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Giant magnetostriction of Fe,_,Be, alloy: A first-principles study
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Magnetostriction coefficients of ordered BeFe alloys were investigated, using the first-principles full-
potential linearized augmented plane-wave method. A giant magnetostriction coefficient (~1060 ppm) was
predicted in the Feg g1o5Beg 1375 alloy. We elucidated the origin of giant magnetostriction coefficient in terms of
electronic structures and their responses to the tetragonal lattice distortion.
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I. INTRODUCTION

Magnetostrictive materials are widely used in transducers,
actuators, and sensors!? and have attracted extensive atten-
tion in the last 50 years. Among them, rare-earth-based al-
loys such as Terfenol-D are considered to be the most suc-
cessful category due to their large tetragonal
magnetostrictive coefficients, ;;;>1000 ppm (107%). How-
ever, these alloys are brittle, expensive, and require high
magnetic field for saturation. Extensive investigations have
been performed recently to seek innovative alloys, which
may circumvent these drawbacks. Intriguingly, Clark and
co-workers>~¢ found that iron-based alloys with Al, Be, and
Ga have much enhanced magnetostriction (N
~100-500 ppm) compared to pure bulk Fe (\gy;=20 ppm;
Ni11=—16 ppm). This opens a new vista of achieving strong
magnetostriction in ductile metallic materials, essential to-
ward the design of excellent devices for a wide range of
applications. Nonetheless, the mechanism of such an extraor-
dinary enhancement of A\, is still elusive,” which hinders
further developments of new functional materials with even
stronger magnetostriction. Two models have been proposed
for the explanation of giant magnetostriction of FeGa alloys:
either the intrinsic model that stems from impurity-induced
electronic structure changes,&9 or the extrinsic one that relies
on reorientation of precipitations under external magnetic
field.!0 In both cases, the local atomic ordering is crucial for
the determination of magnetostriction.®%!112 It is possible
that both the intrinsic and extrinsic origins are important for
the understanding of the magnetostriction of Fe-based alloys,
especially in samples with high impurity concentrations.

The measured magnetostriction depends sensitively on
thermal history,'? indicating that the enhanced \,, may re-
sult from metastable geometries. At the present stage, it is
clear that the minority atoms tend to avoid forming first
neighborhoods, but the pattern of their arrangement as sec-
ond neighbor remains unknown. In our previous studies for
ordered Fej;5Gag,5 alloy, we inspected three different
simple crystal structures: D03, L1,, and L6y. The magne-
toelasticity was found to be surprisingly sensitive to the
change in local arrangement of atoms and the B2-like crystal
structure, L6, was identified as the key one that contributes
to positive magnetostriction. The L6, structure is strongly
anisotropic and is unstable under tetragonal distortion,'*
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PACS number(s): 75.80.+q, 71.20.Be, 75.30.Gw, 75.50.Bb

which might be the origin of the drastic decrease in the te-
tragonal elastic modulus of Fe,_,Ga, around x ~0.25, as ob-
served by Clark and co-workers.!>16

Therefore, it is crucial to elucidate how the presence of
nonmagnetic elements enhances the magnetostriction of Fe
through modern density-functional calculations. In this study
we focused on the intrinsic mechanisms that produce large
magnetostriction in Fe,_,Be, binary alloys. While the search
for most probable atomic structures for random alloys is still
a challenging issue in this field, it is equally important to
identify appropriate local structures that produce high mag-
netostriction. Interestingly, with a set of structural models,
we found that giant magnetostrictive coefficients of up to
~1000 ppm are attainable in Fe,_Be, alloys around x
~0.18. This important finding lays a foundation for further
theoretical studies in this context and also motivates experi-
mental investigations for the quest of superb magnetostric-
tive materials.

II. METHODOLOGY AND COMPUTATIONAL DETAILS

In the present calculations, we used a 16-atom unit cell
and placed Fe and Be atoms in the bcc lattices, as shown in
Fig. 1, for (a) FegoysBegpes, (b) FeggrsBegias, (c)
Fegs125B€g 1375, and (d) FeqsBeg,s. These models reserve
the cubic symmetry and are stable under tetragonal distor-
tions.

The all-electron full-potential linearized augmented
plane-wave (FLAPW) method!”!® was used to solve the
density-functional Kohn-Sham equations at the level of the
generalized gradient approximation.!” Augmented plane
waves with an energy cutoff of 12.25 Ry (256 Ry) were used
to expand the bases (charge and potential) in the interstitial
region, while spherical harmonics with a maximum angular
momentum of [,,,=8 were used for expansions in the
muffin-tin (MT) spheres (rg,=2.2 a.u. and rg,=2.0 a.u.). To
ensure the numerical convergence, we used 1183 k points to
sample the irreducible Brillouin zone. The self-consistency
was assumed when the root-mean-square differences be-
tween the input and output charge and spin densities are less
than 3.0X 107 e/(a.u.)>.

