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Doping nonmagnetic Ga atoms into Fe leads to the enhancement in magnetostriction by ∼10 times in the
FeGa solid solutions; the fundamental mechanism of the anomalous enhancement has attracted substantial
attention. However, current experimental methods are difficult to reveal the origin because of their inability
in the electronic and atomic scales. In this work, we utilized first-principles calculations to unveil the origin of
giant magnetostriction in FeGa solid solutions. Ga doping results in the random substitution of Fe by Ga in the
disordered A2 matrix and the formation of L60 nanoheterogeneities simultaneously. The former weakens the
strength of Fe–Fe metallic bonding framework, thus leading to the lattice softening as presented by the sharp
reduction in elastic constant c′ [c′ = (c11 − c12)/2]. The latter strengthens the magnetoelastic coupling effect
by regulating the density of states of 3d orbits of Fe atoms inside and adjacent to the nanoheterogeneities,
resulting in the 3 times larger magnetoelastic coupling coefficient −b1. The two effects synergistically offer the
giant magnetostriction in FeGa solid solutions based on the relationship of λ001 = −(b1/3c′). Furthermore, the
influence of elemental doping, including Co, Ni, P, and Tb, on magnetostriction is systematically studied. It is
demonstrated that Tb is the sole alloying element which can enhance the magnetoelastic coupling effect strongly,
allowing FeGa-Tb supercell to present an ultrahigh magnetostriction of 738 ppm, which is over 2 times larger
than that of the FeGa supercells. This work offers insights into the origin of giant heterogeneous magnetostriction
in Fe-based solid solutions, which benefits the development of high-performance FeGa-based magnetostrictive
materials.

DOI: 10.1103/PhysRevB.109.014417

I. INTRODUCTION

Magnetostriction effect is the linear strain output under
the application or removal of external magnetic field [1,2].
Materials with giant magnetostriction can be applied as con-
verters of electromagnetic energy into mechanical energy or
vice versa, rendering them to play crucial roles in deep-water
sonar [3,4], high-precision machining [5–9], ultrasonic de-
vices [10,11], etc. Since the observation of magnetostriction
effect in pure nickel by Joule in 1842, the first-generation
magnetostrictive materials of Fe, Ni as well as Fe-Ni alloys
were developed soon afterwards, and they were utilized as
sonar materials in underwater vehicles in the 1910s [2]. How-
ever, their saturation magnetostrictions fail to surpass 70 ppm.
With the continuous discovery of substantial rare-earth based
functional materials, the second-generation magnetostrictive
materials of Tb0.3Dy0.7Fe1.92 alloy with face-centered-cubic
Laves phase (commercially known as Terfenol-D) were de-
veloped in 1975 [12]. Giant magnetostriction of over 1000
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ppm can be achieved on account of the strong spin-orbit
coupling between Tb/Dy and Fe, making them the prefer-
ential choice for sonar energy conversion materials [13–17].
The drawback is, the mass fraction of heavy rare-earth Tb
and Dy exceeds 60 wt. %; the massive usage of Terfenol-
D may give rise to serious challenges in heavy rare-earth
resource and material cost [18]. Moreover, the fundamental
brittleness of the Tb0.3Dy0.7Fe1.92 intermetallic causes great
difficulties in materials processing and high cracking risk dur-
ing high-frequency vibration. Therefore, novel cost-effective
magnetostrictive materials with excellent combination prop-
erties are eagerly demanded towards the extensive application
in the aforementioned critical areas.

Recently, a series of Fe-based solid solutions (e.g., FeGa,
Fe-Al, Fe-Si, Fe-Ge, etc.) [19–29], as represented by FeGa,
were observed to have significantly superior magnetostriction
compared with pure Fe. The highest magnetostriction exceeds
∼300 ppm in FeGa single crystals; the magnitude is 10 times
higher than that of pure Fe [30,31]. The solid solutions also
present good ductility and lower cost. These advantages are
of great significance to promote the applications. More inter-
estingly, the design concept of the Fe-based solid solutions
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(e.g., FeGa) is a disruptive innovation in comparison to the
conventional magnetostrictive materials (e.g., Fe, Ni, FeNi,
and Terfenol-D), as embodied in the following three aspects.
First, conventional magnetostrictive materials are designed
based on single or combination of ferromagnetic elements.
Instead, doping nonmagnetic atoms (Ga, Al, Si, Ge, Mo,
etc.) can strengthen magnetostriction without changing the
disordered body-centered-cubic (bcc) structure (A2 structure)
in the matrix phase [32,33]. Second, giant magnetostriction
requires a relatively “soft” lattice in general, which renders a
larger output strain during the transition from magnetic energy
to elastic energy. The dissolved atoms are normally consid-
ered to induce solid-solution hardening, which is harmful to
magnetostriction. However, an opposite effect is inexplicably
detected in these Fe-based solid solutions [34–37]. Third,
a proper concentration of Ga solute (10–27 at. %) leads to
the existence of local chemical ordering nanoheterogeneities
in the FeGa alloys, generating the nanoscale heterogeneous
microstructures which are noteworthily different from the ho-
mogeneous microstructures in conventional magnetostrictive
materials (e.g., Fe, Ni, Tb-Dy-Fe). Similar microstructure
of nanoheterogeneities was also discovered in other Fe-
based solid solutions. Accompanying with the formation
of nanoheterogeneities, the magnetostriction is further rein-
forced [20,21,38–42]. Therefore, the nanoheterogeneities are
interpreted as a main origin of magnetostriction enhancement.
These effects may indicate magnetostriction mechanisms in
Fe-based solid solutions, which is promising to open an
avenue for a substantial development in magnetostrictive
materials.

