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First-principles prediction of enhanced magnetic anisotropy in FeCo alloys
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The structural, electronic, and magnetic properties of FeCo alloys were studied by first-principles
calculations. It has been found that the alloys prefer chemically noncubic geometries in a wide
composition range. This produces appreciable uniaxial magnetic anisotropy, which facilitates
interphase magnetic interaction and enhances the overall magnetization in exchange-coupled

nanocomposite  systems.

Large magnetostrictive coefficients

provide another venue for

manipulations of magnetic anisotropy energies. © 2008 American Institute of Physics.

[DOL: 10.1063/1.2840721]

Exchange-coupled systems with soft and hard magnets
based on the exchange-spring mechanism have been exten-
sively studied to attain high maximum energy product val-
ues, (BH)m.l As demonstrated in magnetic composites and
magnetic thin films, (BH),, can be significantly enhanced by
combining high saturation magnetization of soft magnetic
phases and high anisotropy of hard magnetic phases. How-
ever, the integration of soft magnetic materials is often lim-
ited by the thickness of the soft phase for effective exchange
coupling between the hard and soft phases. It has been
shown that the replacement of a soft phase (K;=0) by a
suitably aligned semihard phase (0 <K, <K,) is beneficial in
permanent-magnet nanostructuringz_4 but the challenge is to
find semihard materials that combine moderate anisotropy
with a high magnetization. Traditional Fe,_,Co, alloys are
ideal candidates for hard-soft nanostructuring” © because they
have a very high magnetization in a wide range of Fe-rich
compositions. However, their anisotropy is typically very
low (K,;~0) or its development requires a huge and difficult-
to-realize tetragonal strain c/a~ 1.2.7% For the rational de-
sign of optimal exchange-coupled magnetic materials, it is
essential to study the magnetic anisotropy and magnetostric-
tion of Fe,_,Co, alloys in a broad composition range.

In this paper, we report results of systematic density
functional studies of structural and magnetic properties of
Fe,_,Co, alloys in the Fe-rich stoichiometry. It is interesting
that they adopt noncubic structures in 0.18 <<x<<0.31. The
magnetostrictive coefficients \gy; and A;; are sizeable for
the stoichiometric B2 FeCo alloy. As a result, Fe,;_.Co, al-
loys possess appreciable magnetic anisotropy energies.

We used both the Vienna ab initio simulation package
(vaspP) (Ref. 9) and the full potential linearized augmented
plane wave (FLAPW) methods' to solve the density func-
tional Kohn—Sham equations. The spin-polarized generalized
gradient approximation was adopted for the descn%mon of
exchange-correlation interactions among electrons.  In the
VASP calculations, the projector augmented wave method'?
was used to represent the effects of ions and core electrons.
The all electron FLAPW method was adopted for the deter-
mination of the magnetic moment, magnetocrystalline aniso-
tropy energy, Eyica, and magnetostrictive coefficients g
and N\ ;;. The core electrons are treated fully relativistically,
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while the spin-orbit coupling term was invoked second varia-
tionally for the valence states."”

We placed Fe and Co atoms in the bce and hep lattices in
a 16-atom supercell and calculated total energies of all non-
equivalent distribution configurations. The lattice sizes and
atomic positions were optimized according to the energy
minimization procedures. To quantitatively describe the com-
position dependence of structural stability of FeCo alloys, we
define their formation energies as

Eb(COmFen) = Etnt(COmFen) —MpMco — Nre, (1)

where E,(Co,,Fe,) is the total energy of Co,,Fe, alloy in the
ground state configuration with m Co atoms and n Fe atoms
per cell. uc, and ug, represent chemical potentials or prac-
tically total energies of pure hcp Co and bcc Fe metals.
Clearly, alloys with negative E, are stable while those with
positive E,, tend to segregate apart. In good accordance with
previous studies,'" it is found that only the bcc lattice is
stable for Fe,,Co, alloys (m>n), as listed in Table I, without
first neighbor of minority atoms. Strikingly, E, for the hcp
CogFeg is as large as +1.73 eV (not shown in the table) per
supercell, indicating that the Fe—Co alloy rather forms sepa-
rated phases.

One important finding is that chemically noncubic ge-
ometries are preferred in a wide composition range. * Note
that Fe;;Cos, Fe|,Co,, and Fe 3Co5 can be arranged with the
cubic symmetry, as sketched in the first row of Fig. 1. Nev-
ertheless, these structures appear to be the least stable one
among all possible geometries as long as there is no Co first
neighborhood. For Fe,Co, (or equivalently Fe;Co), for in-
stance, the L6, structure is more stable than the cubic DO;

TABLE I. Formation energies (E;,) for FeCo alloys as defined in Eq. (1) and
their corresponding spin magnetic moments (M) per atom.

