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MECHANIC, HALF-METALLIC AND THERMOELECTRIC PROPERTIES OF THE PdZrTiAl 
UNDER PRESSURE: A DFT STUDY

The half-metallic, mechanical, and transport properties of the quaternary Heusler compound of PdZrTiAl is discussed under 
hydrostatic pressures in the range of –11.4 GPa to 18.4 GPa in the framework of the density functional theory (DFT) and Boltzmann 
quasi-classical theory using the generalization gradient approximation (GGA). By applying the stress, the band gap in the minor spin 
increases so that the lowest band is obtained 0.25 eV at the pressure of –11.4 GPa while the maximum gap is calculated 0.9 eV at 
the pressure of 18.4 GPa. In all positive and negative pressures, the PdZrTiAl composition exhibits a half-metallic behavior 100% 
spin polarization at the Fermi level. It is also found that applying stress increases the Seebeck coefficient in both spin directions. In 
the minority spin, the n-type PdZrTiAl, the power factor (PF) for all the cases is greater in the equilibrium state than the strain and 
stress conditions whereas in the majority spin, the PF value of the stress state is greater than the other two. The non-dimensional 
figure of merit (ZT) is significant and is about one in spin down in the room temperature for the all pressure states that it remains 
on this value by applying pressure. The obtained elastic constants indicate that the PdZrTiAl crystalline structure has a mechanical 
stability. Based on the Yong (E), Bulk (B) and shear (G) modulus and Poisson (n) ratio, the brittle-ductile behavior of this compound 
has been investigated under pressure. The results indicate that PdZrTiAl has a ductile nature and it is a stiffness compound in which 
elastic and mechanical instability increases by applying strain.
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1. Introduction

Lastly, the Heusler compounds were taken into considera-
tion due to their various properties including the half-metals 
[1,2], spin-gapless half-metals, spin-gapless semiconductors 
[3,4] and topology insulators [5,6]. These compounds have 
several crystal structures such as full-Heusler (X2YZ) [7,8], half-
Heusler (XYZ) [9,10], DO3 [11,12] and tetragonal [13,14] which 
all of these structures have the same crystallography structures. 
In the full-Heuslers, the X and Y atoms belong to the transition 
metals and Z is one in the III-V column of the periodic table. If 
one of the X atoms is replaced with another atoms (M), the new 
Heusler compounds are formed named the equiatomic quaternary 
Heuslers with F4–3m (216) space group [15,16]. 

The study of half-metallic Heusler compounds has gained 
significant momentum over the last decade due to their ex-
ceptional qualities in displaying wide varieties of properties, 

ranging from half-metallic magnetism, magnetic shape memory 
effect, spin gapless semiconductor to giant magnetocaloric ef-
fect, thermoelectric effect and superconductivity [17-22]. These 
properties have been exploited successfully for technological 
applications. For example, the half-metallicity in ferromagnetic 
materials is being used for spintronic applications such as spin 
injectors [23], magnetic tunnel junctions [24], spin valves [25] 
and spin torque transfer-random access memories [26]; the 
zero gap traits in spin gapless semiconductors is being used 
for studying spin Seebeck effect [27]. The largest numbers of 
magnetic Heusler compounds investigated are ternary half-
metallic X2YZ where X and Y are transition metals and Z is 
a main group element. It is obvious that the novel magnetic 
properties in these compounds arise due to the presence of 
unfilled d orbital of more than one transition metal compo-
nents. An intricate relationship between the occupancies of the 
magnetic constituents in sub-lattices with different symmetries, 
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the magnetic structures associated and the electronic structures 
resulting due to these two have been found to be responsible 
behind the emergence of the novel phenomena observed in these 
materials. If each sub-lattice, in a Heusler structure, is occupied 
by a different element, resulting in a XX′YZ compound, with 
X′ a magnetic element different than X, then there will be more 
sub-classes (depending on the sub-lattice occupancies of the 
three magnetic elements) of the structure than that possible with 
X2YZ compounds.

