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Permanent magnets generally require a favorable, but difficult-to-achieve combination of high magneti-
zation, Curie point, and magnetic anisotropy. Thus there have been few, if any, viable permanent magnets
developed since the 1982 discovery of Nd,Fe 4B [M. Sagawa, S. Fujimura, H. Yamamoto, Y. Matsuura,
and S. Hirosawa, J. Appl. Phys. 57, 4094 (1985)]. Here we point out, both by direct first-principles cal-
culations on the iron carbides and silicides FesC,, FesSiC, and Fe;C; as well as a discussion of recent
experimental findings, that there are numerous rare-earth-free iron-rich potential permanent-magnet mate-
rials with sufficient intrinsic magnetic properties to reasonably achieve room-temperature energy products
of 2025 MG Oe. This is substantially better than the performance of the best available rare-earth-free
magnets based on ferrite, as well as shape-anisotropy-employing alnico. These magnets could plausibly
fill, at low cost, the present performance “gap” [J. M. D. Coey, Scr. Mater. 67, 524 (2012)] between the
best rare-earth-free magnets and rare-earth magnets such as Nd,Fe 4B and Sm-Co.
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I. INTRODUCTION

Permanent magnets [1,2] have been continuously stud-
ied for several decades due to their critical applications in
modern technologies, such as typical memory devices [3],
rapidly developing electric vehicles [4], wind turbines, and
biomedical imaging [5,6]. To date, the permanent magnets
have been mainly divided into two types [1,2]: one is the
Nd,Fe 4B and Sm-Co rare-earth magnet category, while
the other is the ferrite magnet, with alnico magnets occu-
pying an intermediate regime. While rare-earth permanent
magnets show high performance, they are generally of
high price and limited availability. In comparison with
the rare-earth permanent magnets, the ferrite magnets are
lower cost but have correspondingly lower performance.
Although some rare-earth-free permanent magnets have
been reported, high-performance magnets among those
materials generally contain the expensive heavy element
Pt [2,7], which precludes the widespread use. Developing
a low-cost “gap” permanent magnet between Nd-Fe-B and
ferrite magnets is therefore urgent for technology.

Iron-silicon and iron-carbon compounds and alloys are
ubiquitous in the making of steel and other iron-based
compounds. Cementite, or Fe;C, commonly forms in the
blast furnaces within which steel is made, along with
other compounds in this category such as Fe,C, the Higg
carbide FesC,, and the relatively unknown Fe;Cs. Hagg
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carbide FesC, was produced as a by-product of the Fisher-
Tropsch reaction during the synthesis of gasoline [8].
Similarly, silicon is often used in steel as the precipi-
tates whose formation it aids significantly strengthen it.
Despite their substantial presence in perhaps the most com-
mon industrial material in societal usage today, it is only
recently [9] that the thermodynamics, including stability,
of these secondary phases has been studied in detail.

In this context it is perhaps unsurprising that these
compounds have undergone relatively little study for appli-
cations other than structural materials, despite the fact that
the (ferro)magnetism of iron itself has been known since
antiquity and all the compounds listed above are known
to be ferromagnetic. Since iron, carbon, and silicon are all
inexpensive, abundant elements, this immediately suggests
the possibility of inexpensive “gap” [1] permanent mag-
nets based on these compounds. One complicating factor,
however, as found in Ref. [9] is that several of these mate-
rials are thermodynamically metastable at 7= 0 and zero
pressure, so that their laboratory synthesis has generally
proved problematic. Nevertheless, since a permanent mag-
net itself is a metastable configuration, consisting of grains
carefully engineered to avoid the bulk magnetization-
destroying formation of domains, one ought not consider
the metastability of these bulk phases as a prohibition on
their usage in permanent-magnet applications. As with per-
manent magnet magnetization, it should be possible to find
experimental means of “freezing in” the metastable com-
position. One means of achieving this might be via small
amounts of manganese substitution, as Materials Project
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calculations find the manganese compounds MnsSiC and
MnsC, to be significantly more thermodynamically stable
than their iron-based counterparts. In addition, the magne-
tization in MnsSiC [10] is not saturated even at an applied
magnetic field of 2.6 T, which is some 3 x larger than our
estimated anisotropy field of 0.8 T for FesSiC. This sug-
gests that Mn substitution into FesSiC probably increases
the anisotropy fields.

