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In this paper, with the help of the density functimal theory, the structural
and elastic properties of A2, B2, D§) and L1, phases of Fgo,Ge, alloys (12,55 x
< 28,125 at. %) have been studied. The electronic @rull ionic relaxations were
used for the investigation of crystal structures. Tie concentration dependencies of
the atomic volumes, structural phase transition temperatures, tetragonal and
rhombohedral shear moduli have been calculated. Wehow that the atomic vol-
ume curves correlate with the sequence of phase trsitions observed experimen-
tally: A2—-B2—D0; (x <22 at. % of Ge content). The structural phase trasition
temperatures increase with the Ge concentration. Tén calculated tetragonal
moduli for the DOz, A2, and L1, structures decrease with the increasing of the Ge
content, what agrees with the experimental resultsThe dependence of rhombo-
hedral shear moduli as a function of Ge concentratin does not change signifi-
cantly with increasing Ge atoms. TheC,, is increased for the D@ phase, while for
A2, B2, and L1, it decreases.
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Introduction

The discovery of large magnetostrictive straingam-gallium alloys in 1999 started the extensive
study of rare-earth-free binary alloys basedwdfe [1, 2]. These alloys are promising materiatsstn-
sors and actuator applications. Among them, irdhuga alloys are the most thoroughly investigated.
The phase diagram of Fe-Ge alloys is very simdgfe-Ga systems in the Fe-rich region [3]. Ga aed G
arep-elements that have a significant influence ontededc structures of binary compounds, which, in
turn, determines their structural and magnetic @rigs. In both alloys, in the range of Ga(Ge) eant
up to 12 at. %, the phase diagram is charactebyetie existence of the disordereghase (A2 struc-
ture). At these compositions, the values of magtattion (.19 for Fe-Ga and Fe-Ge are similar and
positive [1]. The further increase of Ga contenttod9 at. % leads to the formation of mixing phase
DO0s+A2 [4]. The magnetostriction of E&Say, reaches 340-10in slowly cooled samples. In the case of
Fe;1 Gegs, B2 and D@ phases are observed [6], @ngh = —96-10° [1]. In contrast to Fe-Ga alloys, the
properties of Fe-Ge systems are not well investyaExperimental studies of phase formation ant tra
sitions in alloys with Ge additives are presente{b+13, etc.]. For Fe-Ge alloys in the phase megio
X< 22 at. %, three types of the base-centered cbibig} Structures with different ordering (fully disor-
dered A2, partially ordered B2, and ordered)xist [5, 7, 9, 10, 13]. In the concentrationgarmf Ge
content 2X x < 28 at. %, low temperature face-centered cutoi§ (1, and high-temperature hexago-
nal DO phases were also observed [5, 6, 8, 10-12]. Tieetadf the addition of Ge atoms on the elastic
properties of Fe-Ge alloys is considered in [1; #dih the increase of Ge atoms in Fe lattice gieay-
onal elastic modulus decreases.

The magnetic moments and Curie temperatures @b f&s; alloys were investigated theoretically
in [15-18]. With adding of Ge atoms the total magnenoment and Curie temperature reduced.
Caoet al [19] with the help of a full-potential-linearizemugmented plane wave method studied the
magnetostriction as a function of Ge concentrafidrey found thak,qo increased linearly witl up to
11 at. % and then decreased. In our recent workll@bbased on the total energy calculation of
FenoxGe alloys with different structures, the phase diages a function of was constructed. Never-
theless, the existing theoretical results are figeaht to understand the relation between phasestr
formations and magneto-elastic properties.

Therefore, this study aims to investigate the stmat and elastic properties of cubic phases of
FeoxGe (12,55 x< 28,125 at. %) alloys within different approachesgeometry optimization. The
paper is organized as follows. Section 2 presémsietails obb initio calculations. Section 3 contains
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the main results and discussion. Conclusions aréged at the end of the article (Section 4).