The spin-orbit coupling (SOC) term in the Hamiltonian
for the valence states, H>°C, was treated as a perturbation in

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.79.054419

HONG, YUN, AND WU

(@) (b) (©)

the second variational method, whereas the Dirac equation
was solved for the core states. The torque approach was
adopted for the determination of the strain dependence of
magnetocrystalline anisotropy (MCA) energy (Eyica). The
magnetostrictive coefficients Ayy; were obtained from calcu-
lating E,,; and Ey;ca as functions of the lattice size along the

7z axis, ¢, according to*”
2 1dE d’E,,
Agop = - ——ch o (1)
3¢y dc dc

For the convenience of discussions, we remind that the
lowest-order contribution of H5°C toward the total energy is

s |<0|&._£|u>|2’

E'=- (922 (2)

u 8’4 80

where £ is the SOC coupling strength constant, and o and u
represent the sets of occupied and unoccupied states, respec-
tively. For contributions from the d states, the nonzero matrix
elements of the L. and L, operators are {(xz|L |yz)=1, (x
—y2|LZ|Xy>=2, <ZZ|LX|XZ,yZ>=\"§, (xy|Lx|xz,yz>=1, and <X2
—Y?|LJxz,y2)=1.

III. RESULTS AND DISCUSSIONS

It is known that a well-optimized structure is critical for
the determination of electronic and magnetic properties. We
first determined lattice constants and elastic constants of
these structures from total-energy calculations and the results
are given in Table I. The lattice size shrinks gradually when
the concentration of Be increases. This is understandable
since the size of Be is much smaller than that of Fe. Quan-
titatively, the calculated lattice constants for different com-
positions agree with the experimental data. For the bulk Fe,
we obtained C;;=234 GPa and C;,=136 GPa, both num-
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FIG. 1. (Color online) Unit
cells used for (a) Fejo375Beq o625,
(b) Fep g75Beq. 125 (c)
Fe g125Beo.1875, and (d)
Fey75Beg 5. Dark balls are for Fe
and white balls are for Be.

Na—D

(d)

bers agreeing excellently with experimental values, C;;
=232 GPa and C;,=136 GPa.?! This confirms the accuracy
of the present calculations. The elastic constants of Fe,_ Be,
alloys depend on their specific atomic structures. It is inter-
esting that Fejg;,5Beg 1375 With the atomic structure in Fig.
1(c) has very small tetragonal shear modulus, C’'=(Cy;
—Cy,)/2=11 GPa. According to Eq. (1), this should lead to
enhancement in magnetostriction of Fe g1,5Be 1375 and more
details will be presented later.

We found that the Fe atoms located at the body-centered
positions in Fig. 1, denoted as Fe(C) hereafter, have the
strongest contribution toward magnetostriction since they are
the nearest to Be atoms. The presence of Be substituents
effectively reduces the number of nearest Fe neighbors
around Fe(C) and hence weakens the Fe-Fe hybridization. As
a result, the local spin polarization around Fe(C) is enhanced
considerably. As listed in Table I, the spin magnetic moments
in the Fe(C) muffin-tin sphere increase to 2.296, 2.375,
2393, and 2.293 MB in FCO.9375BCO.0625, Feo‘875BCO.125,
Feyg105Beg 1375, and Fe( 75Beg »s, respectively. The magnetic
moment for Feg g;»5Beg 1375 i the largest among the four con-
figurations. The reduction in magnetization at high Be con-
centration is caused by the shrinkage of lattice constant. The
magnetic moments of the Be atoms are also appreciable,
—0158, —0182, —0152, and -0.112 Mp for F6049375B60.0625,
Fegg75Beq.125. FeogiasBeo.1g75, and Feg75Begos, respectively.
As a reference, the spin-density contour of FeggiosBeg 575
plotted on the (110) plane is shown in Fig. 2. Clearly, the
spin polarization is negative around Be and its vicinity and
the main feature of the spin density around Fe is not much
different from that in the bulk Fe.

