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In this article, we presented the ab initio calculation of vacancy formation
energy according to Schottky in the alloy Mn;GaC. Calculations were carried out
in the frameworks of the density functional theory (DFT), implemented in VASP
software package. For approximation of the exchange-correlation functional, the
generalized gradient approximation in the Perdew—Burke-Ernzerhof formula-
tion was used. It was shown that for the alloy under research, the most energeti-
cally favorable formation of a vacancy is in the place of C atom; formation of va-
cancies in places of Mn atoms is also beneficial, whereas the Ga vacancies are en-
ergetically unfavorable. Also, the concentration of vacancies at a finite tempera-
ture was calculated. It was shown that Mn and C vacancies have almost identical
equilibrium concentration at a nonzero temperature; at that, the concentration of
Ga vacancies is negligibly small. In addition, elastic moduli for various magnetic
orderings (ferromagnetic, noncollinear, and antiferromagnetic) in the alloy under
research were calculated. Using the quasi-harmonic Debye model, the Helmholtz
free energy curves were constructed. Using these curves, it was also shown that
Schottky monovacancies do not destabilize the ferromagnetic phase. Stability of
the ferromagnetic phase is due to the large contribution of magnetic entropy to
the Helmholtz free energy for the alloy under research.
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1. Introduction

The ternary X;YC carbide phases formed with the participation of d-metals VIla-, VIIla- subgroups
(X) and non-transition elements IIb—VIb-subgroups (Y) have a simple cubic structure of
antiperovskitetype [1]. Being in the high-temperature region of paramagnets of the type, a series of
perovskite-like carbides undergoes tetragonal lattice distortions at low temperature s and exhibits mag-
netic properties that correspond to the formation of several possible types of magnetic structures.

Antiperovskite compounds of the Mn;GaC type are interesting due to their relatively simple and
stable cubic structure, numerous possible technological applications (sensors, microelectromechanical
systems, storage devices, etc.) [2—6] and a wide range of properties such as: the giant magnetoresistance,
magnetovolume effect, giant negative thermal expansion, magnetostriction. Moreover, this type of com-
pounds can be used as a refrigerant for magnetic cooling devices [7], thanks to the presence of its
magnetocaloric effect, which is observed around the magnetic phase transitions [8—12].

2. Computational details

The total energy of the studied alloy was calculated using the density functional theory implement-
ed in the VASP [12, 13]. For approximation of exchange correlation potential was used the generalized
gradient approximation (GGA) in the Perdew—Burke—Ernzerhof (PBE) formulation [13]. For VASP
pseudopotentials we used the follow electronic configurations: Mn(3p®3d°4s"), C(1s'2s*2p?),
Ga(4d'%4s4p"). The kinetic energy cut-off was taken to be 500 eV. A Monkhorst-Pack grid was em-
ployed to sample the Brillouin zone [14]. Grid k-points §x8x8 was used.

In this paper, a defect of the vacancy type was considered. Calculations of the energy of the crystal
containing the vacancy were performed on 90 atomic supercells. The super cell was obtained from the
unit cell by means of translations (3 3 2). In this supercell, an atom (Mn, Ga or C) was removed near the
center.

The defect formation energy is calculated with the following equations:
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Eyv is the energy of the crystal containing the defEgts the energy of an ideal crystal,is defect
concentration for Mn, Ga, C, respectivglyis chemical potential of an isolated atom. In orgestudy
thermodynamical properties of materials studiedeurfithite temperature and pressure, we applied the
guasi-harmonic Debye model. Free energy was cagrlilzsing the equation:

F=E+ I:vib _TSnix - T$nag' (2
wherekE is the total energy of the crystal, obtained bgtfprinciple calculationsS, is mixing entropy,
Snag IS Magnetic entropyr.,i, is free energy of a crystal lattice. In this wavk neglect the electronic

contribution to free energy, due to its smallnddagnetic and defect formation entropy was calcdlate
by following equation:

S = K GIN( G)+ k1~ G)in(1- G ©
Siag = kgln (m+1), (4)
wherem s the magnetic moment obtained in self-consistafdulationskg is Boltzmann constang, is

concentration of vacancy. Free energy of a crystsice includes zero-point energy and temperature
dependent part according to:

90 .3
Fip =KgT|=—2+3In|1-e T + D(T) ||, (5)
8T
where®y, is Debye temperatur®(T) is Debye function:
CIN
[T ——dx (6)
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In order to calculate the Debye temperature, wel tise quasi-harmonic Debye model [15], where
the Debye temperature can be expressed as

h B
Op = 2] Y62 \Nyn f (a)\/%, (7)

wherekg is the Boltzmann constanty is the equilibrium volume) is the number of atoms per unit cell,
B is the bulk modulugy is the molar mass of compound. The functis) is given by

f(0)=3 z(z?ff*;)fz{%fz _l, ®)

whereo is the Poisson’s ratio.

3. Results and discussions
3.1. Properties of MnGaC without defect

First, using ionic relaxation, we found the equilin lattice parameter, energy, and magnetic mo-
ment for various magnetic configurations showniun E.

Table 1 shows the optimized lattice parameters,ngiég moments, and total energy for various
magnetic states. For M@aC, the optimized lattice constant is found te:(#%824 A for favorable state
and~ 3,862 A for noncolinear state that is slightlyslésan the experimental one by 1,5 % and 0,5 %
respectively & 3,88 A [3, 7, 8]).

Tablel
Equilibrium energy per atom, magnetic moment per un it cell, and lattice parameter for Mn  ;GaC
Magnetic | Total energy, Magnetic Equilibrium lattice
configuration eV moment, |3 parameter, A
FM —7,971 4,711 3,824
NC —7,959 0,020 3,862
AFM —7,947 0,000 3,803
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Also, Poisson's coefficients, bulk elastic moduid &ebye temperatures, indicated in Table 2, was
calculated for various magnetic orderings.

Table 2
Poisson’s ratio, Young's modulus, and Debye tempera  ture for various magnetic states
Magnetic configuration % E, GPa Op, K
FM 0,242 266,0 570,2
NC 0,284 179,5 465,3
AFM 0,277 286,6 584.,4

3.2. Defect formation energy

The purpose of calculating the defect formationrgyés to estimate the stability of the different
kinds of vacancy in the parent phase in;8aC alloys.

The formation energy of a vacancy was estimatedrdowy to equation 1and it is given in Table 3.
It can be seen from this table the most likely fation of a vacancy in the position of the atomtQs |
also likely the formation of a vacancy Mn atoms.

Table 3
The energy of the formation of a vacancy at the sit e of the atom Mn, Ga and C, respectively
Mn Ga C
E,, eV 0,625 0,692 0,604

Fig. 2 shows the temperature dependence of theeotmation of vacancies per cell, this

concentration was estimated using the equation:
_B
C,=Ne'eT, ©)

whereN is number of atoms in a cell.

As can be seen from this figure, vacancies makisible contribution to free energy starting at a
temperature of 400 K. It can also be seen thatdancies are formed significantly less than vaesnci
at C and Mn sites. Vacancies Mn and C make abeuwdme contribution to the entropy of mixing.
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Fig. 2. Concentration of various types of vacancies in Mn 3GaC

3.3. Helmholtz free energy

To assess the stability of the various phasedréigeenergy of the compound under study was cal-
culated. Figure 3 shows the dependence of the Hdimbnergy per atom versus temperature for vari-
ous magnetic configurations. This graph demondr#iat monovacancies do not destabilize the FM
phase in the temperature range under study. ltaw/s that the ferromagnetic configuration is adsant
geous in comparison with the antiferromagnetic mmatcollinear configuration.
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Fig. 3. Free energy for various magnetic configurat  ions Mn ;GaC

4. Summary

Thermodynamic structural and magnetic propertiesevealculated for MgGGaC alloy within the
density functional theory. Equilibrium lattice pareters, the magnetic moments, the Debye tempera-
ture, and the elastic constants are calculatedaidous magnetic orderings investigated alloy.

