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Abstract

Magnetostrictive Fe;_Ga, alloys, as a new class of smart materials, have great potential in sensing and actuator applications. How-
ever, the fundamental understanding of the anisotropic elastic responses at high Ga concentration remains one of the most challenging
problems for the binary alloys. Here, we apply the density functional theory and large-scale ab initio molecular dynamics simulation to
investigate the effect of high Ga concentration on the elastic anisotropy of the Fe-Ga alloys with supercell models obtained by non-linear
and non-uniform annealing processes. It is demonstrated that the formation of D0s-like structures has an important effect on the softness
of the tetragonal shear modulus and a negligible influence on the rhombohedral shear modulus. Meanwhile, the Fe dangling bond to its
nearest Ga atoms results in a decrease in the Young’s modulus and the negative Poisson’s ratio in the [110] direction. The improved
Young’s modulus in the [110] direction compared to that in the [100] direction is attributed to the different arrangement of the pure
Fe layer and the Fe-Ga mixed layer along the [110] and [100] axes. Furthermore, the ductility of Fe,_,Ga, alloys is enhanced at high
Ga content, playing a key role in the enhanced magnetostriction.

© 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Materials exhibiting a coupling between magnetization
and strain are magnetostrictive materials, which play an
increasingly important role in various applications ranging
from stress- and torque-sensing devices to actuator and
energy harvesters [1-3]. Such adaptive materials can
change their dimensions under an external magnetic field,
and conversely, the magnetic state can be tailored by the
application of a mechanical load. Terfenol-D (Tb,Dy;_,.
Fe,) alloys are well known for their giant magnetostriction
up to a few thousands ppm, and have already been used in
practical applications in the past few decades [4,5]. Ni,.
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MnGa Heusler shape memory alloys [6,7] exhibit large
strains up to 6%, which primarily stems from a magnetic-
field-induced martensitic phase transition. However, the
applications of these alloys have been limited owing to
their mechanical brittleness and their use of rare-earth ele-
ments (in the case of Terfenol-D). Exploration of a new
class of materials with combined high magnetostriction
and mechanical ductility is indeed needed.

In view of their electronic structure, ductile materials
usually consist of metallic elements that form metallic
bonds with delocalized electronic states. As one of the
Fe-based magnetostrictive materials, Fe,_,Ga, alloys
(Galfenol) exhibit desirable mechanical properties and
large tetragonal magnetostriction under a lower magnetic
field (150-250 Oe), ideal for sensor and actuator applica-
tions [8]. Interdisciplinary research efforts have been dedi-
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cated to understand the composition dependence of phase
stabilities [9] and the magnetoelastic coupling mechanism
of these alloys [10-14]. In particular, the weak elastic stiff-
ness at high Ga concentrations is assigned as one of the pri-
mary reasons for the enhancement of magnetostriction of
Fe,_,Ga, [15]. Furthermore, due to the different atomic
arrangement in crystallographic axes, single-crystalline
Fe;_.Ga, alloys demonstrate a strong elastic anisotropy
[16]. This leads to auxeticity, i.e. negative Poisson’s ratio,
which is associated with indentation resistance, fracture
toughness and damping/sound absorption. A thorough,
systematic investigation of the anisotropic mechanical
properties of Fe;_,Ga, alloys is essential to understand
the deformation mechanism responsible for the magneto-
striction at high Ga concentration, especially near the first
magnetostriction peak. However, it is still a challenge to
simulate actual materials around x = 19% through density
functional theory (DFT) calculations, due to the size limit
of unit-cell models and complex chemical ordering of Ga
atoms in the body-centered cubic (bce) lattice.

In this work, we report the results of anisotropic elastic
properties of Fe;_,Ga, alloys using the DFT-based ab ini-
tio molecular dynamics (AIMD) simulation. We observe
that the formation of DO0j-like structures has an important
effect on the softness of tetragonal shear modulus and a
negligible influence on the rhombohedral shear modulus.
The decrease in the Young’s modulus and the negative
Poisson’s ratio in the [110] direction can be attributed to
the induced Fe dangling bond to its nearest Ga atoms.
The calculated anisotropic elastic constants agree well with
experimental data reported by different groups. Further-
more, we demonstrate that the enhanced ductility of the
alloys with increased Ga content can be explained in terms
of the Cauchy pressure and the Pugh’s modulus ratio.

