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Density functional theory (DFT) was applied to investigate the structural, electronic, elastic, magnetic, thermodynamic and half-metallic
properties of the newlyl® Heusler alloys (HAs) CsCaZ (Z= Ge, Sn and Pb).Spin-polarised calculations show that the compounds studied
are half-metallic with a magnetic moment of 1.0@at the equilibrium lattice parameter, which obeys the well-known Slater-Pauling rule

Mot = 8 — Zt. The half-metallic behavior of the compounds CsCaGe, CsCaSn and CsCaPb is predicted with respect to the equilibrium
lattice constants for CsCaGe, CsCaSn and CsCaPb with a narrow band gap in the majority spin channel. Furthermore, the elastic constan
(Cij) showed that these materials are ductile and anisotropic. In addition, the negative values of the calculated formation energy and cohesior
energy indicate that CsCaZ (Z= Ge, Sn and Pb) are likely to be experimentally synthesized.Non-equilibrium Gibbs function is employed
to calculate the thermodynamic properties through the quasi-harmonic Debye model in which the bulk modulus, heat capacity, Debye
temperature, thermal expansion coefficient, and entropy are investigated at 0-20 Gpa pressure and 0-1200 K temperature ranges. Th
significant half-metallic behavior makes the CsCaZ (Z= Ge, Sn and Pb) compounds strong candidates for spintronic applications.
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1. Introduction The two well-known classes of Heusler alloys are half-

Heusler and full-Heusler alloys. The former have a general
Spintronics is one of the key areas for the future-generatioehemical formula XYZ, and crystallize into C1b structure
nanotechnology devices to increase their memory and rewith F 43m space group, where X and Y represent transition
duce their power consumption. After the discovery of the gi-metals, and Z stands for an sp-valent element while the latter
ant magnetoresistance (GMR) [1,2] effect, the half-metallichave X% YZ stoichiometry, and crystallize into L21 structure
(HM) materials are becoming the most potential candidatewith Fm3m space group [28].

for splhtronlc appllcatlo.ns [3]. ) ) ) A new class of half-Heusler alloys (HHASs) without tran-
This class of materials show semiconducting or insulax;iionmetal elements called’ (HHAS) have recently been-

tor behavior in one spin channel and metallic character in th‘?eported where the magnetism comes mainly from the an-
other, which makes them suitable candidates for various sping p electrons. Thel® (HHAs) compounds seem to be
tronic applications, including the development of magneticy,q.e appropriate than others because they could display high

sensors (MS), non-volatile magnetic random access Meme-,je temperatures, low magnetic moments and similar crys-
ries (NV-MRAM), spin valves (SVs) and spin-injector mate- 15| stryctures with semiconductors [29]. Numerous studies

rials (SIMs) [4-7]. have been carried out on such half-Heusler based alloys. In a
Half-metallic behavior has been reported to be exhibitedecently published work, Rozat al. [30,31] confirmed the
in a wide range of materials such as zinc blende and wurtzit@alf metallicity behavior in half-Heusler compounds XRbSr
structured compounds [8-10], Heusler alloys [11-14] and per¢X = C, Si, and Ge) and XCsSr (X = C, Si, Ge, and Sn).
ovskites [15,16]. In the same context, Benabboun et al.[32] have explored the
In particular interest, Heusler alloys have attracted moramagnetic behavior of® XCaZ (X =Li, Na; Z=B, C) half-
both theoretical and experimental researchers to investigatdeusler and confrmed that the magnetism comes from atomic
over the last decades because of their many specific prog- orbitals, which persist in the alloys of calcium due to its
erties includingmagnetic shape memory [17,18], spin gaptarge atomic radii. In another study, Abada and Marbouh [33]
less semiconductor [19-21], thermoelectric [22-24], superused density functional theory based calculations to study the
conductivity [25], and half-metalicity behavior [26,27]. MgCaB alloy predicting half-metallicity and the nearly spin-
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gapless nature of the alloy when the lattice constants lie imuffin-tin sphere radii automatically set in the calculations
the range of 7.32-8.1A. are 2.00, 2.00 and 1.93 Bohr for Cs, Ca and Z atoms, respec-
Similarly, many other researchers have determined th&vely. The value of the largest vector value in charge density
half metallicity in different materials including half-Heusler Fourier expansioid,,.x is 12. The cutoff energy, which de-
alloys XYZ (X = Li, Na, K, and Rb; Y = Mg, Ca, Sr, and Ba; fines the separation of valence and core states, was chosen as
Z = B, Al, and Ga) [34], XRbSr (X = C, Si, and Ge) alloys —6.0 Ry. We impose a convergence criterionl0f— 5a.u.in
[35], NaKZ (Z=N, P, As, and Sb) compounds [36], LiXGe (X the total energy to improve accuracy in the spin-polarized cal-
=Ca, Sr, and Ba) alloys [37] and MNaCs (M= P, As) [38].  culations.
Using these data, we seek to further search for déw
(HM)_mgteriaIs with low magnetic moments and high spin3  Results and discussions
polarisation such as CsCaZ (Z= Ge, Sn andPb) half-Heusler
compounds. In this paper, the main objective is to inves3.1. Structural stability
tigate the physical propertiesincluding HM character, struc-
tural, electronic, magnetic, elastic and thermodynamic propd he half Heusler compounds (XYZ) are ternary intermetallic
erties of CsCaZ (Z= Ge, Sn and Pb) compounds for potentiad/loys. They crystallize in the face-centered cubic (fcc) C1b