For the determination of magnetostrictive coefficients ac-
cording to Eq. (1), we calculated the strain dependences of
total and MCA energies of the Fe,_ Be, alloys. As a bench-
mark, the calculated Ay, for the bcc bulk Fe from the cur-
vature of E,; and slope of Eycx is 21 ppm, a number which

TABLE I. The calculated lattice constants (a in a.u.), total spin magnetic moments (M, in ug) per Fe
atom, spin magnetic moments within the MT sphere of the body-centered Fe (Mpe(c) in up), spin magnetic
moments within the MT sphere of Be (Mg, in up), elastic constants (C;; and C;, in GPa), and magneto-

strictive coefficients (Ao, in 107%) of Fe,_,Be,.

x a Ci Ciz M Mre(c) Mg, Ao
0.0 5.410 234 136 2.19 2.24 21
0.0625 5.336 256 142 2.18 2.30 -0.16 -36
0.125 5.331 202 107 2.26 2.38 -0.18 76
0.1875 5.302 186 164 2.27 2.39 -0.15 1060
0.25 5.265 288 189 2.24 2.29 -0.11 160
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FIG. 2. The spin-density contours of Fegi,5Be( 15375 plotted on
the (110) plane. The unit of numbers is e/a.u.?

agrees perfectly with experimental data. As an example for
Fe,_Be, alloys, Fig. 3 shows the results of Feg;,5Beg 1375
Overall, the data points manifest the quality of our calcula-
tions, with E,, and Eycs being fitted nicely by cubic and
quadratic lines, respectively. Using Eq. (1), we found that
Noo1=—36, +76, +1060, and +160 ppm for Fe;q375Beg o625,
Fegg75Beo.125. FeogiosBeg.1g7s. and Feg7sBeg ps, in the struc-
tures given in Fig. 1. To reflect the uncertainties involved in
the fitting procedure, a =5% error bar should be assigned to
these values. It is known that Fe-rich alloys with Ga, Al, and
Be have disordered A2 phase in equilibrium but local D05
and B2 structures may also form under certain conditions.
Therefore, direct comparison with experimental data might
need some cautiousness. In particular, we obtained a nega-
tive Ngo; for Feg 9375Beg o625, @ result that is inconsistent with
experimental data, ~75 ppm. This discrepancy may indicate
the possibility of nonuniform distribution of Be in Fe-Be
alloys at low concentration. Calculations with more distribu-
tion patterns are underway to address this issue.
Nevertheless, the huge enhancement of Ay, up to
+1060 ppm in the selected structure for Fe g1,5Beg 1575, 1S a
major finding in the field. This value is much larger than the
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FIG. 3. (Color online) Total energy and MCA energy of
Fegg105Beg 1375 as functions of ¢/c¢ ratio.
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TABLE II. Contributions to Eyca (meV) from spin-orbit cou-
plings between different spin blocks of Fejg375Beq o625,
F€0.875Beo'125, and F6048125Beo'1875 under 2% elongation.

System cley DD UubD uu

FeO.9375B6040625 1.02 -0.152 -0.156 0.059
FCO.875BCOA125 1.02 0.312 -0.018 0.024
Feo'8125B€0‘1875 1.02 0.988 0.154 0.040

experimental data for the same composition because that the
samples may encompass various different phases. Therefore,
if one can find means to arrange Be atoms as in Fig. 1(c),
much larger magnetostriction is attainable in metallic alloys
for practical applications. We want to point out that the cal-
culated N\gg; of Fejgio5Gag 1375 with the same structure is
—50 ppm. As discussed below, the huge change between
Ga-Fe and Be-Fe alloys comes from the difference between
their numbers of valence electrons.

To further reveal the governing factor, we focus on
Fegg1o5sBeg 1375 in the discussions below. We first split the
contributions from different spin channels by turning on/off
SOC in different blocks of the Hamiltonian. As listed in
Table 11, it is apparent that E? is dominant compared to EVY
and EVP. Here, U (spin-up) and D (spin-down) denote spins
of the two states involved in the SOC interaction described
in Eq. (2). We also performed separate calculations with
H30C from different atoms and found that Fe(C) atoms pro-
vide 90% contributions to the enhancement of \y;. There-
fore, we only have to discuss SOC interaction across the
Fermi level in the minority-spin channel, for states localized
around Fe(C). Figure 4(a) displays the density of states
(DOS) of Fe(C), projected onto the e, and t,, orbitals. For
comparison, we also present the corresponding data of the
bulk bee Fe in Fig. 4(b). One can find several remarkable
differences between DOS curves of Fegi,5Be 1375 and the
bulk Fe: (i) some nonbonding 7,, states shift toward the
Fermi level and produce a major peak right above the Fermi
energy Ep, and (ii) the e, band gains occupation because of
intra-atomic charge redistribution. Nonetheless, the delicate
balance among the e, and t,, orbitals ensures zero uniaxial
Evicas as required by the symmetry for the undistorted lat-
tices.