2. Computational methodology

2.1. Density functional theory and ab initio molecular
dynamics

The molecular dynamics (MD) approach allows simula-
tion of dynamic processes in the framework of Newton’s
equation of motion. One of the most important aspects
of MD simulation is the calculation of the potential energy
surface or atomic forces. DFT-based electronic structure
calculations can accurately describe the multi-body interac-
tion in condensed matter systems by solving the Kohn—
Sham equations self-consistently [17]. Ab initio molecular
dynamics, unifying Newton’s and Schrodinger’s equations,
may simulate the finite-temperature dynamic process by
using forces computed from DFT calculations without
relying on any adjustable parameters [18,19].

We conducted the electronic-structure calculations and
structural relaxations of Fe;_,Ga, alloys using the Vienna
Ab-initio Simulation Package (VASP) [20]. The spin-polar-
ized generalized gradient approximation (GGA) was
employed to describe the electronic exchange and correla-

tion interaction of electrons, using the Perdew—Burke—Ern-
zerhof (PBE) functional [21]. We treated Fe-3d4s4p and
Ga-3d4sdp as valence states and adopted the projector-
augmented wave (PAW) method [22] to represent the effect
of the ionic cores. The energy cutoff for plane-wave expan-
sion was set as 400 eV, which is sufficient for Fe-Ga sys-
tems according to test calculations. At the end of AIMD
steps, we optimize the atomic structure further, with a cri-
terion that the atomic force on each atom becomes weaker
than 0.01 eV A~! and the energy convergence is better than
1077 eV.

For high Ga concentration (15.6% < x < 22.7%) cases,
based on our recent ab initio molecular dynamics simula-
tion [12], we set up 10 initial structures randomly with
128 Fe and Ga atoms taking the bcc lattice sites of the
4 x 4 x 4 cubic supercell for each Ga concentration. We
heated the system up to 2000 K, which is far above the
melting point of Galfenol (1500 K) for 15 ps. The conver-
gence of the total free energy (~—770¢eV per cell) after
0.5 ps and the calculated Ga—Ga radial pair distribution
function (RDF) demonstrates the liquid phase at 2000 K.
We further cooled the system down to 500 K with non-uni-
form and non-linear cooling rates (especially about
10" K s™! near the melting point where the total free
energy decreases abruptly) for the recrystallization. The
calculated Ga-Ga RDF and the snapshot of atomic
arrangement exhibit the crystallized phase at 500 K. The
structures were fully relaxed at 0 K. We eventually chose
the most energetically favorable atomic configurations for
each Ga concentration. As an example, a supercell with
128 atoms for Ga concentration only at 20.3% was illus-
trated, shown in Fig. 1.

For the integrity of this work, various sized unit cells
were applied for Fe;_.Ga, alloys at different Ga composi-
tions. For low Ga concentration (x < 12.5%), the 16-atom
unit-cell model has proved to be accurate enough to char-
acterize the Ga distribution in Fe;_,Ga, alloys [10]. Specif-
ically, only one Fe site at the center position (1/2, 1/2, 1/2)

Fig. 1. Atomic configurations for Fe,;_,Ga, alloys at x = 20.3%. The blue
and red balls represent Fe and Ga atoms, respectively. The green balls
depicted by Fe; and Fe, represent the Fe atoms in mixed Fe-Ga layer and
pure Fe layer, respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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and two Fe sites at the original position (0, 0, 0) and center
position (1/2, 1/2, 1/2) were replaced by the Ga atoms in
the unit cell with 16 atoms, corresponding to Ga-6.25%
and Ga-12.5%, respectively, while for high Ga concentra-
tion (12.5<x<22.7%), the 128-atom supercell was
selected from MD results. A 13 x 13 x 13 Monkhost-Pack
and 4 x 4 x 4 gamma-centered k-point mesh in the Brillou-
in zone [23] was used to evaluate integrals in the reciprocal
space for the 16-atom unit cell and 128-atom supercell,
respectively. Test calculation of K-point for Fe;_.Ga,
alloys at x =20.3% (128-atom supercell) indicates that
4 x 4 x 4 gamma-centered K-point mesh is accurate
enough for the total energy and magnetic property calcula-
tions with the 128-atom supercell model.