spintronic applications. structure with the space group F 43 m (no. 216). For sym-
metry reasons, only three phases3, and~y are displayed in
Table I.

2. Computational details With the purpose of determining the stable ground state

structure of CsCaZ, we implemented the volume optimiza-
The calculations were performed within the spin-polarizedtions for three typesy, 3, and~ only in the ferromagnetic
density functional theory (SP-DFT) [39,40]. We used the(FM) phase, which is the most favorable state compared to
full potential linear augmented-plane waves (FP-LAPW)the non-magnetic (NM) and the anti-ferromagnetic (AFM)
method implemented in the Wien2k package [41]. Thephases. The unit cell of CsCaZ (Z = Ge, Sn and Pb) Heusler
exchange-correlation potential was treated using Perdewalloys ina — T'ype phase is shown in Fig. 1.
Burke-Ernzerhof generalized gradient (GGA-PBE96) ap- The results of the calculated total energies versus volume
proximation [42].The partial wavesused inside the atomidn different types of the materials investigated are represented
spheres are expanded uplt@.. = 10 with a matrix size in Fig. 2. From this figure, it can be seen that all compounds
Ryr x Knax €qual to 8, wherd( ., is the plane wave cut- show the lowest total energy im — T'ype. The optimized
off and Ry, is the smallest of all atomic sphere radii. The equilibrium parameters, including the lattice parametey, (

FIGURE 1. Crystal structure imv — T'ype for: a) CsCaGe, b) CsCaSn and c) CsCaPb phase.

TABLE |. Inequivalent site occupancies within the ,-type structure for CsCaZ (Z= Ge, Sn and Pb).

Type/Atom Cs Ca Z

a — Type (0.25, 0.25, 0.25) (0.75, 0.75, 0.75) (0,0,0)

8 — Type (0,0,0) (0.75, 0.75, 0.75) (0.25, 0.25, 0.25)
v — Type (0.5,0.5,0.5) (0.75, 0.75, 0.75) (0,0,0)
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FIGURE 2. Total energy as a function of unit cell volume for the three types of ternary Heusler alloys CsCaZ (Z= Ge, Sn and Pb) using the
GGA-PBE approximation.

TABLE II. The calculated equilibrium lattice parameter (a), bulk moduljs @erivative of bulk modulusR’), the cohesive energyic),the
formation energy £ f) and the ground state energiy@) of CsCaZ (Z = Ge), Sn and Pb.

Compound a(A%) B (GPa) B EC (eV) Ef (eV) E0 (Ry)
CsCaGe 8.00 16.44 4.85 -1.24 -1.75 -21139.5274
CsCasSn 8.41 15.06 4.10 -2.85 -2.24 -29299.6334
CsCaPb 8.52 13.94 3.75 -4.97 -4.18 -58798.6891

(«), the bulk modulus ), and its first derivative £-) for The cohesive energy per formula unit of CsCaZ (Z= Ge,
the three compounds, were determined by the empirical MurSn and Pb) is given by the following formula:

naghan’s equation [43] and shown in Table II.

