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Abstract: Calculations of the magnetocrystalline anisotropy are used to evaluate prospects for new lanthanide-free
permanent magnets. Based on the requirement of transition-metal-rich phases, we investigate interstitial impurities
in tetragonally distorted bce Fe and substitutional impurities in hcp Co, and compare doped bulk materials with nano-
structures, especially with elemental 3d and YCo, nanoparticles. Ab-initio simulations yield the dopants’ net magne-
tization and second-order anisotropy contributions, and calculated uniaxial anisotropy constants per unit fraction of
impurity atoms are 7.7 MJ/m? (Cin Fe), 3.9 MJ/m® (N in Fe) and 11.8 MJ/m® (Pd in Co). The examples of transition-metal
and YCo, nanoparticles show that nanostructuring has a pronounced and difficult-to-predict effect on the anisotropy.
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1. Introduction

The modification of simple ferromagnetic compounds
by interstitial and substitutional additives, as epito-
mized by martensitic steel and soft-magnetic Fe-Si, was
one of the earliest research areas in magnetism [1, 2]. In
fact, until the discovery of rare-earth permanent mag-
nets around 1970, transition metal magnets had domi-
nated progress in permanent magnetism, as exemplified
by L1 -ordered CoPt, alnico magnets, and BaFe ,0 , [3].
Element-strategic considerations have sparked renewed
interestin rare-earth-free permanent magnets, based ex-
clusively on 3d, 4d, and 5d elements. However, to ensure
a high magnetization and to limit raw-materials costs,
one needs magnets rich in late 3d metals and the cre-
ation of magnetocrystalline anisotropy becomes a major
concern. The problem is epitomized by the only modest
magnetic anisotropy of hard-magnetic steel, but similar
challenges arise in Fe- and Co-rich alloys with heavy ele-
ments such as Pd and Pt.

Surprisingly little is known about the magnetic anisot-
ropy of steels (iron-carbon alloys). The anisotropy of
hard-magnetic steel is usually explained as a strain ef-
fect [4]. Based on the magnetocrystalline anisotropy
and magnetostriction of Fe-series transition metals,
moderate lattice strain yields indeed magnetocrystalline
anisotropies of the right order of magnitude [3]. In fact,
FeCo combines a large magnetization with a large mag-
netostriction constant, A,,, = 75 - 10, and would yield,
according to AK = 3},,6/2, a huge anisotropy if uniaxi-
ally strained [3]. Such permanent magnets have actually
been proposed in the literature [5, 6], but the necessary
stress ¢ corresponds to unphysically large c-axis expan-
sion of 23%. Experimental room-temperature anisot-
ropies atom reach about 2.1 MJ/m?, but this value does
not account for the large amount of Pt (about 75 vol.%)

necessary to stabilize the structure [6]. In fact, it may be
more promising to use small amounts of Pt and Pd em-
bedded in Fe or Co.

There are various calculations on structural properties,
such as interactions between interstitial atoms [7], and
on magnetic order [8] and magnetic anisotropy [9, 10,
11] in stoichiometric compounds and multilayers. How-
ever, the magnetic anisotropy of doped transition met-
als is not very well understood, despite the fact that the
basic relationship between crystal-field level splitting,
spin-orbit coupling, and anisotropy has been known for
almost a century [12]. One reason is that advanced first-
principle calculations became available only after focus
had switched to rare-earth permanent magnets. Another
reason is that recent research on transition-metal alloys
has largely been fueled by developments in magnetic
recording, where materials requirements are different
from permanent magnetism.

This paper deals with the question how the magnetic
anisotropy is modified by seemingly minor structural
changes, such as impurities in Fe and Co.

2. Scientific Background
2.1. Interstitial Modification

It is well-known that small amounts of carbon [1] and
nitrogen [13] in a-iron occupy the octahedral intersti-
tial sites of the bcc structure, which causes a martensitic
lattice distortion. Figure 1 illustrates the location of the
interstitial atoms in the middle of the faces of the bcc
unit cell. The tetragonal martensitic distortion (¢ > a) is
a consequence of the smallness of the octahedral inter-
stitial site in the bcc structure. First, the hardcore radius
R, of the octahedral interstitial site is only (2/3 - 1) R,
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=0.19 A, but atoms such as C and N can be accommo-
dated with the help of a lattice distortion. This distortion
is facilitated by the flat shape of the interstitial hole. In
the specific arrangement of Fig. 1, the interstitial atoms
are coordinated by nearest neighbors along the c-axis,
which leads to a lattice expansion in the c-direction and
acontraction in the a-b-plane. Second, the elastic energy
created by the local strain favors a macroscopic arrange-
ment of the interstitial occupancy, so that the martensit-
ic c-axis remains well-defined for rather big crystallites.
This martensitic lattice distortion is responsible for both
the mechanical hardness and the anisotropy (magnetic
hardness) of steel.

