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Abstract: Based on first principles calculation, a systematical investigation has been performed to
study the electronic, magnetic, dynamic, and mechanical properties of the full Heusler compound
Pd,CoAl. It is found that the L2¢-type structure is energetically more stable than the XA-type due to
the lower total energy. The obtained lattice constant in cubic ground state is 6.057 A, which matches
well with previous study. The calculated electronic band structure reveals the metallic nature of
PdyCoAl and its total magnetic moment of 1.78 g is mainly contributed by Co atom from strong
spin splitting effect, as indicated with the distinctive distributions of the density of states in two
spin directions. Under uniform strains from —5% to +5%, the variation of total magnetic moment
has been obtained and it is still caused by the much larger change from Co atom, compared with
Pd and Al atoms. The tetragonal structure has further been analyzed and we found that there is
possible martensitic phase transformation because the total energy can be further reduced when the
cubic structure is varied into the tetragonal one. The large energy difference of 0.165 eV between
the tetragonal and cubic phases is found at the c/a ratio of 1.30. The total density of states has been
compared between the cubic and tetragonal phases for Pd,CoAl and results show tetragonal phase
transformation could reduce the states at the Fermi energy level in both directions. In addition,
the dynamic and mechanical stabilities have also been evaluated for Pd,CoAl in both cubic and
tetragonal structures and results confirm that the tetragonal phase shows good stability against
the cubic phase, which further verifies that the tetragonal phase transformation is highly expected.
In the end, the strong elastic anisotropy in the tetragonal structure has been clearly shown with the
calculated directional dependence of the Young’s modulus and shear modulus.

Keywords: first principles calculation; Heusler compounds; electronic band structure; phase
transformation

1. Introduction

The family of Heusler alloys has attracted much scientific attention and research interest
during recent years, and their various and special functionalities have been extensively studied
and explored in many different areas. The ferromagnetism was firstly observed in Heusler compounds
with no ferromagnetic elements and, afterwards, many more new properties have been found,
such as half metallicity [1-10], spin gapless semiconductivity [11-17], thermoelectricity [18-23],
superconductivity [24-26], and topological insulativity [27,28]. Also, these properties can be easily
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tuned by simple element substitution within the periodic table. Therefore, ongoing investigations
to enhance their performance or even search for new property are still very intense in the scientific
community from both theoretical calculation and experimental synthesis. Most of the current
applications for Heusler compound are related with the magnetic effect just in different forms,
including mainly spintronics and magnetoelectronics.

Normally, Heusler compounds have highly ordered cubic crystal structures with different atomic
ordering configurations. However, several recent studies have found many Heusler materials have
tetragonal structure as the ground state, e.g., Felser et al. [29] found that Mnj3_«Fe,Ga and Mn;.,CoxGa
have tetragonal structure over the whole range of compositions from experiment results, and then
Faleev et al. [30,31] performed an extensive investigation on the origin of the tetragonal ground state
for 286 Heusler compounds by theoretical calculation, which shows 62% have tetragonal structure.
More recently, Han et al. [32,33] and Wu et al. [34] studied the phase competition between cubic and
tetragonal structures in a series of conventional Heusler compounds Pd,;YZ (Y = Co, Fe, Mn; Z = B,
Al, Ga, In, T1, Si, Ge, Sn, Pb, P, As, Sb) and all-d-metal Heusler compounds X, «Mn1,,V (X = Pd, Ni,
Pt, Ag, Au, Ir, Co; x = 1, 0) and ZnyMMn (M = Ru, Rh, Pd, Os, Ir) and found that many of them also
exhibit tetragonal phases, especially the most of Pd;Co-based Heusler alloys. Compared with the
cubic structures, the tetragonal ones have several special properties, like large perpendicular magnetic
anisotropy [35-37] and ferromagnetic shape memory behavior [38—43], which are very important
for the development of spin-transfer torque magnetic random-access memory, ferromagnetic shape
memory alloys and other spintronic applications [29,44-46].

In this work, a detailed study on the full Heusler compound Pd;CoAl has been carried out with
first principles calculation. The electronic and magnetic properties have been calculated based on
both cubic and tetragonal structures. Except the general total energy evaluation, the phase stability
was further examined by means of both dynamic and mechanical manners and results show that
the tetragonal structure has good stability against the cubic counterpart, which further confirms the
possible tetragonal phase transformation could be highly expected in this material. Moreover, the elastic
anisotropy in the tetragonal structure is revealed with the directional dependence of Young’s modulus
and shear modulus. This study investigates the phase stability from several different perspectives
and thus can give valuable information for the tetragonal state in the palladium-based full Heusler
materials or even inspire other similar investigations.

