analyse their mechanical stabilities by calculating their elastic constants.

3.2. Elastic constants and phonon dispersion
The elastic constants can provide a link between
the mechanical and dynamic behavior of the crystals.
They also give important information concerning the
nature of the forces operating in the solids and provide information on the stability and the stiﬀness of
the materials, especially for the martensitic transition.
Expanding the total energy in a Taylor series can provide the elastic constants Cij . To the second order,

6
V0 ∑
Cij ei ej + · · · ,
2 i,j=1

(1)

where V0 is the volume of the unstrained crystal, and
E(V0 ,0) is the corresponding energy. To study the
relationship between the transition behavior and the
elastic properties, all elastic constants for the PMB2 and AFM-L10 phases are calculated and shown
in Table 2. To the best of our knowledge, comparative experimental and the other theoretical data have
not been obtained. The number of independent elastic constants is diﬀerent for structures with diﬀerent
symmetries. There are 3 independent elastic constants
(C11 , C12 , and C44 ) for the cubic structure and 6 (C11 ,
C12 , C13 , C33 , C44 , and C66 ) for the tetragonal structure. For a cubic lattice, the basal plane shear modulus C ′ = (C11 − C12 )/2 is related to the elastic constant softening, which is a common feature both in
temperature-induced and stress-induced martensitic
transitions. In view of its importance, we obtain the
C ′ . The criteria for mechanical stability[26,27] are presented as C11 > 0, C44 > 0, C11 + 2C12 > 0, and
C11 −C12 > 0. For a tetragonal crystal, the conditions
of C11 > 0, C33 > 0, C44 > 0, C66 > 0, C11 − C12 > 0,
C11 +C33 −2C13 > 0, and 2C11 +C33 +2C12 +4C13 > 0
must be satisﬁed when the tetragonal crystal is mechanically stable.[28,29] For the PM-B2 cubic phase,
when B, C ′ , and C44 are positive, it is mechanically
stable. All our calculated elastic constants obey the
mechanical stability criteria except for C ′ . The calculated negative C ′ indicates the instability of the PMB2 cubic phase with respect to the tetragonal distortions, which is in accordance with the experimental
results.[17] Only C44 has a non-negative value at 0 K.
Therefore, C ′ should go to zero at the transition temperature of the cubic to tetragonal phase, while C44
should still be positive. On the other hand, our calculated results for the elastic constants of the PML10 and AFM-L10 structures listed in Table 2 satisfy
the stability conditions, implying their nice mechanical stability. It is also well known that the shear modulus C ′ characterizes the stability of the lattice under
the shear deformation and is related to the tetragonal distortions. Thus, our calculations suggest that
the softening of C ′ to zero triggers the cubic to the
tetragonal phase transition path.
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Table 2. Calculated elastic constants (in the units of GPa) of PM-B2 and AFM-L10 MnPd structures.
Structure

C11

C12

C13

C33

C44

C66

C′

PM-B2

105.7

251.8

–

–

128.4

–

−73.1

PM-L10

391.5

110.1

162.8

326.3

152.4

73.2

140.7

AFM-L10

204.7

85.4

118.5

220.8

104.9

91.2

59.7

In order to further check the dynamical stability of the PM-L10 and AFM-L10 phases, the dynamical phonon dispersions are computed. The phonon
dispersions play an important role in understanding
the physical properties of solid materials, including
the speciﬁc heat, thermal expansion, heat conduction
and electron–phonon coupling. The obtained phonon
spectrum shape of the PM-L10 structure is nearly the
same as that of the AFM-L10 structure, so we only
draw the phonon spectrum for the AFM-L10 structure. The calculated phonon spectra along the highsymmetry directions Γ –Z throughout the Brillouin
zone for the AFM-L10 phase are illustrated in Fig. 2.
The ab initio force constant direct approach described
in the computational method section is used. It is
clearly seen that a very small imaginary frequency
exists at the Γ point in the reciprocal space. This
imaginary frequency is generated because of the anharmonic approximation and does not bring out any
atomic shift. Therefore, not surprisingly, the calculated phonon spectra do not contain soft modes at any
direction (expect for the Γ point), which conﬁrms that
the AFM-L10 phase is dynamically stable. Similarly,
we can conﬁrm that the PM-L10 structure also has
dynamical stability at low temperature. Hence, diﬀerent from the reason for the martensitic transition,[30]
the antiferromagnetic transition from the PM-L10 to
AFM-L10 structure is not reduced by the electron–
phonon interaction but by the magnetism.

3.3. Electronic properties
In consideration of the relation between the features of electronic density of state (DOS) at the Fermi
level (EF ) and the phase transition, the total DOS
at EF is an important indication of the stability of
alloys.[31] We show the results of calculations for the
total DOS (ranging from about –8 eV to 4 eV) for
the PM-B2 and AFM-L10 states with the calculated
equilibrium lattice constants in Figs. 3 and 4 respectively to explore the underlying transition mechanism.
Generally speaking, the higher stability corresponds
to a lower total DOS at EF . For PM-B2, the EF lies
in the higher energy peaks of the DOS, and the value
of the total DOS at EF is about 6.3 state/eV per unit
cell in Fig. 3. It is seen that the PM-B2 structure has
a relatively higher electronic DOS at EF . However,

Fig. 2. Phonon dispersion relation for the MnPd alloy in
the L10 collinear antiferromagnetism state.

Fig. 3. Total density of state of a MnPd alloy in the B2
paramagnetic state.

Fig. 4. Total density of state of a MnPd alloy in the L10
collinear antiferromagnetism state.
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the situation changes dramatically around the EF for
the AFM-L10 state with a very small but ﬁnite intensity at EF in Fig. 4, which is caused by the formation
of a pseudo gap. The formation of the characteristic pseudo gap around the Fermi level is attributed
to the antiferromagnetic staggered ﬁeld caused by the
antiferromagnetic spin arrangement. In addition, the
DOS at EF of AFM-L10 , which is very small (about
0.2 state/eV per unit cell, regarding 0.5 unit cell of
AFM-L10 as the unit cell), and the rather clear dip
structure around the EF are in agreement with the
small theoretical and experimental values of the electronic speciﬁc heat coeﬃcient as well as the temperature dependence of electrical resistivity (ρ–T ) measured in Refs. [17] and [32]. It is obvious that the total
DOS for AFM-L10 is much smaller than that for PMB2 at the EF , indicating that AFM-L10 is more stable
than the PM-B2 cubic structure at low temperature
in accordance with the experimental results.[15−17]
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