Several investigations [28-38] on the HMMs have been 
done based on equiatomic quaternary Heusler structure (EQH) 
(LiMgPdSn – structure, space group F-43m (216)). Compared 
with the pseudo ternary Heusler HMMs, the EQH ones have the 
advantage of lower power dissipation due to the less amount of 
disorder that exists in them [39].

So far, Heusler compounds based on Zr atom have been 
studied exhibiting half-metallic or semiconductor behaviors 
with zero gap [40-42]. Among these, quaternary combinations 
like ZrVTi(Al,Ga) and ZrMnVZ (Z = Si,Ge) are predicted which 
are ferromagnetic half-metals [43,44], or compounds such as 
ZrCoCrBe and ZrCoVIn can have spin-gapless semiconductor 
features [45,46]. Recently, the physical properties of the new 
structure of the quaternary Heusler compound, PdZrTiAl, have 
been studied based on the first principle calculations. The results 
show the half-metallic ferromagnetic behavior of this Heusler 
alloy, the presence of indirect gaps in the minority spin with 
a value of about 0.66eV and the spin flip gap of about 0.49eV. 
The magnetic moment obtained from the Slater-Pauling rule is 
the integer amount of 3μB [47]. Half-metallic ferromagnets are 
supposed to exhibit a real gap in the minority density of states 
where the Fermi energy is pinned. The gap has the consequence 
that the number of occupied minority states has to be an inte-
ger. Thus, the Slater-Pauling rule will be strictly fulfilled with 
Mtot = (Nv – 18) for the spin magnetic moment per atom for the 
half-Heusler cases by F4–3m space group.

Therefore, due to the small gap of PdZrTiAl in the minority 
spin which is required for good thermoelectricity in the material 
and this fact that the thermoelectricity of this material has not 
been studied so far, this compound is appealing to study. It is 
noteworthy that by applying the hydrostatic pressure, the atoms 
in the unit cell become closer or farther, so the material behavior 
is expected to change under stress and strain. Hence, the varia-
tion range of the half-metallic behavior of this compound was 
studied by applying a limited hydrostatic pressure, and it was 
observed that the spin gap has changed under the pressure as 
well as the thermoelectric quality, especially in the spin down 
at high temperatures.

Thermoelectric (TE) power generation is currently taking 
increasing interest as it uses waste heat for useful purposes, and 
materials with high values of Seebeck coefficient are required to 
achieve this goal. The high Seebeck coefficient values are com-
monly obtained in materials with narrow band gap semiconduc-
tors, low values of carrier concentration [48]. Like thermoelectric 
power generation, the thermoelectric cooling is also important. 
Thermoelectric cooling requires low-temperature materials, 

however, the literature lacks the study of low-temperature 
as compared to Thermoelectric (TE) materials of high tem-
perature, and the studies of the metallic TE materials are scanty 
[49,50].

The principal goal for all these studies was to develop 
materials with the highest maximal ZT efficiency. Recently, 
researchers started working on quaternary or ternary based 
chalcogenides like CuGaTe2 [51], Cu2CdSnSe4 [52-53], 
CuInTe2 [54-57], Cu3SbX4 (X = Se, S) [58,59] and Cu2Zn-
SnX4 (X = Se, S) [60,61], which may be considered as modified 
forms of II-VI ZnS semiconductors. Due to their comparatively 
low value of thermal conductivity and exceptional properties 
of electrical transport, these materials may be used as potential 
thermoelectric [62-67]. In this work, since pressure, as a sensi-
tive characteristic, plays an important role in the structural and 
electronic properties of materials, the physical properties of the 
PdZrTiAl Heusler composition, including structural, electronic, 
mechanical, and thermoelectric properties, has been studied 
in the temperature range from 50 to 800K under hydrostatic 
pressure using the density functional theory and Boltzmann 
quasi-classical theory.

