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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 X3YC carbide phases formed with the participation of d-metals VIla-, VIlIa- 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—Emzerhof (PBE) formulation [13]. For VASP
pseudopotentials we used the follow electronic configurations: Mn(3p®3d°4s’), C(1s'2s*2p?),
Ga(4d'’4s’4p"). The kinetic energy cut-off was taken to be 500 ¢V. A Monkhorst-Pack grid was em-
ployed to sample the Brillouin zone [14]. Grid £-points 8§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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EV = Edef _EO + nMn:ul(\)/In + nGa:ug}a +nC:u8' (1)

Ly 1s the energy of the crystal containing the defect, £, is the energy of an ideal crystal, »; is defect

concentration for Mn, Ga, C, respectively, ¢ is chemical potential of an isolated atom. In order to study

thermodynamical properties of materials studied under finite temperature and pressure, we applied the
quasi-harmonic Debye model. Free energy was calculated using the equation:

F=E+F,-1S,,-1S,.,; 2

where F is the total energy of the crystal, obtained by first-principle calculations, S, is mixing entropy,

Smag 18 magnetic entropy, [, 1s free energy of a crystal lattice. In this work we neglect the electronic

contribution to free energy, due to its smallness. Magnetic and defect formation entropy was calculated
by following equation:

Spix =ksC,In(C, )+ kg (1-C,)In(1-C,); 3)

Smag =k In(m+1), 4)

where m is the magnetic moment obtained in self-consistent calculations, k5 is Boltzmann constant, C, is
concentration of vacancy. Free energy of a crystal lattice includes zero-point energy and temperature
dependent part according to:

90 -
E,, =kgT §7D+3ln l—e T +D(T) ||, 4)
where Op is Debye temperature, D(7) is Debye function:
3 ®_D 3
o[ L)oo 1) (P ©
®D ®D 0 ex —1

In order to calculate the Debye temperature, we used the quasi-harmonic Debye model [15], where
the Debye temperature can be expressed as

__h 2 B
O, = s 36x \/an(a)\/;, (7

where k5 is the Boltzmann constant, V5 is the equilibrium volume, # is the number of atoms per unit cell,
B is the bulk modulus, M is the molar mass of compound. The function f{o) is given by

f(o)=3 2{MT/Z+[3H—GJQ _1, ®)

3-20 (1-o

where o 1s the Poisson’s ratio.

3. Results and discussions
3.1. Properties of Mn;GaC without defect

First, using ionic relaxation, we found the equilibrium lattice parameter, energy, and magnetic mo-
ment for various magnetic configurations shown in Fig. 1.

Table 1 shows the optimized lattice parameters, magnetic moments, and total energy for various
magnetic states. For Mn;GaC, the optimized lattice constant is found to be = 3,824 A for favorable state
and =~ 3,862 A for noncolinear state that is slightly less than the experimental one by 1,5 % and 0,5 %
respectively (= 3,88 A [3, 7, 8]).

Equilibrium energy per atom, magnetic moment per unit cell, and lattice parameter fotahelfggac
Magnetic Total energy, Magnetic Equilibrium lattice
configuration eV moment, iz 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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Fig. 1. Various spin configurations of Mn atoms were considered in the calculations: (a)FM, (b)AFM, (c)NC
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Also, Poisson's coefficients, bulk elastic moduli and Debye temperatures, indicated in Table 2, was
calculated for various magnetic orderings.

Table 2

Poisson’s ratio, Young’s modulus, and Debye temperature for various magnetic states
Magnetic configuration V I, GPa Op, K
FM 0,242 266.0 570,2
NC 0,284 1795 4653
AFM 0,277 286.6 5844

3.2. Defect formation energy

The purpose of calculating the defect formation energy is to estimate the stability of the different
kinds of vacancy in the parent phase in Mn;GaC alloys.

The formation energy of a vacancy was estimated according to equation land it is given in Table 3.
It can be seen from this table the most likely formation of a vacancy in the position of the atom C. It is
also likely the formation of a vacancy Mn atoms.

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

Fig. 2 shows the temperature dependence of the concentration of vacancies per cell, this concentra-

tion was estimated using the equation:
E,

v

C,=Ne " | 9)

where /N is number of atoms in a cell.