So far, many synthesis methods have been utilized for
iron-carbide and iron-silicocarbide compounds. The pure
phase of Hagg carbide FesC, nanoparticle with a spher-
ical size of 100 nm can be in sifu synthesized via a
chemical-solution route, using amorphous Fe nanoparti-
cles as iron feedstock and Oleylamine as carbon feed-
stock [11]. The iron silicocarbide FesSiC was synthesized
by mechanical alloying [12—14]. Solvothermal synthesis
of Fe;C; nanostructure has been achieved with phase and
morphology control [15]. Orthorhombic Fe;C; was syn-
thesized in a multianvil press [16,17]. The various and
rapidly developing synthesis methods provide the foun-
dation for future application of these iron-carbide and
iron-silicocarbide compounds. The first-principles calcu-
lations presented here suggest that one of the materials
reported in the literature, FesSiC, may in fact show suf-
ficient “intrinsic” properties to yield good permanent mag-
net performance. Note that these “intrinsic” properties are
generally comprised of large values of the saturation mag-
netization M, the Curie point 7., and the first magnetic
anisotropy constant K (for a uniaxial material).

Of relevance for the following discussion is that both
materials exhibit a relatively unusual stoichiometry, and
related to this exhibit complex monoclinic structures, with
nonorthogonal axes. While most high-performance mag-
nets, such as Nd,Fe 4B, SmCos, and the ferrites, form
in a two-dimensional structure with uniaxial anisotropy,
there is no a priori requirement for a two-dimensional
(as opposed to a three-dimensional) structure for high-
performance magnet properties. Indeed, recent work by
one of us on orthorhombic HfMnP [18] finds a substantial
magnetic anisotropy in this material.

The main magnetic anisotropy requirement for a perma-
nent magnet is in fact a significant anisotropy from the easy
axis relative to each of the principal axis directions, which
imposes no explicit requirement for two dimensionality on
the material. In practice, this requirement is approximately
as restrictive for three-dimensional materials (in terms of
the probability that a randomly chosen ferromagnet has
desirable anisotropy properties), cubic materials of course
excepted, as for two-dimensional materials.

Typically for a high-performance magnet with coerciv-
ity at least as large as the magnetization, one requires
the “magnetic hardness parameter” k = /K, /(uoM,?) >
1 [19], where K is the magnetocrystalline energetic dif-
ference (on a volumetric basis) of the two easiest principal
directions, M, the saturation magnetization, and g the

vacuum permeability. While neither of the materials stud-
ied here has this level of anisotropy, the anisotropy is
sufficient that a comparatively low-cost (considering the
abundance of Fe, Si, and C) “gap” magnet with 2025 MG
Oe energy product magnet is possible based on these
materials. As Coey has written [1], such a magnet would
substantially benefit the technological sector, given that
Nd,Fe 4B is frequently used in applications where a less
powerful, less costly (but presently nonexistent) mag-
net would suffice. Indeed, Ref. [12] has already found
a significant coercivity of 0.4 kOe in FesSiC despite a
near-complete lack of the processing optimization usu-
ally necessary for significant energy products. Note that an
energy product as high as 6 MG Oe, based on these param-
eters is possible even in this relatively unoptimized state. It
is therefore plausible that significantly larger energy prod-
ucts can be achieved in these materials, for appropriate
processing conditions.

In this work, we study the magnetic properties of FesC,,
FesSiC, and hexagonal and orthorhombic Fe;C; from first
principles. Among the studied compounds, we find a tech-
nologically relevant magnetic anisotropy of 0.44 MJ/m?
and hardness parameter « of 0.50 in FesSiC, along with
the substantial magnetization exceeding 1.4 T and a high
Curie point above 788 K. These magnetic properties make
FesSiC a promising candidate for rare-earth-free and low-
cost permanent magnets, which pave a way for “gap”
permanent magnets. Following our first-principles results,
we present a discussion of the feasibility of producing
such low-anisotropy “gap” magnets from several Fe-based
materials, including those studied here. We end with a
conclusion.