2. Computational Details

The initial structure of PdZrTiAl was optimized in the 
framework of the density functional theory [68] based on the full-
potential linearized augmented plane wave (FP-LAPW) method 
using the WIEN2k code [69]. The Perdew-Burke-Ernzerhof 
version of the generalized gradient approximation for solids 
(GGA-PBEsol) [70] was used to calculate the structural, elastic 
and electronic properties. The Muffin-tin radius was chosen in 
a way to have no charge leakage. In order to achieve the best 
convergence, limits such as the basis set is expanded in terms of 
the plan wave up to RmtKmax=7, and Kpoint=3000 is applied 
for the integration of the Brillouin zone with 14×14×14 mesh 
in the Monkhorst-Pack grids [71,72]. The total energy con-
vergence is set on 1×10–5eV/atom, the self-compatible field 
on 1×10–7eV/atom, the maximum ion force on 0.1 eV/Å and 
the maximum value of stress ≤0.02 GPa. The hydrostatic pres-
sures range (–11.4, –8.1, 8.8, and 18.3 GPa) obtained from the 
Murnaghan diagram was applied according to the third-order 
Birch-Murnaghan equation (EOS) [73].
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In addition, the thermoelectric properties of this Heusler 
compound, such as electrical conductivity and Seebek coef-
ficient, are obtained using the BoltzTraP quasi-classical code 
[74,75].



461

3. Result and Discussion

3.1. Structural Properties

The quaternary crystal structure of PdZrTiAl is theoreti-
cally predicted by Saadi Berri in the form of a LiMgPdSn-type 
structure with spatial symmetry of F4–3m [47]. In its primary 
cell, the atoms of Pd, Zr, Ti and Al are positioned in the Wyckoff 
positions, 4d(3/4,3/4,3/4), 4b(1/2,1/2,1/2), 4c(1/4,1/4,1/4) and 
4a(0,0,0), respectively. The values of the lattice constants, the 
Bulk modulus, the optimized volume curves and the hydrostatic 
pressures that are listed in Table 1 are obtained by the self-
consistent solution of the total energy and Birch-Murnaghan 
equation [73] at zero pressure which they have a good agree-
ment with the predicted theoretical values. According to the E-V 
curve and also the resulting formation energy values, it is well-
known that the PdZrTiAl composition is structurally more stable 
in terms of being under the highest positive pressure of 18.3GPa 
(Fig. 1).

TABLE1

The Density ρ(gr/cm3), lattice parameter a(Å) and formation energy 
Ef (Ryd) of the PdZrTiAl compound under pressure

Ef (Ryd)a(Å)ρ (gr/cm3)
–0.3321796.5546.5631PdZrTiAl
–0.3247366.28227.2999P1(18.3 GPa)
–0.3299986.39366.9155P2(8.28 GPa)
–0.3292326.71695.9726P3(–8.1 GPa)
–0.3253986.81725.7128P4(–11.4 GPa)

3.2. Electronic Properties

The electron density of states (DOS) diagram gives very 
important information about the electron structure of matter in 
which determines the probability of an electron at each energy 
level. 

Moreover, knowing the band gap is important for determin-
ing the thermoelectric function of the material. Thus, the precise 
value of the thermo power parameter (Seebeck coefficient) can 
be calculated directly from the band gap using the Mott’s relation 
based on the Boltzmann theory [76].

 
fE E

dLn EK TS
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 (2)

which σ(E) is the electron conductivity value as a function of 
Fermi energy.

In Fig. 2, the electron density of states diagram is shown 
for the PdZrTiAl composition under stress, strain and relaxa-
tion in a way that the applied stresses have changed from the 
negative to the positive. It is noteworthy that although there 
is no significant change in the electron density of states under 
the applied pressures at the Fermi range for the majority spin, 
significant variations can be observed at the Fermi range for 
the minority spin so that a tangible increase can be seen in the 
edge of the band gap by applying positive pressure (stress). The 
lowest band gap of 0.25 eV and the most band gap of 0.9 eV is 
calculated at the pressures of –11.4 GPa (strain) and 18.3 GPa 
(stress), respectively, so it can be concluded that the pressure 
effects on this quaternary composition lead to change in its half-