[pCsCaz__ pCsCaZz_ 4+ Eea+ E 2
The equilibrium lattice constants are found to be 8, 8.41 ¢ s fos + Feat Fiz). ()

and 8.52A for CsCaGe, CsCaSn, and CsCaPb, respectivelyNhereEgscaZ tot is the equilibrium total energy of CsCaz
This result can be explained by considering the atomic radiiz= Ge, Sn and Pb) compoundB,, Ec, and F7 (Z= Ge,

of Ge, Sn and Pb whuch are respectively 1.25, 1.45 and 1.58n and Pb) are the total energies of the isolated atoms [45].
A®. That is, the lattice constant increases with the atomic According to Table Il, the obtained values of Ec for all
size of the Z element in CsCaZ compounds. HoweverRhe compounds are negative, which implies that the HHAs stud-

value decreases in the following sequence: B (CsCaGB) ied are expected to be stable and synthesized experimentally
(CsCaSn)> B (CsCaPb), conversely to (a) and the unit cell due to their high bonds energies [46].
volume (), which follow the relationship® «~ V1) [44].

To our knowledge, no experimental or theoretical data aré-2-  Elastic properties

available for comparison, so the present results will be usefulln order to confirm the mechanical stability of these materi-
for future research.

als, it is necessery to calculate their elastic constants (Cij).
We also calculated the formation energy,{, which is  These quantities can be used to provide the critical infor-
the change in energy when a material is formed from its conmation regarding the mechanical stability of a solid struc-
stituent elements in their bulk stateS; per formula unit of  ture against the arbitrary deformation such as propagation
CsCaZ (Z= Ge, Sn and Pb) compounds is given by the relaof elastic waves in normal mode, specific heat and chemical
tion: bonds [47].
The elastic stability criteria for a cubic crystal [48] was

[GsCaZ_ pCscaz_ (pbuk | pbulk | pbulk) 1 examinated by using three independent elastic constants
f tot ( Cs Ca Z ) ( ) nam8|y011, C12, andC44.
where, EGSC#Zis the total energy of CsCazppik, E2k and Cll1-C12>0
E%k (z= Ge, Sn and Pb) are the total energies for each Ge, Cl1+2012>0 3)
Sn and Pb atoms in their bulk states. From Table II, the cal- C44>0

culated values of formation energies for all compounds are Cl2< B <C11
negative, which indicates their thermodynamic stability in thero calculated elastic constants of the half-

. Heusler alloys
a — T'ype ferromagnetic ground state.

CsCaZ (Z= Ge, Sn and Pb) in the— Type structure are

We further calculated the cohesion energy Ec.This palisted in Table Ill. It is observed that these values verify the
rameter represents the energy required to break the atoms albove stability conditions,which is indicative of the mechan-
the solid into isolated atomic species. ical stability of all compounds in this structure.

Rev. Mex. Fis68061004



4 F. BENDAHMA, M. MANA, M. HAMMOU, S. TERKHI, N. BENDERDOUCHE, AND S. BENTATA

TABLE Ill. The calculated elastic constar@; (GPa), bulk modulus3 (GPa), shear modulu§' (GPa), Cauchy’s pressu@” (GPa),
Young’s modulust’ (GPa), Pugh’s ratid3 /G, anisotropy factord and Poisson’s ratio for CsCaZ (Z= Ge, Sn and Pb).

Compound Cn Ci2 Cua B G crt E B/G A v
CsCaGe 31.27 9.35 2.32 16.56 4.58 7.03 12.58 3.62 0.21 0.39
CsCaSn 27.10 9.23 2.43 15.22 4.23 6.80 11.61 3.60 0.27 0.37
CsCaPb 24.15 8.95 2.56 14.01 4.03 6.39 11.03 3.48 0.34 0.36

Other important elastic moduli can be calculated apply-tion of unit cell volume.

ing the Voigt-Reuss-Hill (VRH) approximation [49]:

B = (Cy;+C13)/3, (4)
G, = (C11 — C12+3C44)/3,
Gr =5Cy * (C11 — C12)/[4C44 + 3(C11 — C12)], (5)
G = (Gy +GR)/3, (6)
CP =C1y—Cyy, (7
v=(3B—2G)/[2(3B + G)],
A=2Cy/(Cy; —Cyy), E=9BG/(3B+G), (8)

where, B is the bulk modulus{y, the Voigt's shear modu-
lus, G the Reuss’s shear modulus, G the shear moddlds,
the Cauchy’s pressure the Possion’s ratiod the anisotropy
factor andE Young'’s modulus.