Investigating the magnetostriction mechanism in Fe-based
solid solutions remains a challenge. The matrix is disordered
bcc phase with random atomic configurations [33]; it is al-
most impossible to accurately depict the lattice structure, as
demonstrated by previous transmission electron microscope
investigations and x-ray characterizations. Meanwhile, the in-
teraction between the nanoheterogeneities and the matrix is
hard to reveal using experimental methods. Here, we use the
mature special quasirandom-structure (SQS) method to treat
the disordered supercells [43,44], which is already extensively
applied in various material systems with disordered structures,
e.g., high-/medium-entropy alloys, disordered solid solutions,
etc. [45–47]. Furthermore, the structure of local chemical
ordered nanoheterogeneities can also be inserted into the dis-
ordered supercell artificially in terms of the magnetostriction
mechanism, considering that magnetostriction is dominated
by two key factors, elastic constants (c′) and magnetoelastic
coupling coefficient (b1), according to formula (1) [48]:

λ001 = − b1

3c′ . (1)

The elastic constant c′ is expressed by c′ = c11−c12
2 . The

magnetoelastic coupling coefficient b1 can be deemed as the
response of change in magnetic anisotropy (MA) energy to
the lattice distortion strain, as reported by Wu et al. [49,50].
The MA energy originates from spin-orbit coupling (SOC);
the tiny lattice distortion (corresponds to magnetostriction)
can be treated as a perturbation to SOC [51,52]. Thus, the
magnetoelastic coupling is understood as the coupling be-
tween SOC and lattice distortion, which can be revealed by

analyzing the d states of electrons of Fe atoms near the
Fermi level [53–57]. Therefore, combining SQS method and
first-principles calculations based on density-functional the-
ory (DFT) is the most promising solution to unveil the origin
of giant magnetostriction in the Fe-based solid solutions.

In this work, we carried out a systematic first-principles
calculations on the origin of magnetostriction enhancement in
FeGa alloys. Several supercells including pure Fe and FeGa
alloy with A2 structure, FeGa supercell with locally ordered
structure inserted, were established using SQS method. The
influence of Ga alloying on magnetostriction was analyzed.
The synergetic effects of lattice softening caused by Ga solid
solution and enhancement in magnetoelastic coupling induced
by the ordered nanoheterogeneities were observed, which are
deemed to be responsible for the giant magnetostriction in
FeGa alloys. Furthermore, the evolutions in magnetostriction
induced by different alloying elements including 3d transi-
tion elements of Ni and Co, main-group element of P, and
rare-earth element of Tb, were contrastively investigated. This
work reveals the fundamental origin of surprising giant mag-
netostriction in FeGa-based solid solutions, and offers the
guidance for designing high-performance materials.

II. METHOD

A. Establishment of supercells

The supercell of pure Fe is a typical A2 bcc lattice com-
prised of 2 Fe atoms. In terms of FeGa alloys, the A2 and
L60-inserted supercells are generated by the Alloy Theoretic
Automated Toolkit (ATAT) software [58] using SQS method.
The FeGa-A2 supercells were established with 2 × 2 × 2 di-
mensions, which consist of 13 Fe atoms and 3 Ga atoms
(corresponding to nominal composition of Fe81.25Ga18.75). For
identifying the repeatability, nine different supercells were
calculated. Their elastic constants show high consistence,
indicating that these FeGa-A2 supercells should possess sim-
ilarity in elastic properties and correlated physical properties.
Therefore, we selected one of them for further investigation.
Regarding the L60-inserted supercells, 60 larger 4 × 4 × 4
cells which contain 104 Fe atoms and 24 Ga atoms (cor-
responding to nominal composition of Fe81.25Ga18.75) were
established by SQS method. Among the four supercells, two
of them have one L60 structure inside, the other two have
two L60 structures inside. For each group, we calculated the
total energy of each supercell, and selected the lower-energy
one for further investigation. Then, these extracted supercells
were further studied. The lattice constants of each supercells
were set based on previous references [21,31]. During the
investigation, an additional bcc supercell containing 127 Fe
and only 1 Ga was built to reveal the influence of Ga on
bonding framework.

B. Calculation and analysis of magnetostriction

The first-principles calculations were executed employ-
ing the Vienna Ab initio Simulation Package (VASP) [59].
The projector augmented-wave methodology [60] was ap-
plied in conjunction with the Perdew, Burke, and Ernzerhof
exchange-correlation functional [61]. The plane-wave cut-
off energy was established at a threshold of 500 eV. The
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computational framework involved the use of a �-centered
5 × 5 × 5 Monkhorst-Pack k-point mesh, accompanied by
an energy convergence of 10−6 eV per cell and a force
convergence of 10−3 eV/Å. We also checked different cri-
teria for energy convergence and force convergence, and
demonstrated that further tightening the energy convergence
and force convergence has negligible effect on the calcu-
lation results. The anisotropic magnetostriction coefficient
λ001 quantifies the proportional alteration in length along the
[001] direction, indicative of tetrahedral distortion, when a
previously demagnetized substance is subjected to magnetiza-
tion. Linear magnetostriction in FeGa from zero to saturated
magnetic field has been proven to be volume-consistent
distortions. The coefficients of anisotropic magnetostriction
under volume-consistent distortions were computed using for-
mula (2) [62,63]:

λ001 = − 2dEMA/dε

3d2Erel/dε2
, (2)

where EMA and Erel represent, respectively, the MA energy
and relative energy change of the supercell and ε is the
strain of lattice distortion. Combining with formula (1), it
is deduced that the relationship between b1 and EMA is
b1 = − 2