II. CALCULATION METHODS

The calculations are performed by using the all-
electron-density functional code WIEN2k [20,21] with
the generalized-gradient approximation of Perdew, Burke,
and Ernzerhof [22]. The linearized augmented plane-wave
(LAPW) method [23] is employed in all of the calcula-
tions. The RK .« [product of the smallest LAPW sphere
radius (R) and the interstitial plane-wave cutoff (K ,.x)] of
7.0 is used for good convergence. The lattice constants of
FesC, [24,25], FesSiC [12], hexagonal Fe;C; [26], and
orthorhombic Fe;C; [16,17,27] are fixed to their experi-
mental values, which are displayed in Table I and Fig. 1.
The internal atomic coordinates are relaxed until forces
on all the atoms are less than 1 mRy/bohr. For the struc-
ture relaxation, 1000 k points are used in the full Brillouin
zone. The magnetic anisotropy energy (MAE) is calculated
with spin-orbit coupling, based on the assumed collinear
spin arrangement. The charge convergence criteria is set
to be 0.0001 e. MAE,;_, is defined as (E,; — E;1)/V.
E,, and E,; are the total energies of the system for the
magnetization oriented along the a2 and al directions,
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TABLE I. Lattice constants, unit-cell volumes, total magnetic
moment (M), atomic spin moments (i, Usi, and yc), bulk
modulus (B), shear modulus (G), and Pugh’s ratio (G/B) in
relaxed FesC,, FesSiC, hexagonal (-#) and orthorhombic (-0)
FC7C3.

Compound F85C2 Fe5 SiC F87C3 —h F€7C3 — 0
a(A) 11.57  10.04 6.88 11.98
b(A) 5.06 7.94 6.88 4.52
c(A) 4.57 7.47 4.54 13.77
a (%) 90.00  90.00 90.00 90.00
B(°) 90.00  90.00 90.00 90.00
Y (©) 8227  90.00 120.00 90.00
Volume (A%)  132.56  297.94 186.22 745.25
mi (up/fu)  8.93 9.56 12.14 12.56
e (145) 1.75 2.02 1.80 1.82
usi (1) - —0.08 - -
uc (ug) —0.10  —0.11 —0.10 —0.11
K 0.36 0.50 0.37 0.33
B (GPa) 199.9 1887 216.7 224.6
G (GPa) 83.4 51.9 86.2 85.0
G/B 0.4 0.3 0.4 0.4

The hardness parameter ¥ between easy and next-easiest axes is
listed for these Fe-based compounds.

respectively. V indicates the volume of the primitive cell.
Herewith, [100], [010], and [001] directions are considered
in all the iron-carbide and iron-silicocarbide compounds
to analyze their axial anisotropy. As mentioned above,
the magnetic hardness parameters in these compounds are
calculated as k = /K /(noM,?) [1,7,19], where K| indi-
cates the magnetocrystalline anisotropy energy (i.e., the
calculated MAE in this work), M denotes the saturation
magnetization. uo is the vacuum permeability, which is
defined as 47 x 1077 T m/A.

The formation energies of FesC,, FesSiC, hexagonal
and orthorhombic Fe;C; are calculated in the Vienna
ab initio simulation package [28,29]. The projector aug-
ment wave pseudopotentials and generalized-gradient
approximation are employed in the calculations [30,31].
The plane-wave energy cutoff is 400 eV. The Brillouin
zone is sampled with ' centered 2 x4 x4, 2 x3 x 3,
2x2x3, and 2x5x2 k-point meshes for FesC,,
FesSiC, hexagonal and orthorhombic Fe;Cs, respectively.
The convergence criteria for energy and atomic forces are
set to 1076 eV and 0.001 eV/A, respectively. In addition,
the spin-polarized phonon dispersions are calculated for
FesC,, FesSiC, hexagonal and orthorhombic Fe;Cs. The
2 x 2 x 2 supercell with 112 atoms, 2 x 2 x 2 supercell
with 224 atoms, 2 x 2 x 3 supercell with 240 atoms, and
1 x 3 x 1 supercell with 240 atoms are used for the phonon
calculations in FesC,, FesSiC, hexagonal and orthorhom-
bic Fe;Cs, respectively. The 2 x 2 x 2, I" only, 2 x 2 x 3,
and 1 x3 x 1 k meshes are used for the phonon calcu-
lations in FesC,, FesSiC, hexagonal and orthorhombic