2. Computational Methods and Details

The electronic, magnetic, and mechanical properties of the full Heusler compound Pd;CoAl
have been investigated with the first principles calculations by applying the pseudopotential plane
wave methods based on density functional theory [47], as implemented with the CASTEP codes [48].
The Perdew—-Burke-Ernzerhof (PBE) 96 in the frame of the generalized gradient approximation
(GGA) [49] was selected to describe the electronic exchange correlation energy. The ultrasoft
pseudopotential [50] was used to treat the interactions between the valence electrons and the atomic
core. The configurations of the valence electrons for Pd, Co, and Al are 4d19, 3d74¢2, and 3523p1,
respectively. After an initial convergence test, a place wave cutoff energy of 500 eV has been used
together with a k mesh of 12 X 12 x 12 Monkhorst-Pack grid for the Brillouin zone sampling. For the
self-consistent field iteration convergence, the difference of the total energy was set to smaller than
1 x 107 eV/atom. For the phonon property, the finite displacement method within the density
functional perturbation theory [51] has been used.

3. Results and Discussions

3.1. Crystal Structure and Equilibrium Lattice

The Heusler alloys generally have two variants of stoichiometric compositions: the half-Heusler
compound with generic formula of XYZ [52-57] and the full Heusler compound X,YZ [5,58,59],
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where X and Y are from transition metal elements and Z from main group elements. In both half and
full Heusler alloys, they normally crystalize in a cubic structure yet with different configurations [60]:
non-centrosymmetric cubic structure C1, for half-Heusler; two different types for full Heusler:
the Cu,MnAl structure with space group Fm3m, also known as L2;-type, and the Hg,CuTi structure
with space ground F43m, also known as “inverse structure” or XA-type. For the currently studied full
Heusler compound Pd;CoAl, the two structural types have been taken into consideration and they are
shown in Figure 1. It can been seen that the full Heusler Pd,CoAl has the general FCC-like symmetry
with four interpenetrating sublattices defined by Wyckoff coordinates: A(0,0,0), B(0.25,0.25,0.25),
C(0.5,0.5,0.5), and D(0.75,0.75,0.75). In L2;-type structure, the two Pd atoms occupy the A and C sites,
which are symmetrically identical, and the Co and Al atoms enter into the B and D sites, respectively;
see Figure la. In XA-type structure, the two Pd atoms occupy the A and B sites with different
surrounding environments, and the Co and Al atoms enter into the C and D sites; see Figure 1b.

Figure 1. Schematic illustrations of the atomic configurations for the full Heusler compound Pd;CoAl
in (a) L21-type and (b) XA-type structures.

In order to determine the ground state structural configuration and also obtain the equilibrium
lattice constant, we have calculated the total energy of Pd,CoAl with different structures under different
lattice constants. It should be noted that only the magnetic state is considered, as in the literature [34],
since there is Co atom present. The obtained result is reported in Figure 2. It is found that the
calculated total energy of Pd,CoAl in L2;-type structure is always smaller than in XA-type structure
throughout the whole lattice variation range, which means the L2;-type structure is more energetically
preferable and should be the ground state. This observation is in a good agreement with the general
site preference rule found in other palladium-based Heusler compounds [32,34], i.e., since the Pd
atom has more valence electrons than the Co atom, it is more electronegative and prefers the A and C
sties. Thus, the L2;-type structure is formed for Pd2CoAl. After the crystal structural configuration of
Pd;CoAl has been determined, we further calculated its equilibrium lattice by polynomial fitting and
minimization searching of the total energy and the derived equilibrium lattice is 6.057 A, see Table 1,
which coincides very well with previous study [30,34].

Table 1. The calculated equilibrium lattice constant, total and atom-resolved magnetic moment.

Magnetic Moment (ug)

Compound Lattice (A)
Mrotal (MB)  Mpga) Mpaw) Mo Ma

Current 6.057 1.78 -0.06 -0.06 1.95 -0.05
Ref [34] 6.06 1.79 0.03 0.03 1.75 -0.03

Pd;CoAl
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Figure 2. The calculated total energies of the full Heusler compound Pd,CoAl with different crystal

structures under different lattice constants.

3.2. Electronic and Magnetic Properties

With the obtained equilibrium lattice constant, we can then investigate the corresponding electronic
and magnetic properties of the full Heusler compound Pd,CoAl. Firstly, the spin-polarized electronic
band structure has been calculated and it is shown in Figure 3. The Fermi energy is shifted to the zero
energy level. It can be immediately observed that there are energy bands crossing the Fermi energy
level in both spin directions, meaning that this Heusler compound behaves like metallic material at

ground state.
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Figure 3. The calculated spin-polarized electronic band structures for the full Heusler compound

Pd,CoAl in L2¢-type cubic structure at the equilibrium lattice constant.