To observe how the tetragonal distortion breaks the deli-
cate balance, we first plot the distortion-induced change in
DOS [ADOS(E)=DOS(c/cy=1.03)-DOS(c/cy=0.97)] of
bulk bee Fe in Fig. 5(a). The lattice expansion (contraction)
along the z axis (xy axes) cause major effects: (1) the broad-
ening (narrowing) of unoccupied x’—y? (z%) d states, along
with (2) the upward (downward) shift of the xy (xz,yz) d
states right under the Fermi level. According to Eq. (2) and
the nonvanishing matrix elements listed right after, these
changes weaken the in-plane contributions, through (L,),
whereas they enhance the perpendicular contribution,
through (L.), toward Eyca. Therefore, the system possesses
a positive uniaxial Ey;c, When the lattice is stretched along
the z axis, or vice versa. This explains the positive sign of
Noo1 for the bulk Fe. It is interesting to note the correlation
between curves of ADOS(E) and Epca(E) [cf. Fig. 5(b)].
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FIG. 4. (Color online) Curves
of density of states of minority
' spin projected into the Fe(C) atom
4 in (a) the Fe( g;25Beg 1375 alloy and
} (b) the bulk Fe at ¢/co=1.
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Once the Fermi level is placed below the d,, peak in
ADOS(E), Eyca(E) becomes negative since the (xy|L.|x
—y?) term does not provide positive contributes to Eyca any
longer as unoccupied states.

In contrast, the origin of the positive magnetostriction co-
efficient of Fe(g1,5Beg 1575 1s different from that of the bulk
Fe. Figure 6(a) presents the strain-induced changes in DOS
of the minority spin of Fe(C) in Fegg;25Beg 1375, 1.€., the dif-
ference of DOS at c¢/cy=1.02 from DOS at c/cy=0.98
[DOS(c/cy=1.02)—=DOS(c/cy=0.98)]. The curves are much
more complex compared to those of the bulk Fe displayed in
Fig. 5, especially in the range near the Fermi level. It is clear
that the lattice elongation affects the xy and xz,yz d states
differently. One can see that the d,, state loses electrons to
the d, . states when the lattice is stretched along the z axis.
Similar charge transfer also occurs from the d 2 state to the
d,2_,2 state. In fact, the opposite changes for the two pairs are
seen over the entire energy range. The concurrence of the
occupied d,2_,2 state and unoccupied d,, state around the
Fermi level gives large positive contribution to Eyca,
through matrix element of (x*-y?|L_|xy). Meanwhile, the
negative contribution from (z?|L,|xz,yz) is weakened since
the d. . is partially shifted to the occupied region but no
obvious increase in the d2 state in the unoccupied region.

To manipulate magnetostriction, it is instructive to study
the band filling dependence of Ejy;c, for positive and nega-
tive strains. The calculated Eyca of Fegg105Beg 1375 at ¢/cq
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=1.02 and 0.98 are given as a function of band filling in Fig.
6(b), denoted by the energy shift away from the real Fermi
level. It is interesting to note that the real Fermi level sits
right at the peak position of the Ey;ca(E) curve and thus any
change in the number of electrons decreases (. This ex-
plains why Fe 1,5Gag 1375 in the same structure has a small
negative magnetostriction as aforementioned. As shown in
Fig. 6(b), Ga atom has one more valence electron than Be
atom and hence the Fermi-level shift to the position of the
dotted line. Obviously, Ay, become small and negative as we
obtained from full calculations for Fegg;,5Gag 1g75-

IV. CONCLUSIONS

We investigated magnetostrictive behaviors of the bulk Fe
and Fe;_,Be, alloys, through the first-principles calculations,
with several uniform structures in Fig. 1. We found that the
presence of Be atoms weakens Fe-Fe hybridization and
moves d states around the Fermi level, in particular for the
Fe(C) atom. This drastically strengthens the spin-orbit cou-
pling interaction between occupied and unoccupied states
and therefore enhances the magnetic anisotropy energies
when the lattice is slightly distorted. The huge increase in
Noo1 of Fegg1osBeg 1375 1s explained in terms of single-particle
energy spectra. It is demonstrated that density-functional cal-
culations and rigid-band model analysis are useful in predict-
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FIG. 5. (Color online) Strain-induced changes in DOS of minority spin of (a) bulk Fe at ¢/cy=1.03 from c/cy=0.97, DOS(c/c,
=1.03)-DOS(c/cy=0.97), and (b) the calculated Eycp of bulk Fe at ¢/cy=1.03 (solid line) and 0.97 (dotted line) as a function of the band

filling denoted by the energy away from the real Fermi level.
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FIG. 6. (Color online) (a) Strain-induced changes in minority-spin DOS of the Fe(C) atom at ¢/cy=1.02 from c¢/cy=0.98, DOS(c/c
=1.02)-DOS(c/cy=0.98), and (b) the calculated Eyica at ¢/co=1.02 (solid line) and 0.98 (dotted line) as a function of band filling for the

Fe g125Beg 1375 alloy.

ing and explaining magnetostrictive properties of transition-
metal alloys.
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