3V0

dEMA
dε

, and the relationship between c′ and Erel

is c′ = 1
3V0

d2Erel
dε2 . The calculation of elastic constants, encom-

passing c11, c12, and c44, can be successfully accomplished
utilizing the AELAS code, under the theoretical framework
of the energy-strain correlation [64]. EMA delineates the en-
ergy differential between structures with identical atomic
arrangements but divergent spin orientations. In the context
of tetragonal magnetostriction EMA = E100 − E001, with the
upper indices in the right parts of the equations symbolizing
the spin directions. During the calculation of EMA, we set the
criteria of energy convergence ranging from 10−7 to 10−11 eV
per cell, and found that the calculation results of EMA were
basically unchanged with the energy convergence lower than
10−9 eV per cell; therefore, we selected 10−9 eV per cell as
the energy convergence for the magnetostriction calculation.

Spin-orbit coupling (SOC) is a pivotal interaction that sig-
nificantly influences the formation of EMA. It is imperative to
underscore that SOC is the fundamental factor for EMA, with
its lowest-order contribution to total energy being of particular
interest [65,66].

ESOC = −ξ 2
∑

o,u

|〈o|σ̂ · L̂|u〉|2
εu − εo

, (3)

where o and u represent the occupied and unoccupied states,
respectively.

Further analyses including density of states and charge-
density difference were evaluated through the output of the
VASPKIT [67].

III. RESULTS AND DISCUSSION

A. Calculation of magnetostriction of Fe and FeGa supercells

The precondition of using DFT to investigate the mag-
netostriction is the establishment of the supercells, in which
every site should be occupied by a certain atom. The super-
cells which are mainly studied in this work are displayed in

FIG. 1. Supercells utilized for investigation: (a) pure Fe; (b)
FeGa-A2; (c) FeGa-A2 + L60; and (d) FeGa-A2 + 2L60. Supercells
in (b)–(d) are generated using SQS method. The locally ordered
structure in (c), (d) is extracted for illustration.

Fig. 1. Pure Fe has a simple bcc structure with one Fe at
the corner and one at body center, as shown in Fig. 1(a).
The FeGa-A2 supercell, which contains 2 × 2 × 2 A2 unit
cells, is generated by SQS method, in order to simulate
the disorder situation with random atomic configurations, as
typically shown in Fig. 1(b). The composition of Fe13Ga3

(Fe81.25Ga18.75) is very close to the ideal composition of
Fe81Ga19, which has the optimal magnetostriction. For in-
vestigating the function of nanoheterogeneity structure, we
inserted its structure into a larger cell with 4 × 4 × 4 A2 unit
cells (Fe104Ga24, corresponding to the nominal composition
of Fe81.25Ga18.75). As previously reported, the nanohetero-
geneity has a face-centered-tetragonal L60 structure [23,30].
For a better match with bcc-A2 matrix, the L60 structure can
be treated as a body-centered-tetragonal (bct) structure for
convenience. In this case, the features of the bct-L60 struc-
ture are the nonadjacent Ga-Ga atomic pairs along [001]bct
directions. Substantial 4 × 4 × 4 FeGa supercells are gen-
erated using SQS method; among them, two supercells are
extracted by the criterion that bct L60 structure exists inside,
as indicated in Figs. 1(c) and 1(d). Only one bct L60 structure
is detected in the former supercell (namely A2 + L60), and
two bct L60 structures which are perpendicular to each other
can be observed in the latter one (namely A2 + 2L60). In the
following, the origin of giant magnetostriction in FeGa solid
solutions is revealed using the established supercells. Here
it is worth emphasizing that periodic boundary conditions
which may influence the results are also considered during
the calculation. We studied the influence of different sizes
of supercells (2 × 2 × 2, 3 × 3 × 3, and 4 × 4 × 4) on the
calculation results of elastic constants. It is demonstrated that
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FIG. 2. Calculation of magnetostriction by fittings of relative
energy change (Erel) and magnetic anisotropic energy (EMA) vs the
lattice distortion strain (ε) for the established supercells: (a) pure Fe;
(b) FeGa-A2; (c) FeGa-A2 + L60; and (d) FeGa-A2 + 2L60.

the calculated elastic constants of different sizes of supercells
are less different and consistent. Therefore, we considered that
the interaction has negligible effect on the calculation results.
The supercell used in the text should be reasonable to rule out
artificial interaction between the repeated images of the same
supercell within the applied periodic boundary conditions.

Magnetostriction (λ001) of the four cells is calculated
through a quadratic fitting of relative energy change (Erel ) and
linear fitting of magnetoanisotropic energy (EMA) versus the
lattice distortion strain (ε), as presented in Fig. 2. The profiles
of the curves exhibit a high degree of fitting, demonstrating
the high quality of our theoretical data. The magnetostriction
of the four cells is calculated to be 35, 199, 266, and 308 ppm,
respectively. Overall, FeGa supercells exhibit significantly su-
perior magnetostriction than pure Fe, and the introduction of
L60 structure produces further enhancement in magnetostric-
tion. Especially, the magnitudes of magnetostriction of pure
Fe and L60-inserted FeGa supercells are in good agreement
with experimentally measured values in corresponding sin-
gle crystals [2], indicating the reliability of the calculation
method.