Fig. 1. The energy-volume diagrams of the PdZrTiAl on the pressures
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Fig. 2. The DOS diagram of the PdZrTiAl in the equilibrium pressure (P0 = 0 GPa) and (P1 = 18.3 GPa)

metallic behavior. Most importantly, this compound remains as 
a half-metal with the spin polarization of 100% at all positive 
and negative pressures, and it is not essentially subjected to 
electronic instability under pressure. Under positive pressure, 
the greatest influences of pressure have occurred in the valence 
region and the range from –8 to –1 eV for both spin directions 
so that the electron states shift toward lower energies, and also 
the peaks of the density of states in the conduction region shift 
toward higher energies. Generally, it can be concluded that by 
applying a positive pressure (stress), the electron densities of 
states upper and lower than the Fermi level getting away from 
each other. As seen from the DOS diagram, in the spin up, the 
continuity of the electron states at the Fermi surface, below and 
above it can be observed, so is the electron conductivity well at 
the all mentioned pressures. Moreover, the DOS curve broaden-
ing at the Fermi range in the spin up and even down represents 
the electrical and magnetic stabilities of this compound at the 
all pressures. To confirm the previous conversations in the den-
sity of the states diagram, the band structure diagrams for the 
PdZrTiAl composition are plotted in Fig. 3 from the pressure 
of –11.4 GPa to 18.3 GPa and the equilibrium pressure for two 
spin modes of up and down along the symmetric directions in 
the first Brillouin zone. As expected, in spin-up equilibrium pres-
sure, energy levels cut off the Fermi level in several symmetric 
directions indicating the desire to show metallic properties in 
this spin. In other words, due to frequent discontinuities, the 
curve slope is changing, as a result, the group velocity increases 
and the effective mass decreases. At the opposite point, in the 
spin down, an indirect band gap can be seen along Γ to X with 
a value of 0.6 eV. Therefore, in equilibrium pressure, this qua-
ternary compound is a half-metal with a spin polarization of 

100% demonstrating a high metallic behavior in the spin up and 
a n-type semiconductor behavior in the spin down. Hence, the 
accumulation of electron levels in the Fermi range in spin up 
and an n-type band gap in the spin down make this compound 
suitable for thermoelectric purposes.

In the following, the band structure diagrams are plotted 
under the positive and negative pressures for comparison. As 
expected, at all pressures, the half-metallic behavior of this 
composition is maintained, but there is a band gap increase up 
to 0.77 eV at positive and larger pressures (18.3 GPa) so that by 
increasing the pressure, a perceptible change is occurred in the 
maximum valance bands and these levels have shifted to lower 
energies. On the other hand, at negative pressures, the electron 
levels become closer to the Fermi level, and consequently, the 
band gap decreases. Besides, an increase in the effective mass 
can be seen in this spin mode, so it can be said that a better 
thermoelectric effect is expected at negative pressures.

3.3. Elastic Properties

One of the physical tools analyzing the mechanical stability 
of materials is the elastic coefficients and their derived param-
eters. The PdZrTiAl composition is a cubic structure with the 
F.C.C base, so only three components of C11, C12 and C44 are 
non-zero components of the elastic constants tensor. The elastic 
constants are listed in Table 2 for strain, stress and equilibrium 
pressure states as well as their dependent parameters such as the 
bulk modulus (B), Young modulus (E), shear modulus (G), Pois-
son ratio, B/G ratio, transverse and longitudinal average sound 
velocities, Debye temperature, and melting point. According to 
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(a) P0 = 0 (Gpa)

(b) P1 = 18.3 (GPa)

(c) P2 = 8.8 (GPa)
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the following relationships [77], the Voigt-Reuss-Hill approxima-
tion (VRH) is used to calculate Yang and shear modules:

 X

X

BGE
B G

 (3)

 VoigtC C C C  (4)

 ussG S S S  (5)

 Hill Voigt ussG G G  (6)

which S = C-1, and X represent Reuss (R), Voigt (V), and Hill 
(H) as index in these relationships. The values of the bulk 
modulus and the Poisson ratio are obtained from the following 
relationships [78]:

 
B Ev
B

 (7)

 
C CB  (8)

It can be perceived that the composition is elastically stable 
in the equilibrium state because

 C C C  

The numerical value of the elastic constants expresses the 
proper strength of this alloy in the mechanical materials and 
applications. Young modulus (E) represents the stiffness of 
materials expressing the relationship between stress and strain 
[79], and also the shear modulus (G) states the hardness of 
materials. According to Table 2, the lowest values of Yong and 