Since the calculated values of the Pugh’s raBg ¢G) are
above 1.75, the materials studied tend to be ductile [50].

The calculation of Cauchy pressui@’() will determine
the type of atomic bonding, with a negative value for di-
rectional covalent bonding and a positive value for non-
directional metallic bonding.

Based on the Frantsevich rule[51],if the poisson’s ratio
v > 1/3, the material is considered ductile, otherwise it will
be brittle.As shown in Table 1ll, all the computed Poisson’s
ratios ¢/) are above 0.33, signifying that the Half Heusler Al-
loys CsCaZ (Z= Ge, Sn and Pb)are ductile in nature.

Furthermore, the higher the value of Young’s modu-
lus (F), the stiffer the compound will be and in this case,
CsCaGe is the stiffest.

The Zener anisotropy factoA] is equal to 1 for isotropic
crystal and deviation from unity indicates an anisotropic crys-

As shown in Table Ill, the obtained bulk modulus (B) val- tal.lt is observed that the calculated values 4j are equal
ues of 16.56, 15.22 and 14.01 GPa for CsCaGe, CsCaSn atml 0.21, 0.27 and 0.34 for CsCaGe, CsCaSn and CsCaPb,
CsCaPb, respectively, are in close agreement with the calcuespectively, which confirms the mechanical anisotropy of
lated values determined by fitting the total energy as a functhese compounds.
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FIGURE 3. Band structure of ferromagnetic CsCaGe at the equilibrium lattice constant.
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FIGURE 4. Band structure of ferromagnetic CsCaSn at the equilibrium lattice constant.
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FIGURE 5. Band structure of ferromagnetic CsCaPb at the equilibrium lattice constant.
3.3. Electronic properties In the majority-spin channel, the indirect band gaps (IBG)
at aroundEr along thel' — X symmetry are of 0.42, 0.74
3.3.1. Band structure and 0.17 eV for CsCaGe, CsCaSn and CsCaPb respectively.

. . . . . This results leads to 100% spin polarization at EF for all ma-
In this part, wemainly focus on the spin-polarized eIeCtronICterial So far,noexperimental measurements have been carried
band structure of CsCaZ (Z= Ge, Sn and Pb) compounds’ "’ . P

along the high-symmetric direction of the Brillouin zone out for the band structure of these compounds to compare

(BZ), in which the Fermi energy level&£) were set to zero with. However, for other similar cubic ternary half-Heusler
(Figs. 3-5).For all compound, the majority spin channel (Spincompounds, the size of their band gaps has been the orete-

up) is foundto exhibit a semiconducting behavior WhereasCally established at 0.70 eV for CsBaC [52] and at 1.73,
p) 1S foundto . 9 . 1.61 and 1.23 eV for RbSrC, RbSrSi and RbSrGe, respec-
the spin minority channel (spin dn) shows a metallic char-.
L : : - tively [53].
acter,resulting in stable half-metallic ferromagnetic behavior.

Rev. Mex. Fis68061004
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FIGURE 6. Total and partial density of states (TDOS/PDOS) of CsCaZ (Z= Ge, Sn and Pb) Heusler alloys.

3.3.2. Density of states (DOS) 3.4. Magnetic properties

, ) The calculated local and total magnetic moments in intersti-
To further elucidate the nature of the electronic band strucg;, region for the studied half-Heusler CsCaZ (Z= Ge, Sn and
ture, we calculated the total (TDOS) and partial densitiespb) compounds are presented in Table IV. ’
of states (PDOS) for both spin-up and spin-down states of "yhe integer values obtained for the total magnetic mo-

CsCaZz (Z= Ge, Sn and Pb) aIons as depicted in Flg 6ment (];LB), using the GGA approach, confirm a half-