B. Mechanism of enhancement in magnetostriction by Ga
doping in FeGa alloys

We next attempt to split the contribution of Ga solid
solution and L60 structure to magnetostriction, respectively.
Figure 3(a) summarizes the computed elastic constants, in-
cluding c11, c12, c44, and c′, of the four supercells, for
revealing the evolution in elastic properties with the variation
in composition and lattice structure. The comparison between
Fe and FeGa-A2 supercells indicates that neither c12 nor c44

shows remarkable difference in values, whereas the value of
c11 exhibits a sharp reduction from 247.8 GPa in Fe to 180.3
GPa in FeGa-A2 supercell with the random solid solution of
Ga, which is responsible for the decrease in c′. Among the
three FeGa supercells, slight deviation is discovered in all the

FIG. 3. (a) Direct comparison of elastic constants including c11,
c12, c44, and c′, among the four supercells: pure Fe, FeGa-A2, FeGa-
A2 + L60, and FeGa-A2 + 2L60. (b) The function of − 1

3 b1 vs c′ for
supercells of pure Fe, FeGa-A2, FeGa-A2 + L60, and FeGa-A2 +
2L60. The slope of the line connecting the point for each supercell
and the origin of coordinates corresponds to magnetostriction. Two
enhancement effects are marked in the figure; effects 1 and 2 cor-
respond to Ga solid-solution induced lattice softening and enhanced
magnetoelastic coupling, respectively.

elastic constants, demonstrating that the introduction of L60

structure has weak effect on lattice stiffness.
The relations between magnetoelastic coefficient and elas-

tic constants are indicated through plotting the location of
each supercell in the − 1

3 b1 versus c′ two-dimensional coor-
dinate system, as illustrated in Fig. 3(b). The slopes of the
dashed lines, which connect the points of the corresponding
supercell and the origin of coordinates, correspond to the
magnetostriction, according to formulas (1) and (2). Herein,
two enhancement effects are highlighted: (1) From pure Fe
to FeGa-A2, the key factor of magnetostriction enhancement
is the lattice softening caused by the Ga solid solution; the
magnetoelastic coupling is only slightly reinforced. (2) From
FeGa-A2 to L60-inserted FeGa supercells, the elastic con-
stant c′ almost remains unchanged, while the magnetoelastic
coupling effect is significantly strengthened as reflected by
increase in − 1

3 b1 by more than 2 times. Therefore, Ga al-
loying results in Ga solid solution and the formation of L60

nanoheterogeneity simultaneously; the former leads to the
lattice softening and the latter one causes the strengthening in
magnetoelastic coupling effect. The giant magnetostriction in
the nanoheterogeneous Fe-Ga systems is expected to originate
from the synergy of both lattice softening and magnetoelastic
coupling enhancement effects.

The mechanism of each effect is, respectively, unveiled by
first-principles calculations. It was already determined that
the decrease in tetragonal shear modulus c′ is attributed to
the reduction in c11. As we know, c11 reflects the ability
of lattice to resist the deformation along the stress direction
under a direct stress. Therefore, the strength of the bonds is
considered as the key factor that dominates c11. In order to
find the mechanism where Ga solid solution induces the lattice
softening, we utilized the electron localization function (ELF)
to study the influence of solid-solution Ga on the chemical
bonding, as shown in Fig. 4. ELF can display the localization
degree of electron in a three-dimensional real space; thus,
it is substantially adopted for investigating various chemical
bonds, chemical reactions, organics, etc. Herein, in addition
to the supercells of pure Fe and FeGa-A2, a bcc supercell
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FIG. 4. (a), (b) ELF 2D profiles of pure Fe supercell viewing from (a) (001) plane and (b) (110) plane, respectively. (c), (d) ELF 2D profiles
of Fe127Ga1 supercell viewing from (c) (002) plane and (d) (110) plane, respectively. (e), (f) Comparison in linear profiles of ELF values
between pure-Fe and Fe127Ga1 supercells along (e) [001] and (f) [110] directions; the local 2D profiles of both lattices are also displayed for
visual recognitions. (g), (h) ELF 2D profiles of FeGa-A2 supercell viewing from (a) (001) plane and (b) (110) plane, respectively.

which consists of 127 Fe atoms and 1 Ga atom is established.
In this case, the influence of Ga can be obviously illustrated by
comparing the pure Fe supercell and Fe127Ga1 supercell, and
the gap between pure Fe and FeGa-A2 supercells is expected

to be plugged. The two-dimensional (2D) ELF profiles in
the (002) and (110) planes of each supercell are presented in
Fig. 4. For pure Fe, the 2D ELF figures exhibit the feature of a
shared-electron interaction but the number of shared electrons
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is far less than 1, indicating the typical metallic bonds. In addi-
tion, the weak covalent bonds induced by d-d hybridization of
Fe atoms can be also observed, as shown in Figs. 4(a) and 4(b).
When 1 Ga atom is introduced into the supercell, significantly
localized electrons are observed around the center between the
Ga and its neighbor Fe atoms, manifesting the strong covalent
bonds induced by p−d hybridization, as shown in Figs. 4(c)
and 4(d). Meanwhile, the Fe–Fe bonding framework, which is
formed by the primary metallic bonds and minor d-d covalent
bonds, is weakened by Ga atom as demonstrated by the color
contrast. For a better distinction, the linear profiles showing
the evolutions in ELF value along [001] and [110] axes in pure
Fe and Fe127Ga1 supercells, are shown in Figs. 4(e) and 4(f).
Simultaneously, locally magnified 2D ELF figures along [001]
and [1̄10] axes are also extracted for a visual comparison,
as seen in the insets of Figs. 4(e) and 4(f). According to the
linear profiles of pure Fe supercell, delocalization of electrons
is demonstrated by the periodically emerged high ELF values
(in the center between adjacent Fe atoms) and low ELF values
(around Fe atoms), indicating a homogeneous metallic bond
framework consisting of itinerant electrons. When Ga atom
enters the supercell, p−d hybridized covalent Fe–Ga bonds
are generated, as demonstrated by the risen ELF values in
the position between Ga and adjacent Fe but closer to Ga
[marked by purple rectangles in Figs. 4(e) and 4(f)]. Evidence
of weakened Fe–Fe bonding is presented by the color con-
trast of 2D ELF images and slightly lower ELF values of
Fe127Ga1 supercell according to the linear profiles, as marked
by the green rectangles. In terms of the FeGa-A2 supercell
(Fe81.25Ga18.75), more Ga atoms further decrease the strength
of Fe–Fe bonding framework, as shown in Figs. 4(g) and 4(h).
Therefore, it can be speculated that the sharp reduction in
c11 is derived from the weakening of Fe–Fe bonds, which is
induced by the solid solution of Ga.