FIG. 1. Geometry of (a) FesC,, (b) FesSiC, (c) hexagonal (-/)
and (d) orthorhombic (-0) Fe;Cs. The dotted circle, solid circle,
and solid hexagon in the coordinated axes from (a)—(d) denote the
easy, next-easiest, and hard axes in corresponding iron-carbide
and iron-silicocarbide compounds.

Fe;Cs, respectively. The spin-polarized elastic constants
of FesC,, FesSiC, hexagonal and orthorhombic Fe;C; are
calculated with the stress-strain methodology, as imple-
mented in the Vienna ab initio simulation package. In
particular, a high-energy cutoff of 700 eV in FesC,, hexag-
onal Fe;Cj3, orthorhombic Fe;C; and 500 eV in FesSiC
is used for calculating the elastic constants. The conver-
gence criterion for energy is set to 107% eV for elastic
calculations.

I1I. RESULTS

First of all, MAE is a small quantity of the order of
meV, which depends sensitively on the number of k points
used. In previous studies, the 1000, 1200, and 2600 k
points in Fe-Co-C [32,33] and Fe-Si-B [34] compounds
and 10000 k points in ZrMnP (HfMnP) [18] compounds
have been used for calculating MAE through WIEN2k.
In this work, different k points are tested to calculate the
MAE. In FesC,, the calculated MAE at different k points is
shown in Fig. 2, where the varying trend of MAE[o10)-{100]
with k points is similar to the MAE|go13.[100] case. It can
be found that the values of MAE in FesC, are similar
when the k points are larger than 2000. The difference
in calculated MAEi0}.[1007 at 3000 and 6000 k points
is 0.49%, and the difference in calculated MAEoo1}-{100]
at 3000 and 6000 k points is 5.68%. The MAE results
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FIG. 2. Calculated MAE[OIO]-[IOO] and MAE[()()I].U()()] in F65C2
with different k points.

reported for FesC, use 6000 k points. We further check
the k-affected MAE in FesSiC and orthorhombic Fe,;Cjs.
The difference in MAE(gg)-j0017 in FesSiC at 2000 and
5000 k points is 1.96%. In orthorhombic Fe;Cs, the dif-
ference in MAEjj00)-j010) in FesSiC at 2000 and 5000 k
points is 0.92%. So, the MAE in Fe;SiC and orthorhombic
Fe;C; are reported using the 2000 k points, which is also
employed in hexagonal Fe;C;. Herewith, the iron-carbide
and iron-silicocarbide compounds can be mainly repre-
sented by Fe;C, Fe,C, FesC,, Fe;Cs, and FesSiC. Among
these, Fe4C is in the cubic structure [35] and the magnetic
anisotropy of orthorhombic Fe;C is as low as 0.05 MJ/m?
[36], which is substantially insufficient as a permanent
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FIG. 3.

magnet. So, we analyze only the magnetic properties of
FesC,, FesSiC, and Fe;C; in this work.