From the (TDOS), in spin-down channel, a peak crosses thg,etallic behavior of these compound according to Slater-
Fermi level revealing the conductor behavior for both matePauIing rule:

rials. However, in spin-up one, a semiconductor character

is observed, confrming the half-metallicity of both materials Miot = 8 — Zior, (9)
already seen in band structures. From the (PDOS) in spin-

down direction, it can be noted that 4p states of (Ge/Sn/ Pbywhere M is the total magnetic moment, arffi,;, the va-

are responsible for the metallicity of the three compounddence electron number. The value Bf for CsCaZ (Z= Ge,
with a week contribution of s-Cs and s-Ca states. In spin-ugsn and Pb) is 7. So, seven valence electrons contribute to
one, the lowest part of the valence band is mainly formed byonds and magnetism (Cs!6; Ca: 4s%>~; Z: ns?, np?).

the s-Cs and s-Ca states and the upper one comes exclusivélgcording to Eq. (9), théV,; obtained is equal to 4B for
from p-Z orbitals. In spin up configuration, a small energy CsCaZ (Z = Ge, Sn and Pb), which is in good agreement with
gap is found where the p-Z state has made a major contribuhe calculated results of Table IV. Moreover, the calculated
tion in the valence band whereas the conduction band in both/ is in perfect accordance with available theoretical work
channels is dominated by s-Cs and s-Ca states. We can deerformed on cubic ternary half-Heusler compounds LiBaX
duce that around the Fermi level, the p-orbitals of the mainX = Si, Ge), and GeNaZ (Z = Ca, Sr, and Ba) ternary half-
group element (Ge/Sn /Pb) are the major contributors to théleusler alloys where theM,; is equal tolu B [54,55]. It's
density of states. As a result, these atoms will play a pivotahlso seen from Table IV that the total magnetic moment is
role in the transport properties of CsCaZ (Z= Ge, Sn and Phbinainly relative to the main group element (Ge / Sn /Pb) and
HH alloys. to the interstitial region.

TABLE IV. The calculated interstitial, partial and total magnetic moments per formula unit and energy gaps Eg (eV) of the CsCaZ (Z = Ge,
Sn and Pb) compounds.

Mint MCs MCa MZ Mtot Eg Band .
Compound Classification
(1B) (1B) (1B) (1B) (1B) (eV) gap
CsCaGe 0.54 0.02 0.06 0.38 1.00 0.42 Indirect HMF
CsCaSn 0.62 0.03 0.06 0.29 1.00 0.74 Indirect HMF
CsCaPb 0.64 0.04 0.05 0.27 1.00 0.17 Indirect HMF
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2,0 3.5. Thermodynamic properties
| —m—Cz—a— T2 Po—y—int To |
1,5 F[EsCaFb i"_ﬂﬂ In order to evaluate the specific behaviors of CsCaz (Z=
1,0 1 Ge, Sn and Pb) compounds in response to temperature and
05 —— — v v—v¥ pressure, we have applied the quasi-harmonic Debye model
al ; (QHDM) as implemented in Gibbs program [56].The varia-
00| = aF—s—s—3—2——F—® tion of the bulk modulus (B), Debye temperatusd)),heat
~ 20F ! : ! . : . capacityat constant volumé’(;), thermal expansiorm( and
= ik [_—m—Cs—eCs o —y it —9— ot | entropy (S) are calculated under pressure range from 0 to 20
E" ety o GPa and temperature range from 0 to 1200 K.
E 1.0 ¢ The non-equilibrium Gibbs free energy can be stated as:
E 05t y A BN G+ (p,V,T) = E(V) + PV + Al0p.r],  (10)
g 00 o sF—t—— e ——a , ,
=) 20 . . L where E(V) is the total energy per unit celR, the pressure,
- ™ —aC:—»C: [ — Tot | V the unit cell volumef@p, the Debye temperature antdp,
1,5 [ Eacacd ' . the vibrational Helmholtz free energy term which will be ex-
wl iy pressed as [57],
osr AT Avib(0p,T) = nKBT< [%D}
00| sp——a—g—a—t—t—» 8T

0
7.5 8,0 35 9,0 _ep/T| _|’D
v Y ¥ ' +3ln|l1—e"P , 11

Lattice constant (4 [ } {T]> (11)

FIGURE 7. Calculated total and atomic spin magnetic moments aswhere n is the number of atoms per formula unit,kB the

a function of lattice constant of CsCaZ (Z = Ge, Sn and Pb) HeuslerBoltzmann constant anB (6 /T') the Debye integral.

alloys. The Debye temperatus, distinguishes the behavior of
phonons between quantum mechanical and classical meth-
ods. It is calculated using the following classical relation

