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Abstract — Density functional theory is used to investigate how atomic substitutions modify the magnetization and anisotropy of

L1y-ordered ferromagnets. Our VASP supercell calculations focus on two classes of materials: Mn-Al-(Fe) and Fe-Co-Pt. We find that

the Mn and Al moments in pure MnAl are 2.420 pg and -0.61 pg per atom, respectively. The calculated zero temperature anisotropy is
1.77 MJ/m®. Replacing 50% of Mn by Fe enhances the anisotropy from 1.77 MJ/m® to 2.50 MJ/m® but reduces the magnetization. We

have also calculated the magnetic moments of L1y-ordered Fe;_,Co,Pt with various degrees of Fe-Co disorder. Configurational supercell

averaging shows that the net moment decreases systematically with Co concentration, but the individual Fe and Co moments depend on

the number of Fe-Co bonds.

[. INTRODUCTION

The ongoing search for rare-earth free permanent
magnets has led to a renewed interest in Ll-ordered
alloys. Their use as permanent magnets has been limited so
far not only by the price of heavy transition metals (Pd, Pt)
but also by the modest 3d magnetization in MnAl and
MnBi [1, 2]. This paper deals with the origin and
magnitude of the local magnetic moments in L1y-type
magnetic compounds.

Figure 1 shows a unit cell of the most general L1,
structure, which has the nominal composition ABC,. Very
often, the A atoms (black) and B atoms (gray) are of the
same type, which yields an equiatomic composition, but
different A and B atoms are also compatible with the

tetragonal symmetry of the L1, structure [3].

Fig. 1. General L1, structure of the composition ABC,.

L1y-ordered MnAl, also known as 1-phase MnAl, is one
of the few ferromagnetic manganese alloys [4, 5] and
exhibits appreciable intrinsic properties, namely p,M; =
075T,K,=1.7 MJ/m’. and T. =650 K [1, 2]. These are
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somewhat inferior to the intrinsic properties of FePt and
CoPt, but both Mn and Al are cheap and readily available.
Aside from permanent magnets, t-phase MnAl is of
interest for magnetic tunnel junctions (MTJs) [6].

A disadvantage of t-phase MnAl is the structural
instability at room temperature [7]. This leads to elaborate
such as quenching from the
which
antiferromagnetic with 7y of 90 K [8]. However, small

processing techniques,
hexagonal high-temperature (g) phase, is
additions of carbon are well-known to drastically improve
the stability of the L1, phase [9].

An important thrust of L1, research is iron-series
transition-metal  substitutions aimed at improving
magnetization, anisotropy, and/or Curie temperature. In
non-cubic Fe-rich Pt alloys, a reduction of raw-materials
costs can be achieved by substituting iron-series transition
metals for expensive heavy 4d/5d transition-metal
elements. For example, magnetizations of up to 1.78 T and
coercivities of up to 2.52 T have been achieved in
Fe-Co-Pt thin films with moderately reduced Pt content
[10, 11]. In MnAl alloys, it has been found that Fe addition
enhances the Curie temperature [12].

From a theoretical point of view, the coherent potential
approximation (CPA) has been used to investigate various
substitutions in L1, compounds containing Pt and Pd [13,
14]. Our emphasis is on local atomic magnetic moments,
which we determine with VASP supercell calculations.
The atomic moments are important for the understanding

of the magnetism of magnetic alloys but difficult to
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determine experimentally. Furthermore, the CPA is a
single-site approach and therefore ignores cluster-effects [3,
15]. This means that nonrandom atomic neighborhoods
("clusters") are not accounted for very well. In this paper,
we consider atomic magnetic moments in L1, structures
and focus on two systems, namely Mn-Al-Fe and
Fe,Co,Pt.

II. COMPUTATIONAL DETAILS

We have used the frozen core full potential projected
augumented wave (PAW) method [16], as implemented in
the Vienna ab-initio simulation package (VASP) [17]. The
electronic exchange and correlation effect are described
within the generalized-gradient approximation (GGA),
using the functional proposed by Perdew et al. [18]. The
energy cutoff of the plane wave basis set is taken as 450
eV and the total energy of the system is converged to 10
eV for all the structures. To determine the magnetization
for MnAl alloys, the experimental lattice constants are
used (@ =3.93 A, c=3.56 A) [4].