In order to further elucidate the origin of the magnetism and also access the correlation states

between different atoms in Pd;CoAl, the total and partial densities of states have been also computed

and the result is shown in Figure 4. We can find that the main group element Al has negligible
contribution and the total density of states is mainly contributed from the d states of the transition
metal elements Pd and Co: a roughly symmetric distribution of states between the two spin directions
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around —5 to —2 eV from Pd and a strongly asymmetric distribution between the two spin directions
around -2 to 1 eV from Co. In particular for the states near the Fermi energy level, they play a very
important role in the determination of the electronic and magnetic properties for Heusler compounds.
From the total density of states, there is a strong spin splitting effect in the two spin directions with
a high peak below the Fermi level in the spin-up direction and a high peak just at the Fermi level in the
spin-down direction. A closer look at the partial density of states reveals that this strong spin splitting
is caused by the d-d hybridization between the Pd and Co atoms and the strong exchange splitting of
the Co atom. The calculated magnetic moments are shown in Table 1, and it is found the total magnetic
moment of Pd,CoAl is about 1.78 pp per formula unit and it is mainly from the Co atom. These results
for the magnetic moments are consistent with the above analysis from electronic densities.
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Figure 4. The calculated total and partial densities of states for the full Heusler compound Pd;CoAl in
L2;-type cubic structure at the equilibrium lattice constant.

Furthermore, the electronic and magnetic properties of Pd,CoAl compound under uniform strains
have been evaluated with lattice variation from —5% to +5% with respect to the equilibrium condition.
The cubic L2;-type structure for Pd,CoAl under different uniform strains is always maintained.
The calculated band structures always exhibit overlaps with the Fermi energy level in both spin
directions, indicating the metallic nature of Pd,CoAl is preserved under uniform strain at the studied
range. The total and atom-resolved magnetic moments under uniform strains are displayed in Figure 5.
It is found that the magnetic moment of Co atom has quite large variation while the moments of the
Pd and Al atoms stay almost constant with strain applied. Note the different scale in different parts
of the vertical axis. The total magnetic moment follows the trend of Co atom, which indicates that
the strong exchange splitting remains under the studied whole uniform strain. With strain variation
from 0% to —/+5% side, the lattice decreases/increases and the distance between every atom also
decreases/increases. Thus, the interaction of the valence electrons from different atoms is decreased
with lattice increase and they become more localized, which results in the partial regain of the spin
moments from Co atom. It is worth mentioning that the magnetic moments of two Pd atoms are
identical and overlap with each other through the whole uniform strain, which is because they have
the same surrounding environments in L2;-type structure
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Figure 5. The calculated total and atom-resolved magnetic moments for the full Heusler compound
Pd,;CoAlin L2;-type under different uniform strains. Note the different scale of the two parts in the
vertical axis.

3.3. Tetragonal Structure and Phase Stability

In full Heusler compounds with possible phase transformation, the Bain paths have been widely
utilized to study the reversible structural transformation between the austenitic and martensitic phases.
A recent comprehensive theoretical study [30] of 286 full Heusler alloys from Faleev et al. has found
that 62% have tetragonal ground states at zero temperature, including 15 Pd,-based full Heusler
compounds. It is also well known that the physical properties of solid crystals are strongly related with
the corresponding structures. To investigate the phase stability and also its effect in the full Heusler
Pd,CoAl, we further calculate its electronic and magnetic properties under tetragonal structures,
which is simply obtained by varying the lattice unproportionally; see Figure 6. Different tetragonal
structures are formed by the different c/a ratios, yet the unit cell volume is kept constant, which is the
same as the cubic structure. The total energies of the tetragonal phases for Pd,CoAl under different
structure types have been calculated with different c/a ratios and the result is shown in Figure 6.
It is seen that there is energy decrease when c/a is deviated from 1 for both structure types, that is,
the tetragonal structure could further reduce the system energy and then lead to possible martensitic
phase transformation. In comparison, the minimal total energy in the tetragonal XA-type structure
is even higher than that in the cubic L2;-type structure about 0.103 eV, meaning that the L2;-type
structure is energetically stable even under tetragonal structures. The energy minimum in tetragonal
L2;-type structure is found at c¢/a of 1.30 with energy difference of 0.165 eV relative to the cubic structure;
see Figure 6. The energy difference between the cubic austenitic phase and the tetragonal martensitic
phase and the c/a ratio at which the tetragonal structure reaches the minimum energy are commonly
used to evaluate whether the phase transformation will occur or not in these Heusler compounds.
The larger the energy difference is, the more probable the occurrence of the phase transformation is
and the more stable the martensitic phase is. Some examples for the energy difference required for
stable phase transformation are 0.14eV and 0.12 eV for Mn3Ga [61] and MnjyFeGa [29,31], respectively.
The obtained value of 0.165 eV for Pd,CoAl is even bigger, which implies the stable tetragonal phase
could be highly expected. As for the degree of shape memory, the c/a ratio can be used to access this
effect and a larger value is preferred.
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Figure 6. The tetragonal L2;-type crystal structure for the full Heusler compound Pd,CoAl and the
calculated total energies with two crystal structures under different tetragonal structures.

