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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 B&rX (X=ClI, F). The results showed that for f/RIC| and PdPrF, HgCuTi-type structure is energetically more

stable than CiMnAl-type structure at the equilibrium volume. Electronically,.PdCl and PdPrF 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 2.0® per formula unit is very close to integer value and agree well with the Slater-Pauling rules
(Mot = 34 — Ziot), Wwhere the magnetic moment is basically carried by Pr atoms. However, the elastic properties showPHa(R<ClI,

F) compounds are ductile and anisotropic according to the analysis of B/G and Cauchy’s pressure. The Thermodynamic properties were alst
analyzed using the quasi-harmonic Debye model. Both the compounds are found structurally stable.
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1. Introduction system. Since they allow to check the reliability of chosen
mathematical models, computer simulations have become a
During the last two decades, due to their possible applicauseful tool for the mathematical modeling of many natural
tions in spintronics/magnetoelectronics, for half-metallic fer-systems in physics (computational physics), astrophysics, cli-
romagnetic compounds with unique electronic structures, ongatology, chemistry, biology and manufacturing [4-8].
of the two spin channels is semiconducting and the other is  Although the family of Heusler phases contains a huge
metallic. As promising spintronic candidates, they exhibitnumber of representatives, there is still a wide potential for
a complete spin polarization of carriers near the Fermi levelnventive materials with principally interesting properties.
(EF) [1, 2] Heusler alloys are named for the German min-Up to now, most Heusler alloys have been synthesized ex-
ing engineer and chemist Friedrich Heusler, who investigate@erimentally or predicted theoretically by means of density
Cu-Mn-Al alloys around the year 1900. Heusler compoundgunctional calculations contain transition metals 3d, however,
are ternary intermetallic compounds, which have been knowghere are few reports on the new type of Heusler compounds
since 1903 [3]. with rare earth elements [9-15].

Heusler alloys are represented by two variants: the half- T date, there are no experimentally and theoretically
Heusler XYZ compounds and the full-Heusles ¥ alloys.  jnvestigations on the Heusler alloys containing chlorine Cl
The stoichiometric composition of the Full-Heusler is¥, or fluorine F Motivated by this, we have employed first-
where X and Y represent two different transition metals (orprinciples calculations founded on density functional the-
arare earth metal (RE)), and Z represents a p element of thgy and quasi-harmonic Debye model in which the phononic
3rd, 4th, or 5th main group. Full-Heusler compounds areeffects are contemplated to explore the high-pressure and
found in either CuAIMn-type or Hg, CuTi-type, as shownin - high-temperature physical properties of the new Heusler al-
Fig. 1. loys: Pa&PrCl and PdPrF with Hg,CuTi-type structure,

Computer simulation is the process of mathematical modappropriate consideration is assigned to the predictions of
elling, performed on a computer, which is designed to predicthe structural, elastic, magnetic, electronic properties and
the behaviour of or the outcome of a real-world or physicalthe pressure-volume-temperature relationship, bulk modulus,
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heat capacity, Debye temperature, and Entropy of th®P¢tl  of Pd, Pr, F and Cl atoms in the compositions are considered
for the first time and we found they are HM materials andas 4d°, 4f36s?, 282p® and 343’ respectively, The values

useable in spintronics processes. 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.
2. Method of calculations The valence wave functions inside the spheres are ex-

