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Phase stability, mechanical, electronic, magnetic and thermodynamic
properties of the Pd2PrX(X=Cl, F) compounds: An Ab-initio study
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Many of the known examples of half-metallic ferromagnets HMF are oxides, sulfides, or Heusler alloys have attracted some interest for their
potential use in spintronics. In order to achieve such understanding we have performed an ab-initio calculations with spin polarization using
plane-wave pseudo potential technique based on the density-functional theory (DFT), the exchange-correlation potential was treated with
the generalized gradient approximation (PBE-GGA), whereas for the treatment of on-site electron-electron correlations the PBE-GGA+U
approximation (where U is the Hubbard Coulomb energy term) are applied for the calculation of the structural, electronic, elastic and
magnetic properties of Pd2PrX (X=Cl, F). The results showed that for Pd2PrCl and Pd2PrF, Hg2CuTi-type structure is energetically more
stable than Cu2MnAl-type structure at the equilibrium volume. Electronically, Pd2PrCl and Pd2PrF exhibit half-metallicity with small
band gaps of 0.06 and 0.25 eV respectively with GGA-PBE+U in the spin-down channels whereas spin-up channels are conducting. The
calculated total magnetic moment of 2.00µB per formula unit is very close to integer value and agree well with the Slater-Pauling rules
(Mtot = 34 − Ztot), where the magnetic moment is basically carried by Pr atoms. However, the elastic properties show that Pd2PrX (X=Cl,
F) compounds are ductile and anisotropic according to the analysis of B/G and Cauchy’s pressure. The Thermodynamic properties were also
analyzed using the quasi-harmonic Debye model. Both the compounds are found structurally stable.
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1. Introduction

During the last two decades, due to their possible applica-
tions in spintronics/magnetoelectronics, for half-metallic fer-
romagnetic compounds with unique electronic structures, one
of the two spin channels is semiconducting and the other is
metallic. As promising spintronic candidates, they exhibit
a complete spin polarization of carriers near the Fermi level
(EF) [1, 2] Heusler alloys are named for the German min-
ing engineer and chemist Friedrich Heusler, who investigated
Cu-Mn-Al alloys around the year 1900. Heusler compounds
are ternary intermetallic compounds, which have been known
since 1903 [3].

Heusler alloys are represented by two variants: the half-
Heusler XYZ compounds and the full-Heusler X2YZ alloys.
The stoichiometric composition of the Full-Heusler is X2YZ,
where X and Y represent two different transition metals (or
a rare earth metal (RE)), and Z represents a p element of the
3rd, 4th, or 5th main group. Full-Heusler compounds are
found in either Cu2AlMn-type or Hg2CuTi-type, as shown in
Fig. 1.

Computer simulation is the process of mathematical mod-
elling, performed on a computer, which is designed to predict
the behaviour of or the outcome of a real-world or physical

system. Since they allow to check the reliability of chosen
mathematical models, computer simulations have become a
useful tool for the mathematical modeling of many natural
systems in physics (computational physics), astrophysics, cli-
matology, chemistry, biology and manufacturing [4–8].

Although the family of Heusler phases contains a huge
number of representatives, there is still a wide potential for
inventive materials with principally interesting properties.
Up to now, most Heusler alloys have been synthesized ex-
perimentally or predicted theoretically by means of density
functional calculations contain transition metals 3d, however,
there are few reports on the new type of Heusler compounds
with rare earth elements [9–15].

To date, there are no experimentally and theoretically
investigations on the Heusler alloys containing chlorine Cl
or fluorine F Motivated by this, we have employed first-
principles calculations founded on density functional the-
ory and quasi-harmonic Debye model in which the phononic
effects are contemplated to explore the high-pressure and
high-temperature physical properties of the new Heusler al-
loys: Pd2PrCl and Pd2PrF with Hg2CuTi-type structure,
appropriate consideration is assigned to the predictions of
the structural, elastic, magnetic, electronic properties and
the pressure-volume-temperature relationship, bulk modulus,
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heat capacity, Debye temperature, and Entropy of the Pd2PrX
for the first time and we found they are HM materials and
useable in spintronics processes.

