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Abstract—The phase stability, the electronic, mechanic and lattice dynamical properties of Cl,-type
PdMnSn and PtMnSn compounds were investigated using first principles density functional calculations
within the generalized gradient approximation. The computed lattice constants of PdAMnSn and PtMnSn
compounds were in line with the experimental and theoretical data in the published literature. The elastic
constants in the C1, structure for PdAMnSn and PtMnSn compounds were carried out using the energy-strain
method. The computed values of three independent elastic constants, both compounds are mechanically sta-
ble in the C1-type crystal structure and met the stability criteria. The electronic structure, total and partial
density values of states, and total magnetic moment of these compounds were calculated and the evaluations
were carried out by comparing with the existing results. Dynamic properties of PdAMnSn and PtMnSn com-
pounds were obtained using the density functional perturbation theory. Both of the compounds were dynam-
ically stable due to the absence of the imaginary phonon frequencies. In addition, it was found that the com-

pounds had a rapid rise in specific heat capacities from 0 to 300 K.

DOI: 10.1134/S1063776120050015

1. INTRODUCTION

Triple Heusler alloys have two separate families;
one of which is the complete Heusler alloys that crys-
tallize in the L2, structure and has the X,YZ formula
[1]. The second family is the half-Heusler alloys,
whose general formula is XYZ and crystallizes in the
form of AILiSi (C1,) [2—4]. Here, X is a typical heavy
transition metal; Y is a rare earth or a transition metal,
while Z is the main group element. The structural,
phase transition, electronic band structure, chemical
bonding, charge density, charge transfer and mechan-
ical properties of PELMNSn were investigated in various
studies, adopting various experimental and theoretical
approaches [5—19]. The structural and magnetic
properties of the PtMnSn compound were measured
by means of X-ray, magnetic and NMR methods
described by Watanabe [5]. De Groot et al. [6] mea-
sured the magnetic moment of PtMnSn and other C1,
compounds. Crystal structures and magnetic proper-
ties of PtMnSn compound were investigated by means
of X-ray and magnetic analyses [7]. Lindgren et al. [8]
measured the hyperfine fields for PtMnSn compound
with the time differential PAC technique. For PtMnSn
disordered ferromagnets, X-ray powder diffraction,
magnetization and Maossbauer measurements were

carried out by Gorlich et al. [10]. Galanakis et al. [11]
method the X-ray magnetic circular dichroism and the
electronic structure for PtMnSn compound by the
LMTO method. The electronic structure, chemical
bonding, charge density, charge transfer and magnetic
properties of PtMnSn compound were investigated
using the TB-LMTO-ASA method by Offernes and
Kjekshus [12]. Structural stability, electronic, elastic
constants, phase transition and magnetic properties of
PtMnSn compound were studied using VASP code by
Amudhavalli et al. [13]. In addition, the electronic
band structure and elastic properties of the PtMnSn
compound were obtained by VASP-GGA calculations
[14, 15]. Otto et al. [3] measured the crystal structure,
the microstructure and magnetic properties of
PtMnSn compound. The -crystallographic, Curie
temperature and the magnetic properties of Mn-based
PtMnSn compound were reported by van Enge et al.
[16]. The Curie and Neel temperatures, magnetic
moments, electrical resistivity, plasma frequency,
relaxation frequency, and optical resistivity of
PtMnSn compound in the Cl,-type crystal structure
were reported by Kirillova et al. [17] The data available
for the PAMnSn compound was very few. Sasioglu
et al. [18] studied spin projected electronic band struc-
ture of PdAMnSn in the C1, phase using the augmented
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spherical wave method. The phonon properties are
important to understand the dynamic properties of
solids. The phonon properties are necessary to under-
stand the physical properties including phase transi-
tion, thermodynamic stability, transport and thermal
properties. According to the literature research, there
is no data available on the investigation of phonon
properties of both compounds. In an effort to under-
stand them in the present study, ab initio calculations
were performed to examine the ground state properties
of PdAMnSn and PtMnSn compounds in the C1, phase
including lattice constant, electronic band structure,
elastic, thermodynamic, phonon properties, and duc-
tility as well.

2. CALCULATION METHOD

Ab initio calculations were performed using the
computer software Quantum-ESPRESSO [19]. In the
present study the Perdew—Burke—Ernzerhof (PBE)
[20] was adopted for the exchange-correlation poten-
tial. The wave functions were expanded in a plane-
wave basis set with a kinetic energy cut-off of 40 Ry for
C1, structure. The electronic charge density was eval-
uated up to the kinetic energy cut-off of 400 Ry.

Convergence threshold was taken 10~° Ry with
mixing beta of 0.7 so that results will appropriately
precise. Energy convergence of 1 mRy per atom has
been met by using 10 X 10 X 10 Monkhorst—Pack [21]
grid of k-points for sampling of the full Brillouin zone.

