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Abstract. The influence of a change in the Ga content on the magnetostrictive properties
of the Fe3Ga alloy with the D03 structure has been studied by density functional theory
methods. The change in the stoichiometry of the alloy under study was carried out by
replacing the Fe atoms with Ga. The replacement leads to a significant change in the
electronic structure of the systems under study, which leads to a significant increase in the
density of electronic states near the Fermi level. This effect leads to an increase in the
magnetoelastic energy, which leads to an increase in the value of the magnetostrictive
coefficient A001. A further increase in AO01 occurs due to a decrease in the shear modulus,
which occurs due to an increase in the number of loosening bonds in the system with an
increase in the Ga content. The resulting dependence of A001 on the Ga content, although
they show an increase in the absolute value of the coefficient A001, but give its negative
values, in contrast to the positive value of magnetostriction observed in the experiment.
Solving the problem of matching the sign of the theoretical and experimental values of the
magnetostrictive coefficients requires further research.
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1. Introduction

Materials with high magnetostriction are widely used as magnetic field sensors, magneto-
mechanical actuators, and energy collectors [1]. A significant magnetic field characteristic is needed [2].
Giant magnetostriction up to 2000 ppm was found in rare-earth iron-based alloys Terfenol and Terfenol-
D [3,4]. However, the cost of these materials is high due to the use of rare earth elements. In addition,
their hardness and brittleness are very high, limiting the materials” scope.

Binary Fei»Gax alloys (Galfenol), although having inferior magnetostrictive properties to
Terfenol-D, are attractive due to their low cost and high mechanical strength, low saturation magnetic
field, excellent ductility, and low cost [5-7]. FeixGax alloys demonstrate the two-peak tetragonal
magnetostrictive coefficient Aoor behavior near x = 0.19 and x=0.27 with the value of the magnetostrictive
coefficient as large as 400 ppm [8-10]. It was found experimentally that the peak magnetostriction values
at 19% Ga is associated with maximum value of the magnetoelastic coupling constant as a function of the
Ga concentration. The second magnetostriction peak can be attributed to softening of the elastic modules
d = (c11 - c12)/2 [6].

According to the phase diagram proposed by Koster at al. [11] and Kubashevski [12] and
supported by Golovin et. al. [13] the equilibrium structure of Fe-26.9Ga and Fe-25.5 Ga alloys at room
temperature (RT) must be 100% L12 phase and about 90%L12+ 10%A2 phase respectively. Using high
resolution neutron diffraction, it was proven that the initial state of FeGa functional alloys with 25 and 27
at. % Ga as-cast samples at room temperature is the D03 phase which results from ordering of the high
temperature A2 phase during cooling. From the analysis of the diffraction peak widths, it was concluded
that the initial state consists of domains of about 1400-1800 4 in size with long-range ordered D0s with lattice
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parameters 5.8130 — 5.8172 A [14]. Upon heating, there is an irreversible first-order phase transition from the
metastable D03 to the equilibrium L21 phase [13,15,16]. A2 and DO0s — structured FeixGax alloys have
positive magnetostriction, but the L21-structured one has negative magnetostriction [13,14,17,18].

Studies of the magnetostriction and elastic properties of the Fe-Ga alloys with a Ga content of
about 25 at. % showed that a small, within 25 at. %, change in the Ga content sharply affects the value of
the magnetostriction coefficient and the elastic modulus ¢’ [6,19,20]. If for the Fe-Ga alloy of structure D03
the measured value of the magnetosrictive coefficient 3/2 449, is 150 ppm ( Ago; = 100) [14], then for the
Fe-27.2Ga this value reaches 350 ppm [6,19]. According to the results of the theoretical modeling, the
value 3/2 Ay, is negative and equals -161 ppm ( A4gg; = —107 ppm) [21].

