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Electronic structure modification and negative magnetostriction in Fe-Ga alloy of 

D03 structure with Ga content variation 
 

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 λ001. A further increase in λ001 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 λ001 on the Ga content, although 

they show an increase in the absolute value of the coefficient λ001, 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 Fe1-xGax 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]. Fe1-xGax alloys demonstrate the two-peak tetragonal 

magnetostrictive coefficient λ001 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 

cJ = (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 �̇� in size with long-range ordered D03 with lattice 
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parameters 5.8130 – 5.8172 �̇� [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 D03 – structured Fe1-xGax 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 𝑐′ [6,19,20]. If for the Fe-Ga alloy of structure D03 

the measured value of the magnetosrictive coefficient 3/2 𝜆001 is 150 ppm ( 𝜆001 = 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 𝜆001 is negative and equals -161 ppm ( 𝜆001 =  −107 𝑝𝑝𝑚) [21]. 

In this work, we study the effect of changing the gallium content in the Fe3Ga alloy with the D03 

structure on the magnetostriction coefficients 𝜆001. 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 𝑐′ decreases. Both effects leads to an increase in absolute value of 𝜆001. 

However, the difference in the sign of the calculated an experimental values of the magnetostriction 

coefficients remains unclear. 

 

2. Computation Details 

 

The D03 (Fm3̅𝑚 , 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 (Fe1) and those with only 

Fe atoms in the nearest-neighboring positions (Fe2). The ocal order around the Fe1 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. 

 

 
 

Figure 1. (a) Unit cell of the Fe3Ga alloy with the D03 structure. Local environment of atoms of type (b) Fe1 

and (c) Fe2. Golden and green balls represent Fe and Ga atoms, respectively. Large balls denote Fe1 atoms, and small 

balls –Fe2 

 

The coefficient of tetragonal magnetostriction at volume-constant distortion (𝜀𝑥 = 𝜀𝑦 =  −1/2𝜀𝑧) 

Depends on the ratio of magnetoelastic energy b1 and tetragonal shear modulus 𝑐′ and is written as 
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                                                𝜆001 = −
b1

3𝑐′                                                                (1) 

where b1= −
2

3𝑉0
 
𝑑𝐸𝑀𝐶𝐴

𝑑𝜀𝑧
 is determined by the dependence of the magnetocrystalline anisotropy energy EMCA 

on distortion [22,23]. The elastic constants c11 and c12 were obtained by the stress-strain relation 𝜎𝑖 = 𝑐𝑖𝑗𝜀𝑗. 

 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 EMCA on 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] 

 

𝐸𝑆𝑂𝐶 = −𝜁2 ∑
[⟨𝑜|�̂�⟩∙�̂�|𝑢〉]2

𝜀𝑢−𝜀𝑜
,𝑜,𝑢                                                            (2) 

 

where |𝑜〉 > and |𝑢〉 > represent the sets of occupied and unoccupied states, respectively. The 

nonzero contributions from the d -states to 𝐸𝑆𝑂𝐶 are from the following matrix elements                                    

〈𝑥𝑦|�̂̂�𝑧|𝑦𝑧〉 = 1, 〈𝑥2 − 𝑦2|�̂̂�𝑧𝑥𝑧〉 = 2, 〈𝑧2|�̂̂�𝑥𝑥𝑧, 𝑦𝑧〉 = √3, 
〈𝑥𝑦 |�̂̂�𝑥| 𝑥𝑧, 𝑦𝑧〉 = 1, 〈𝑥2 − 𝑦2|�̂̂�𝑧𝑥𝑧, 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(3𝑠23𝑝63𝑑74𝑠1) and Ga (3𝑑104𝑠24𝑝1) 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/�̇�. 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 Fe3Ga alloy of structure D03 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 Fe1 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 7�̇�. 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 𝜆001 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 𝜆001 with a slight change in the Ga 
content. 
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According to Eq. 1, an increase in 𝜆001 is possible in the case of an increase in the magnetoelastic 
energy b1 or a decrease in the value of the elastic modulus 𝑐′. 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 D03 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 𝑐′ on the Ga content is shown in Fig. 3 (b). When one 
Fe2 atom is replaced, the value of 𝑐′ 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 𝑐′ modulus turns to zero. In this case, to confirm the observed tendencies of 𝑐′ 
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 𝑐′ 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 𝑐′ with a further 
increase in the Ga content. Stabilization of the D03 structure can occur by randomizing a small number 
of Ga atoms from their ordered lattice sites [25]. 