2. Method of calculations

The first principles calculations were performed by employ-
ing FP-LAPW approach [16], based on the DFT [17] as im-
plemented in WIEN2K code [18]. The Kohn Sham equa-
tions are solved self consistently using FP-LAPW method,
and quasi-harmonic Debye model in which the phononic ef-
fects are considered based on GIBBS code [19] have been
used to investigate thermodynamic properties of full-Heusler
alloy Pd2PrX in the pressure and temperature ranges of 0-20
GPa and 0-1000 K, respectively. Employing this model, re-
cently a several of thermodynamic properties of a vast num-
ber of Heusler alloys, like as Ni2ScAl, Ni2TiAl, Ni 2Val,
Co2CrGe, Mn2RuGe, Co2VAl, Co2VGa, Fe2ScP, Fe2ScAs,
Hf2VAl etc., have been performancefully predicted [20–25].

Exchange and correlation effects are treated with a gen-
eralized gradient approximation (GGA) given by Perdewet
al. [26], the Pr 4f electrons are treated using a GGA+U
(U=1.08eV) method for the exchange-correlation effect [27].

In the calculations reported here, we use a parameter
RMT ∗ Kmax = 9, which determines matrix size (conver-
gence), whereKmax is the plane wave cut-off andRMT is
the smallest of all atomic sphere radii. The cutoff energy,
which defines the separation of valence and core states, was
chosen as−7.0 Ry, for Brillouin zone integrations, a mesh of
14 × 14 × 14 k-points was employed to perform the above
calculations, the energy convergence criterion is set to be
1 × 10−6 eV/atom for the total energy calculations, the con-
vergence tolerances were selected as the difference in total
energy and the maximum force being within10−5 eV and
10−2 eV/Å, respectively. The valence electron configurations

of Pd, Pr, F and Cl atoms in the compositions are considered
as 4d10, 4f36s2, 2s22p5 and 3s23p5 respectively, The values
of the muffin-tin sphere radius (MTS) for Pd, Pr, Cl and F
were adopted to be 2.14, 1.87, 2.05 and 1.92 a.u, respectively.

The valence wave functions inside the spheres are ex-
panded up tolmax = 10 while the charge density was Fourier
expanded up toGmax = 24 and the force convergence crite-
rion is of 0.1 mRy/a.u. The Monkhorst-Pack special k-points
were performed using 3000 special k-points in the Brillouin
zone [28].

3. Results and discussion

3.1. Structural properties

The full Heusler compounds crystallize in an ordered cu-
bic structure with four interpenetrating face-centered-cubic
(FCC) sublattices, which can be defined by four 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). Two types of structure with different
atomic ordering are present: the Cu2MnAl structure (Fm3m
space group, No. 225), also called L21- type, in which two X
atoms occupy the A and B sites while the Y atom enters into
the C site, or the Hg2CuTi structure (F43m space group, No.
216), also called as XA-type, in which two X atoms occupy
the A and C sites while the Y atom enters into the B site. The
main group Z atom is always located at the D site for both
types. According to the site preference rule in Heusler al-
loys, the two X atoms with more valence electrons occupy A
and C positions and form the L21-type structure, and the two
X atoms with less valence electron occupy A and B positions
and form the XA-type structure. The two crystal structures of
Pd2PrX(X=Cl, F) are shown in Fig. 1. For L21-type structure
of our compounds, the four Wyckoff sites A, B, C and D are
occupied by Pd(A), Pr, Pd(C) and X(Cl, F) atoms, respec-

FIGURE 1. Crystal structure of Pd2PrX (X=Cl,F) Heusler alloy: Cu2AlMn-type and Hg2CuTi-type.
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FIGURE 2. Total energies as functions of volume per formula unit are compared for the ferromagnetic (FM), anti-ferromagnetic (AFM) and
non-magnetic (NM) states of Pd2PrX (X=Cl, F) in the Cu2MnAl and Hg2CuTi-type structures, using the GGA-PBE approximation.