In this work, we study the effect of changing the gallium content in the FesGa alloy with the D03
structure on the magnetostriction coefficients 1y,. Calculations have shown that, at small changes in the
composition of the compound under study near the Fermi level, there is a sharp increase in the number
of d-states of Fe atoms, which leads to an increase in the magnetoelastic energy. Also an increase in the
Ga content leads to an increase in the number of antibonding states, as a result of which the value of the
shear rmodulus of elasticity ¢’ decreases. Both effects leads to an increase in absolute value of ;.
However, the difference in the sign of the calculated an experimental values of the magnetostriction
coefficients remains unclear.

2. Computation Details

The DO0s (Fm3m , group 225) unit cell consist of three Fe and one Ga site (Fig. (1(a)). There are two
types of Fe atoms: those with Fe and Ga atoms in nearest-neighboring positions (Fel) and those with only
Fe atoms in the nearest-neighboring positions (Fe2). The ocal order around the Fel and Fe 2 atoms is
shown in Figs. 1 (b,c), correspondingly. A 2x2x2 cubic supercell (128 atoms/cell) was used to model small
chemical composition changes on the physical properties of compound under investigation.

(b)

Figure 1. (a) Unit cell of the FesGa alloy with the DO0sstructure. Local environment of atoms of type (b) Fel
and (c) Fe2. Golden and green balls represent Fe and Ga atoms, respectively. Large balls denote Fel atoms, and small
balls —Fe2

The coefficient of tetragonal magnetostriction at volume-constant distortion (&, = &, = —1/2¢;)
Depends on the ratio of magnetoelastic energy b: and tetragonal shear modulus ¢’ and is written as
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b1

Ago1 = — 30 1)

where bi= — % % is determined by the dependence of the magnetocrystalline anisotropy energy Emca
0 z

on distortion [22,23]. The elastic constants c11and ci2 were obtained by the stress-strain relation g; = ¢;;¢;.

From the electronic structure, the enhancement of the magnetostrictive effect in Fe-Ga alloy is a
high dependence of magnetocrystalline anisotropy energy (Emca) on the strain. The appereance of
nonbinding d-states of electrons of Fe atoms near the Fermi level is accompanied by an increase in
electronic density of states (DOS) of the Fe atoms closest to Ga, particularly from states in the minority
spin channel. This effect ensures the growth of Emcaon the one hand and a decrease in elastic moduli, on
the other hand, increasing the overall magnetostrictive effect [24,25].

We recall that the spin-orbit coupling (SOC) is the key factor for Emca. The lowest order
contribution of SOC toward the total energy is [26]

A
ESOC = _¢2 Zo'uw, 2

Eu—¢&

where |0) > and |u) > represent the sets of occupied and unoccupied states, respectively. The
nonzero contributions from the d -states to ES°¢ are from the following matrix elements
Cyllalyz) = 1,2 = y2|Lxz) = 2 42| Laxn y2) =3,
(xy |f,x|xz,yz) =1,(x? — y?|L,xz,yz) = 1

The first-principles calculations of structural and magnetic properties of the Fe-Ga alloy
systems were done by means of the VASP (Vienna Ab-initio Simulation Package) [27, 28] with the
supercell approach. The exchange-correlation potential was treated by the generalized gradient
approximation (GGA) in Perdew-Burke-Ernzerhof (PBE) form [29]. The k-point mesh was generated
by the Monkhorst-Pack scheme [23] with a grid of 4x4x4 points. To describe electron-ion interactions,
the PAW pseudopotentials [20, 21] were applied and the valence-electron configuration of
Fe(3s23p®3d”4s') and Ga (3d'%4s24p?) were selected. The value of the the plane-wave cut-off energy
is 500 eV. Lattice parameters were relaxed to zero pressure while retaining the cubic symmetry. To
obtain the ground structure, internal structure parameters were optimized until the remaining forces
were less than 0.01 eV/A. All calculations were done at T =0 K.