2.2. Determination of elastic constants

In the case of cubic crystalline alloys, symmetry permits
the relationship between the stresses and strains to be com-
pletely defined with the three elastic constants C, C}, and
Cy44, which can be determined based on the strain-depen-
dent strain energy [24]. In general, with infinitesimal strains
(all six strain components ey, e, €3, €4, €5, €g) applied to dis-
tort the lattice within the volume V, the total strain energy
U is defined as:

6 6

4
LEEZ

i=1 j=

Cieie; (1)
1

and can be explicitly expressed as:

V
U= 5 (C”ef + Cpe; + Cpie; + 2Cpeje; + 2Cheye;
+2Cpreses + Cue; + Cuses + Cusey) (2)

for a cubic symmetric system.

Specifically, for rhombohedral distortion, the six strain
components are (0, 0, 0, 4, 4, §) and the strain energy
can be simplified as:

Uz = Cud? (3)
oy

Similarly, the tetragonal distortion (4, 0, 0, 0, 0, 0) in the

[100] direction can yield the corresponding strain energy

as:

U=-c,o (4)
oM

Furthermore, the bulk modulus B of the lattice is associ-

ated with the elastic constants as:

B:C11+32C12 (5)

which can be calculated from the second derivative of the
volume-dependent total energy E,,,; as:

2
d Etotal

B=V 5
av r=Vo

(6)

with 7, being the lattice volume at equilibrium stage. With
the combination of Egs. (3)—(6), the three independent elas-
tic constants Cjy, Cj» and Cyy can be determined.

Since Cy;, Cj; and Cyy compromise a complete set of
elastic constants for a cubic system, the direction-depen-
dent Young’s modulus £ and Poisson’s ratio v can be
derived by the following equations:

CuR

Ejjo0) = it Ch (7)
Ejp) = 22274:_1%1{ (8)
Vo10] C“CJ'izClz (9)
= 2 <w>

where R = (Cy; — C12)(Chy + 2C12)/Cyy.
3. Results and discussion

One important factor responsible for the magnetostric-
tion of Fe;_,Ga, alloys can be attributed to the effect of
additional Ga atoms on the mechanical properties of these
alloys, such as the tetragonal shear modulus C' (C' = (Cy; -
— C1»)/2) and the rhombohedral shear modulus Cy4 for
tetragonal and rhombohedral magnetostriction, respec-
tively. In order to obtain these shear constants, the depen-
dence of the total energy on lattice volume, and the strain
energy density as a function of either tetragonal strain in
the [100] direction or rhombohedral strain in the [111]
direction, need to be determined first, as demonstrated in
Fig. 2. The smoothness of data indicates the high quality
and reliability of our calculations, and the anisotropic elas-
tic constants can be acquired by fitting the data with the
quadratic polynomials based on Egs. (3)—(5).

The dependence of the calculated tetragonal and rhom-
bohedral shear constant on Ga concentrations demon-
strated a very different behavior, as illustrated in Fig. 3a
and b, which generally agrees well with the available exper-
imental data in the literature [14,15,25,26]. Further, C'
showed a strong linear dependence of Ga concentration
and decreased almost by a factor of five in the range stud-
ied here, while Cy4 exhibits weak dependence of Ga concen-
tration, which is also consistent with the form effect
corrected results by using the electron-per-atom ratio (e/
a) as the common variable [27]. More importantly, to
uncover the underlying reasons, detailed studies of the
dependence of local chemical structures on shear constants
are indeed needed. Previous investigations of the micro-
structure of Fe;_,Ga, alloys have been performed close
to the first peak in the magnetostriction [28], which reveal
the formation of DO0s-like structures due to the coherent
nature of the A2 matrix and DO0s-like structures. Mean-
while, recent theoretical calculations demonstrated that
the instability of the D03 structure can be removed by
applying a hydrostatic-type strain of 0.3% [11] or by
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Fig. 2. Quadratic dependence of total energy E,,, on lattice volume (a) and strain energy density U/V on tetragonal strain (b) and rhombohedral strain