panded up té,., = 10 while the charge density was Fourier
The first principles calculations were performed by employ-€xpanded up t6,.x = 24 and the force convergence crite-
ing FP-LAPW approach [16], based on the DFT [17] as im-fion is of 0.1 mRy/a.u. The Monkhorst-Pack special k-points
plemented in WIEN2K code [18]. The Kohn Sham equa-Were performed using 3000 special k-points in the Brillouin
tions are solved self consistently using FP-LAPW methodzone [28].
and quasi-harmonic Debye model in which the phononic ef-
fects are con§idered based on QIBBS co<_je [19] have bqul. Results and discussion
used to investigate thermodynamic properties of full-Heusler
alloy Pd2PrX in the pressure and temperature ranges of 0-291.  Structural properties
GPa and 0-1000 K, respectively. Employing this model, re-
cently a several of thermodynamic properties of a vast numThe full Heusler compounds crystallize in an ordered cu-
ber of Heusler alloys, like as DBcAI, Ni,TiAl, Ni,Val, bic structure with four interpenetrating face-centered-cubic
Co,CrGe, MnRuGe, CaVAI, Co,VGa, FeScP, FeScAs, (FCC) sublattices, which can be defined by four Wyckoff
Hf,VAI etc., have been performancefully predicted [20—25]. coordinates: A(0,0,0), B(0.25,0.25,0.25), C(0.5,0.5,0.5) and
Exchange and correlation effects are treated with a gen®(0.75,0.75,0.75). Two types of structure with different
eralized gradient approximation (GGA) given by Perdstw atomic ordering are present: the {MnAl structure (Fm3m
al. [26], the Pr 4f electrons are treated using a GGA+Uspace group, No. 225), also called;2ype, in which two X
(U=1.08eV) method for the exchange-correlation effect [27].atoms occupy the A and B sites while the Y atom enters into
In the calculations reported here, we use a parametghe C site, or the HgCuTi structure (F43m space group, No.
Ry * Knax = 9, Which determines matrix size (conver- 216), also called as XA-type, in which two X atoms occupy
gence), wherex,,,.. is the plane wave cut-off an®,, is  the A and C sites while the Y atom enters into the B site. The
the smallest of all atomic sphere radii. The cutoff energymain group Z atom is always located at the D site for both
which defines the separation of valence and core states, wéges. According to the site preference rule in Heusler al-
chosen as-7.0 Ry, for Brillouin zone integrations, a mesh of loys, the two X atoms with more valence electrons occupy A
14 x 14 x 14 k-points was employed to perform the above and C positions and form the L. 2ype structure, and the two
calculations, the energy convergence criterion is set to b& atoms with less valence electron occupy A and B positions
1 x 10~% ev/atom for the total energy calculations, the con-and form the XA-type structure. The two crystal structures of
vergence tolerances were selected as the difference in totBbPrX(X=ClI, F) are shown in Fig. 1. For L21-type structure
energy and the maximum force being withifi—> eV and  of our compounds, the four Wyckoff sites A, B, C and D are
10-2 eV/A, respectively. The valence electron configurationsoccupied by Pd(A), Pr, Pd(C) and X(Cl, F) atoms, respec-

Hg2CuTi-type

FIGURE 1. Crystal structure of PdPrX (X=CI,F) Heusler alloy: CegAIMn-type and Hg CuTi-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 RErX (X=ClI, F) in the CyMnAl and Hg. CuTi-type structures, using the GGA-PBE approximation.

TABLE |. The calculated equilibrium lattice parameta),(bulk modulus (B), derivative of bulk modulus3(), the cohesive energig.
(eV), formation energye; (eV) and the energy differend@ = Earn — Erar (V) for PPrCl and PdPrF for the ferromagnetic (FM),
anti-ferromagnetic (AFM) and non-magnetic (NM) states fopKInAl and Hg. CuTi-type structures by the GGA-PBE and GGA-PBE+U.