Carbon has an atomic radius of 0.77 A. As one can show
by treating Fig. 1 as a hard-core model, this radius cor-
responds to a lattice expansion of Ac/c = 0.81% per at.%
carbon. Experimental values are of the order of Ac/c =
0.59% and Aa/a = -0.11% [1, 14, 15, 16], reflecting the
low carbon concentrations encountered in practice and
structural relaxations going beyond the hardcore model.
Comparison of Figs. 1(b) and (c) shows that there is a big
difference between lattice strain and interstitial (or sub-
stitutional) modification, even if the lattice constants
are the same for both cases. Mechanical strain changes
the interatomic distance by affine deformation, whereas
interstitial modification actually reduces the interatomic
distances along the c-axis. Furthermore, interstitial (and
substitutional) atoms have a pronounced chemical ef-
fect, modifying the magnetic anisotropy by modifying
the hybridization of the Fe and Co 3d orbitals.
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Fig. 1. Tetragonal strain in bce iron and its relation to the octahe-
dral interstitial site (black dots): (a) unstrained bcc Fe,

(b) tetragonally strained bcc Fe with ¢ > a, and (c) martensitic
lattice distortion (c > a). In (b) and (c), the interatomic distances
in the c-direction are enhanced and reduced, respectively, with
far-reaching consequences for the magnetocrystalline anisotropy.
For simplicity, the corner atoms of the bcc unit cells are omitted.

—_—
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2.2. Origin of Anisotropy

As established long ago [12, 17], magnetocrystalline
anisotropy is a combined spin-orbit and crystal-field
(CF) effect. Anisotropies in both rare-earth and itiner-
ant magnets are largely single-ion, that is, each d atom
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yields an individual anisotropy contribution determined
by the atom’s spin-orbit interaction. In a narrow sense,
the crystal-field interaction reflects the on-site energies
of the magnetic and nonmagnetic atoms in the crystal.
The CF contribution is sometimes regarded as the lead-
ing consideration in transition-metal oxides [12, 18, 19],
but interatomic hybridization (hopping) is usually non-
negligible and tends to obscure the crystal-field effect
[20, 21]. In metals, the band formation due to hopping
is more important than the electrostatic CF interaction
[3, 17]. Advanced first-principle calculations, as used
below, automatically include both hybridization and
crystal-field contributions.

Compared to rare-earth anisotropies, the understanding
of structure-property relationships for itinerant 3d, 4d,
and 5d anisotropies is much less developed. It is possible
to calculate the anisotropy numerically (17, 10], but there
are no rules predicting how atomic substitutions change
the anisotropy of rare-earth-free permanent magnets.
This leads to complicated and generally oscillating de-
pendence of anisotropy and orbital moment on chemi-
cal composition, atomic structure [22, 23], and, as we will
discuss below, nanostructure. However, the magnitude of
the second order or uniaxial anisotropy is easily estimat-
ed as 2?/ W, where W is the crystal-field or band-structure
level splitting. The spin-orbit coupling constant A is about
50 meV for Fe and Co, but about one order of magnitude
bigger for heavy transition metals, such as Pd and Pt.

3. Calculations and Results

Figure 2 shows the structures considered in our first-
principle calculations. The lattice constants taken for
the bct structure of Fig. 1(a) are a = 2.755 A and ¢ = 3.444
A (Fe-C) and a=2.590 A and ¢ = 3.288 A (Fe-N). The cal-
culation of the hexagonal Fe-Pd structure of Fig. 2(b) as-
sumes the interatomic distance of elemental Co, 2.506 A.
These lattice constants roughly correspond to available
experimental data (Sect. 2.1), but no relaxation analysis
has been performed at this stage.

To compute the electronic and magnetic properties of C
and N in bcec and Pd in hep Co, we have used the full-po-
tential linear augmented plane wave (FP-LAPW) meth-
od [24]. Exchange and correlation are treated within the
generalized gradient approximation (GGA) of Wu and
Cohen [25]. To achieve energy eigenvalue convergence,
the wave functions in the interstitial region were ex-
panded into plane waves with a cut-off wave vector K
=7/R,,, where R, = denotes the smallest atomic sphere
radius. We have taken R, values of 1.34, 1.11, 1.11 and
1.34 a, for Fe, C, N and Pd, respectively. The valence
wave functions inside the spheres are expanded up to
I ..=10, while the charge density was Fourier-expanded
up to G__ =12.The integrals over the Brillouin zone (BZ)
are performed using 501 k-points for Fe doped with C
and N. The BZ integrations were carried out using the

tetrahedron method [26].
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Fig. 2. Crystal structures used in the first-principle calculations:

(a) carbon (or nitrogen) occupying an octahedral interstitial site
in a bee supercell and (b) substitutional Pd in hep cobalt.