The reinforcement in magnetoelastic coupling induced by
the L60 structure is found by the analysis of density of states
(DOS), using formulas (1) and (2) as the principle. Elec-
tronic structures of Fe atoms under different conditions are
compared by based on the partial DOS (PDOS) results (cor-
responding to each 3d orbit), as shown in Fig. 5. It has been
reported that in the limiting case of strong exchange splitting,
the spin-up band is almost fully occupied. For a proper ap-
proximation, the entire empty states can be deemed to belong
to spin-down bands, and the effect of the empty spin-up states
is neglected. Therefore, only the coupling between spin-down
states, especially the separation between the unoccupied-state
energy (εu) and occupied-state energy (εo), should be taken
into consideration for estimating the SOC energy. To simplify
the analysis, we treated the d-band center energies of the
unoccupied state and occupied state in the spin-down band as
εu and εo, respectively, according to the formulas (4) and (5):

εu = ∫∞
0 nu(ε)ε dε

∫∞
0 nu(ε) dε

, (4)

εo = ∫0
−∞ no(ε)ε dε

∫0
−∞ no(ε) dε

. (5)

The areas of unoccupied and occupied states are col-
ored red and blue, respectively. In the following, we studied
the influence of L60 structure on SOC from “intrinsic” and

FIG. 5. (a)–(e) The comparison in partial density of states of
Fe-93 in FeGa-A2 + L60 supercell and Fe atom in pure-Fe supercell,
in order to show the intrinsic enhancement of SOC. (f)–(j) The
comparison in partial density of states of Fe-44 in FeGa-A2 + L60

supercell and Fe-6 in FeGa-A2 supercell, in order to show the exter-
nal enhancement of SOC.

“external” aspects, respectively. First, we compare the elec-
tronic structures of Fe-93 in FeGa-A2 + L60 supercell (Fe-93
is body-centered atom of local L60 structure in FeGa-A2 +
L60 supercell) and Fe atom in pure Fe supercell, for demon-
strating the intrinsic function of L60 structure on SOC, as
shown in Figs. 5(a)–5(e). In the pure Fe, the feature of spin
splitting is observed for each 3d orbit. Moreover, the Fermi
level lies at the dip of the spin-down PDOS curve, indicating
the high stability and symmetry of pure Fe supercell. Regard-
ing Fe-93, the peaks in spin-down curves display a significant
shift compared with those for pure Fe; this results in two new
features: (1) Fermi level lies at the peak or the mountainside
in spin-down PDOS curves, indicating the reduced stability
of the L60 structure. This metastable nature may output local
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TABLE I. Calculated elastic constants of Fe and FeGa alloys (unit: GPa).

Composition Phase c11 (GPa) c12 (GPa) c′ (GPa) c44 (GPa) −b1 (MPa) λ001 (ppm)

Fe A2 247.8 150.1 48.8 97.0 5.1 34.7
A2 180.3 151.3 14.5 122.7 8.7 198.9
A2 + L60 204.0 155.9 24.1 121.3 19.2 266.1

FeGa A2 + 2L60 197.6 157.0 20.3 118.6 18.8 307.9

elastic strain under external field, resulting in enhancement
in magnetostriction enhancement. (2) The d-band center en-
ergy differences between the unoccupied and occupied states
in the spin-down channel is remarkably lowered, as directly
observed by the calculated values of εu and εo in Table I.
As mentioned above, the εu − εo dominates the strength of
SOC interactions, which plays the key role in magnetostric-
tion. For every 3d orbit, values of εu − εo are dramatically
lower for Fe-93 than pure Fe, leading to the strengthen-
ing in ESOC. Therefore, the locally ordered L60 possesses a
significant enhancement effect on magnetoelastic coupling;
this can be deemed as an intrinsic function for improving
magnetostriction.

Second, the electronic structures of Fe atoms in A2 ma-
trix region in FeGa-A2 + L60 supercell (Fe-44) and FeGa-A2
supercell (Fe-6) are contrasted, in order to show the external
effect of L60 structure on the SOC in the surrounding Fe
atoms, as shown by PDOS results in Figs. 5(f)–5(j). The
PDOS curves of each 3d orbit exhibit a similar landscape be-
tween Fe-44 and Fe-6, respectively, indicating their analogical
atomic environments in the A2 matrix. The refined observa-
tion on the PDOS results manifests that for dxz, dyz, and dz2

orbits, both εu and εo approach the Fermi level for Fe-44
simultaneously, resulting in lower values in εu − εo. In terms
of dx2−y2 and dxy orbits, both εu and εo move to lower energy
for Fe-44, while the decline of εu is more dramatic, leading to
the decrease in the values of εu − εo likewise. Therefore, the
introduction of L60 structure leads to the reduction in values
of εu − εo for the Fe atom in A2 matrix (see Table II); this also
strengthens SOC interaction externally, which also benefits
magnetostriction. In a brief summary, the L60 structure si-
multaneously presents intrinsic (for Fe atoms which belong to
L60 structures) and externally (for Fe atoms in the A2 matrix

around L60 structures) enhancement in SOC interactions, as
demonstrated by the DOS results. These synergetic effects
offer the probability to realize superior magnetostriction in
L60-contained FeGa alloys.