Compound structure Methods a(A) B(GPa) B’ E.(Ry) E;(Ry) AE(mEv)
P&, PrCl HgCuTi Ourwork  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
Cu:MnAl Ourwork  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
Pad,PrF HgCuTi 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
CwMnAl  Ourwork  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 fourcal Murnaghan equation of state [29]. The Energy-Volume
Wyckoff sites A, B, C and D are occupied by Pd(A), Pd(B), curves for the two compounds in the ferromagnetic (FM),
Pr and X(Cl, F) atoms, respectively. anti-ferromagnetic (AFM) and non-magnetic (NM) states
for Ci,MnAIl and Hg, CuTi-type structures were plotted in

In order to find the equilibrium bulk structure of FerX ! dinalv. in th ds. th .
(X=Cl and F) compounds, the total energy with respect tg '9- 2- Accordingly, in the two compounds, the J@uTi

the unit cell volume is minimized and fitted to the empiri- “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-TasLE II. The calculated values of the three elastic const@ts
ter (a), bulk modulus (B), derivative of bulk modulus’YB  Ci2, C44 (GPa), Kleinman parametérthe Cauchy pressur€p
the cohesive energ¥.(eV), formation energye; (eV) and  (GPa), the anisotropy factot, Poisson’s ratia/, Lamé constants
the total energy differences between AFM and FM states\ andy, Young's modulust’ (GPa), the Voigt shear moduldsy
E = Eapy — Epy for the two compounds for GMnAl (GPa), the Reuss she_ar modultis (GPa), the shear moduldsy
and Hg CuTi-type structures in the ferromagnetic (FM), anti- (GPa) and Pugh's ratigs /G for PdbPrX (X=CI F) by the GGA-
ferromagnetic (AFM) and non-magnetic (NM) states were"BE and GGA-PBE+U.

listed in Table I. Pa;PrCl Pd&.PrF
The cohesive energyt) is always determined as the dif- GGA GGA+U GGA GGA+U
feren_ce between the average energy of the atoms of a solid C 128.92 133.72 168.15 132.08
(particularly a crystal) and that of the free atoms fos Pk o 46.89 40.50 56.47 2037
(X=Cl, F), theE. is calculated as: 12 : : '
Clay 16.31 20.86 25.12 28.33
EPREX = EOPPY — (2Epg + Ep, + Ex), (1) B 74.23 71.57 93.69 90.94
. I 0.505 0.45 0.44 0.65
where EE#2PTX is the equilibrium total energy of BBrX ¢
compound, andvp,, Ep,., and Ex (X=Cl, F) are the total A 0.39 0.44 0.57 0.91
energies of the isolated atoms, the energy of an isolated atom C» 30.58 19.64 31.35 42.04
is calculated by using a FCC lattice with lattice parameter of v 0.35 0.32 0.33 0.35
20 a.u. _ E 109.25 117.72 148.13 134.11
The negative values af, for Pd,PrX (X=CI, F) com- A\ 95.59 79.97 108.10 115.89
pounds show that our compounds are expected to be more 40.46 4459 55 68 49 67
stable with CyMnAl structure in FM state. So, they are pos- ® ' : ' '
sible to be synthesized in the experiment. Gv 26.19 31.16 37.40 29.34
There is no experimental or theoretical data to compare Gr 21.48 26.77 32.20 29.28
the obtained results. Gu 23.83 28.96 34.8 29.31
f . .
B p.x represents the formation energy of the solid B/G 311 247 269 3.10

and this one illustrates the energy difference between a crys-

tal and its constituents in bulk structure, which is calculated, ,«tants have a primordial influence to find all the major de-

as: tails about the elastic, structural and mechanical properties.
As shown in Table II, the values of the calculat€g, con-
stants are positive and,» < B < C11, both the compounds
where EE42P7X s the equilibrium total energy of BEIX satisfy the Born-Huang stability criteria [30—32] as given in
(X=Cl, F) compounds E%K, ERuk and £k are the total he E.B).

energies of atomic cpmponents in.bulk struqture. The bulk Ch1 — Ciz > 0,04 + 2045 > 0. A3)
states that adopted in our calculation of Pd is face centered

cubic (f.c.c) structure, Pr is hexagonal structure, F is cubic  The bulk modulus B and the shear modulus G are two
(c) and F is orthorhombic structure. According to Table |, thereputed modules for measuring compressibility and stiffness
negative values of formation energies indicate that these twof materials. The shear modulus G defines the resistance to
alloys are probable to form and also are thermodynamicallyplastic deformation and B determines the resistance to frac-

BBy, = B4 - B+ B4 B

stable. ture. Using the relationsj and 6) the values of these pa-
rameters are calculated.