3.4.1. Lattice parameter impact on half-metallicity (58],

During the manufacturing of spintronic devices, stress can Op = . (6(77)2V%n) f(o) %, (12)
develop during the process of epitaxial growth due to lattice ks M

mismatches. For this reason, one of the most important chawhereo is Poisson’s ratio} the molecular mass per unit
acteristics that must be studied is the retention of the hal€ell andBs the adiabatic bulk modulus.

metallic nature of our materials with variations in the lat-  f(o) is expressed as [59]:
tice parameter.Furthermore, knowing that the integer mag- 5 3o 1
netic moment is a requirement for the half-metallicity, we .\ _ (3 {2 {2 l+o }"’ {11+0}2} )3 (13)
have studied the total magnetic moment change as function 31—20 31—-o0

of lattice constant (Fig. 7).

It can be seen that the total magnetic moment 0B,
which obeys the Slater-Pauling rule, is well maintained in a
wide range of lattice parameter values 7.6-8.8r CsCaGe
and 7.8-8.8A for CsCaSn/CsCaPb. Furthermore, for lattice _ ) N
contants beyond the above-mentioned range, the disapped?® heat capacity”,, the thermal expansion coefficient
ance of the half-metallicity is not abrupt. The ranges in which2nd the entropy Sare calculated as follows [60],

The isothermal bulk moduluB is given by:

9G*(P,V,T) ) 14
P,T

Br(P,T)=V ( 579

the CsCaZ alloys agree with the Slater-Pauling rule are con- 0p 30p /T

siderably wide, especially for the CsCaGe alloy. It also in- Cv = 3nkp <4D {T} - eX(O/T)—l) ) (15)
dicates that as the lattice constants increase, the atomic mag- PD

netic moments values remain stable in the interstitial, Cs, Ca | _ 1 ov(T) (16)
and Z atoms, showing that the lattice contants have no effect v(T) or ’

on the magnetic properties of the compounds studied. As a 0p

result, one can say the half-metallicity of CsCaZ (Z= Ge, Sn S =nKpg <4D [T} —31In[l — exp —(GD/T)]) . (A7)

and Pb) compounds is preserved with respect to lattice con-
tants, which makes them potential candidates for spintronicBulk modulus as a function of temperature for different pres-
applications as thin films. sure valuses for all compounds is depicted in Fig. 8.
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FIGURE 9. Debye temperaturé@() as a function of temperature for different pressure values.

First, at constant temperature, the bulk modulus exhibits
a near linear increasing variation with pressure. Next, negli-TasLe V. Calculated thermodynamic parameters: bulk modulus
gible change of this parameter is observed in the temperatur@ in GPa); acoustic Debye temperatu in K); thermal ex-
range from 0 to 100 K. However, after 100 K, it shows a pansion coefficientd); specific heat v in J/mol 'K) and en-
significant decreasing trend when the temperature increaseopy (S in in J/mot ') for CsCaZ (Z= Ge, Sn and Pb) half-Heusler
However, the bulk modulus decreases more slowly at higheq;ompounds (All parameters calculated at zero pressure and 300 K).
pressure. Our results show that the hardness of CsCaZ (Z = Compound B Op Cv a S
Ge, Sn and Pb) compounds will be enhanced at high pressure, ~scaGe 1119 18459 7195 2214 91.44
whereas increasing temperature will cause a contrary behav-
ior. In addition, at 0 K and 0 GPa conditions, the obtained
bulk modulus values for CsCaGe, CsCaSn and CsCaPb are

16.45, 15.05 and 14.05 GPa, respectively, which are in goodeg that the Debye temperature plots show quite similar fea-

agreement with the previously determined ones using th§,res a5 compared with that of bulk modulus as both are indi-
structural and elastic properties. Furthermore, at ambient,iors of material hardness.

temperature and zero pressure (see Table V), the high b_ulk The heat capacity(,) of any compound is a significant
modulus values of 11.19, 9.79 and 8.79 GPa corresponding,qtor that provides information about lattice vibration and
to CsCaGe, CsCaSn and CsCaPb,respectively, confirm thgh,qe transition. Figure 10 shows the effect of temperature on
CsCaGe presents a strong hardness and an important CO@- ot various pressures. The result confirms that the increase

pressibility [61]. of pressure has no influence on the heat capacity values. It is