C. Occupation preference of alloyed atoms

Although L60 structure significantly benefits magnetostric-
tion, its concentration in real FeGa alloys is limited due to its
unstable nature according to our previous studies. However,
further enhancement in magnetostriction is still promising to
be achieved by the aforementioned two effects: lattice soft-
ening, and strengthening magnetoelastic coupling. Therefore,
alloying the third element is a hopeful strategy, and the in-
fluence of different atoms on magnetostriction deserves to be
systematically studied. We utilized FeGa-A2 + 2L60 supercell
as the basis, then selected four different atoms, including fer-
romagnetic 3d transition elements of Co and Ni, main-group
element of P, and rare-earth element of Tb, to substitute every
Fe atom. The ergodic energy difference of the alloyed super-
cell was compared with the original one, as shown in Fig. 6,
for finding the occupation preference of different atoms.
Additional structural relaxations were performed in these el-
ementally doped FeGa supercells. The parameter setting of
the relaxation is consistent with the previous calculation of
the FeGa-based supercells, with the force convergence set to
10−3 eV/Å, and the energy convergence set to 10−6 eV per
cell, respectively. The x axis corresponds to the numerical or-
der of Fe atoms in the original FeGa-A2 + 2L60 supercell, as
illustrated in Fig. 1(d). For each type of alloyed atom, two fea-
tured substitution positions are extracted: the highest-energy
difference position (HEP) and lowest-energy difference posi-
tion (LEP), as colored brown and red in Fig. 6, respectively.

TABLE II. εo, εu and εo − εu of several selected Fe atoms in Fe and FeGa supercells (unit: eV).

Atom Parameter dxy dxz dyz dz2 dx2−y2

εo −1.81 −1.23 −1.14 −2.09 −1.81
εu 1.47 2.06 2.17 1.48 2.30

Pure Fe εo − εu 3.28 3.29 3.31 3.57 4.11
εo −1.51 −1.54 −1.55 −1.62 −1.50
εu 1.26 1.42 1.43 1.58 1.66

Fe-93 (FeGa-A2 + L60) εo − εu 2.77 2.96 2.98 3.20 3.16
εo −1.45 −1.45 −1.44 −1.64 −1.60
εu 1.40 1.42 1.44 1.65 1.68

Fe-44 (FeGa-A2 + L60) εo − εu 2.85 2.87 2.88 3.29 3.28
εo −1.37 −1.51 −1.52 −1.84 −1.56
εu 1.86 1.62 1.67 1.69 1.80

Fe-6 (FeGa-A2) εo − εu 3.23 3.13 3.19 3.53 3.36
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FIG. 6. The ergodic energy difference of the alloyed supercells
compared with the original FeGa-A2 + 2L60 supercell: (a) Co substi-
tution; (b) Ni substitution; (c) P substitution; and (d) Tb-substitution.

The atomic environment, including the nearest- and next-
nearest atoms of each doped atom at the HEP and LEP, is
extracted for a better visualization, as shown in Figs. 7(a)–
7(h). LEPs of Co and Ni correspond to Fe-52 (body center of
L60-1) and Fe-44 (body center of L60-2), respectively, indi-
cating that both Co and Ni prefer to occupy the body center of
L60 structure. The HEPs of Co and Ni also include 4 Ga atoms
in the surrounding, but the spatial configuration is different.
Therefore, Co and Ni present the occupation preference of
selection in the surrounding Ga atom distributions. In terms of
P, it prefers to occupy Fe-62 position of which the nearest- and
next-nearest atoms are all Fe atoms, while P is unfavorable
to occupy the position with considerable Ga atoms around
(Fe-30), as shown in Fig. 7(f). In contrast to P, Tb tends to
occupy the position with 4 nearest Ga atoms (Fe-67), but is
not inclined to occupy the position of which the nearest- and
next-nearest atoms are Fe (Fe-74).

D. Elastic and magnetostrictive properties of alloyed
FeGa solid solutions

We calculated the elastic constant, magnetoelastic coupling
coefficient, and magnetostriction of the alloyed supercells
with lowest energy differences (namely as FeGa-Ni, FeGa-Co,
FeGa-P, and FeGa-Tb, respectively); the results of original
FeGa-A2 + 2L60 supercell are also listed for comparison,
which are marked as dashed lines in Fig. 8. The dopant of
Co slightly decreases magnetostriction from 308 to 298 ppm,
which is caused by the faint weakening in magnetoelastic
coupling effect. Ni tends to occupy similar position compared
with Co; nevertheless, magnetostriction displays a sharper
reduction to 229 ppm than that of Co doping; this should be

mainly attributed to the increase in c′. Regarding P doping,
although P can induce the lattice softening (lower c′) in FeGa
supercell, however the magnetoelastic coupling coefficient is
almost reduced by half. The dominant action of the latter
effect leads to a degraded magnetostriction of 207 ppm in
P-doped FeGa alloy. For the rare-earth element Tb, c′ is mildly
decreased, manifesting the lattice-softening effect induced by
Tb. More importantly, the magnetoelastic coupling is remark-
ably strengthened as reflected by the rise in −b1 by 45%; thus,
the magnetostriction is enhanced to 738 ppm.