To examine the effect of phase transformation on the electronic properties, we calculate the
electronic band structure of the tetragonal L2;-type Pd,CoAl at ¢/a ratio of 1.30 and the result is reported
in Figure 7. Note that the different high symmetry point path is adopted in the tetragonal structure
from the cubic one. It is seen that the metallic feature maintains for the tetragonal structure because
there are still bands crossing the Fermi energy level in both spin directions. Thus, the ferromagnetic
metallic property of the full Heusler Pd,CoAl preserves even with the tetragonal phase.

Spin-up Spin-down

Energy (eV)
o
o

e

1 T
G X P N G

Figure 7. The calculated spin polarized electronic band structures for the full Heusler compound
Pd,CoAl in L2¢-type tetragonal structure under c/a of 1.30.

To understand the possible reasons for this tetragonal phase stability, we explore the total densities
of states in both cubic austenitic phase and tetragonal martensitic phase; see Figure 8. We can see there
is strong spin splitting of the states in the two spin directions, especially around the Fermi energy
level, indicating the ferromagnetic behavior for both phases. However, the two strong spin split
distribution areas in the austenitic phase have been compressed into much wider and shallower ones
in the martensitic phase, which means the strong d-d hybridization and exchange splitting in the cubic
phase have been weakened in the tetragonal phase. As suggested by previous study [30], the density
of states at the Fermi energy plays an important role in regulating the phase stability. Thus, we further
provide the values of states in the two spin directions for both phases at the Fermi level, as shown in
the right vertical axis in Figure 8. It is found that the values in the spin-up and spin-down channels
have been reduced from 1.02 states/eV and 5.66 states/eV in the austenitic phase to 0.38 states/eV and
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2.85 states/eV in the martensitic phase. According to the Jahn-Teller effect, this decreasing behavior of

the density of states proves that the martensitic phase is more stable than the austenitic phase.
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Figure 8. The calculated total densities of states for the full Heusler compound Pd,;CoAl in L2;-type
cubic and tetragonal structures.

With different tetragonal structures, the total and partial magnetic moments have also been
calculated and are displayed in Figure 9. Note the different scale in the two parts of the vertical axis.
We can see that the magnetic moment of Co atom always decreases at both sides when c/a ratio is
changed from 1, while the moments of Pd atoms decrease at first and then increase, leading to the
switch from very weakly antiparallel to weakly parallel. In particular at c/a ratio of 1.30, the magnetic
moments of Co and Pd atoms are 1.85 pg and 0.07 pg, respectively. The total magnetic moment is also
increased from 1.78 pp in the cubic austenitic phase to 1.91 up in the tetragonal martensitic phase.
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Figure 9. The calculated total and atom-resolved magnetic moments for the full Heusler compound

Pd,;CoAl in L2¢-type structure under different tetragonal strains. Note the different scale of the two

parts in the vertical axis.

For the full Heusler compound, the possible martensitic phase transformation can be examined
not only with energetic perspective but also by the dynamic and mechanical stability. The phonon
dispersion spectra along the high symmetry points in the Brillouin zone for L2;-type Pd,CoAl in both
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cubic austenitic and tetragonal martensitic phases have been calculated with the finite displacement
method and the results are plotted in Figure 10. It is clearly seen that there is a strong softening
behavior present in the cubic structure with a lot of imaginary frequencies, suggesting the structural
instability of the austenitic phase. Whereas, the phonon spectrum in the tetragonal structure exhibit no
imaginary frequencies and, thus, the system is dynamically stable. This structural instability in the
austenitic phase could lead to the martensitic phase transformation.