To find full phonon dispersions and the density of
states, eight dynamical matrices were determined on a
4 X 4 X 4 g-point mesh. Fourier deconvolution was
used to assess the dynamical matrices at arbitrary wave
vectors. From computed phonon frequencies and
DOS, the constant-volume specific heat (C,) versus
temperature was determined with a quasi-harmonic
approach (QHA) [22].

One way to obtain important information about the
mechanical and dynamic properties of materials is
from the elastic constants. There are three indepen-
dent elastic constants for a cubic material (C};, C;, and
C,4). The three elastic constants were used to deter-
mine an energy difference between distorted and
undistorted lattice-cell. Firstly, the elastic constants
can be computed and then related crystalline proper-
ties such as bulk modulus (B), shear modulie (G),
Young’s modulus (F) can be acquired. Here, the bulk
modulus is determined as a measure of how resistant a
material is under compression under applied pressure
and given as follows;

B = (G, +2C,)/3. (1)

The shear modulus indicated by G is defined as the
ratio of shear stress to shear strain:

G = (G — Gy +3C)/5. (2

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

NIHAT ARIKAN et al.

The Young modulus (£) is calculated from the mate-
rial’s Bulk modulus and Shear modulus and is an indi-
cation of the hardness for the materials and given as
follows;

__9BG . 3)
3B+G
Anisotropy factor (A4) for crystals of cubic symmetry
defined the degree of anisotropy compared to isotro-
pic material, which is thought to have a significant
impact on engineering science:

__ 2Cy
€ -Cn)
The Poisson’s ratio () gives detailed information
regarding the bonding nature of a material and is

defined as the rate of extension of the lateral contrac-
tion:

C))

(5=l(1—%). (5)

3. RESULTS AND DISCUSSION

The studied PdAMnSn and PtMnSn compounds in
the half-Heusler phase were crystallized in the C1,
phase corresponding to the space group F43m
(no. 216). The C1,-type structure and orientations of
Mn atomic spins along c-axis of PdMnSn and
PtMnSn compounds, which includes one molecule
with three atoms per unit cell, is presented in Fig. 1.
Thus, the structural information of a material can be
completely defined by the lattice parameter a. To
determine the structural characteristics of PdMnSn
and PtMnSn compounds, the calculations of the total
energies were carried out as a function of lattice
parameters. The calculated total energies were fitted to
the Murnaghan’s equation of state [23] to determine
the structural properties, such as lattice constant (a),
bulk modulus (B) and its pressure derivative (B'). The
computed structural parameters of PdMnSn and
PtMnSn compounds are summarized in Table 1 and a
comparison was made, with the present data. The lat-
tice a constant, bulk modulus and their pressure deriv-
ative are given and compared in Table 1, in addition to
the published experimental and theoretical studies [5—
13]. In any case, most of theoretical results, although
obtained using different computational approaches,
accurately predict the experimental lattice parameter,
which varies over a rather broad range of 6.129 to
6.264 A. The lattice constant calculated for PtMnSn
compound was smaller than the experimental values.
In case of GGA, the lattice parameter was higher than
the experiment. However, for Pt-based compounds,
especially when substituted such as Sn, Sb, and Te,
valence electrons were slowly added to the system,
thus a decrease in the lattice parameter was observed
[11]. Very similar to the results discussed for TiNiSn,
LDA and GGA fairly underestimate lattice parameter
Vol. 130
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whereas experimental values exhibit the opposite
trend and overestimates it [25]. To investigate the total
magnetic moments of PdAMnSn and PtMnSn com-
pounds, we computed the total magnetic moments of
these compounds. The total magnetic moment of the
Heusler alloys follows a simple rule known as the
Slater-Pauling behavior (SP): Mt = Zt — 18 [24],
where Zt is regarded as the total valence counts of
electrons per unit cell. The total electron counts of Zt
was determined by the sum of spin majority (up) and
spin minority (down) electrons. So the determined Zt
is as follows;

Zt = NT +NJ
Mt =NT =Nl - Mt = Zt - 2NT

and

(6)

The computed total magnetic moment values were
found to be 3.61ug and 3.591ug for ferromagnetic
PdMnSn and PtMnSn, respectively, and were in line
with the SP rule. The computed total magnetic
moments along c-axis are given in Table 1 along with
the comparison of the current experimental and theo-
retical values [5—17].