TABLE I. The calculated equilibrium lattice parameter (a), bulk modulus (B), derivative of bulk modulus (B′), the cohesive energyEc

(eV), formation energyEf (eV) and the energy differenceE = EAFM − EFM (eV) for Pd2PrCl and Pd2PrF for the ferromagnetic (FM),
anti-ferromagnetic (AFM) and non-magnetic (NM) states for Cu2MnAl and Hg2CuTi-type structures by the GGA-PBE and GGA-PBE+U.

Compound structure Methods a(Å) B(GPa) B′ Ec(Ry) Ef (Ry) ∆E(mEv)

Pd2PrCl Hg2CuTi Our work GGA-PBE FM 6.82 74.23 4.94 -1.15 -0.32 82.49

NM 6.76 83.24 4.96 -1.11 -0.29

AFM 5.40 72.99 5.13 -1.15 -0.32

GGA+U FM 6.85 71.57 4.95 -1.10 -0.29

Cu2MnAl Our work GGA-PBE FM 6.92 65.49 4.74 -1.06 -0.24

NM 6.83 78.77 5.08 -1.04 -0.22

AFM 5.51 60.96 5.15 -1.02 -0.20

Pd2PrF Hg2CuTi Our work GGA-PBE FM 6.57 93.69 5.40 -1.27 -0.50

NM 6.53 101.13 5.22 -1.23 -0.46

AFM 5.20 90.17 5.14 -1.26 -0.49 169.33

GGA+U FM 6.58 90.94 5.43 -1.21 -0.45

Cu2MnAl Our work GGA-PBE FM 6.64 78.94 4.41 -1.15 -0.39

NM 6.58 92.58 5.14 -1.13 -0.36

AFM 5.30 71.20 5.13 -1.09 -0.33

tively. On the other hand, for the XA-type structure, the four
Wyckoff sites A, B, C and D are occupied by Pd(A), Pd(B),
Pr and X(Cl, F) atoms, respectively.

In order to find the equilibrium bulk structure of Pd2PrX
(X=Cl and F) compounds, the total energy with respect to
the unit cell volume is minimized and fitted to the empiri-

cal Murnaghan equation of state [29]. The Energy-Volume
curves for the two compounds in the ferromagnetic (FM),
anti-ferromagnetic (AFM) and non-magnetic (NM) states
for Cu2MnAl and Hg2CuTi-type structures were plotted in
Fig. 2. Accordingly, in the two compounds, the Hg2CuTi
-type structure in FM state is more stable than other struc-
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ture and is introduced as the ground state structure. The
equilibrium structural parameters including lattice parame-
ter (a), bulk modulus (B), derivative of bulk modulus (B′),
the cohesive energyEc(eV), formation energyEf (eV) and
the total energy differences between AFM and FM states
E = EAFM − EFM for the two compounds for Cu2MnAl
and Hg2CuTi-type structures in the ferromagnetic (FM), anti-
ferromagnetic (AFM) and non-magnetic (NM) states were
listed in Table I.

The cohesive energy (Ec) is always determined as the dif-
ference between the average energy of the atoms of a solid
(particularly a crystal) and that of the free atoms for Pd2PrX
(X=Cl, F), theEc is calculated as:

EPd2PrX
c = EPd2PrX

tot − (2EPd + EPr + EX), (1)

whereEPd2PrX
tot is the equilibrium total energy of Pd2PrX

compound, andEPd, EPr, andEX (X=Cl, F) are the total
energies of the isolated atoms, the energy of an isolated atom
is calculated by using a FCC lattice with lattice parameter of
20 a.u.

The negative values ofEc for Pd2PrX (X=Cl, F) com-
pounds show that our compounds are expected to be more
stable with Cu2MnAl structure in FM state. So, they are pos-
sible to be synthesized in the experiment.

There is no experimental or theoretical data to compare
the obtained results.

Eform
Pd2PrX represents the formation energy of the solid

and this one illustrates the energy difference between a crys-
tal and its constituents in bulk structure, which is calculated
as:

Eform
Pd2PrX = EPd2PrX

tot − (2Ebulk
Pd + Ebulk

Pr + Ebulk
X ) (2)

whereEPd2PrX
tot is the equilibrium total energy of Pd2PrX

(X=Cl, F) compounds,Ebulk
Pd , Ebulk

Pr and Ebulk
X are the total

energies of atomic components in bulk structure. The bulk
states that adopted in our calculation of Pd is face centered
cubic (f.c.c) structure, Pr is hexagonal structure, F is cubic
(c) and F is orthorhombic structure. According to Table I, the
negative values of formation energies indicate that these two
alloys are probable to form and also are thermodynamically
stable.