Structures were visualized in the VESTA package [30]. We used the VASPKIT code for post-

processing of the VASP calculated data [31].
3. Results and Discussion

The study of changing the chemical composition of the FesGa alloy of structure D0s towards an
increase in the Ga content was carried out by replacing Fe atoms with Ga atoms. Calculations have
shown that, with such a substitution, it is more energetically favorable to place an additional Ga atom
at the Fe2 site than at the Fel site. The difference in the energies of the model supercells is 0.121 eV.
This finding is consistent with the fact that gallium atoms in Fe-Ga alloys are not located at the nearest
lattice sites, and the probability of finding gallium atoms at neighboring sites is negligible [22]. Further
modeling of the properties of the compound under study was carried out for cases where Ga replaced
the Fe2 atoms. We studied structures in which up to 3 Fe atoms were replaced, corresponding to the
maximum Ga content of 27.35 at.%. The substitution was carried out so that the distances between the
replaced atoms were maximum. As a result, the interatomic distances are no less than 74. In what
follows, we consider configurations in which atoms of the Fe2 type are substituted unless otherwise
noted.

The results of calculations of the magnetostriction coefficient 4yo; in comparison with the
experimental results are presented in Fig. 2. The obtained theoretical data are in good agreement with
the measurement results and show a sharp increase in the value of 149, with a slight change in the Ga
content.
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According to Eq. 1, an increase in Ay is possible in the case of an increase in the magnetoelastic
energy b1 or a decrease in the value of the elastic modulus ¢’. Changes in both of these quantities as a
function of the content of Ga atoms are shown in Fig. 3 comparing with available literature data [6, 19,
20, 32-34]. When one Fe2 atom is replaced in the perfect D0s structure, the magnetoelastic energy
increases by factor two, which further decreases linearly with an increase in the Ga content (Fig.3 (a)).
The theoretical data obtained predict the possibility of a second peak in the value of the magnetoelastic
energy at a Ga content close to 25 at.%. In the experiment [6], one peak in - b1 value was observed near
19 at.%Ga. However, it should be noted that this peak lies in a relatively narrow region of Ga
concentration, which makes it difficult to detect it. In addition, and much more importantly, the
calculated sign of b1 is opposite to that measured experimentally but agrees with earlier calculations
[21]. This difference is due to the sign of the derivative in Eq. 1.

The dependence of the elastic modulus ¢’ on the Ga content is shown in Fig. 3 (b). When one
Fe2 atom is replaced, the value of ¢’ changes slightly. With a further change in the Ga content, this
elastic modulus begins to decrease sharply, and at 27.35 at.% Ga, the structure becomes mechanically
unstable due to the ¢’ modulus turns to zero. In this case, to confirm the observed tendencies of ¢’
change, we also performed additional calculations in which the Fe atom replaced the Ga atom, and Ga
replaced four Fe2 atoms.

At a Ga content of 24-26 at.%, the calculated values of ¢’ are in good agreement with the
experimental data. As the Ga content increases, the discrepancy between theory and experiment
becomes significant since the experiment did not reveal a decrease in the value of ¢’ with a further
increase in the Ga content. Stabilization of the D0s structure can occur by randomizing a small number
of Ga atoms from their ordered lattice sites [25].
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Figure 2. Calculated values of magnetostrictive coefficient 9o, along with the experimental data. It should
be noted that the signs of the experimental and theoretically calculated values are different and here are the
absolute values for the theoretically calculated values of A¢p;. The dotted vertical line corresponds to the
mechanical stability boundary of the D0s structure

BECTHVK EHY umenu A.H. lymunresa. Cepus mexruueckue Hayku u mexHoA02uu Ne 4(141)/2022 77
BULLETIN of L.N. Gumilyov ENU. Technical Science and Technology Series



Electronic structure modification and negative magnetostriction in Fe-Ga alloy of D03 structure with Ga content variation

(a) (b)