1. Calculation details

Ab initio calculations were performed by using the projeaisgmented wave (PAW) method im-
plemented in the Viennab initio simulation package (VASP) [20, 21]. The exchangeetation effects
were treated in generalized gradient approximaiiPerdew—Burke—Ernzerhof formalization [22]).
Pseudopotentials were taken for the following etett configurations: Fe(83d’4s") and Ge(4%Ip?).
Kinetic energy cut-off was 450 eV, and kinetic gyecut-off for the augmentation charges was 800 eV.
The Brillouin zone integration was performed by Menkhorst—Pack scheme [23] with 8x8k$oint
sampling. The calculations were converged withehergy accuracy of 10eV. The geometry optimi-
zation of 32-atom supercells was carried out with ielp of electronic and ionic relaxation. In dase
of electronic relaxation, the equilibrium latticerpmeters, were obtained from the dependency of total
energyE on the cell volume with a fitting to the Birch—Maghan equation of states. While the ionic
optimization was fulfilled assuming that the cdiapes and ions degrees of freedom were fixed. The
following phases in RgyGe (12,5<x< 28,125 at. %) alloys, which were observed expariaiby,
were considered: A2uFe-type structurespace groupm3m no. 229), B2 (CsCl-type structurspace
group Pm3m no. 221), D@ (BiFs-type structure, space grolmn3m no. 225), and Li (CuwAu-type
structure, space groupm3m no. 221). To create off-stoichiometric compositian 32-supercell for
each structure, either Fe or Ge atoms were replagede or Fe on randomly chosen lattice sites, re-
spectively. This allowed us to change the compmsitiith the step of 3,125 at. %.

After obtaining the lattice constants, we calcudatee elastic moduli for cubic structures using
strain tensors, which correspond to isotropic, atibmbic, and monoclinic deformations. We assumed
that the volume of the unit cell was constant, #meddistortion parameter changed in the range &f+3
Additional calculation details can be found in [24]

2. Calculation results

The calculated equilibrium lattice parametagstotal energies per atol, and formation energies
Eqm for electronic and ionic relaxation are presemte@iable. The formation energy can be defined as a
difference between the total energy per atom dadlexy and total energies per atom of its components
their equilibrium bulk structures:

Erom = Eo(Feioo Gg)~ 32( 108 %) EF( et xES| /10
Fe(Ge)

where E;; is the total energy per atom of alloys components,the Ge content concentration. For

A2, B2, DG, and L% cubic structures, the lattice parameter increastsGe content. In the case of B2
and DQ@ phases, the lattice constant decreases for systingn excess of Ge ¢ 25 at. %). For the
comparison, the experimentally obtained latticestamts are also included in Table. For both relaxa-
tions, the values of lattice parameters are in gogréement with each other and with experimental re
sults. The difference betweegf anda," is less than 0,5 %, and betweafl anda,™" is approximately

1 %. The differences between the obtained totalggnealues are negligible, and the fructure is
energetically favorable for all considered Ge comeions.

B2, DO, and L% structures are stable because their formationgeeserare negativeEf,, < 0). A2
phase is stable at Ge content 18 at. %. However, in the disordered A2 structthie arrangement of
atoms in the lattice has a significant effect am dglhound state properties and formation energy vand
considered only one configuration.

Fig. 1(a) shows the atomic volumé, as a function of Ge concentration in the range of
12,5<x< 28,125 at. %. The available experimental value9[@0] for the A2 structure are also pre-
sented in Fig. 1(a). The closest to the experiraeatA2 phase results obtained with electronic eelax
tion and Ge content of up to= 21,875 at. %. In the range »t 22 at. %, the experimental volume
changes slightly, while the theoretical estimationtinues to increase. The lowest and the laigeate
observed for the most stable phase BAd A2 structure, respectively. Thg of the B2 structure is
close to D@ Under the transition from disordered to ordertdes the unit-cell parameters decrease
slightly and, therefore, the atomic volume alsordases [25—-27]. The obtained dependencieg, i
Ge content correspond to the sequence of phasesitivas observed experimentally [5, 13]:
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A2—B2—-D0; (8<x<22 at. %). Thefcc phase L1 in the range of 21,87%x< 28,125 at. % has a
minimum of V, in stoichiometric composition R&es, which is in agreement with the experimental
data [11]. The L1 phase is experimentally observed in the narronc@&entration range~ 22+25,7
at. % [5, 11, 28, 29]. Here, we simulated a widsrge of concentrations for the Jfihase, since the
minimal concentration step in the 32-atoms supkis8l, 125 at. %.