 

 
Figure 2. Calculated values of magnetostrictive coefficient 𝝀𝟎𝟎𝟏 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 𝝀𝟎𝟎𝟏. The dotted vertical line corresponds to the 

mechanical stability boundary of the D03 structure 
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Figure 3. Calculated Ga-content dependent values of (a) magnetoelastic energy (with opposite sign) and 

(b) elastic modulus c′ along with experimental data. The dotted vertical line corresponds to the mechanical stability 

boundary of the D03 structure 

 

When Ga replaces one Fe2 atom, the increase in the value of  𝜆001 occurs due to the rise in the 

value of the magnetoelastic energy - b1. Further growth of 𝜆001 occurs because the elastic modulus 𝑐′ 

decreases. To study why the value of - b1 increases, we compared the density of electronic states of a 

perfect lattice D03 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 - Fe1 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 𝜆001. 

 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 Fe1 (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 D03 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) Fe1 

and (b) Fe2 compared to the corresponding values for the perfect D03 structure.  The distribution of densities of d -

states on Fe1 atoms as a function of the distance from the Ga atom substituting for (c) Fe1 and (c) Fe2 atoms. 

Colored lines correspond to PDOS on Fe1 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 Fe1 type is much 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 5. Calculated Ga-content dependent number of electronic states at the Fermi level in the minority 
spin channel, N(↓). The dotted vertical line corresponds to the mechanical stability boundary of the D03 structure 

 
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 D03 structure 

 

4. Conclusion 

 

In this work, we study the effect of changing the stoichiometry of the D03 Fe3Ga 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 D03 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 𝑐′ does not change, which leads to an 

increase in the magnetostrictive coefficient 𝜆001 . The further increase in 𝜆001 with increasing Ga content 

is due to a decrease in the elastic modulus 𝑐′ 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 құрамының өзгеруiмен D0 3 құрылымының Fe-Ga қорытпасындағы электронды 

құрылымның модификациясы және терiс магнитострикциясы 
 

Аннотация. Ga құрамының өзгеруiнiң Fe3Ga магнитостриктивтiк қасиеттерiне әсерi. 
Тығыздықтың функционалдық теориясының әдiстерiмен D03 құрылымы бар қорытпа зерттелдi. 
Зерттелетiн қорытпаның стехиометриясының өзгеруi Fe атомдарын Ga-ға ауыстыру арқылы жүзег 
еасырылды. Ауыстыру зерттелетiн жүйелердiң электрондық құрылымының айтарлықтай 
өзгеруiне әкеледi, бұл Ферми деңгейiне жақын электрондық күйлердiң тығыздығының 
айтарлықтай өсуiне әкеледi. Бұл әсер магниттi серпiмдiлiк энергиясының ұлғаюына әкеледi, бұл 
λ001 магнитострикциялық коэффициентiнiң мәнiнiң жоғарылауына әкеледi. Ары қарай λ001 ұлғаюы 
ығысу модулiнiң төмендеуiне байланысты болады, ол Ga құрамының ұлғаюымен жүйедегi бос 
байланыстар санының артуына байланысты болады. Нәтижесiнде λ001 -дiң Ga мазмұнына 
тәуелдiлiгi, ол λ001 коэффициентiнiң абсолюттi мәнiнiң жоғарылауын көрсетсе де, тәжiрибеде 
байқалған магнитострикцияның оң шамасынан айырмашылығы оның терiс мәндерiн бередi. 
Магнитострикциялық коэффициенттердiң теориялық және тәжiрибелiк мәндерiнiң белгiсiн 
сәйкестендiру мәселесiн шешу қосымша зерттеулердi қажет етедi. 

Түйiн сөздер: Fe-Ga қорытпасы, электрондық құрылымы, тығыздықтың функционалдық 
теориясы, магнитострикция, магнитті серпімділік энергиясы. 
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Модификация электронной структуры и отрицательная магнитострикция в сплаве 

Fe-Ga структуры D03 с изменением содержания Ga 

 

Аннотация. Влияние изменения содержания Ga на магнитострикционные свойства 

Fe3Ga. Сплав со структурой D03 исследовался методами теории функционала плотности. 

Изменение стехиометрии исследуемого сплава осуществлялось заменой Fe атомов на Ga. Замена 

приводит к существенному изменению электронной структуры исследуемых систем, что 

приводит к значительному увеличению плотности электронного состояния вблизи уровня 

Ферми. Этот эффект приводит к увеличению магнитоупругой энергии, что приводит к 
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увеличению значения магнитострикционного коэффициента λ001. Дальше увеличение λ001 

происходит за счет уменьшения модуля сдвига, которое происходит за счет увеличения числа 

рыхлых связей в системе с увеличением содержания Ga. Полученная зависимость λ001 от 

содержания Ga, хотя и показывает увеличение абсолютного значения коэффициента λ001, дает 

его отрицательные значения, в отличие от положительной величины магнитострикции, 

наблюдаемой в эксперименте. Решение проблемы соответствия знака теоретических и 

экспериментальных значений магнитострикционных коэффициентов требует дальнейших 

исследований. 
Ключевые слова: сплав Fe-Ga, электронная структура, теория функционала плотности, 

магнитострикция, магнитоупругая энергия. 
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