3.2. Elastic properties

Elastic properties of a solid are very essential seeing that
they report to diverse principal solid-state characteristics such
as equation of state, phonon spectra and interatomic poten-
tials. Elastic properties are also related thermodynamically
to the specific heat, thermal expansion, Debye temperature,
Gruneisen parameter and melting point. So, it is necessary to
determine elastic constants of solids.

Since the structure of our compounds is cubic, which
need only three elastic constants in the tensorCij , which are
C11 to measure the longitudinal deformation,C12 to measure
the transversal expansion and the Shear modulusC44, these

TABLE II. The calculated values of the three elastic constantsC11,
C12, C44 (GPa), Kleinman parameterζ the Cauchy pressureCP

(GPa), the anisotropy factorA, Poisson’s ratioν, Lamé constants
λ andµ, Young’s modulusE (GPa), the Voigt shear modulusGV

(GPa), the Reuss shear modulusGR (GPa), the shear modulusGH

(GPa) and Pugh’s ratioB/G for Pd2PrX (X=Cl ,F) by the GGA-
PBE and GGA-PBE+U.

Pd2PrCl Pd2PrF

GGA GGA+U GGA GGA+U

C11 128.92 133.72 168.15 132.08

C12 46.89 40.50 56.47 70 37

C44 16.31 20.86 25.12 28.33

B 74.23 71.57 93.69 90.94

ζ 0.505 0.45 0.44 0.65

A 0.39 0.44 0.57 0.91

Cp 30.58 19.64 31.35 42.04

ν 0.35 0.32 0.33 0.35

E 109.25 117.72 148.13 134.11

λ 95.59 79.27 108.10 115.89

µ 40.46 44.59 55.68 49.67

GV 26.19 31.16 37.40 29.34

GR 21.48 26.77 32.20 29.28

GH 23.83 28.96 34.8 29.31

B/G 3.11 2.47 2.69 3.10

constants have a primordial influence to find all the major de-
tails about the elastic, structural and mechanical properties.
As shown in Table II, the values of the calculatedCij con-
stants are positive andC12 < B < C11, both the compounds
satisfy the Born-Huang stability criteria [30–32] as given in
the Eq. (3).

C11 − C12 > 0, C11 + 2C12 > 0. (3)

The bulk modulus B and the shear modulus G are two
reputed modules for measuring compressibility and stiffness
of materials. The shear modulus G defines the resistance to
plastic deformation and B determines the resistance to frac-
ture. Using the relations (4) and (5) the values of these pa-
rameters are calculated.

B =
C11 + 2C12

3
n, (4)

GH =
GR + GV

2
, (5)

whereGV andGR are determined from the Eqs. (6) and (7),
whereV andR represent Voigt and Reuss bounds, respec-
tively.

GV =
C11 − C12 ∓ 3C44

5
, (6)

GR =
5(C11 − C12)C44

4C44 + 3(C11 − C12)
. (7)
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The bulk module B of the compounds is listed in the Ta-
ble II, we see that the values of B calculated with the elastic
constants are in accordance with our results found previously.
Our results indicate that Pd2PrCl and Pd2PrF are mechani-
cally stable.

We have also calculated Young’s modulusE which is
a quantity that measures an object or substance’s resistance
to being deformed elastically (i.e., non-permanently) when a
stress is applied to it. The elastic modulus of an object is
defined as the slope of its stress-strain curve in the elastic de-
formation region. A stiffer material will have a higher elastic
modulus [33]. The Eq. (8) [34, 35] determinesE according
to G and B.

E =
9BG

3G + B
. (8)

The value of the Young’s modulusE is greater for Pd2PrF as
shown in Table II, so we can say that Pd2PrF is the stiffer.