(d) P3 = 8.1 (GPa)

(e) P4 = –11.4 (GPa)
Fig. 3. The band structure diagrams of the PdZrTiAl on the explained pressures
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shear modules are related to the strain state which by elevating 
E, the composition hardness rises and the nature of the covalent 
bond rises. Among the compared cases, bulk, shear and Yang 
modules have the highest values at the pressure of 18.3 GPa, so 
it can be said that similar to the ScTM (TM = Cu, Ag, Au and 
Pd) compositions], the PdZrTiAl composition has the highest 
stiffness and hardness at this pressure [80].

The B/G ratio indicates the mechanical strength of the 
material, which was identified by Pugh [78]; If this ratio is less 
than 1.75, the nature of the substance is brittle otherwise ductile. 
Additionally, if the Poisson coefficient (υ) is greater than 0.33, 
the nature of substance is brittle, and less than this amount, it 
is ductile. Thus, Poisson coefficient confirms the B/G ratio in 
Table 2 that the PdZrTiAl composition of has a ductile nature. 
As a further matter, Poisson ratio is an important quantity in 
measuring the material incompressibility ranging from 0 to 0.5, 
i.e., the incommensurability of the substance increases from 0 
to 0.5. It is clear from the obtained values for u in Table 2 that 
the PdZrTiAl composition demonstrates a slight compressibility 
against deformation except for the pressure of –8.1 GPa [81,82]. 
Calculating the Vickers hardness number [83] from the relation 
HV = 0.92(G/B)1.137G0.708 represents the highest hardness for the 
PdZrTiAl composition at 18.3 GPa pressure among the compared 
cases in Table 2.

The difference between the elastic responses for the various 
crystal directions (C11, C12 and C44) makes this composition an 
elastically anisotropic material such that its anisotropy coefficient 

(A) is far from 1. Therewith, the crystal hardness shows that this 
composition has an extremely high melting point temperature, 
and consequently, the average sound speed is a considerable 
number and the Debye temperature of this compound is about 
room temperature (Table 2). Accordingly, the pressure effects 
have caused the hardness of this compound to increase signifi-
cantly. However, the elastic constants have increased as well as 
bulk modulus, the Poisson and the B/G ratios have decreased. 
In this regard, an escalation can be seen in the Yong and shear 
modules while the elastic anisotropy is reduced, but by applying 
the strain, the elastic constants is noticeably declined leading 
to elastic instability. Similarly, the modules of bulk, Yang and 
shear have reached very small values, so elastic and mechanical 
instabilities can be seen in strain state.

3.4. Thermoelectric Properties

Nowadays, the thermoelectric behaviors of Heusler com-
pounds have been highly regarded by industry and science, 
since there is potential for generating electricity by applying 
a temperature gradient, or it is possible to transfer heat from 
a point to another by applying a potential electrical difference. 
The parameters affecting the thermoelectric phenomenon include 
the Seebeck coefficient (S), the electron conduction coefficient 
(σ), the figure of merit (ZT) and the power factor (PF). Fig. 4(a) 
shows the Seebeck coefficient variation for PdZrTiAl composi-
tion in two spins of up and down under pressure in the tempera-
ture range of 50 to 1000K. The Seebeck coefficient equation is 
in the form of the following:

 BkS m T
neh

 (9)

which m*, KB, h, n and e are in turn the values of the effective 
masses of the charge carrier, the Boltzmann constant, the Planck 
constant, the carriers concentration and the electron charge. It 
is observed that the Seebeck coefficient is directly proportional 
to temperature and indirectly to the carrier concentration (either 
electron or hole), so the S value follows the above relation for 
both spin modes. According to figure, in equilibrium, the See-
beck coefficient has a positive sign in the spin up, but a nega-
tive sign in the spin down. Hence, the behavior variation in this 
coefficient by changing the external field direction can be an 
important phenomenon for this composition, as it becomes an 
n-type thermoelectric in the spin down and a metal in the spin 
up. In the equilibrium state and the majority spin, the Seebeck 
coefficient begins to increase with a gentle slope by applying 
temperature, but this behavior is completely different in the 
minority spin, where there is the electrons concentration. In the 
spin down, the Seebeck coefficient exhibits the highest semicon-
ductor behavior at the temperature of 50K, and it tends to smaller 
values with a steep slope up to 200K. After that, it experiences 
a mild reduction to reach –53 at 800K. By applying a positive 
pressure in the spin up, a significant increase can be observed 
for this coefficient, especially after 200K. In the strain state, the 