3.2. Elastic properties B Ci1 + 2012” @

Elastic properties of a solid are very essential seeing that 3

they report to diverse principal solid-state characteristics such Gy = M7 (5)

as equation of state, phonon spectra and interatomic poten- 2

tials. Elastic properties are also related thermodynamicallyhereGy andGr are determined from the Eqs6)(and [7),
to the specific heat, thermal expansion, Debye temperaturg¢hereV and R represent Voigt and Reuss bounds, respec-
Gruneisen parameter and melting point. So, it is necessary tively.

determine elastic constants of solids. Chy — Cio T 3Cu

Since the structure of our compounds is cubic, which Gy = 5 ; (6)
need only three elastic constants in the terdsgr which are
C11 to measure the longitudinal deformatiary,, to measure Gp = 5(Cn = C12)Cua ) (7
the transversal expansion and the Shear modiilys these 4Cy4 + 3(Cr11 — C12)

Rev. Mex. Fis69011003
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The bulk module B of the compounds is listed in the Ta-  The degree of elastic anisotropy of a solid material is
ble 1l, we see that the values of B calculated with the elastianeasured by the anisotropic ratio (A). theoretically, it defines
constants are in accordance with our results found previousiyow far a material is from being isotropic (if A = 1 the ma-
Our results indicate that BBrCl and PdPrF are mechani- terial is purely isotropic while it deviates from this value is
cally stable. called anisotropic material) and its mathematical definition is

We have also calculated Young’s modulBswhich is  given by this following equation [39]:

a quantity that measures an object or substance’s resistance

to being deformed elastically.€., non-permanently) when a A= 2Cu4 . (11)
stress is applied to it. The elastic modulus of an object is Ci1 — Ci2

defined as the slope of its stress-strain curve in the elastic de- )

formation region. A stiffer material will have a higher elastic ~ AS Shown in Table. II, we observe that the values of A are
modulus [33]. The Eq8) [34, 35] determines? according not equal to unity, indicating the fact that our compounds are

to G and B. anisotropic.
9BG Another important mechanical parameter is Cauchy pres-
=30+ B (8)  sureC,, used to illustrate the bonding nature of compounds.
7 ) If the pressure is positive the material is expected to be duc-
The value of the Young’s modulus is greater for PéPrE as  yjjo and in the case of a negative pressure it is brittle (the
shown in Tqble II, so we can say thatdeF is the stlffer. is determined by the EG1P) [40].
The Kleinman parametef It describes the relative po-
sitions of cation and anion sub lattices under volume con- C —C—C (12)
p 11 44 .

serving strain distortions for which positions are not fixed by

symmetry [36] and can be expressed as: From the Table IlI, for our materials the value of Cp is

011 +8C12 ©) positive, this shows that the compounds are ductile.
7C11 +2Cs Pugh’s ratio B/G [41] is also the factor which attributes

It is current that the result of minimization of bond bendingto describe the brittle or ductile property of compounds, if
and bond stretching, respectively are= 0 and¢ = 1. It B/G > 1.75 the material is ductile, otherwise the material is
is known that if the value of Kleinman parameteis close  brittle.
to 0 the bond bending is dominated and when it closes to 1 Our two materials are ductile because their B/G is larger
the bond stretching is dominated. The calculated values dhan 1.75 which is equal to 3.11 and 2.47 for,PdCl and
Kleinman parameter for our compounds are listed in Table 1R.69 and 3.10 for PdPrF with GGA-PBE and GGA-PBE+U
and the values are close to 1, thus i, PCl and PdPrF  respectively.
studied here the bond stretching will be dominated over bond The Poisson’s ratio, It is defined as the ratio of trans-
bending. verse contraction strain to longitudinal extension strain in the