(c) for Fe;_,Ga, at x = 20.3%.
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Fig. 3. DFT simulation and experimental data of dependence of (a)
tetragonal shear constant C', (b) rhombohedral shear constant Cy4 and (c)
local chemical structures, DOs-like structures on the Ga concentration for
Fe,_,Ga, alloys. The vertical dash line indicates the boundary between
low and high Ga concentration.

including small pocket of A2 phase throughout the struc-
ture [29]. In this work, we calculated the radial distribution
function (RDF) and integrated it over the whole supercell
to obtain the number of DO0s-like structures for each Ga
concentration, as depicted in Fig. 3c. As we can see at
low Ga concentration (the left side of the vertical dash line
in Fig. 3¢), no D0s-like structures were observed, indicating
that the randomly distributed Ga atoms in the bcc-Fe
matrix is probably the main structure in this range, where
C' almost decreased to the half value of pure bee-Fe and
Cy4 increased by 15-20%. With the continuous increasing
of Ga content, DO0s-like structures increased significantly
and gradually increased at higher Ga concentration, as
shown in the right side of the vertical dash line of
Fig. 3c. The linear decreasing of C' is continuous until it
reaches non-zero minimum in this range; this is probably
due to the fact that the formation of DO0j-like structure
induced more dangling bonds for Fe atoms adjacent to
Ga atoms. Differently, Cy44 is almost insensitive to Ga con-

tent and almost kept a constant value between 125 and
130 GPa, which indicate that D0s-like structures have neg-
ligible influence on the rhombohedral shear modulus.

To aid engineering application, a more detailed investi-
gation of the mechanical properties of Fe,_ ,Ga, alloys,
such as Young’s modulus and Poisson’s ratio, in certain
crystallographic axes is needed. Based on Egs. (7)-(10),
the Young’s modulus E and Poisson’s ratio v can be deter-
mined by the anisotropic elastic constants obtained above.
As shown in Fig. 4, the AIMD simulation results qualita-
tively match all the experimental results [22,24] very well,
indicating the consistent electronic origin of Fe,_.Ga,
microstructures. As demonstrated in Fig. 4a, the Young’s
moduli Ejjg0) and Epjjop in the directions of [100] and
[110] decrease with the increased Ga-composition while
Ej110)is greater than £ indicating an anisotropic elastic
response. From Fig. 4b, the Poisson’s ratio vjyjo; in the
[010] direction almost keeps as constant, while vjj;g; in
the [110] direction drops from positive to negative at
x=7% and reaches a negative value of —0.67 at
x = 23%, indicating an auxetic response of Fe, . Ga, alloys
at high Ga concentration.

The anisotropy of the Young’s modulus comes from the
different arrangement of a pure Fe layer and a Fe-Ga
mixed layer in crystallographic axes. As Ga concentration
increases, Ga atoms prefer to stay away from each other
in the bce-Fe matrix. Previous theoretical results demon-
strate that Fe atoms nearest to Ga atoms (Fe, atoms shown
in Fig. 1) provide with the largest contribution to magneto-
elastic coupling in Fe,_,Ga, alloys [10,11]. In Fig. 5a, the
calculated density of states shows that there is a pro-
nounced non-bonding peak of Fe, atom near around
Fermi level in contrast to the valley at the same energy
range for Fe; atoms (Fe; atom shown in Fig. 1), indicating
the broken Fe bond toward nearest Ga atoms. Due to the
weak hybridization of Fe and Ga atoms, Fe bonds toward
Ga atoms become dangling bonds and d,, y, states shift in
energy from the edge to the center of the 3d band, which
reduces the total number of interlayer Fe-Fe bonds. As
seen in Fig. 5b, for the schematic illustration of the atomic
arrangement of Fe;_.Ga, alloy at x = 20.3% in the [110]
direction, The Fe-Fe bond is separated by a Fe-Ga mixed
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Fig. 5. (a) Partial density gf states (PDOS) of Fe; and Fe, atoms for Fe;_,Ga, alloys at x =20.3% and (b) atomic configuration of Fe,_,Ga, alloy at
x = 20.3% viewed from [110] direction. The green arrow indicates the non-bonding states induced by Fe, atom.