The Kleinman parameterζ It describes the relative po-
sitions of cation and anion sub lattices under volume con-
serving strain distortions for which positions are not fixed by
symmetry [36] and can be expressed as:

ζ =
C11 + 8C12

7C11 + 2C12
. (9)

It is current that the result of minimization of bond bending
and bond stretching, respectively areζ = 0 andζ = 1. It
is known that if the value of Kleinman parameterζ is close
to 0 the bond bending is dominated and when it closes to 1
the bond stretching is dominated. The calculated values of
Kleinman parameter for our compounds are listed in Table II
and the values are close to 1, thus in Pd2PrCl and Pd2PrF
studied here the bond stretching will be dominated over bond
bending.

The Laḿe parameters (also called the Lamé coefficients,
Lamé constants or Laḿe moduli) are two material-dependent
measures indicated by the first coefficient (λ) and second co-
efficient (µ) that arise in strain-stress relationships [37], this
two coefficients are always positive for most of the materials
and we can calculate them by the following relations (10)

λ =
νE

(1 + ν)(1− 2ν)
, µ =

E

2(1 + ν)
. (10)

Any material is isotropic whenµ = (C11 − C12)/2 [38],
our compounds are satisfying this condition, hence they can
be called as isotropic materials.

The degree of elastic anisotropy of a solid material is
measured by the anisotropic ratio (A). theoretically, it defines
how far a material is from being isotropic (if A = 1 the ma-
terial is purely isotropic while it deviates from this value is
called anisotropic material) and its mathematical definition is
given by this following equation [39]:

A =
2C44

C11 − C12
. (11)

As shown in Table. II, we observe that the values of A are
not equal to unity, indicating the fact that our compounds are
anisotropic.

Another important mechanical parameter is Cauchy pres-
sureCp, used to illustrate the bonding nature of compounds.
If the pressure is positive the material is expected to be duc-
tile, and in the case of a negative pressure it is brittle, theCp

is determined by the Eq. (12) [40].

Cp = C11 − C44. (12)

From the Table II, for our materials the value of Cp is
positive, this shows that the compounds are ductile.

Pugh’s ratio B/G [41] is also the factor which attributes
to describe the brittle or ductile property of compounds, if
B/G > 1.75 the material is ductile, otherwise the material is
brittle.

Our two materials are ductile because their B/G is larger
than 1.75 which is equal to 3.11 and 2.47 for Pd2PrCl and
2.69 and 3.10 for Pd2PrF with GGA-PBE and GGA-PBE+U
respectively.

The Poisson’s ratioν, It is defined as the ratio of trans-
verse contraction strain to longitudinal extension strain in the
direction of stretching force, is also another element which
allows to defined the ductile/brittle character of a material,
according to Frantsevich rule if the poisson’s ratio is smaller
than 1/3 the material will be brittle or else the material will
be ductile [42],ν is determined by the following equation.

ν =
3B − 2G

2(3B + G)
. (13)

As shown in Table II, we observe that the values ofν
are greater than 1/3 for Pd2PrX with GGA-PBE and GGA-
PBE+U, again confirming the above results.

TABLE III. Values of the energy gapsEg (eV), the total, partial and interstitial magnetic moments per formula unit of the of Pd2PrX (X=Cl,F)
compounds by the GGA-PBE and GGA-PBE+U for the Hg2CuTi-type structure.

Methods µinters (µB) µPd1 (µB) µPd2 (µB) µPr (µB) µCl/F (µB) µtot (µB) Eg (eV) Band gap

Pd2PrCl Our work GGA-PBE 0.210 -0.064 -0.065 1.954 -0.035 2.000 0.040 indirect (X-L)

GGA-PBE+U 0.199 -0.088 -0.064 1.989 -0.036 2.000 0.060 indirect (X-L)

Pd2PrF Our work GGA-PBE 0.177 -0.053 -0.054 1.931 -0.001 2.000 0.220 indirect (W-L)

GGA-PBE+U 0.215 -0.037 -0.064 1.895 -0.009 2.000 0.250 indirect (W-L)

Rev. Mex. Fis.69011003
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FIGURE 3. Comparison of GGA-PBE and GGA-PBE+U spin-polarized band structures a) spin up, and b) spin down of Pd2PrCl for the
Hg2CuTi-type structure, calculated at the equilibrium lattice constant. The horizontal dashed line indicates the Fermi level.