The Lané parameters (also called the Lawoefficients, direction of stretching force, is also another element which
Lamé constants or Laéhmoduli) are two material-dependent allows to defined the ductile/brittle character of a material,
measures indicated by the first coefficiek)f &nd second co- according to Frantsevich rule if the poisson’s ratio is smaller
efficient (1) that arise in strain-stress relationships [37], thisthan 1/3 the material will be brittle or else the material will
two coefficients are always positive for most of the materialsbe ductile [42],v is determined by the following equation.
and we can calculate them by the following relatich€) (

3B -2G
B vE _E V= ————— . (13)
Ao oa-my M W9 238 +G)
Any material is isotropic whep = (Cy; — C12)/2[38], As shown in Table I, we observe that the valuesvof
our compounds are satisfying this condition, hence they caare greater than 1/3 for PArX with GGA-PBE and GGA-
be called as isotropic materials. PBE+U, again confirming the above results.

TABLE Ill. Values of the energy gayis, (eV), the total, partial and interstitial magnetic moments per formula unit of the 8 HXdX=CI,F)
compounds by the GGA-PBE and GGA-PBE+U for the,BgTi-type structure.

Methods  pinters (uB) pipar (kB) ppaz (BB) per (uB) pcyr (B) ot (nB) Eg (€V)  Band gap

P&:PrCl Ourwork 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)
P&PrF Ourwork 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. Fis69011003
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3.3. Electronic properties minority spin band shows a semiconducting gap around the
Fermi level, where the values are shown in Table IlI.

The self-consistent scalar relativistic band structures for the The energy gap in the minority-spin band gap leads to
Pd,PrX (X=Cl ,F) along the various symmetry lines within 100% spin polarization at the Fermi level, resulting in the
the GGA-PBE and GGA-PBE+U scheme are given in Figs. Jralf-metallic behavior at equilibrium state.

and 4, there is an overall topological resemblance for the The electron spin polarizationP} at the Fermi energy
two methods. The majority spin band is metallic, while the (E'») of a material is defined by the following equation:

Rev. Mex. Fis69011003
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Pd,PrCl and PgPrF compounds have 32 valence electrons
p1 (Ep) —pl (EFp) (Ztot = 32, 20 from the two Pd atoms, 5 from Pr and 7 from Cl
= o1 (Er) +pl (Ep)’ (14) (7 from F)), andM;, according to Eq.16) the My is equal
. . . to 2 uB for our compounds which are in a good agreement
wherep1 andp | are the spin up and spin down density of .
. with the results of Table Ill, as expected, all HM ferromag-
states at the Fermi levél [43]. : ; o . .
nets investigated exhibit an integer magnetic moment for the

The main difference which appears between the two APtwo methods. The magnetic moment is mainly localized on

proaches lies in the band gap of the spin-down channels Fhe Pr atom. Indeed, this atom contribute a large and positive

PgPrX (X=Cl, F). More precisely, W'th GGA'P.BE.+.U ap- magnetic moment, the magnetic moment on the Pd, Cl and F
proach, we can see that the band gap is more significant thar{oms are small

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 located3tfoint and -2 1hermodynamic properties

(W) for Pd,PrCl and PdPrF respectively, this implies that . . _ i
Pd,PrClI presents an indirect band gap equal to 0.06 eV an{jrhe thermodynamic properties of FRFX (X=Cl, F) are de

- : ermined by using the Debye model, implemented in the
Pd,PrF presents a indirect band gap equal to 0.25 eV with th%IBBS cod)é [28 9A]‘PS] It trea)t/s the vibratio%s of the atomic
GGA-PBE+U. ' ’

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
The calculated values of the total, local magnetic moment§orrectly predicts the low temperature dependence of the heat
and the contribution of interstitial regions for fRICI and  capacity, which is proportional to’f the Debye T law [46].
Pd,PrF with the GGA-PBE and GGA-PBE+U methods of From the calculated energy-volume points, the quasihar-
the Hg,CuTi-type are listed in the Table I, the magnetic mo- monic Debye model allows one to obtain all the thermody-
ment is exactly 2.8 per unit cell. namics quantities, in which the nonequilibrium Gibbs func-

The calculated total magnetic moment satisfies the ruléion G*(V, P,T') is expressed as follows [19]:
of the Slater-Pauling behavior in the full-Heusler alloys [44].