For Fe-Mn-Al alloys we replace 50% of the Mn in
MnAl by Fe, corresponding to the structure shown in Fig.
1. The Fe-Co-Pt supercells, which contain of 32 atoms (8
L1, unit cells per supercell), will be explained in Sect. III,
and in the calculations we assume experimental lattice
constants for FePt (a = 3.861A and ¢ = 3.788 A) [19]. The
k-points meshes for Brillouin zone sampling were
constructed using the Monkhorst-pack scheme. To ensure a
reasonable accuracy, all calculations use a 11 x 11 x 11
mesh generating 126 k-points in the irreducible part of
Brillouin zone. For some of the systems we have also
performed magnetic-anisotropy calculations and then used
2197 k-points in the irreducible part of Brillouin zone to

ensure convergence.

III. Fe-SUBSTITUTED MnAl

For the L1, MnAl alloys, we obtain Mn and Al
moments of 2.420 pg and -0.061 pp, respectively. This
means that the coupling between the Mn and Al sublattices
is antiferromagnetic. Replacing 50% of the Mn by Fe
reduces the total magnetization of the system. In this case,
the magnetic moments of Fe, Mn and Al are 2.461 g,
1.899 pg, and -0.056 g, respectively. Figure 2, shows the
spin-resolved density of states (DOS) for the Fe-Mn-Al
system. As usual, the magnetic moment corresponds to the
difference in the T and 4 DOS .
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Fig. 2. Spin-polarized majority (1) and minority (¥) d densities
of states (DOS) of FeMnAl,. The inset shows the s and p DOS of
Al

We have also calculated the zero-temperature magnetic
anisotropy of MnAl alloys is K; = 1.77 MJ/m’, which is
consistent with previous experimental and theoretical
results [20, 21]. The Fe substitution enhances the aniso-
tropy constant from 1.77 MJ/m’ to 2.5 MI/m® [25
Mergs/cm”].

III. Fe-Co-Pt ALLOYS

In the second part of the calculations, we have
investigated several ordered and disordered ternary
L1y-based Fe-Co-Pt alloys. We have considered 4 types of
ordered alloys, all having the nominal composition
FegCogPt but differing by their stackings, both vertically
and laterally. The two configurations shown in Fig. 3 are
limiting cases with respect to the dominance of Fe-Fe,
Co-Co, and mixed Fe-Co nearest-neighbor bonds. Figure
3(a) is basically the same as Fig. 1, whereas Fig. 3(b) is a
multilayer. The intermediate configurations, not discussed
in this paper, require the full supercell to achieve

periodicity and yield intermediate moments.

(a) (b)
Fig. 3. Two of the ordered L1,-based Fe-Co-Pt alloys considered

in the calculations: (a) L1, limit and (b) (multi)layered limit.
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(b)

Fig. 4. Supercell configurations for disordered Fe, ,Co,Pt: (a) x =
6.25% and (b) x = 12.5%. There are 7 nonequivalent

configuration for x =12.5%, but only one of them is shown in (b).

The structure of disordered Fe-Co-Pt alloys requires a
detailed These
approximated by supercells with 32 atoms, Fig. 4, and

more explanation. alloys are also
have the nominal compositions Fe;sCoPt;¢ (x = 6.25%) and
Fe 4Co,Pt¢ (x = 12.5%). In Fe,5sCoPty4, Fig. 4(a), there are
16 possible Co sites, because the Co is assumed to replace
one of the Fe atoms, but all Co sites are crystallographi-
cally equivalent. In the Fe 4Co,Pt,¢ supercell, there are 15
possibilities to accommodate the second Co atom, but only
7 of these configurations are crystallographically non-
equivalent. Figure 3(b) shows one of them.

Each nonequivalent configuration requires a separate
first-principle calculation, and the net moment <myx> (X =
Fe, Co, Pt, total) is then determined by configurational
averaging. For Fe 4Co,Pt, this means that

7
<my> = 11—5 'Z w(i) mx(i) 1

i=1
Here i = 1...7 labels the non-equivalent configurations and
the w(i) are their weights, normalized to 2 w(i) = 15.

Table I summarizes the calculated atomic moments.
For comparison, we also calculated the magnetic moment
of binary L1, FePt and CoPt, and the results are consistent
with previously calculated magnetic moments [22]. The
effective Fe-Co moment in FegCogPts alloys is 2.42 ug.
Similar values were reported for Fe, 55Cog 45/Pt superlattice
(2.5 pp) [23] and three-dimensional Fe;s5Cog44 nano-
particles [24].