Optimized lattice constant

Table

ap (A), total energy E, (eV/atom), and formation energy  Ejm (meV/atom) of Fe 00 xGey alloys in

comparison with experimental data ( a,”®). The positive values of formation energy are bold  ed
X Phase Electronic relaxation lonic relaxation agxp
a()eI E0 Eform a()lon E0 Eform
12,5 A2 2,874 | -7,803 -12,845 2,867 7,802 -11,366 2(88M3 at.%)
B2 2,865 | —7,809 —18,965 2,857 —-7,809 -19,022
D03 5,72 —7,851 —60,717 5,707 -7,851 —60,7109
15,625 | A2 2,879 | —7,680 —6,744 2,873 —7,680 -6,6972,885 (16,13 at.%)
2,891 (14 at.98)
B2 2,865 | —7,695 -22,112 2,862 -7,6P6 22,087
D0, 5720 | 7,743 —69,712 5,708 —7,743 —69,665
18,75 | A2 2,889 | —7,556 | 0,718 2,883 | —7,556 0,737 2,899 (20 at.%)
B2 2,870 | -7,580 -23,354 2,863 —-7,580 -23,306
D03 5,722 | —7,636 —79,794 5,70¢ —7,686 —78,904
21,875 | A2 2,898 | —7,418 | 21,643 2,890 | —7,418 22,019 | 2,902 (22.5 at.%)
2,885 (21 at.%)
B2 2,868 | —7,462 —22,965 2,86( —7,463 -23,219
D03 5,725 | —7,530 -90,285 5,711 -7,5P9 -89,203
L1, 3,640 | —7,505 —65,941 3,633 —7,5p5 -65,358
25 A2 2,909 | —7,275 | 47,329 2,903 | —7,275 47,684 | 2,903 (25 at.%)
B2 2,867 | —7,343 -19,991 2,861 -7,343 -19,911
D0, 5,720 | -7,423 -100,09% 5,707 —-7,423 -—
100,083
L1, 3,638 | —7,413 -90,031 3,629 —-7,412 -89,481 3,665
28,125 | A2 2,920 | —-7,135 | 70,431 2,914 | —7,136 70,408 | 2,901 (27,5 at.%)
B2 2,867 | —7,218 -12,121 2,86( 7,218 -12,141
D0, 5,716 | -7,277 —71,689 5,707 7,27 —-70,947
L1, 3,655 | —7,247 —-41,225 3,644 7,247 -41,201 3 6BB3 at.%)
I Data were taken from [6].
Z Data were extrapolated from [10].
® Data were taken from [7].
* Data were taken from [11].
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Fig. 1. Dependence of (a) Fe 100xGex atomic volume V,, and (b) calculated temperatures of structural pha
X. Atomic volumes V,(x) were obtained by two types of relaxations: electr
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Fig. 1 (b) presents the calculated temperaturestrottural phase transitioﬁl?,rIDh as a function of
Ge concentration and their comparison with thelalbbe experimental data [8, 11-13]. The estimations
of T,”" can be obtained fromE = k; T,"", whereAE = E, - E.,,, E., iS the energy of the most ener-

getically favorable structure (@0n this case), anlg is the Boltzmann constant. The structural phase
transition temperature is the temperature, aboviehwtine corresponding phase exists. For all consid-

ered structures],”" values increase with Ge concentration. The sldphmtheoreticarl'tﬁz(x) curve

A2
Xp

while the theoretical estimation @f*? continues to increase up to 25 at. % of Ge. FeB® structure,

is steeper than the experimental one. ¥or22 at. %, the experiment curve changes slightly,

the experimentaTI'eBxf) curve increases more rapidly than the theoretioal The pure structure L is

experimentally observed at about 25 at. % of Geertr(through the D@—L1, transition). The range
22<x< 27 at. % is characterized by different mixtureshef B2, D@, DO,o, and L% phases [5, 8, 13].

(a) 45 b\
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35

30

= )
s S
O 20r G
15} :::gé} ) \\ol
10 —A—LI,
[ Elxix data . [ Elxp. data .

5 1 1 1 1 1 80 1 1 1 1 1
12,5 15,0 17,5 20,0 22,5 25,0 27,5 12,5 15,0 17,5 20,0 22,5 25,0 27,5
x (at.%) x (at.%)

Fig. 2. Dependence of (a) tetragonal C' and (b) rhombohedral Cau, shear moduli of Fe 100.4Geyx alloys on Ge concentration,  X.
The results were obtained by two types of relaxatio ns: electronic (filled symbols) and full ionic (ope n symbols). Experi-
mental values (half-filled symbols) were taken from [1] for C' and from [14] for Cas

The concentration dependencies of tetrag@and rhombohedral,, shear moduli are presented
in Fig. 2 (a, b) together with the room-temperaterperimental results. For both elastic moduli, the
closest to the experimental values were calculatsults for the DOstructure obtained by electronic
relaxation. The increase of Ge concentration up2@®5 at. % leads to a decrease in the tetragdesl e
tic modulus. This indicates a pronounced softewintpe DQ structure. The rhombohedral shear modu-
lus C44 does not change significantly with only slightly decrease for structures with Ge esec
(x> 25 at. %). The same concentration dependencidstb C' andC,, were obtained theoretically for
the D@ phase in the Fe-Ga system [24]. In the case difRL L structures, the tetragonal shear modu-
lus decreases in the considered range of 42,528,125 at.%. For A2, B2, and 4 btructures, the
rhombohedral shear modul@s, has a trend similar t6'.