Near the Fermi level (E,), the calculations reveal a strong
coupling between the 2p orbitals of C and the 3d orbitals
of nearby Fe atoms. It is instructive to use charge-densi-
ty plots to visualize the hybridization between impurity
and transition-metal states. Figure 3 shows the charge
density for nitrogen-doped Fe. There is a substantial
distortion of the charge density near the N atom, which
contributes to both magnetization and anisotropy. In
particular, the hybridization reduces the magnetic mo-
ments of the Fe atoms close to the impurity. In the struc-
tures of Fig. 2(a), which have the nominal composition
Fe X, the average iron moments are 2.10 p, (X = C) and
1.92 1, (X = N). This relatively low value is caused by the
large concentration (25%) of the interstitial atoms in Fig.
2(a). With decreasing concentration, the average mo-
ment approaches the bulk value of bce iron (2.26 u,,).

Fig. 3 Charge-density plot for atoms in a (110)-type plane of
Fe-N.

Table 1 summarizes the atomic moments and anisot-
ropies of the investigated structures. In the table, m,
m, m,, and m, are the magnetic moments of the im-
purities and of their first-, second- and third-nearest Fe
neighbors, respectively, and M, is the volume averaged

zero-temperature magnetization. E, is the second-order

uniaxial anisotropy energy per dopant atom, obtained
by comparing the magnetic energies for magnetization
directions in the (001) and (100) directions, and K| is the
volume-averaged anisotropy constant. A more detailed
discussion of our results will be published elsewhere
[27].

Table 1. Calculated magnetic moments and anisotropies for C
and N in bee Fe. The anisotropy values are lowest-order uniaxial
anisotropy constants (K)) and refer to unit fractions of the
impurity. (Division by 100 yields the anisotropy contribution
caused by 1 at.% impurities.)

mi ml mﬂ m”] E’l I<th KP D

My B | ope | opg meV | MJ/m® | MJ/m?
CinFe [-0.091[1.37|2.43|2.50|0.63meV| 7.7 5.4
NinFe | -0.074 | 1.11 | 2.24 | 2.42 |0.27meV| 3.9 4.4

The calculated magnetic properties are consistent with
available experimental data. The magnetizations fall
in the range expected for iron alloys, and the moder-
ate reduction of the iron moment near the impurities
is not surprising. Experimental anisotropy values for C
and N in martensitic Fe are 0.40 meV [28, 29] and 0.32
meV [28, 30], respectively. Carbon contents are typically
of the order of 0.9 wt.%, or 4 at.% (Fe,,C,), which yields
an anisotropy constant of 0.21 MJ/m?. There is some
disagreement between theory and experiment, partially
because experiments are limited to small impurity con-
centrations. An anisotropy value for Fe (N, thin films is
1.6 MJ/m? [31], although nitrogen cannot be considered
as a random interstitial atom in these tetragonal com-
pounds [13]. The anisotropy of orthorhombic Co,Pt is of
the order of 2.0 MJ/m?® [32], whereas Co,,Pt, has a K| of

0.6 MJ/m?3, or 7.5 MJ/m? per unit fraction of Pt [33].

The supercell of Fig. 2(b) corresponds to the nominal
composition Co, Pd. Our calculations yield a Pd mo-
ment of 0.36 p, and an anisotropy energy of 1.55 meV
per supercell (or Pd atom), which translates into a net
anisotropy constant of 1.4 MJ/m?. The interpretation of
the Pd anisotropy requires some care, because the co-
balt host has a hexagonal crystal structure and a nonzero
uniaxial anisotropy, about 0.7 MJ/m? at zero temperature
[34]. (The above-considered bcc-iron host has some cu-
bic but no uniaxial anisotropy.) Subtracting the uniaxial
bulk anisotropy of the 15 Co atoms in each supercell
yields a Pd anisotropy of 11.8 MJ/m? per unit fraction. In
other words, about 47% of the total anisotropy of Co, Pd
come from the Co and 53% from the Pd. This indicates
that small additions of Pd yield substantial anisotropy
enhancements.

4. Anisotropy of Magnetic Nanostructures

What are the prospects for creating a new lanthanide-
free permanent-magnet material? Past research has ex-
plored virtually all binary and many ternary and quater-
nary phase diagrams, and the likelihood of an overlooked
intermetallic phase is small [35]. There is, of course, a
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possibility that dopants may stabilize an otherwise un-
stable or metastable phase, but this and other ‘chemical’
approaches have a rather remote chance of success. A
well-known approach to improve permanent magnets is
to use nanostructures based on available bulk materials,
such as Nd,Fe ,B and a-Fe [35, 36, 37]. However, nano-
structuring can also be used to modify the anisotropy
and to create magnets with new or improved properties.
Furthermore, technology has advanced since the 1960s,
and recent developments in experimental nanomag-
netism have opened the gate for the design of new ma-
terials. This may make it possible to stabilize structures
that are unstable in the bulk form.