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

3.3. Helmholtz free energy

To assess the stability of the various phases, the free energy of the compound under study was cal-
culated. Figure 3 shows the dependence of the Helmholtz energy per atom versus temperature for vari-
ous magnetic configurations. This graph demonstrates that monovacancies do not destabilize the FM
phase in the temperature range under study. It is shown that the ferromagnetic configuration is advanta-
geous in comparison with the antiferromagnetic and non-collinear configuration.
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Fig. 3. Free energy for various magnetic configurations Mn;GaC

4. Summary

Thermodynamic structural and magnetic properties were calculated for Mn;GaC alloy within the
density functional theory. Equilibrium lattice parameters, the magnetic moments, the Debye tempera-
ture, and the elastic constants are calculated for various magnetic orderings investigated alloy.

It is also shown that Schottky monovacancies do not destabilize the ferromagnetic phase. The stabil-
ity of the ferromagnetic phase is due to the large contribution of magnetic entropy to free energy.
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NEPBONPUHUMMHOE BbIMUCNEHNE SHEPTMN ®OPMUPOBAHA BAKAHCUN

B AHTUNEPOBCKUTE Mn;GaC

[.P. Baiizymnun', M.A 3azpe6un™?’, B.B. Cokonoeckuii™’, B.[]. ByyenbHukos™

"Yens6uHckuti 2ocydapecmeeHHsblIil yHusepcumem, e. Yenabuxck, Pocculickas ®edepauyus

2fO)KHO-ypaHbCKUIJ e2ocydapcmeeHHsbIll yHusepcumem, e. Yenabuxck, Pocculickas ®edepauus

*HayuoHanbHbIii uccriedosamenbekuli MexHOmo2uYecKull yHUsepcumem «MUCuUC», e. Mockea,
Pocculickas ®edepauus
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B manHO# paboTe MPeaCTABICHO MEPBOMPHUHLIUITHOS BHIYUCICHHE SHCPTHH 00Pa30BaHUs BAKAHCHI
no otku B crmase Mn;GaC. BeraucieHus mpoBOAMINCh B paMKax TCOPUH (PYHKIIHOHATA IIOTHOCTH
(DFT), peamuzoanHol B mnporpamMmaoM mnakere VASP. [lng annpokcmmammu — OOMEHHO-
KOPPESILMOHHOrO (PYHKIHOHANA HCIIOIb30BaTach 0000MICHHA TPAIUCHTHAS anmpoKkcuManus B ¢op-
mynupoBke [lepapro-bypre—Jitsenxoda. [lokazano, 4ro B Mccie yeMoM CIUIaBE HAUOOJCE IHCPIETH-
YECKH BBITOJHO 00pa3oBaHKUe BakaHCHH Ha Mecte atoma C, Tak jke BRITOJHO 00pa30BaHHC BAKAHCHHA HA
mecTax aroMoB Mn, B TO BpeMst Kak BakaHcuu Ga sIBIISIOTCS SHEPIreTHUCCKH HEBBITOJHBIMU. TaKKe BbI-
YHC/ICHA KOHLCHTPALMS BaKAHCHI MPHU KOHCYHOH Temmeparype. [IpoaeMoHCTpUpoBaHO, YTO BaKaHCHU
Mn 1 C ©MCIOT IPAKTUICCKH OJHHAKOBYIO PABHOBECHY IO KOHLICHTPALMIO IIPH HCHYJICBOM TeMIieparype,
IPHU 3TOM KOHICHTpauus Bakancuit Ga mpeHeOpesxumo mana. Kpome Toro, paccuuransl MOAyIH yrpy-
TOCTH JUTsl PA3NUYHBIX MArHUTHBIX YIOPSAOUCHHH ((eppOMArHUTHOE, HEKOUTMHEAPHOE U aHTH(Eppo-
MarHUTHOE) B HccheayeMoM cruiase. Mcmons3ys kBasurapMoHHYeckyio Mozaenb Jlebasd, mocTpocHBI
KpuBbIC CBOOOAHOM sHeprun [eapmroabua. Mcmonp3yst 3TH KpUBBIC, MOKA3aHO TAKXKE, YTO MOHOBAKAaH-
cun llotku He aecrabunusupyror peppomarautay o daszy. CtabunpHOCTh heppomMarHuTHOM (asel 00y-
CIIOBJICHA HATMYHEM OOJIBINOTO BKJIAAa MATHUTHOW SHTPONHH B CBOOOAHY IO HEpruro ['enpmroabua aist
HCCIIEyEMOrO CILIABA.

Knioueswie cnosa: eaxancus; snepeus oopasoeanus eaxancuti, snepeus I enomeonvya; ab initio.
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