Conclusion

We have studied the structural and elastic praggenif Fe-Ge alloys by using the first-principles
methods. Crystal structure optimization was perfmnfor phases A2, B2, B0and L1 of FegoGe
(12,5<x< 28,125 at. %). We considered two types of relaxati electronic and full ionic. We showed
that the lattice constants increase with Ge comagan in both approaches, and the difference batwe
obtained lattice constant, total energy, and foionagnergy is negligible. The R8tructure is energeti-
cally favourable for all considered Ge concentratioThe dependence of atomic volulig x) on Ge
content corresponds to the sequence of phasetioassbbserved experimentally (AZB2—D0s) in the
range & x< 22 at. %. We estimated the temperature of stracpirase transition’sﬁr"’h as a function of

Ge concentration and found that the slope of theutzsed curve for the A2 phase is steeper thather
experimental one. Moreover, we obtained the deperiée of tetragonal' and rhombohedral,, shear

52 Bulletin of the South Ural State University
Ser. Mathematics. Mechanics. Physics, 2020, vol. 12, no. 2, pp. 49-56



Zagrebin M.A., Matyunina M.V, Structural and elastic ~ properties of Fe-Ge alloys:
Sokolovskiy V.V., Buchelnikov V.D. ab initio studies

moduli on Ge content. For A2, B0and L1 structures the increase of Ge concentration leadsde-
crease in the tetragonal elastic moduli. The rhdmedeal shear moduli do not change significantlyhwit
X. In general, results obtained by electronic rdiarsare in good agreement with the experimenttd.da
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B pabote mpencraBieHsl UcciIeqOBaHUs CTPYKTYPHBIX U ynpyrux cBoiictB a3 A2, B2, DG u L1,
cr1aBoB FeoGe (12,5< x < 28,125at. %), BHIOIHEHHBIE TIPH TIOMOIIM TEOPUU (YHKIIMOHAJIA TIOT-
HocTH. Kpucrammndeckue CTpYKTYphl HCCIEAOBAINCH TPH MOMOIIM JBYX THIIOB pENIAKCALMH: IIeK-
TPOHHOH M MOJHOHM MOHHOH. [locTpoeHBI KOHIIEHTPAIOHHBIE 3aBUCIMOCTH aTOMHBIX 00bEMOB, TEMIIE-
patyp CTPYKTYpHBIX ()a30BBIX HEpPEXOJO0B, TETPArOHAIBHBIX W POMOOIAPHUECKHX MOAYJEH caBHra.
KpuBble 3aBHCHMMOCTEH BETMYMH aTOMHOTO 00BEMa COOTBETCTBYET ITOCIIEAOBATEILHOCTH (Pa30BBIX ITe-
pPeX0/I0oB, HAOIIOMAEMBIX dKCIepUMenHTanbHO: A2 — B2 — D0; (X < 22 at. % conepikanus Ge). IToka-
3aHO, YTO TEMIIEPaTyphl CTPYKTYPHBIX ()a30BBIX MIEPEXOJ0B BO3PACTAIOT C YBEINYCHHUEM KOHLCHTPALIUH
Ge. B cooTBeTCTBHU C SKCHEPUMEHTAIBHBIMU PE3yIbTaTaMH PACCUNUTAHHbBIE TETPAaroHAIbHBIC MOJYJIH
s ctpyktyp D0Os, A2 u L1, ymenbinatotes ¢ poctoM atoMoB GeB ciiaBax. Bennunnaa pomOosapuye-
CKOT'O MOJYJISl CABHIa CYIIECTBEHHO HE M3MEHSETCs ¢ yBennueHneM yncia atomoB Ge.Cy, yBennumnBa-
etcst uist paszsl DO, B To Bpems kak s A2, B2wu L1, ymensiaercs.

Knrouesvie crosa: ab initio; kpucmaniuyeckas cmpykmypa; gazogvie npeepaujenus; ynpyaue mo-
oynu.
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