The elastic constants are quantities characterizing
mechanical properties of a material, and often present
important results regarding the mechanical stability.
The computed values of B, C,, Cp,, and C,, of
PtMnSn and PdAMnSn compounds are summarized in
Table 2 along with data from other computations for
comparison [13—15]. Based on the research on pub-
lished literature, no experimental and theoretical data
were found for the elastic constants of PdAMnSn so the
present computed results for the C1, phase can serve as
an estimate for the upcoming researches. Our com-
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Fig. 1. (Color online) The C1,-type structure of PdAMnSn
and PtMnSn compounds and orientations of Mn atomic
spins along c-axis.

puted values of elastic constants of PtMnSn were
found to be higher than the reported values in [ 14, 15],
and it was found to be lower than the reported values
in [13]. The mechanical stability of both compounds
was analyzed and evaluated by using their elastic con-
stants. The Born criteria [26] of mechanical stability
conditions for the cubic structures is as follows:

Ciu>0, (G;—-Cy)/2>0
B=(C,+2C;,)/3>0

As presented in Table 2, these criteria were confirmed,
so it was concluded that both compounds were

and

(7)

Table 1. Calculated lattice constant a (A), bulk modulus B (GPa) and total magnetic moment of PdAMnSn and PtMnSn

Compounds Ref. a B B Mt(up)
PdMnSn This work 6.095 81 5.43 3.61
PtMnSn This work 6.068 96.5 5.87 3.591

Exp. [3] 6.261 3.50
Exp. [5] 6.201 3.04
Theory [6] 3.60
Exp. [7] 6.241 3.25
Exp. [8] 3.95
FLAPW [9] 6.204 3.96
Exp. [10] 6.262 345
FP-LMTO [11] 6.182 3.88
TB-LMTO-ASA [12] 6.264 3.54
VASP [13] 6.264 3.54
VASP [14] 6.129 3.487
VASP [15] 6.222 3.693
Exp. [16] 6.264 3.42
Exp. [17] 3.57
JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 130 No.5 2020
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Table 2. The calculated elastic constants (C;; ) of PdAMnSn and PtMnSn

Compounds Ref. Ci Cp Cus CP=(Cj,— Cyy)
PdMnSn This work 113.339 95.630 9.290 86.340
PtMnSn This work 139.574 110.926 12.526 98.400

Ref. [13] 214.65 141.01 35.09 105.920
VASP [14] 103 79 16 63
VASP [15] 134 95 31 64

Table 3. Calculated shear modulus G (GPa), B/G, Young’s modulus £ (GPa), Poisson’s ratio ¢, anisotropy factor 4 for

PdMnSn and PtMnSn
Compounds Ref. B G B/G E c A
PdMnSn This work 101.533 9.113 11.141 26.547 0.45 1.05
PtMnSn This work 120.477 13.216 9.115 38.171 0.44 0.87
VASP [13] 129.77 35.78 3.626 98.305 0.37 0.95
VASP [14] 87 14 6.214 39.861 0.42 0.27
VASP [15] 108 26 3.857 72.205 0.39 1.59

mechanically stable in the C1, phase. Cauchy’s pres-
sure CP = (C,; — C,,) is a highly predictive character
for the effective bonding of compounds. If a material
shows a covalent bond character, the CP value is neg-
ative. The CP value is positive if the material has
metallic bands. As seen in Table 1, the calculated CP

PdMnSn

PtMnSn

K X r L X w L

Fig. 2. (Color online) The spin polarized band profiles of
PdMnSn and PtMnSn compounds.
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values for both compounds were positive and had
metallic band natures. According to the Pugh criterion
[27], the B/G ratio is commonly used to obtain data on
about the brittle or ductile of compounds. The B/G
ratio for ductile materials was higher than 1.75, while
for brittle materials B/G ratio was lower than 1.75
value. The bulk modulus, shear modulus, Young mod-
ulus, Poisson ratio and Anisotropy factory are given in
Table 3, along with the published data for comparison
[13—15]. As seen in; Table 3, according to the calcu-
lated B/G ratio, both materials had a ductile property.

The critical value of Poisson’s ratio defines simply
the crystalline bonding character in the range 0 < ¢ <
0.5. If the Poisson ratio (o) is smaller than ¢ = 0.1, the
material has a covalent nature. If the Poisson ratio ()
is 0.25, the material is in an ionic manner. According
to the Poisson ratio, both compounds were found to
have ionic metallic interactions. The spin dependent
electronic band profiles of PdAMnSn and PtMnSn
compounds were employed by means of the density
functional theory, within a generalized gradient
approximation and displayed in Fig. 2.