TABLE 2

The elastic constants Cij (GPa), Bulk module B (GPa), Yong module 
E (GPa), Shear module G (GPa), the B/G ratio, Poisson 

coefficients υ, Anisotropy parameter A, Vickers hardness (Hv) (GPa), 
Debye temperature (K), Melting point (Tm (K)), Longitudinal 

velocity (Vl (m/s)), Transverse velocity (Vt (m/s)) and Mean velocity 
(Vm (m/s)) of the PdZrTiAl, under pressure

P4P3P2P1PdZrTiAl
65.559.6208.3355.6207.5C11

52.878.680.9140.1103.9C12

12.932.3100.1187.756.9C44

5770.3123.4211.9138.4B
5.87–9.121.471.412.52B/G
0.40.70.220.20.32υ

10.216.285.6155.754.8GV
9.1–31.781.5144.754.7GR
9.7–7.783.5150.254.8GH
29.145.2208.5375.3145.4Ev
26–112.2200.4353.7145.1ER

27.5–24.2204.5364.6145.3EH
0.610.03413.5321.625.46Hv
6.061.253.353.045.46A
300306.4400.6447.2371.8θD
11351244174120241537Tm ±300

4525.447835814.96762.45492.4vl

2442.42449.43054.73359.22884.8vt
2726.22743.73416.13744.93226.2Vm
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Seebeck coefficient value in the spin up is lower than the value 
in the equilibrium state to the extent that it tends to really small 
values, which can be due to the greater effective mass created 
by the stress. In spin down, the highest value of this coefficient 
for the range of 150 to 450K is the equilibrium value which 
it can be seen that by applying positive pressure, the absolute 
magnitude of this coefficient is greater than the equilibrium value 
over the entire temperature range, except for the temperature of 
50K, and the Seebeck coefficient in negative pressure is often 
close to the equilibrium value. On that account, it can be said 
that applying stress in both spin modes increases the Seebeck 
coefficient, similar to the work carried out by Donglin Guo et 
al. [84]. It is noteworthy that the Seebeck coefficient depends 
on the derivative of the density of states, that is, the slope of the 
DOS curve. In this regard, it can be seen from Fig. 2 which in 
the minority spin, the DOS curve slope in the conduction band 
is greater than that of the valance band resulting in an increase 
in the Seebeck coefficient for this n-type semiconductor.

In Fig. 4(b), the electron conductivity is shown in two spins 
of majority and minority. As expected, based on the metallic 
behavior of this compound in the spin up, the electron conduc-
tivity is initiated at very low temperatures and increased linearly 
compared to the equilibrium state, but applying the hydrostatic 
pressure lessen the electron conductivity so that the electron 
conductivity in the negative pressure is greater than that of the 
equilibrium and the positive pressure. In the spin down, the 
electron conductivity value in the equilibrium state is higher 
than those of the stress and strain states, which is similar to the 
result obtained by applying compression strain on Cu3SbSe4 
composition by Muhammad Irfan et al [85]. The value of σ in 
this spin is zero up to the room temperature, and then it begins 
to increase with a sharp slope in the equilibrium state. In ad-
dition, applying pressure reduces the conductivity in this spin 
compared to the equilibrium state, and it is observed that this 
decrease is more in the stress state and it is partial in the strain 
one. Since the electron conductivity is related to the charge car-
rier mobility, it can be concluded that the pressure has affected 
the carrier mobility.