FIGURE 4. Comparison of GGA-PBE and GGA-PBE+U spin-polarized band structures a) spin up, and b) spin down of Pd2PrF for the
Hg2CuTi-type structure, calculated at the equilibrium lattice constant. The horizontal dashed line indicates the Fermi level.

3.3. Electronic properties

The self-consistent scalar relativistic band structures for the
Pd2PrX (X=Cl ,F) along the various symmetry lines within
the GGA-PBE and GGA-PBE+U scheme are given in Figs. 3
and 4, there is an overall topological resemblance for the
two methods. The majority spin band is metallic, while the

minority spin band shows a semiconducting gap around the
Fermi level, where the values are shown in Table III.

The energy gap in the minority-spin band gap leads to
100% spin polarization at the Fermi level, resulting in the
half-metallic behavior at equilibrium state.

The electron spin polarization (P ) at the Fermi energy
(EF ) of a material is defined by the following equation:

Rev. Mex. Fis.69011003
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P =
ρ↑ (EF )− ρ↓ (EF )
ρ↑ (EF ) + ρ↓ (EF )

, (14)

whereρ↑ andρ↓ are the spin up and spin down density of
states at the Fermi levelEF [43].

The main difference which appears between the two ap-
proaches lies in the band gap of the spin-down channels of
Pd2PrX (X=Cl, F). More precisely, with GGA-PBE+U ap-
proach, we can see that the band gap is more significant than
the previous two. For the two approaches, we observe that
the minimum of conduction band is situated at the (W) point
and the maximum of valence band is located at (Γ) point and
(W) for Pd2PrCl and Pd2PrF respectively, this implies that
Pd2PrCl presents an indirect band gap equal to 0.06 eV and
Pd2PrF presents a indirect band gap equal to 0.25 eV with the
GGA-PBE+U.

3.4. Magnetic properties

The calculated values of the total, local magnetic moments
and the contribution of interstitial regions for Pd2PrCl and
Pd2PrF with the GGA-PBE and GGA-PBE+U methods of
the Hg2CuTi-type are listed in the Table III, the magnetic mo-
ment is exactly 2µB per unit cell.

The calculated total magnetic moment satisfies the rule
of the Slater-Pauling behavior in the full-Heusler alloys [44].
Mtot is related to the total valence electrons (Ztot) of alloys in
this rule.

In order to obtain Slater-Pauling equations for HM
Pd2PrCl and Pd2PrF compounds, the band structures of these
alloys should be considered.

The majority spin bands are occupied with 17 electrons.
Thus, the number of occupied minority states (N↓) is calcu-
lated as:

N ↓= Ztot −N ↑= Ztot − 17, (15)

where N ↓ is the number of occupied majority (spin-up)
states. Therefore,Mtot is calculated as:

Mtot = (N ↑ −N ↓)µB

= (2N ↑ −Ztot)µB

= (34− Ztot)µB

(16)

Pd2PrCl and Pd2PrF compounds have 32 valence electrons
(Ztot = 32, 20 from the two Pd atoms, 5 from Pr and 7 from Cl
(7 from F)), andMtot according to Eq. (16) theMtot is equal
to 2 µB for our compounds which are in a good agreement
with the results of Table III, as expected, all HM ferromag-
nets investigated exhibit an integer magnetic moment for the
two methods. The magnetic moment is mainly localized on
the Pr atom. Indeed, this atom contribute a large and positive
magnetic moment, the magnetic moment on the Pd, Cl and F
atoms are small.

3.5. Thermodynamic properties

The thermodynamic properties of Pd2PrX (X=Cl, F) are de-
termined by using the Debye model, implemented in the
GIBBS code [28, 45], It treats the vibrations of the atomic
lattice (heat) as phonons in a box, in contrast to the Ein-
stein model, which treats the solid as many individual, non-
interacting quantum harmonic oscillators. The Debye model
correctly predicts the low temperature dependence of the heat
capacity, which is proportional to T3- the Debye T3 law [46].