In the following, we individually investigate the mecha-
nism of how doping the third atom affects magnetostriction of
FeGa alloy. Due to the high similarities in occupation prefer-
ence, electronic structure, and atomic magnetism between Co
and Ni, we selected Ni for discussion. It is already inferred
from Fig. 8 that the substitution of the body-centered Fe atom
in L60 structure by Ni mainly leads to the lattice hardening.
Therefore, the 2D ELF profiles of undoped and Ni-doped su-
percells are compared to reveal the influence of Ni doping on
the bond framework, as shown in Fig. 9. By viewing the ELF
profiles in (001) plane, it can be found that the basic metallic-
bond framework is maintained by Ni doping, since Ni only has
2 more 3d valence electrons than Fe. From the color contrast,
the metallic bonds around the Ni atom are demonstrated to
be enhanced, as marked by the while circles in Figs. 8(a)
and 8(c). When viewing from the (1̄01) plane, Ga–Ga and
Fe–Ga bonds along [100] axes are observed to be simultane-
ously reinforced by Ni doping, which is demonstrated by the
higher ELF values in Figs. 9(b) and 9(d). For a more distinct
view, the linear profiles showing the evolutions in ELF value
along [100] and [101] axes in FeGa-A2 + 2L60 and FeGa-Ni
supercells are shown in Figs. 9(e) and 9(f). Simultaneously,
locally magnified 2D ELF figures along the two axes are also
extracted for a visual comparison, as seen in the insets of
Figs. 9(e) and 9(f). According to the linear profiles, obviously
higher ELF values (red curves) can be observed in FeGa-Ni
supercell, indicating stronger metallic bonds. Therefore, the
substitution of Fe by Ni in the body center of L60 causes the
reinforcement of the metallic-bond framework; this results in
the increase in c′, degrading magnetostriction.

The degradation in magnetostriction for P-doped FeGa
supercell, as well as the increase in magnetostriction for Tb-
doped FeGa supercell, should originate from the weakening
or enhancement in magnetoelastic coupling effect. Therefore,
Fe atoms adjacent to the LEP of P-doped supercell (Fe-
29) and adjacent to the LEP of Tb-doped supercell (Fe-35)
are investigated by comparing the εu and εo parameters at
undoped and P-doped situations, as shown in Fig. 10. The
corresponding PDOS profiles are displayed in Figs. S1 and S2
(see Supplemental Material [68]). For P-doped supercells, the
equivalent 3d orbits including dxy, dxz, and dyz, both εu and
εo shift away from EF , leading to the significant increase in
values of εu − εo, as shown in Fig. 10(a). In contrast, εu and εo

simultaneously shift to higher values for dx2−y2 and dz2 orbits
induced by P doping. Therefore, the corresponding values of
εu − εo of these two orbits are slightly decreased, as displayed
in Fig. 10(a). By combining the contribution of each orbit, the
magnetoelastic coupling effect is concluded to be impaired.
In addition, P atom has valence electrons of 3s2 3p3, so P
normally bonds by using the s−p hybrid orbits to generate
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FIG. 7. The atomic environments of alloyed atom at the corresponding lowest-energy positions (LEPs) and highest-energy positions
(HEPs): (a) LEP of Co substitution; (b) HEP of Co substitution; (c) LEP of Ni substitution; (d) HEP of Ni substitution; (e) LEP of P substitution;
(f) HEP of P substitution; (g) LEP of Tb substitution; and (h) HEP of Tb substitution.

covalent bond. In this case, P atom does not have unpaired
electrons so that magnetoelastic coupling effect is absent.
Therefore, the substitution of Fe by P weakens the magne-
toelastic coupling effect not only in the Fe atoms around
P, but also by decreasing the concentration of ferromag-
netic Fe atoms; therefore, magnetostriction is significantly
degraded.

Among the four selected atoms, heavy rare-earth Tb is the
sole element which is found to significantly enhance mag-
netostriction [69]; the dominant factor is the enhancement
in SOC effect. On one side, Tb atom presents strong SOC
effect on account of valence electronic structure of 4 f 9, re-
sulting in a giant magnetostriction of ∼5000 ppm in pure
Tb. Here, we focus on the influence of Tb on the SOC
effect in the surrounding Fe atoms (Fe-35 is selected as a

typical example), as presented in Fig. 10(b) and Fig. S2
(see Supplemental Material [68]). Overall, doping Tb atom
leads to the decrease in εu − εo for every orbit, enhancing
magnetoelastic coupling effect as well as magnetostriction,
as presented in Fig. 10(b). Moreover, the values of εu −
εo fall much more sharply in dx2−y2 and dz2 than those in
dxy, dxz and dyz. In detail, for the three equivalent 3d or-
bits of dxy, dxz, and dyz, the spin-down DOS curves shift
left overall. Accompanying that, the difference between d-
band centers of unoccupied state εu and occupied εo slightly
decreases, as calculated in Table S1 (see Supplemental Ma-
terial [68]). Regarding the left two equivalent 3d orbits of
dx2−y2 and dz2 , the left shift of unoccupied states and right
shift of occupied states are simultaneously detected, result-
ing in a sharp reduction in the values of εu − εo. Therefore,
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FIG. 8. Calculated magnetoelastic coupling coefficient, elastic
constant of c′, and magnetostriction of FeGa-Co, FeGa-Ni, FeGa-P,
and FeGa-Tb supercells. The gray dashed lines correspond to the
levels of − 1

3 b1 and c′ of original FeGa-A2 + 2L60 supercell.

doping the heavy rare-earth Tb atom induces substantial
enhancement in SOC effect for the surrounding Fe atoms,
which is responsible for the reinforced magnetoelastic cou-
pling as well as magnetostriction.