Note that the L1y-ordered and layered structures (Fig.
3) have nearly exactly the same total moments. However,
the relative Fe and Co contributions are different. In
particular, the Fe moments are larger in the L1, structure
(a) than in the layered structure (b). This is consistent with
the general trend of reduced magnetization (moment and
exchange) in dense-packed Fe structures [2].
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Table I. Magnetic moments of L1, Fe-Co-Pt ordered and dis-
ordered alloys. The standard deviation (SD) in the last row

refers to the configurational averaging over the 7 nonequivalent

sites.

Supercell | <mc,>  <mpe>  <mpe>
Fig. Hp M Hp

L1j-ordered
3(a) 1.805 3.034  0.390

FegC03Pt16

Layered
3(b) 1.921 2.915 0.393

Fegc08Pt16

Disordered
4(a) 1.852 2907 0.367

FCISCOIPtm

Disordered
4(b) 1.857 2919 0.372

FC]4C02Pt]6

FC]4C02Pt]6
- 4(b) 0.012  0.0017 0.0007

An alternative view is to consider that Fe is fairly close
to the middle of the 3d series, intermediate between Cr and
Mn (typically antiferromagnetic) and Co and Ni (typically
This
real-structure dependence into the magnetism of the Fe.

ferromagnetic). introduces a  pronounced
Cobalt is much more stable in this regard, but it
nevertheless strongly hybridizes with neighboring atoms.
In fact, the Co moments in the different Fe;,Co,Pt;s
configurations vary from 1.831 to 1.879 pp, and the
standard deviation of the Co moments (0.012 pg) is larger
than those for Fe and Pt. The Pt moment reflects the spin
polarization due to neighboring Fe and Co moments—Pt is
a well-known exchange-enhanced Pauli paramagnet that
gets easily spin-polarized. The induced moment per Pt

atom ranges from about 0.3 pgto 0.4 pg.

IV. DISCUSSION

The reduction of the MnAl magnetization due to Fe
substitution is not surprising, because Mn exhibits a strong
tendency towards antiferromagnetism in most atomic
environments. Structural changes in ferromagnetic Mn
alloys, such as MnAl and the hexagonal compound MnBi
[9, 25], cause the antiferromagnetism to resurface. This
may even lead to more complicated types of magnetic
order, such as noncollinear spin structures, which have not
been investigated here.

One advantage of the present supercell method is the
automatic consideration of cluster localization [15]. In the
supercell approach, such neighborhood effects are properly
taken into account, and supercell calculations can safely be
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used for all degrees of randomness. The downside is that
the number atomic configurations increase exponentially
with system size and number of impurity atoms.

Nevertheless, the present calculations are in good
agreement with available CPA calculations, indicating that
cluster localization is not very important from a practical
point of view. We have found, however, that the local
magnetic moments exhibit a subtle dependence on the
environment, not only in each Fe-Co layer but also through
alternating 4d/5d layers. The effect is rather small, of the
order of 0.01 pg per atom, but substantially contributes to
the standard deviation shown in Table 1.

Both supercell and CPA calculations indicate that the
average moment decreases with increasing Co content.
This is different from bcc Fe,Co,, where the moment
initially increases with x, from 2.2 pg (Fe) to 2.4 g
(FegsCoss). The difference between Fe-Co and Fe-Co-Pt is
a band-structure effect—bcc Fe-Co and dense-(fcc-like)
Fe-Co-Pt behave very differently in this regard.

V. CONCLUSIONS

In summary, we have used a supercell method to
determine magnetic properties of L1y-ordered MnAl(Fe)
and Fe; ,Co,Pt. The Mn and Al moments in pure MnAl are
2.420 pg and -0.061 up per atom, respectively, which
means that the coupling between Mn and Al sublattices is
antiferromagnetic. The calculated zero-temperature mag-
netic anisotropy is 1.77 MJ/m’. Replacing 50% of Mn by
Fe enhances the anisotropy from 1.77 MJ/m’ to 2.5 MJ/m’,
but reduces the magnetization.

Supercell calculations capture details not accounted for
in the CPA but require a configurational averaging and get
very time-as the supercell size increases. In the Fe-Co-Pt
system, the magnetic moments of Co and Fe show a
relatively strong dependence on the number of Fe-Co
nearest neighbors. In disordered Fe;4Co,Pts alloys, the
respective Fe and Co moments increase and decrease with
increasing Fe-Co disorder, whereas 3d-3d interactions
through the Pt layer yield minor corrections.
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