7 I
-@- - This work | 161s . :
O Ret[e : e R v S
61 o | Rie—eo—_ _ ..
: ) 104 { ] = e .
o '~. | 8 ®
£ 540 : « 6- !
— .. 0 Ay 61 I8 ° !
< 4+ ‘- 4 O 2+ :
: e s b
34 ® | -21- @- Ref[6] Ref.[6] .\
! -4 4- A- Ref[19] —O—Ref.[20] ! @
: -6]—O—Ref[20] - M- Ref[32] !
’ i 3] @ Ref[33] - ¥- Ref[34] .
24.0 245 250 255 260 26.5 27.0 27.5 24 25 26 27 28
(V)
at.% Ga at.% Ga

Figure 3. Calculated Ga-content dependent values of (a) magnetoelastic energy (with opposite sign) and
(b) elastic modulus ¢’ along with experimental data. The dotted vertical line corresponds to the mechanical stability
boundary of the D0s structure

When Ga replaces one Fe2 atom, the increase in the value of Ay, occurs due to the rise in the
value of the magnetoelastic energy - b1. Further growth of 144, occurs because the elastic modulus ¢’
decreases. To study why the value of - b1 increases, we compared the density of electronic states of a
perfect lattice D0s and structures in which one Ga atom substitutes the Fe atom. The results obtained
are shown in Figs. 4 (a,b). A comparison of projected DOS (PDOS) for d -states on Fe atoms of the
perfect structure D03 and a cell with one substituted Fe atom shows that even such a slight variation in
the composition of the alloy leads to significant changes in the electronic structure. The changes are
extreme for spin-up states for both types of atoms - Fel and Fe2. PDOS for spin-down d -states on atoms
of the Fe2 type almost does not change with a variation in the composition of the alloy.

The resulting changes in the electronic structure have a critical effect on the magnetic anisotropy
energy. As follows from Eq. 2, the SOC depends on the matrix elements calculated between the states
near the Fermi level. Thus, an increase in the density of d -states on Fe atoms leads to an increase in the
magnetic anisotropy energy, which in turn leads to a rise in the value of A4¢;.

It should be noted that the change in PDOS on Fe atoms has a nonlocal character. PDOS of d -
states on atoms of the Fe2 type upon substitution of Fel (Fig. 4 (c)) and Fe2 (Fig. 4 (d)) with Ga atoms
undergo significant changes independent of the distance from the substituted Fe atom. This effect is
very different from the changes in PDOS with a modification in the chemical composition of a
disordered FeGa alloy of the A2 structure. The changes concern only the Fe atoms of the impurity
atom’s first and second coordination shells [35]. Such a nonlocal nature of the effect on the electronic
structure in the DOs lattice is due to long-range order. A change in the composition leads to delocalized
electronic states on Fe atoms. In disordered alloys, such states are localized near the impurity atom.
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Figure 4. The projected density of states of d -electrons on Fe atoms when Ga replaces atoms of type (a) Fel
and (b) Fe2 compared to the corresponding values for the perfect D0s structure. The distribution of densities of d -
states on Fel atoms as a function of the distance from the Ga atom substituting for (c) Fel and (c) Fe2 atoms.
Colored lines correspond to PDOS on Fel atoms at the indicated distances from the Ga atom substituting Fe

The fundamental difference lies in the fact that the density of antibonding d -states on atoms of
the Fel type is ymuch higher than on atoms of the Fe2 type [24, 25]. Ga content caused electronic
structure modifications affecting spin-down electronic states contributed to changes in
magnetostriction [22]. A quantitative description in Fig. 5 shows the number of electron states with spin
down near the Fermi level of £0.2 eV, N({) on Fe atoms depending on the content of Ga atoms in the
alloy. When one Fe2 atom is replaced, the value of N({) takes on a maximum value, which explains the
peak in the value of the magnetoelastic energy shown in Fig. 3 (a). As the Ga content increases, the
number of antibonding bonds in the system increases, which leads to a decrease in the elastic modulus
c’, which corresponds to the instability of the crystal concerning shear distortions. (Fig. 3(b)). We
attribute the decrease in the value of N({) to the violation of the coherence of electronic states due to
Ga atoms replacing Fe atoms due to their random arrangement in the lattice. The value of N({), when
replacing more than one Fe atom with a Ga atom and when replacing a Ga atom with Fe, takes values
close to the maximum for the disordered Fe-20Ga alloy [22]. At the same time, this kind of disorder
does not lead to any significant changes in the qualitative form of the PDOS graphs as it is seen in Fig.
6.
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Figure 6. The density of states of d-electrons on Fe atoms for mechanically unstable Fe-27.35at.%Ga (three
Ga replace atoms of Fe2 type) compared to the corresponding values for the perfect D0s structure