From the calculated energy-volume points, the quasihar-
monic Debye model allows one to obtain all the thermody-
namics quantities, in which the nonequilibrium Gibbs func-
tion G∗(V, P, T ) is expressed as follows [19]:

G∗(x, V ; P, T ) = Esta(x, V ) + PV

+ E∗
V ib(x, V ; T ) + F ∗el(x, V ; T ), (17)

which is a function of(V, P, T ), whereEsta is the static en-
ergy andE∗

V ib is the vibrational Helmholtz free energy in
nonequilibrium condition. The electronic free energy is de-
scribed byF ∗el. The vibrational contribution in terms of De-
bye model is given as

F ∗V ib =

∞∫

0

(
ω

2
+ kBT ln

[
1− e(ω/kBT )

])
g(ω)dω, (18)

whereg(ω) is the phonon DOS (phDOS) andω is the vibra-
tional frequencies. Other thermodynamic properties such as
entropyS, heat capacityCv, thermal expansion coefficient
(α) and Gr̈uneisen parameter (γ) are calculated from the fol-
lowing relations:

S = S(V (P, T ), T ) = −
(

∂F

∂T

)

V

=
∑

j

(
−kB ln

[
1− e

(
−ωj/kBT

)]
+

ωj

T

1
e(ωj/kBT ) − 1

)
, (19)

CV = Cν(V (P, T ), T ) =
(

∂U

∂T

)

ν

=
∑

j

Cν,j =
∑

j

kB

(
ωj

kBT

)2
e

(
−ωj/kBT

)

(e(ωj/kBT ) − 1)2
, (20)

α = − 1
V

(
∂V

∂T

)

P

=
γCV

V BT
, (21)

γ = −∂ lnΘD

∂ ln V
. (22)
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FIGURE 5. Lattice parameter versus temperature at different pres-
sures for Pd2PrCl and Pd2PrF.

We employed theE−V data (total energyE and volume
V ) of the primitive cell as data entered into the Gibbs pro-
gram. These valuesE andV are determined in the previous
part of the structural properties in the ground stateT = 0 and
P = 0 as part of the approximation (PBE-GGA) using the
Wien2k code. These properties are determined in the tem-
perature range from 0 K to 1000 K for Pd2PrCl and Pd2PrF.

The interest of the thermodynamic properties in mate-
rial science motivated us to investigate the cell volume, bulk
modulus and the specific heatsCν at constant volume and
pressure.

The variation of the lattice parameter as a function of
the temperature at different pressures for our compounds
Pd2PrCl and Pd2PrF respectively are represented in Fig. 5.

We observe that the parameter(a) increases with increas-
ing temperature at a given pressure, but reduced with increas-
ing pressure at a given temperature. The growth rate of the
lattice parameter with reduced temperature and with increase
pressure, temperature can cause expansion and pressure can
suppress this effect.

The calculated values of lattice parameter for Pd2PrCl
and Pd2PrF compounds respectively atT = 300 K and
P = 0 GPa are equal to 6.87 and 6.61Å.

The Bulk Modulus is a property that defines the resis-
tance to change of volume when compressed [47], the com-
pressibility module variation according to the temperature at
different pressures for the two compounds Pd2PrCl and

FIGURE 6. The compressibility module variation according to the
temperature at different pressures for Pd2PrCl and Pd2PrF.

Pd2PrF is represented in Fig. 6, Unlike the lattice constant,
the compressibility moduleB0 increases with the increase of
the pressure at a given temperature, and reduced with the in-
crease of the temperature at a given pressure.

The calculated values of the compressibility module for
Pd2PrCl and Pd2PrF respectively atT = 300 K andP = 0
GPa are equal to 66.07 GPa and 82.82 GPa.

The Debye temperatureθD is the temperature of a crys-
tal’s highest normal mode of vibration,i.e., the highest tem-
perature that can be achieved due to a single normal vibra-
tion [48]. Figure 7 show the variation of the Debye tem-
peratureθD depending on the pressure and temperature for
Pd2PrCl and Pd2PrF. We note that the debye temperature
θD decreases with the increase of the temperature at a given
pressure, and increases with increasing pressure to a given
temperature and we can also note thatθD is almost constant
from 0 to 100 K and decreases when the temperature rises
quadratically fromT > 100 K, the Debye temperature val-
uesθD for Pd2PrCl and Pd2PrF respectively atT = 300 K
andP = 0 GPa are equal to 271.64 and 304.49 K.