An intriguing question is the dependence of the anisot-
ropy on the nanostructure. For a given material, the sur-
face anisotropy depends on the indexing of the surface
planes [38] and therefore on the faceting of the structure
or particle. In addition, the well-known example of alloys
of Fe, Co, and Ni [1] shows that the anisotropy is rarely an
linear function of the atomic concentrations. The situa-
tion is further complicated if one simultaneously con-
siders structure and stoichiometry. Figure 4 shows the
results of a phenomenological but non-perturbative 3d-
only tight-binding calculation for a 13-atom hcp cluster
[22]. The model simulation yields strong oscillations of
the anisotropy as a function of the number 7 of d elec-
trons per atom, which can be tuned by alloying, similar
to the control of the magnetization on the Slater-Pauling
curve. (Approximate d-counts are n = 7 for Fe, n = 8 for
Co, and n = 9 for Ni). The structural aspect comes into
play by comparing hcp and fcc clusters. The correspond-
ing 13-atom fcc cluster, which differs from Fig. 4(a) by
the rotation of the top (or bottom) triangle by 60°, has a
uniaxial anisotropy of exactly zero.

Since the present method lacks selfconsistency, it can-
not predict accurate peak heights and positions. How-
ever, the main feature of Fig. 4, namely the occurrence of
a large number of peaks and zeros, is unaffected by the
present approximation. The surprising feature is not the
well-known existence of peaks and zeros, but the large
number of the peaks, even for relatively simple struc-
tures. This is different from Pd and Pt in 3d hosts, which
shows a pronounced, but probably not universal, trend
towards positive anisotropy constants. Note, however,
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that Pd and Pt are chemically and electronically very
similar congeners with the same d count.

The past few decades have seen a rapid development in
nanofabrication techniques. For example, much prog-
ress has been made in the use of cluster deposition [39]
to fabricate small-scale nanoparticles with well-defined
atomic structures. Figure 5 shows cluster-deposited YCo,
nanoparticles. In spite of the small particle size, about 5
nm, the YCo, structure is well-developed. Coercivity and
loop squareness can both be tuned by modifying the
deposition conditions. Preliminary experiments yield
coercivities of about 1.0 T [10 kOe] at low temperatures
and 0.6 T at room temperature, with a remanence ratio
M /M_=~0.75 [40].

5. Discussion and Conclusions

An atomic model frequently used to discuss itinerant
anisotropies is the Néel model [41]. However, the Néel
model assumes a pair interaction between two mag-
netic atoms and is unable to describe the effect of non-
magnetic atoms, which affect the anisotropy by altering
crystal field, level occupancy and interatomic hopping.
In L1, type magnets, such as CoPt and FePd, the Néel
model is also unable to distinguish between two impor-
tant anisotropy contributions, namely the large 4d/5d
anisotropy caused by 3d neighbors and the smaller 3d
anisotropy created by the 4d/5d neighborhood [22]. Fur-
thermore, the example of Fig. 5 shows that more distant
neighbors are also important. For both the hcp cluster
with ideal c¢/aratio and the corresponding fcc cluster, the
Néel model yields zero uniaxial anisotropy, in contrast
to the finite tight-binding anisotropy of the hcp cluster.
Physically, the hybridization between the d-electrons in
the 13-atom clusters depends on the relative orienta-
tion of the top and bottom triangles. Alternatively, the
peaks in Fig. 5 mean that small energy differences must
be resolved properly, which requires the consideration
of many neighbors.

In conclusion, our calculations show that relatively small
impurity concentrations yield substantial anisotropy
contributions. In the case of C and N in iron, the main
effect is chemical and consists in a modification of the
hybridization of the Fe 3d orbitals, but strain effects are
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Fig. 4. Anisotropy of a hexagonal 13-atom cluster (after Ref. 22): (a) structure and (b) anisotropy as a function of the number of d
electrons per atoms (d-count). For the present structure, 10 meV roughly correspond to K, = 10 MJ/m?.
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Fig. 5.YCo, powder produced by cluster deposition: (a) SEM picture and (b) XRD pattern. The particle size is about 6 nm.

also important. By contrast, the direct anisotropy contri-
bution of the C and N is virtually zero, due to the small
magnetization and spin-orbit coupling of the 2p atoms.
Substitutional Pd yield a huge anisotropy contribution,
caused by their large spin-orbit coupling. Doping with
low concentrations of heavy transition metals in late 3d
hosts is therefore one of the few alternatives to rare-earth
permanent magnets, although much theoretical and ex-
perimental work remains to be done in this direction.
Nanostructuring is a further option, with challenges and
opportunities for future research.
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