4. Conclusion

In this work, we study the effect of changing the stoichiometry of the D03 FesGa alloy on the
electronic and elastic properties. The data obtained make allow to analyze the effect on the
magnetostrictive properties of the considered compounds. Calculations showed that replacing a Fe
atom with a Ga atom in the supercell of the DO0s lattice leads to a significant change in the compound’s
electronic structure. As a result, the density of electronic d -states near the Fermi level increases, which
leads to a rise in the magnetocrystalline energy. This effect leads to an increase in the magnitude of the
magnetoelastic energy, but the value of the elastic modulus ¢’ does not change, which leads to an
increase in the magnetostrictive coefficient Ayo; . The further increase in 444, with increasing Ga content
is due to a decrease in the elastic modulus ¢’ with a slight reduction in the value of the magnetoelastic
energy. The data obtained agree with the known experimental results. The data obtained agree with
the known experimental results in absolute value but differ in the sign of the obtained values. We are
currently searching for the reasons for this difference.
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Ga xypambIHbIH o3repyimMen D0 3 KypbiabiMbiHBIH Fe-Ga KOpBITIIachIHAAFbI 91€KTPOHADI
KYPBLABIMHBIH MOAV(UKAIUACHI )K9He Tepic MarHUTOCT pUKIIVSICHI

Annoramms. Ga KypaMbiHbIH esrepyiHiH FesGa MarHMTOCTpMKTIMBTIK KacueTTepiHe ocepi.
THIFBI3ABIKTHIH (PYHKLIVMOHAAABIK TEOPUACBIHBIH daicTepiMeH D03 KypbLABIMEI Oap KOPBITIIa 3€PTTEAA].
3epTTeAeTiH KOPBITIIaHBIH CTeXMOMeTPIACLIHBIH e3repyi Fe aromaapbin Ga-fa aybICTBIPY apKbLABI XKY3eTr
€achIpplAAbl.  AyBICTHIPY 3epTTeAeTiH >KyliedepaiH DAeKTPOHABIK KYPBLABIMBIHBIH aliTapAbIKTall
esrepyiHe okeaeai, Oya ®PepMmu JeHrelliHe >KaKbIH DAeKTPOHABIK KYIA€PAiH THIFBI3ABIFBIHBIH
aliTapAbIKTall ecyiHe akeaeai. bya acep MarHuTTi cepniMAiaik DHepPIUACLIHBIH YAFalObIHA 9Kealeai, Oya
Ao01 MAarHUTOCTPUKIIMAABIK KODPPUITMEHTIHIH MoHiHIH >KOFapblaaybIHa aKeaeai. Apbl Kapail Aoo1 YAFarobl
BIFBICY MOAYAiHIH ToMeHJAeyiHe OaliaaHbICTEI 004aabl, 04 Ga KypaMBIHBIH yAFalObIMeH >Kyiiederi 6oc
OariaaHBICTap CaHBIHBIH apTyblHa OalidaHbICTEI Ooaaabl. Hotiokecinae Ao -aiH Ga Ma3MyHBIHa
Toyeaaiairi, oa A001 xosdPuimenTiHiH abCOAIOTTI MoHIHIH >KOFaphLiayblH KepceTce Je, ToxXipudese
OalikaAfaH MarHUTOCTPUKIVISHBIH OH IIaMachlHaH alibIpMAIlIBIABIFEI OHBIH Tepic MoHAepiH Oepeai.
MarHuTocTpuKIMAABIK KOD(PPUITMEHTTepAiH TeOpUAABIK >KoHe ToKipnOeaik MoHAepiHiH OeariciH
COUIKeCTeHAIPY MaCeAeCiH IIelTy KOChIMIIA 3ePTTeyAePAl KasKeT eTeal.