The Debye temperaturd ) is the most important pa- shown that’, increases steeply with the initial 0-300 K tem-
rameter in the (QHDM), which is related to many important perature range sinc€, obeysT? law at low temperatures
physical properties, such as melting temperature, elasticity63]. At 300 K and 0 GPa conditiong;, values approache
specific heat and lattice vibration [62]. The curvesfgf  approximately 71.95, 72,60 and 73 J/mbK —! for CsCaGe,
against temperature at various pressures are shown in Fig. @sCaSn and CsCaPb, respectively. From 300 to 700 K, Cv
At a given pressure, as the temperature increaseggdlie-  increases slowly with temperature. At temperature limit (T =
creases close to linearly. However, at a given temperatur&00 K), no more rate increase is observed and its value ap-
p increases for increasing pressure. Furthermore, one caproaches approximately 75 J/méK ~! for CsCaZ (Z= Ge,

CsCaSn 9.79 17259 72,60 13.65 89.34
CsCaPb 8.79 160.59 73 9.64 86.33
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Sn and Pb) compound. As a result, the heat capacity is quite Knowledge of Entropy.§) provides essential insight into
close to the Dulonge Petit classical limit, common phenom+the vibrational properties of a material leading to the under-
ena in all solids [64]. standing of the many performance applications of devices
such as heat engines, refrigerators, and heat pumps. Fig-
Additionally, we studied the variation of the thermal ex- ure 12 shows entropy as a function of temperature for dif-
pansion coefficient() as a function of temperature at differ- ferent pressure values.
ent constant pressures. It can be noted from Fig. 11 that it
increases sharply in the temperature range 0-300 K, followed It can be noticed from the plot that the stable equilibrium
by a gradual increase and beyond 300 K, particularly in highstate corresponds to the starting curves vales= 0) at
pressure regions; it increases almost linearly with alow sloped K and 0 GPa. In addition, as temperature increases, en-
As an instance, at room temperature, the coefficiehtde-  tropy increases exponentially and at the same time increases
creases only a (from 22.14 @62 x 10~°/K for CsCaGe with pressure above 0 K. Furthermore,the calculated entropy
compound), whereas, it increases from @$5 x 107°/K)  values of 91.44, 89.34 and 86.33 J/mtK~! for CsCaGe,
when the temperature is raised from 0 to 1200 K fixing pres<CsCaSn and CsCaPb, respectively, indicate that CsCaGe is
sure to 0 GPa. less ordered than CsCaPb and CsCaSn at 300 K and 0 GPa.
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Finally, as temperature exceeds 800 K, entropy attains verfions suggest the mechanical stability, elastic ductility and
high values.This is mainly due to the atomic vibrations foranisotropy of all compounds. The quasi-harmonic Debye
all compounds. model (QHDM) is also used to confirm the thermodynamic
stability of the studied compounds. The bulk modulus, Debye
temperature,heat capacity, thermal expansion and entropy un-
der 0- 20 GPa pressure rangeand 0-1200 K temperature range

In this work, we examine the structural, elastic, electronic.are successfully calculated, lending credence to the current
magnetic and thermodynamic properties of the CsCaz (Z esults regarding this new class of thermodynamically stable
Ge, Sn and Pb) compound using the generalized gradierlﬂHdO alloys. Since there are no theoretical or experimental
approximation (GGA-PBE). According to the calculated re-data for these compounds, we hope that the results reported
sults, all three CsCaZ alloys crystallize into the- phase  in this work can serve as a reference for future experimen-
ferromagnetic configuration in their respective ground statedal work. Finally, as CsCaZ (Z= Ge, Sn and Pb) compounds
The electronic band structure diagrams and density of stategghow suitable properties, it is expected that these materials
plots confirm the half-metallic nature with indirect band gapsWwill be good candidates for potential spintronic applications.
of all materials and indicate that p-orbitals of the main group

element (Ge/Sn /Pb) are the major contributors to the denbeclaration of competing interest

sity of states. Morever, the total magnetic moment @fA,

which obeys the Slater-Pauling rule, is well maintained over &' he authors declare that they have no known competing fi-
wide range of lattice parameter values 7.6-8.®r CsCaGe nancial interests or personal relationships that could have ap-
and 7.8-8.8A for CsCaSn / CsCaPb. In addition, simula- peared to influence the work reported in this paper.
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