It is also shown that Schottky monovacancies dalesetabilize the ferromagnetic phase. The stabil-
ity of the ferromagnetic phase is due to the |a&ribution of magnetic entropy to free energy.
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NEPBOMPUHLMIMHOE BbIYUCINEHUE SHEPITMU ®OPMUPOBAHUA BAKAHCUI
B AHTUNEPOBCKWUTE Mn3;GaC

[.P. Batiaymnun’, M.A 3azpe6un”?’, B.B. Cokonoeckuli”®, B.[]. ByyenbHukos™’
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B nannoit paboTe mpeacTaBieHO MEPBONPHUHIIMITHOE BRIUHCIEHIE YHEPTHH 00Pa30BaHUs BaKaHCHMA
no Illotku B crutaBe Mn;GaC. BeruucieHust MpoBOAWINCH B paMKax T€OpUU (PYHKIIMOHAJIA TNIOTHOCTH
(DFT), peammzoBanHoii B mporpaMMmHOM Tmakere VASP. [lns anmpokcumanmu oOMeHHO-
KOPPEIAIMOHHOTO (DYHKIIMOHAIA HCIOJIb30BaJIach 0000IIeHHAsT TpagueHTHAs alpoKcuMaIus B Qop-
mynupoBke [lepapro—Bypke—Ditzenxoda. [lokazaHo, 4To B UCCIEIYEMOM CIUIaBE HauOOJee IHEPreTH-
YEeCKH BBITOJIHO 00pa30BaHUE BaKaHCUU Ha MecTe atoma C, Tak ke BBITOJHO 00pa30oBaHHUE BaKaHCUW Ha
MecTax aToMOB Mn, B TO BpeMs Kak BakaHcuu (Ga SIBISAIOTCS YHEPTeTUYECKH HEBBHITOAHBIMU. Takke BbI-
YrclieHa KOHIEHTPAIUs BaKaHCHHA MPH KOHEYHOH Temrieparype. IIponeMoHCTprpoBaHo, 4TO BaKaHCHU
Mn u C UMEIOT NPaKTUYECKU OJMHAKOBYIO PABHOBECHYIO KOHIIEHTPALHIO [P HEHYJIEBOW TeMIlepaType,
TIpH 3TOM KOHIIeHTparus Bakancuid Ga mpeHeOpexumo mana. Kpome Toro, paccuntaHbl MOAYJIH yIIpy-
TOCTH /ISl Pa3IMYHBIX MarHUTHBIX yHOpsnoueHuil (peppomMarHuTHOE, HEKOJUIMHEAPHOE M aHTH(Eeppo-
MarHuTHOE) B HCCIIENyeMOM cIuiaBe. VICmonb3ysi KBa3UTapMOHHYECKYIO Mojenb [lebasi, moCTpoeHbI
KpUBBIC CBOOOIHOM 3Hepruu [ enbMronbia. Mcmonb3ys 3Tu KpHUBbIE, TOKa3aHO TAKXKe, YTO MOHOBAaKaH-
cuu llloTkm HEe mecTabmmm3upyIoT GpeppoMarauTHyo ¢azy. CTabuiapHOCTh peppoMarHuTHOM ¢asel 00y-
CIIOBJIEHA HAJIMYHEM OOJIBIIOTO BKJIAJa MATHUTHOM SHTPOITUK B CBOOOAHYIO dHEepruto [ eapMroibua ams
HCCIIEyEeMOro CIIaBa.

Kniouesvie crosa: saxancus; snepeus oopazoganus eaxancutl, snepeus I enomeonvya, ab initio.
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