Mot is related to the total valence electrotf) of alloys in G*(z,V; P,T) = Esto(x,V) + PV
this rule. * *

In order to obtain Slater-Pauling equations for HM Byl ViT) + Falw, ViT), (D)
Pd,PrCl and PdPrF cqmpounds, the band structures of thes§hich is a function of V, P, T), whereE,,, is the static en-
alloys should be considered. _ . ergy andEy;,, is the vibrational Helmholtz free energy in

The majority spin bands are occupied with 17 electronsonequilibrium condition. The electronic free energy is de-
Thus, the number of occupied minority staté§ ] is calcu-  scriped byF. The vibrational contribution in terms of De-

lated as: bye model is given as

3.4. Magnetic properties

N |= Ziot — NT= Ziot — 17, (15) 0o
where N | is the number of occupied majority (spin-up) ~ Fy,, = /<°; + kT ln [1 — e(“’/’“BT)Dg(w)dw, (18)
states. Thereforé\/y is calculated as: 3

Mit=(NT =N
o= (NT =N 1)us whereg(w) is the phonon DOS (phDOS) andis the vibra-
= (2N1T —Zot) B (16) tional frequencies. Other thermodynamic properties such as
entropy.S, heat capacity,, thermal expansion coefficient

= (34— Ziot)us (o) and Giineisen parametes) are calculated from the fol-
| lowing relations:
oF i Jkn w; 1
S=SV(P,T),T)=—- ((9T>V = Z(—kg ln{l — 6< ilk T)} + 136(“&'/7“13T)I>’ (19)
J
oU wj 2 e(_wJ/kBT)
Cy = CU(V(P7 T)7T) = (8/1—1>V = zj:c%j = z]:kB (kBT> (e(wj/kBT) _ 1)2’ (20)
1 /oV ~Cly
——=(5%) = 21
“ V(@T)P VBr (21)
- Jln @D
YT T omy (22)
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FIGURE 5. Lattice parameter versus temperature at different pres-

FIGURE 6. The compressibility module variation according to the
sures for PgPrCl and PdPrF. P v 9

temperature at different pressures for PtCl and PdPrF.

We employed thé” — V' data (total energy’ and volume
V) of the primitive cell as data entered into the Gibbs pro-
gram. These valuek andV are determined in the previous
part of the structural properties in the ground sféate 0 and
P = 0 as part of the approximation (PBE-GGA) using the o
Wien2k code. These properties are determined in the tem- The calculated values o_f the compressibility module for
perature range from 0 K to 1000 K for FrCl and PgPrF. ~ P&:PrCland PdPrF respectively al’ = 300 K and P = 0

The interest of the thermodynamic properties in mate-GPa are equal to 66.07 GPa and 82.82 GPa.
rial science motivated us to investigate the cell volume, bulk  The Debye temperatui, is the temperature of a crys-
modulus and the specific heat$, at constant volume and tal's highest normal mode of vibrationg., the highest tem-
pressure. perature that can be achieved due to a single normal vibra-

The variation of the lattice parameter as a function oftion [48]. Figure 7 show the variation of the Debye tem-
the temperature at different pressures for our compoundgeratured, depending on the pressure and temperature for
Pd,PrCl and PdPrF respectively are represented in Fig. 5. P&PrCl and PdPrF. We note that the debye temperature