8 — 8
Pd,CoAl-Cubic

JPdZCoAI-TetragonaIR

e —_

/
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}

. Frequency (THz)
[=)
B!

g\x
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Figure 10. The calculated phonon dispersion spectrum along high symmetry points for the full Heusler
compound Pd,CoAl in L2;-type cubic and tetragonal structures.

By employing the stress strain method [62,63], we also computed the various elastic constants
for the full Heusler compound Pd;CoAl in both cubic and tetragonal structures. For a simple cubic
structure, there are only three independent elastic constants, namely, C;1, Cqp, and Cy4. For the
tetragonal structure, there are six: Cq1, Cq2, C13, C33, C44, and Cgg. The derived values for all constants
are summarized in Table 2. Based on the generalized Born-Huang elastic stability criteria [64],
the mechanical stability of Pd,CoAl in cubic and tetragonal phases should fulfill the following two
corresponding conditions:

Ci11+2C12>0,C11 —C12>0,Cy4 >0 (1)

Cn >(C12 , 2C3, < C33(C114C12), Caa > 0, Ce6 > 0 )

From these, we can derive that the cubic phase is not mechanically stable but the tetragonal phase
is stable. In combination, the cubic phase Pd,CoAl is not stable from both the mechanical and dynamic
point of view while the tetragonal phase shows good stability, which further elevates the martensitic
phase transformation possibility.

Table 2. The calculated various elastic constants (C;;) for the full Heusler compound Pd;CoAl in both
cubic and tetragonal structures.

Elastic Constants (GPa)
Cn C12 Ci3 Cyg Cs3 Cy Ces

Cubic 1432 167.4 - 100.2 - - -
Tetragonal 133.7 38.1 60.3 - 231.2 93.0 86.4

Compound Structure

Pd,;CoAl

Moreover, with the obtained elastic constants we can further evaluate the elastic anisotropy in the
tetragonal L2;-type Pd;CoAl compound. The calculated 3D directional dependence of the Young's
modulus and shear modulus with ELATE program [65] are plotted in Figures 11 and 12, respectively.
Besides this, the corresponding 2D projections in different planes are also provided together. We can
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clearly see that the tetragonal Pd;CoAl compound has strong elastic anisotropy. The maximum of the
Young’s modulus and shear modulus are found in the [111] and [001] directions, respectively.

Young's modulus

200 Young's in (xy) plane 200 Young's modulus in (yz) plane 200 Young's in (xz) plane
200~
100 ¢ 100 1 100 -
100
TR > 0 N0 N0
-100
-100 -100 -100
200 L7
-200
-200 - -200 - - - -200 - -
-200 -100 0 100 200 -200 -100 0 100 200 -200 -100 0 100 200
X Y X

X

Figure 11. The calculated directional dependent Young’s modulus for the full Heusler compound
Pd,CoAl in L2¢-type tetragonal structure.
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Figure 12. The calculated directional dependent shear modulus for the full Heusler compound Pd;CoAl
in L2 -type tetragonal structure.

4. Conclusions

With first principles calculation, we have systematically investigated the electronic, magnetic,
dynamic, and mechanical properties of the full Heusler compound Pd,CoAl and also examined its
phase stability from different perspectives. Results show that the L2;-type structure is energetically
more preferable than the XA-type because of the lower total energy. The derived equilibrium lattice
constant is 6.057 A and it is in very good agreement with previous study. At ground state in cubic
phase, Pd,CoAl behaves like ferromagnetic metal with total magnetic moment of 1.78 g, which is
mainly contributed by the Co atom from strong spin splitting effect of the density of states in two spin
directions. Under uniform strains from —5% to +5%, the variation of total magnetic moments has been
obtained and it is still caused by the much larger change from the Co atom, compared with Pd and Al
atoms. The tetragonal structure has further been considered and it is found the total energy can be
reduced when the cubic structure is varied into the tetragonal one, leading to the possible tetragonal
martensitic phase transformation. The large energy difference of 0.165 eV between the tetragonal and
cubic phases is found at the c/a ratio of 1.30. To evaluate the phase stability, the total density of states
has been compared between the cubic and tetragonal phases for Pd;CoAl, and results show that the
tetragonal phase transformation could reduce the states at the Fermi energy level in both directions
and thus enhance the phase stability. In addition, the dynamic and mechanical stabilities have also
been accessed for Pd,CoAl in both cubic and tetragonal structures and it is found that the tetragonal
phase shows good stability against the cubic phase, which further confirms that the tetragonal phase
transformation is highly expected. Lastly, the strong elastic anisotropy has been clearly shown with
the 3D representation of the directional dependence of the Young’s modulus and shear modulus.
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