As seen in Fig. 2, the Fermi levels (£F) illustrated
by a broken horizontal line of the PdMnSn and
PtMnSn compounds intersected at some energy bands
in the spin-up states and spin-down states. It was
observed that the spin-up and spin-down electrons for
both compounds had a metallic character. There were
no available results published in the literature that we
can compare to PdAMnSn while this result was in line
with the reported theoretical results for PtMnSn [11—
15, 18]. As clearly seen in Fig. 2, the computed elec-
tronic band profiles of both compounds were similar
to each other. To further investigate the electronic
properties of these materials, the computed total den-
Vol. 130

No.5 2020
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Fig. 3. (Color online) Calculated total and partial density of states for PdAMnSn and PtMnSn compounds.
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sities of states and partial densities of states are shown
in Fig. 3 for the present materials. The lowest bands of
the energy region between —2 and —4 eV in both spin-

C/R)
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—— PdMnSn
6 _
4
2 |
T T T T T T
0 300 600 900 1200 1500
T, K

Fig. 5. (Color online) The specific heats at constant pres-
sure versus temperature for PdAMnSn and PtMnSn com-
pounds.
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up and spin-down states for both compounds mainly
come from the d electrons of Pd, Pt and Mn. The low-
est energy part around —8 eV for both compounds are
mainly due to the s-states of the Sn atoms. The states
lying at the Fermi level are mainly due to the Pd-4d
(Pt-5d) and a small contribution from Mn-3d like
states in PdAMnSn and PtMnSn and in rest of the com-
pounds there is also a small contribution due to Sn-d
states. For PtMnSn these findings were in line with
the reported theoretical results.

The phonon spectra of the C1, phase half-Heusler
PdMnSn and PtMnSn compounds along the high
symmetry directions in the Brillouin zone are pre-
sented in Fig. 4. There was no imaginary phonon fre-
quency in the Brillouin region, indicating the dynamic
stability of the C1, phase of both compounds. The
primitive unit cell of the half-Heusler PdAMnSn and
PtMnSn compounds had a total of three atoms. Thus,
it consisted of a total of nine phonon branches, includ-
ing three acoustic branches and six optical branches.
In both of these compounds, the transverse acoustic

Vol. 130 No.5 2020
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modes along (I'-X) and (I'-L) directions were two-
fold degenerate due to the symmetry. All phonon
curves of both compounds are very similar.

The phonon spectra for both compounds can be
divided into two distinct regions due to the mass dif-
ference of atoms in the primitive unit cell and have a
band gap. As can be clearly seen in Fig. 4, these two
regions consisted of a low frequency region between 0
and 4 THz and a high frequency region between 7 and
8 THz. For both compounds, there were nine phonon
modes in the low-frequency region that extend above
4 THz. There are a total of three optic branches in the
high frequency region for both compounds and these
phonon branches were less dispersive than the other
optical branches in the low frequency region. To better
understand the nature of phonon spectra, it is neces-
sary to look at the total phonon DOS and projected
phonon DOS in Fig. 4 (right panel). The lower fre-
quency region up to 2 THz for the two compounds was
dominated by the vibrations of the three atoms due to
the weak bonding forces between these atoms. For
both compounds, the higher optical modes between 7
and 8 THz were dominated by the vibrations of the Mn
atoms. The specific heat capacity (C)) at the constant
volume can be calculated as a function of temperature
using quasi harmonic approximation (QHA). The
constant volume specific heat capacity of PdAMnSn
and PtMnSn compounds were calculated as a function
of temperature in the range 0—1500 K and presented in
Fig. 5. For both compounds, a rapid increase approx-
imately up to 300 K was observed and then it reached
a level of saturation by approaching the Dulong—Petit
limit [28]. Unfortunately, there were no data available
in the literature for further comparison of our results.

CONCLUSIONS

The aim of this research was to determine, the
structural, electronic, and vibration properties of
PdMnSn and PtMnSn compounds using the density
functional theory (DFT) within the generalized gradi-
ent approximation (GGA). The calculated lattice con-
stant and bulk modulus of PdMnSn and PtMnSn
compound were compared with the previous theoreti-
cal and experimental results in the published studies.
The mechanical stability of both compounds were
analyzed by means of elastic constants. From the anal-
ysis of the calculated elastic constants, both of the
materials considered were mechanically stable. Brit-
tleness and ductility of both compounds were studied
by Pugh criteria and both compounds were found to
exhibit ductile behavior. In addition, the ductility
nature for the PtMnSn compound determined
according to the Poisson’s ratio ¢ were in line with the
predicted results with the B/G ratio. The electronic
band structures of both compounds in the C1, phase
were studied and they exhibited metallic character.
The calculated Cauchy’s pressure CP values were pos-
itive and show the metallic band properties. The pho-
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non spectra of the Cl, phase half-Heusler PdAMnSn
and PtMnSn compounds along the high symmetry
directions in the Brillouin zone were investigated
using linear response theory. The calculated phonon
spectra for both compounds confirmed dynamic sta-
bility since no images were the observed for the pho-
non frequency.

In addition to phonon properties, the thermody-
namic properties of both compounds were investigated
and analyzed. A rapid increase approximately up to
300 K was observed and then it reached a level of sat-
uration by approaching the Dulong—Petit limit.
Unfortunately, there were no data available in the lit-
erature for further comparison of our results.
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