The Heat capacityCV is an extensive property of mat-
ter, meaning that it is proportional to the size of the system.
When expressing the same phenomenon as an intensive prop-
erty, the heat capacity is divided by the amount of substance,
mass, or volume, thus the quantity is independent of the size
or extent of the sample [19].
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FIGURE 7. Debye temperature versus temperature at various pres-
sures for Pd2PrCl and Pd2PrF.

FIGURE 8. Heat capacityCV versus temperature at different pres-
sures for Pd2PrCl and Pd2PrF.

Figure 8 represent the Variation of the heat capacityCV

versus temperature at some different pressures for Pd2PrCl
and Pd2PrF, at Low temperature (T < 500, T < 600. k)
for Pd2PrCl and Pd2PrF respectively, the heat capacityCV is
proportional toT 3.

For high temperaturesCV is quite close to the classic
limit of Petit and Dulong [48]. WhereCν approaches approx-
imately 99.29 and 99.30 JM−1K−1 for Pd2PrCl and Pd2PrF
respectively. The calculated values of heat capacityCV at T =
300 K and P = 0 GPa are equal to 96.03 and 94.67 JM−1K−1

for Pd2PrCl and Pd2PrF respectively.

The Entropy of systemS was introduced by Rudolf Clau-
sius, he considered transfers of energy as heat and work
between bodies of matter, taking temperature into account.
Bodies of radiation are also covered by the same kind of rea-
soning [19]. The results of calculating the entropy accord-
ing to the temperature at different pressures for Pd2PrCl and
Pd2PrF are illustrated in Fig. 9.

We note that the entropy increases almost linearly with
the increase temperature and decreases with each given pres-
sure value. The calculated values of entropyS for Pd2PrCl
and Pd2PrF respectively atT = 300 K andP = 0 GPa are
equal to 146.50 and 134.81 JM−1K−1.

FIGURE 9. Entropy versus temperature at various pressures for
Pd2PrCl and Pd2PrF.

Rev. Mex. Fis.69011003



10 S. BENATMANE, M. AFFANE, Y. BOUALI, B. BOUADJEMI, S. CHERID AND W. BENSTAALI

4. Conclusion

In this work, the full-Heusler compounds Pd2PrX (X = Cl,
F) are explored. We have performed the calculations us-
ing WIEN2K package and PBE-GGA in the framework of
Density Functional Theory (DFT). Elastic, mechanical, struc-
tural, electronic, magnetic and thermodynamic properties are
derived and discussed.

Both the compounds are structurally stable in the ferro-
magnetic Hg2CuTi-type structure. The negative values of
formation energiesEf indicate these two alloys are easily
fabricated experimentally and their formation processes are
exothermic. The calculated values of cohesive energyEc

confirm that Hg2CuTi structure in all compounds are more
stable than Cu2MnAl structure in FM state, and are negative,
the absolute values are considerable.

Elastically, we found that the required mechanical stabil-
ity criteria are satisfied and consequently our compounds are
ductile and anisotropic material.

Electronic properties are analyzed with the band struc-
tures by GGA-PBE and GGA-PBE+U there is an overall

topological resemblance for the two methods. Both the calcu-
lations have revealed that the majority spin band is metallic,
while the minority spin band shows a small band gap around
the Fermi level, which indicates that our compounds are half-
metallic.

The calculated total magnetic moment of 2.00µB per for-
mula unit is very close to integer value and agree well with
the Slater- Pauling rules(Mtot = 34 − Ztot), where the par-
tial spin moment of Pr which mainly contribute to the total
magnetic moment.

Finally, we have conducted a detailed analysis of thermo-
dynamic properties using the quasi-harmonic Debye-model
implemented in the Gibbs2 code. So these full-Heusler com-
pounds are candidate materials for future spintronic applica-
tion.

Since there is no experimental or theoretical data to com-
pare the obtained results. So our study is opened to ex-
perimental verifications because it is considered as the first
theoretical predictions of the structural, elastic, mechanic,
electronic, magnetic and thermodynamic properties for these
compounds.
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