layer in the [00 1] direction, which decreases the interaction
between Fe-Fe layers. The Fe-Fe bond can hardly with-
stand stress if the stress is in the [001] direction, and will
also cause a significant drop for the tetragonal shear mod-
ulus C' (Fig. 3a), while the ability to withstand stress in the
[110] direction is obviously stronger because of the exis-
tence of more Fe-Fe bonds, as illustrated in Fig. 5b. This
is also the reason why the Young’s modulus in the [110]
direction is larger than that in the [001] direction. The
dependence of the Young’s moduli in the [110] and [001]
directions on the tetragonal shear modulus C’' can be
derived from Egs. (7) and (8) as:

6C'B
E = 11
[100] Cu+Cp (1
and
4Cu
Ep = P (12)
3C'B

Since the rhombohedral shear modulus Cy4 (Fig. 3b) and
bulk modulus B (doesn’t show here) are almost constant
for Fe;_,Ga, at 15% < x < 22.7%, the sharply decreased
tetragonal shear modulus can be a primary factor for the

low Young’s modulus at high Ga concentrations
(Fig. 4a). Meanwhile, with the introduction of the elastic
anisotropy constant 4 (A =2Cu/(Ci; — C1»)) [30], the
Poisson’s ratio vj; o) in the [110] direction can be rewritten
as:

1—-4%y
Vg = T ACu —I—Ai (13)
B

Since the anisotropy constant 4 demonstrates a gradual
increment at low Ga concentration and a burst at the Ga
concentration x = 15.6% shown in Fig. 6 consistent with
the experimental data [24,26], we may note that the sign
change of the Poisson’s ratio vj; o) occurs when the anisot-
ropy constant A is greater than 2, which is in agreement
with the suggestion of Jain and Verma [31], who attributed
the negative Poisson’s ratio to materials exhibiting anisot-
ropy constant larger than 2. Eq. (13) shows that the Pois-
son ratio in the [110] direction is negative when A4 > 3B/
Cyy or C' < C;1Cys/3B. Therefore the drop of tetragonal
shear modulus C’ plays an important role for the decreased
Poisson’s ratio and final reach of large magnitude of the
negative Poisson’s ratio in the [110] direction (Fig. 4b).
Such a large negative Poisson’s ratio can exhibit a signifi-



2924

25 L) T T T T
=9 Cal.
| @ Ref.[26]
20- 9 Ref.[28] Q
t I
s
7]
2 _
Q
2 o
Q
[s] .
=
=]
2]
-
< u
0 T v T T T v T T T ¥ T x
0 5 10 15 20 25 30

at.% Ga

Fig. 6. DFT simulation and experimental data of dependence of aniso-
tropic constant on the Ga concentration for Fe,_,Ga, alloys.

cant in-plane auxetic response if the alloys are designed un-
der specific loading conditions.