The electron contribution of the thermal conductivity in two 
spins of up and down in Fig. 4(c) expresses that the variations of 
this parameter with the temperature are almost linear in the spin 
up, but a completely different behavior is observed in spin down. 
At all pressures, its value is zero up to the room temperature, and 
then, the electrons suddenly start to run which is owing to the 
n-type semiconductor behavior of this composition in this spin. 
For that reason, it can be concluded that the electron conduction 
for this compound in the spin down starts at the room tempera-
ture. On the contrary, it can be understood that the pressure has 
a slight effect on the electron thermal conductivity, and for this 
reason, introducing pressure causes small decline in the electron 
thermal conductivity. The figure of merit diagram, as the most 
important thermoelectric quantity is dependent on the external 
magnetic field. In spin up, the ZT values are extremely minor and 
insignificant which it has reached about 0.13 at the ideal condi-
tions, the pressure of 18.3GPa and the room temperature, and it 

has an infinitesimal amount at the equilibrium and negative pres-
sures. In spin down, it is a significant and large value (about 0.97) 
under the room temperature range in all pressure states, similar 
to the work done on the SnSe zigzag graphene [86], so it can be 
considered as a thermoelectric material at low temperature, e.g. 
thermoelectric coolers such as the Bi2Te3 n-type semiconductor 
compound [87]. Above the room temperature, a drastic fall can 
be spotted for figure of merit by applying strain while applying 
positive pressure keeps it around the range of 1 and its values 
are higher than the equilibrium ones illustrating a promising 
structure for thermoelectric applications.

The PF quantity is investigated in Fig. 4(e). In the spin 
up, the power factor for the stress state is greater than those for 
the strain and equilibrium states, but according to Fig. 4(b), the 
electric conductivity of the strain is greater than equilibrium and 
stress states. The most important reason can be the increase in 
the Seebeck coefficient under stress, which greatly neutralizes 
the reduction in the electrical conductivity. In the spin down, the 
PF shows a completely different behavior so that it has a greater 
value in the equilibrium state than the other states. In all states 
of the stress, strain and equilibrium, the PF value starts from 
zero and it gradually elevates by increasing the temperature, so 
that it peaks for all three states at the temperature of 820K. It 
should be noted that the variation trend of the PF relative to the 
temperature is incremental in both spin modes.

In Fig. 4(f), the lattice contribution of the thermal con-
ductivity is calculated. Since the BoltzTraP software does not 
calculate this parameter, it is therefore possible to extract the Klatt 
value using the elastic information according to the relationships 
provided by Slack [88].

 a D
L

M Vn
K A

T
 (10)

In this equation, Ma, n, γ, θD and V are the mean atomic 
masses, the number of atoms in the unit cell, the Grüneisen 
parameter, the acoustic Debye temperature, and the volume per 
atom, respectively. It can be observed that in both spin direc-
tions and at low temperatures, Klatt is a large number decreasing 
by increasing temperature up to 100K, and then it reaches the 
saturation limit with a mild slope at high temperatures.

4. Conclusion

Using the first principle study based on the density func-
tional theory and utilizing GGA, structural, elastic, mechanical, 
electronic and thermoelectric properties of the PdZrTiAl qua-
ternary composition have been investigated under hydrostatic 
pressures. The obtained lattice constant and bulk modulus are 
in a good agreement the other values. It is found that the band 
gap value in the minority spin increases by employing stress and 
decreases with strain. This means that its half-metallic behavior 
changes, but it eventually maintains the half-metallic proper-
ties with 100% spin polarization. The PdZrTiAl has a stable 
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Fig. 4. The S, σ/τ, Ke /τ, PF, Klatt and ZT parameters of the PdZrTiAl versus temperature.
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structure experiencing mechanical instability under strain and 
the stiffness properties increase totally in the applied pressure 
range. The calculation of the B/G and Poisson ratios showed that 
the PdZrTiAl has a ductile nature, and it has a low compression 
ratio versus the deformation, except for –8.1 GPa. Study of the 
transport properties of this composition reveals that the pressure 
has a slight effect on the electron contribution of the thermal 
conductivity in both spin directions, and the Seebeck coefficient 
escalate under stress. In the minority spin, the figure of merit has 
a value of about 1 in the room temperature range. Accordingly, 
the PdZrTiAl can be introduced as a suitable thermoelectric 
material to use in low temperature range.
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