Tyitin ce3aep: Fe-Ga KopbITHachl, AeKTPOHABIK, KYPBIABIMBI, THIFBI3ABIKTBIH (PYHKIIMOHAAABIK
TeOPUSICHI, MAaTHUTOCTPUKIINS, MarHUTTI CePIIiMAiAIK DHEPIUICHL.

T.M. NnepOaes’?, A.Y. Adoyosa?, A.K.
Aayaerbekosa?, d.Y. Adyosa?, b.JKymamn?
IHosocubupckuii 2ocydapcmeerinviii yrusepcumem, Hosocubupcik, Poccus
2Eepasutickuti Hayuonarbulil ynueepcumem umenu /A.H. I'ymuresa, Acmana, Kasaxcman

Moaudpuxanms 52eKTPOHHOM CTPYKTYPBI M OTpuUIlaTeAbHasi MarHUTOCTPMKIINSA B CIlaaBe
Fe-Ga crpyktypnr D0 c m3meHeHmem cogepxanmst Ga

AnnoTamms. Bansame mamenenust cogepkaHmsi Ga Ha MarHUTOCTPUKIIMOHHEBIE CBOVICTBA
FesGa. Cmaas co crpykryponr D0s mccaeaosaacs merogamm Teopun (PyHKIIMOHada ITAOTHOCTIL
VzameHeHne crexnoMeTpuUI MCCA€AYEeMOTO CII1aBa OCyIIecTBAs10ch 3aMeHoll Fe atomos Ha Ga. 3ameHa
MPUBOAUT K CYIIeCTBEHHOMY M3MEHEHNIO DAeKTPOHHOM CTPYKTYPbl MCCAeAyeMBIX CHCTeM, YTO
HPUBOAUT K 3HAUUTEABHOMY YBeAMYEHMUIO ILAOTHOCTY BHAeKTPOHHOIO COCTOSHNS BOAM3M YPOBHA
®epmn. D1oT BPEPEKT HNPUBOAUT K YBEANUEHUIO MArHUTOYIPYIOM ®DHEPIUM, 4TO IIPUBOAUT K
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yBeAMYeHNIO 3HaueHMs MarHUTOCTPUKIMOHHOIO Koodduiinenra Aco. Jaapiie yseanmdeHue Aot
IIPOMCXOAUT 3a CYeT YMEHBIIIeHNs MOAYAsl CABUTIa, KOTOpOe IPOMCXOAUT 3a cUeT yBeANdeHNs 9ucaa
PBIXABIX CBs3€ll B cucteMe ¢ yseanmdeHmneMm cogep>kanHu:a Ga. Iloaydennas 3aBucumocTb Aoor OT
cogep>xanust Ga, XOTsI U ITIOKa3bIBaeT yBeAndeHne adCOAIOTHOTO 3HadyeHns1 KospduimenTa Aoi, AaeT
ero oTpuliaTeAbHble 3HA4eHNs, B OTANYME OT MHOAOXKUTEABHON BEeANYMHBI MarHUTOCTPUKIIUM,
Ha0AI04aeMOil B ®DKcIepuMeHTe. PelreHne mpo6aeMbl COOTBETCTBMS 3HakKa TeOPeTUMYeCKUX U
DKCIIepMMEHTAaABHBIX 3HA4eHNUII MarHUTOCTPUKUVMOHHBIX KO®(PPuUINeHToB TpebyeT AaAbHENMIINIX
nccaea0BaHNI.
Karouesnie caoBa: ciaas Fe-Ga, 91eKTpoHHas CTPYKTypa, Teopus PyHKIIMOHaAa IIA10THOCTH,

MarHUTOCTPUKILNS, MaTrHUTOYIIpYyTasl SHEPIUs.
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