It is worth noting that the excellent ductility of Fe;_,.
Ga, alloys can be further supported with both the classic
criterion of the Cauchy pressure, defined as (Cj; — Cay)
[32], and the Pugh’s modulus ratio G/B [33], where G and
B are shear and bulk modulus, respectively. Previous stud-
ies also demonstrate the validity of studying ductile-to-brit-
tle-transition in intermetallic compounds based on the
above two criteria [34-39]. For metallic bonding, the Cau-
chy pressure is typically positive [32] and the Pugh’s mod-
ulus ratio is less than 0.57 [33]. However, for directional
covalent bonding with angular character, the Cauchy pres-
sure is negative and the Pugh’s modulus ratio is larger than
0.57. These correlations have been verified and validated
[40-42] for typical metallic bond-based inductile materials
(e.g. Au, Ag) as well as directional covalent bonding-based
brittle materials (e.g. semiconductor Si, super-hard cubic
BN, and diamond). From Fig. 7a, the Cauchy pressure
(C1o» — Cyy4) for Fe;_,Ga, at all Ga concentration remains
almost the same positive value, indicating a metallic bond-
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ing mechanism. The Pugh’s modulus ratio G/B reflects the
competition between the shear and cohesive strength at the
crack tip of fracture. It is shown that all calculated G/B val-
ues are smaller than 0.57, demonstrating a ductile property
from the Pugh’s criterion. In order to clarify how good the
ductility of Fe;_,Ga, alloys is, we illustrated a few typical
ductile materials of (Au, Ag), brittle material (Si), and
super-hard materials (cubic BN and diamond) for compar-
ison [40-42]. As shown in Fig. 7a, we can see that ductile
Au and Ag locate in the upper left corner in relationship
of (Cy» — Cy4) against G/B, while hard cubic BN and dia-
mond almost lie in the bottom right corner. Unlikely, Fe
and Si are almost close to the transitional edge of ductile-
to-brittle transition. Fe;_,Ga, alloys locate right between
pure Ag and Fe, indicating an improved ductility with
additional Ga in Fe. The inset of Fig. 7a explicitly shows
a gradually increasing ductility of Fe;_.Ga, alloys with
increasing Ga concentration. Meanwhile, the relationship
between (Ci» — Cy4) and G/B can be roughly fitted by qua-
dratic curve for various Ga concentrations. To quantify a
relationship of the ductile-to-brittle transition, we renor-
malized the Cauchy pressure (Ci» — Cy4) by dividing the
Young’s modulus E, and re-plotted the relationship of
(Ci2 — C44)/E vs. G/B based on the data in Fig. 7a. It is
shown in Fig. 7b that Fe,_,Ga, alloys at different Ga con-
tent can be fitted by a quadratic curve while the typical
ductile and hard materials can be fitted by a hyperbola
curve. As indicated by the arrow in Fig. 7b, the closer to
the upper left corner, the more ductile and stronger metallic
the bonding; inversely, the closer to the bottom right cor-
ner, the more brittle and stronger the covalent bonding.
One may note that the value (Cj, — Cau4)/E of Ag is greater
than that of Fe;_,Ga, alloys (the highest Ga content stud-
ies here, depicted by the vertical black dot line in Fig. 7b),
which implies that the metallic bonding of Ag is stronger
than Fe,_,Ga, alloys. It is also noted that the ductility
of Fe,_,Ga, alloys increases gradually with the Ga concen-
tration and almost reaches the same G/B value as Ag, indi-
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Fig. 7. (a) Correlation between the Cauchy pressure (Cj> — Cay) (vertical axes) and the Pugh’s modulus ratio G/B (horizontal axes) represented by blue
ball for Fe;_,Ga, alloys, along with typical ductile and hard materials for comparison depicted by red balls. The magnified correlation for Fe,_,Ga,
alloys at different Ga content was shown in the left bottom inset. (b) Renormalized hyperbolic correlation derived by dividing the Young modulus E from
(C1p — Cyy) for all the data of (a). The horizontal dashed line of (Cj, — Cy4) denotes the critical zero Cauchy pressure defined by Pettifor [32], whereas the
vertical dashed line of G/B = 0.57 corresponds to the critical Pugh’s modulus ratio defined by Pugh [33]. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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cating an excellent ductility as Ag, which plays a significant
role in the enhancement of magnetostriction in these Fe—
Ga alloys. It is expected that the ductility of Fe;_,Ga,
alloys can be further improved at even higher Ga concen-
tration following the trend of quadratic relationship as
depicted by the green arrow in Fig. 7b.

4. Concluding remarks

Based on the ab initio molecular dynamics (AIMD)
results, different size-scaled cell models were constructed
at different Ga concentration in order to systematically
evaluate the anisotropic mechanical properties at Ga con-
centration, especially near the first magneostriction peak
(x =19%). The calculated anisotropic shear constants ¢
and Cy4 agree well with experimental data from different
groups, which prove the validity and high quality of our
calculations based on the supercell model. Meanwhile,
the formation of D03-like structures has an important effect
on the softness of tetragonal shear modulus and negligible
influence on rhombohedral shear modulus. The decreasing
Young’s modulus and the large negative Poisson’s ratio in
the [110] direction can be attributed to the Fe dangling
bond to its nearest Ga atoms. Moreover, the reason that
the Young’s modulus in the [110] direction is greater than
in the [100] direction can be attributed to the different
arrangement of the pure Fe layer and Fe-Ga mixed layer
along the [110] and [100] axes. Furthermore, the ductility
of Fe;_,Ga, alloys was enhanced with increasing Ga con-
tent in terms of both classic Pettifor’s Cauchy pressure
Ci5 — Cy4 and classic Pugh’s modulus ratio G/B, which is
significant for the enhanced magnetostriction at high Ga
concentration.
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