We observe that the paramete increases with increas- ¢p decreases with the increase of the temperature at a given
ing temperature at a given pressure, but reduced with increagressure, and increases with increasing pressure to a given
ing pressure at a given temperature. The growth rate of th€emperature and we can also note tatis almost constant
lattice parameter with reduced temperature and with increaggéom 0 to 100 K and decreases when the temperature rises
pressure, temperature can cause expansion and pressure gdadratically fromZ" > 100 K, the Debye temperature val-

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

suppress this effect. uesfp for Pd,PrCl and PdPrF respectively af’ = 300 K
The calculated values of lattice parameter fopPCl ~ andP = 0 GPa are equal to 271.64 and 304.49 K.

and PdPrF compounds respectively @ = 300 K and The Heat capacity’y is an extensive property of mat-

P =0 GPa are equal to 6.87 and 6.41 ter, meaning that it is proportional to the size of the system.

The Bulk Modulus is a property that defines the resis-When expressing the same phenomenon as an intensive prop-
tance to change of volume when compressed [47], the conerty, the heat capacity is divided by the amount of substance,
pressibility module variation according to the temperature atnass, or volume, thus the quantity is independent of the size
different pressures for the two compounds PeCl and or extent of the sample [19].
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Figure 8 represent the Variation of the heat capaCity
versus temperature at some different pressures foPie
and PdPrF, at Low temperaturel{ < 500, 7' < 600. k)
for Pd,PrCl and PdPrF respectively, the heat capadity is
proportional tal™3.

For high temperature€’y, is quite close to the classic
limit of Petit and Dulong [48]. Wher€', approaches approx-
imately 99.29 and 99.30 JMK~! for Pd,PrCl and PdPrF
respectively. The calculated values of heat capdacjtyat T =
300 K and P = 0 GPa are equal to 96.03 and 94.67 'H1!
for Pd,PrCl and PdPrF respectively.

The Entropy of syster§ 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 foff?@€l and
Pd,PrF 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 entrgpfor Pd,PrCl
and PdPrF respectively &’ = 300 K and P = 0 GPa are
equal to 146.50 and 134.81 JVK 1.

FIGURE 7. Debye temperature versus temperature at various pres-

sures for PgPrCl and PdPrF.
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4, Conclusion topological resemblance for the two methods. Both the calcu-
lations have revealed that the majority spin band is metallic,
In this work, the full-Heusler compounds #RIX (X = Cl,  while the minority spin band shows a small band gap around
F) are explored. We have performed the calculations usthe Fermi level, which indicates that our compounds are half-
ing WIEN2K package and PBE-GGA in the framework of metallic.
Density Functional Theory (DFT). Elastic, mechanical, struc-  The calculated total magnetic moment of 2,08 per for-
tural, electronic, magnetic and thermodynamic properties argula unit is very close to integer value and agree well with
derived and discussed. the Slater- Pauling rule@o; = 34 — Ziot), Where the par-
Both the compounds are structurally stable in the ferrotial spin moment of Pr which mainly contribute to the total
magnetic HgCuTi-type structure. The negative values of magnetic moment.
formation energies”; indicate these two alloys are easily  Finally, we have conducted a detailed analysis of thermo-
fabricated experimentally and their formation processes aréynamic properties using the quasi-harmonic Debye-model
exothermic. The calculated values of cohesive endigy implemented in the Gibbs2 code. So these full-Heusler com-
confirm that HgCuTi structure in all compounds are more pounds are candidate materials for future spintronic applica-
stable than C4MnAl structure in FM state, and are negative, tion.
the absolute values are considerable. Since there is no experimental or theoretical data to com-
Elastically, we found that the required mechanical stabil-pare the obtained results. So our study is opened to ex-
ity criteria are satisfied and consequently our compounds angerimental verifications because it is considered as the first
ductile and anisotropic material. theoretical predictions of the structural, elastic, mechanic,
Electronic properties are analyzed with the band strucelectronic, magnetic and thermodynamic properties for these
tures by GGA-PBE and GGA-PBE+U there is an overallcompounds.
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