System E,, (eV/cell) M (up)
FegCog -0.51 2.21
FeyCo, -0.50 2.26
Fe,,Cog -0.55 2.28
Fe,,Cos -0.49 2.29
Fe,,Co, ~0.36 2.30
Fe 3Cos -0.23 2.31
Fe,,Co, -0.107 2.8
Fe,5Co, 0.028 2.22
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FIG. 1. (Color online) Atomic configurations for the cubic (in the top row)
and ground state (in the bottom row) structures of Fe,;Cos, Fe,,Co, and
Fe ;Coj; alloys. The AE indicate the energy gains after the tetragonal distor-
tion and the Eyc, are the magnetocrystalline anisotropy energies of the
tetragonal structures.

structure by 60 meV/cell through VASP generalized gradient
approximation (GGA) calculations or 70 meV/cell through
more precise FLAPW/GGA calculation. Since the phase
transition can be achieved by swapping only one Co—Fe pair
in the cell along either the (100) or (110) direction, it should
be easy to occur if the sample is annealed.

The curves of density of states (DOS) for Fe;,Co, in
both L6, and DOj structures are presented in Fig. 2. Obvi-
ously, the major difference occurs in —1.8~-1.0 eV and
+1.5~+2.0 eV, mostly on the Co sites. Corresponding to
the large magnetic moments, the majority spin bands are
fully occupied for both Co and Fe. The difference in DOS
around the Fermi level is very small. However, the blip in the
minority spin channel for the DO; structure appears to be
higher than that of the L6, structure, which might be a cause
for the slight instability of the former phase.
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FIG. 2. (Color online) The calculated density of states of the Fe;,Co, in the
L6, (solid lines) and DO5 (dashed lines) structures. Contributions from the
Co atoms are given in (thin lines). Positive and negative regions along the
vertical axis are for the majority and minority spins, respectively. Zero en-
ergy is the position of the Fermi level.
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FIG. 3. (Color online) The calculated total energy (AE) and magnetocrys-
talline anisotropy energy (Eyca) of B2 FeCo alloy vs the lattice strain along
the (0 0 1) direction. The solid-black curves are for AE with DFT optimized
structure and the dashed-red curves are for the 3% expanded structure. The
solid-black lines are for Ey;c, with DFT optimized structure and the dashed-
red lines are for the 3% expanded structure.

As listed in Table I, the average magnetic moment varies
in a small range for different compositions and appears to
maximize at m/n=3/1-4/1. More explicitly for Fe;;Co, in
the L6, structure, the magnetic moment in Co is 1.80up,
while those for two types of Fe atoms are 2.38uy (coplanar
to Co) and 2.63uy (in the pure Fe plane). Obviously, the
reduction in magnetization by the presence of Co is exces-
sively compensated by the strong enhancement of Fe mag-
netic moments. In addition, Fe and Co also contribute orbital
magnetic moments in the size of 0.21-0.22up/cell. The pref-
erence of noncubic structures has an important consequence:
the production of uniaxial magnetocrystalline anisotropy en-
ergy (MAE). Through the torque approach,16 we found that
the results of uniaxial MAE are large for Fe;;Cos and
Fe ,Co, but remain small for Fe;3Co;. Clearly, sizeable
MAE can be attained in small grains or thin films that com-
prise pure noncubic phases.

The other source that may lead to sizeable magnetic an-
isotropy energy is the magnetoelastic interaction. Here, we
applied strains along the (001) and (111) axes of the stoichi-
ometric B2-Fe;;Co,s and adjusted the lattice constants in
the perpendicular plane according to the constant-volume
distortion mode. To take the effect of thermal expansion into
account, we also investigated its properties under a 3% lat-
tice expansion. As shown in Fig. 3, the total energies and
uniaxial magnetic anisotropy energies can be fitted by
smooth functions of lattice strain, indicating the accuracy of
our calculations. The calculated Ny, and A;;; reasonably
agree with the experimental data'” (Table 1), considering the
fact that the atomic arrangement in the sample is more com-
plex. Both A\yy; and A;;; are large, especially under thermal
expansions. This provides an effective venue for manipula-
tion of MAE in FeCo. Finally, giant MAE (a few hundreds of
#eV) can be obtained if the lattice distortion is extended to
the 10%-20% range."®

In summary, the structural, electronic, and magnetic
properties of Fe,_ Co, alloys have been studied by first-
principles methods. It is found that only the bcc lattice is
thermodynamically stable for x<<0.5. These alloys prefer
chemically noncubic geometries in a wide composition range
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TABLE II. The calculated magnetostrictive coefficients in the (0 0 1) and
(1 1 1) directions of B2 FeCo alloy are compared with the experimental
measurements. The one with structure expanded by 3% is also listed to show
the tendency at thermal expansion.

Noor (107) Mg (1079)
Discrete Fourier transform (DFT)
optimized structure 88 30
3% expanded structure 122 36
Experiment” 180 45

“Reference 17.

and, hence, possess large uniaxial MAE. From the sizeable
magnetostrictive coefficients, MAE can be easily tuned in
grains or films of FeCo alloys, where tetragonal or diagonal
strains can reach 1%.
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