Figure 11 summarizes the measured elastic constant (c′)
and magnetoelastic coupling coefficient (−b1) of already-
emerged Fe-based magnetostrictive materials, including
FeGa, FeAl, FeGe, FeSi, FeGaAl, FeGaGe, etc. The de-
tailed data are listed in Table S2 (see Supplemental Material
[68]). The calculated results in this work are also presented
for comparison. Pure Fe presents significantly greater lattice
stiffness and quite weak magnetoelastic coupling. By alloy-
ing the main-group elements of Ga, Al, Si, or Ge, c′ can
be significantly decreased, while −b1 exhibits peaks with
the variation in the solid-solution content of each element.
Alloying Al and Ga to pure Fe can remarkably strengthen
the magnetoelastic coupling effect, while alloy Si or Ge
fail to achieve that. Among these Fe-based solid solutions,
FeGa alloys exhibit superior magnetostriction, on account
of the remarkably higher −b1. It deserves to be noted that
the experimentally measured c′ and −b1 are in good agree-
ment with our computed results, indicating the reliability
of the calculation methods. Compared with the existing Fe-
based solid solutions, the established FeGa supercells (A2,
A2 + L60, A2 + 2L60) and alloyed FeGa supercells (FeGa-Ni,
FeGaCo,FeGa-P) do not show obvious advantages in c′ and
−b1. The FeGa-Tb supercell presents substantially superior
−b1 as well as magnetostriction. Therefore, FeGa magne-
tostrictive materials with the solid solution are promising to
show superior performance, which is partially demonstrated
by our previous work. The problem which still needs to be
addressed is the near-zero solid solubility of Tb in FeGa A2
matrix; the fabrication of 〈001〉 textured polycrystalline or
single-crystal FeGa-Tb alloys under a rapid cooling rate re-
mains a challenge in the aspects of developing new apparatus
as well as technologies.

FIG. 9. (a), (b) ELF 2D profiles of FeGa-A2 + 2L60 supercell
viewing from (a) (001) plane and (b) (1̄01) plane, respectively.
(c), (d) ELF 2D profiles of FeGa-Ni supercell viewing from (c)
(001) plane and (d) (1̄01) plane, respectively. (e), (f) Comparison
in linear profiles of ELF values between FeGa-A2 + 2L60 supercell
and FeGa-Ni supercell along (e) [100] and (f) [101] directions; the
local 2D profiles of both supercells are also displayed for visual
recognitions. (g), (h) ELF 2D profiles of FeGa-A2 + 2L60 supercell
viewing from (a) (001) plane and (b) (1̄01) plane, respectively.

IV. CONCLUSION

(1) The giant magnetostriction in FeGa magnetostric-
tive alloys is demonstrated to originate from two synergetic
effects: lattice softening and strengthened magnetoelastic cou-
pling effect, as reflected by the reduced elastic constant c′
and increased magnetoelastic coupling coefficient |b1|, re-
spectively. The former effect is induced by the random solid
solution of Ga atoms in the bcc-A2 Fe supercell, because
Ga atoms can induce the weakening of the Fe–Fe metallic
bonds in the nearest- and second-nearest Fe atom framework,
leading to significant decrease in c11 and thus lower c′. The
latter effect is caused by the locally ordered L60 structure
in A2-FeGa supercell. L60 structure concurrently has intrin-
sically SOC-strengthened Fe atoms, and can induce external
reinforcement in SOC effect for the surrounding Fe atoms;
this results in stronger magnetoelastic coupling and further
improves magnetostriction.

(2) The occupation preferences of various doped atoms
and the correlated evolution in magnetostriction and the
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FIG. 10. Comparison in values of εu − εo of each 3d orbit for the
selected Fe atoms in the case of undoping and doping. (a) Fe29 in the
case of P doping. (b) Fe35 in the case of Tb doping.

mechanism are revealed. The ferromagnetic 3d transition
atoms Co and Ni tend to occupy the body center of locally
ordered L60 structure, leading to the lattice hardening. The
resultant increase in c′ reduces magnetostriction in Co-doped
or Ni-doped FeGa alloys. The main-group element P tend
to generate strong p−d covalent bonds with Fe; therefore, P
atom tends to substitute the atomic site with the nearest- and
second-nearest sites with all Fe atoms. P doping weakens the
SOC and magnetoelastic coupling, leading to degradation in
magnetostriction. Rare-earth element Tb can induce a signifi-
cant enhancement in SOC; the magnetoelastic coupling coef-
ficient can be improved by approximately double, resulting in
significantly improved magnetostriction from 308 to 738 ppm.

FIG. 11. Summary of experimentally measured c′ and −b1

of various Fe-based solid solutions (extracted from litera-
ture) [19,24,28,31,35] and the theoretically computed results of the
FeGa-based supercells in this work.

(3) This work offers an in-depth and systematic under-
standing of the origin of giant magnetostriction in FeGa
alloys, and also specifies the concept for designing high-
performance FeGa-based magnetostrictive materials through
alloys traces of third elements. These may shed light on future
developments in the theory and fabrication of magnetostric-
tive materials.
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