Hagg carbide Fe;C,; is in the space group of C2/c with
the monoclinic structure, whose lattice constants are listed
in Table I. The easy and next-easiest axes of FesC, lie
in the [100] and [001] directions, as shown in Fig. 1(a).
The hard axis is in the [010] direction. The MAE between
the easy and hard axes in FesC, is 1.04 MJ/m?, which is
rather significant for materials containing only relatively
light elements such as Fe and C. It is, in fact, slightly larger
as the value for hcp Co [37]. Moreover, as shown in Fig.
3(a), the MAEqo13-[100] between the easy and next-easiest
axes in FesC; is 0.26 MJ/m?, which is low but likely suffi-
cient for the energy products of 2025 MG Oe. Meanwhile,
the magnetization of FesC, can be as large as 1.57 T, as
shown in Fig. 3(b). The strong magnetization in FesC, has
created attention for biomedical applications [38], such as
the tumor imaging. Here, we discuss whether the magneti-
zation of 1.57 T in FesC; is strong enough for a permanent
magnet. Moreover, the Curie point of FesC,; is about 520 K
[39], which is suitable in permanent magnets. So, the sig-
nificant magnetic anisotropy, the strong magnetization, and
a high Curie point make FesC, a candidate for a perma-
nent magnet, especially the 2025 MG Oe energy product
magnet.

Next, the magnetic properties of iron silicocarbide
FesSiC and iron carbide Fe,Cs are illustrated. FesSiC
shows the orthorhombic structure in the space group of
Cmc21. In FesSiC, the easy, next-easiest, and hard axes
are in the [001], [100], and [010] directions, which pro-
duce a MAE[[OO]_[OO]] of 0.44 1\/[.1/11’13 and the MAE[()]()]_[()O]]
of 0.71 MJ/m>. Moreover, the magnetization of FesSiC is
1.49 T as shown in Fig. 3(b), and the Curie point of FesSiC
is, from experimental measurement, 788 K [12]. So, the
significant uniaxial anisotropy, strong magnetization, and

2.0

N
(o))
T
o
N

Magnetization (T)
o o -
I o N

0.0

(a) MAE and (b) magnetization in FesC,, FesSiC, hexagonal (-#) and orthorhombic (-0) Fe;C;, with GGA + SOC calcu-

lations. The MAE in (a) denotes the MAE between the easy and next-easiest axes in iron-carbide and iron-silicocarbide compounds,

corresponding to the dotted and solid circles in Fig. 1.
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high Curie point suggest that FesSiC is a possible per-
manent magnet candidate. For Fe;C;, the hexagonal and
orthorhombic phases are studied here. The hexagonal and
orthorhombic Fe;Cj are in the space group of P63mc and
Pbca, respectively, whose lattice constants are listed in
Table 1. As shown in Fig. 3(b), the calculated magne-
tization in hexagonal or orthorhombic Fe;C; is close to
that in FesC,, which is consistent with the experimental
results [11,15]. The Curie point of hexagonal Fe;C; is
523 K [40,41], which is similar to that in FesC,. How-
ever, the hexagonal Fe;C; shows a uniaxial magnetic
anisotropy of 0.25 MJ/m?, where the easy axis lies in
the [001] direction. The orthorhombic Fe;C; also shows
the axial anisotropy, where the easy, next-easiest, and
hard axes lie in the [010], [001], and [100] directions,
respectively. In orthorhombic F67C3, the MAE[IOO]—[OIO] is
0.28 MJ/H’I3, and the MAE[O()]]_[()IO] is 0.18 MJ/m3 As
shown in Fig. 3(a), the axial anisotropy in FesC,, hexago-
nal or orthorhombic Fe;Cj; is obviously smaller than that
in Fe;SiC. Moreover, the hardness parameter « of FesSiC
is also higher than the « in FesC, and Fe;C;s, as listed in
Table I. Finally, the relatively large axial anisotropy, con-
siderable hardness parameter, strong magnetization, and
a high Curie point make FesSiC a promising candidate
for permanent magnets without rare-earth or expensive
contents.

We further analyze the total and atom-resolved density
of states (DOS) for FesC, and FesSiC, as shown in Figs. 4
and 5. In both Fe;C, and FesSiC, the Fe atoms show strong
hybridization with C atoms almost in the whole energy
window, where the Fe and C atoms are mainly attributed
to the d and p electrons, respectively. As compared with

DOS (states/eV)

12 -9 -6 -3 0 3 6
E-E_(eV)

FIG. 4. Total (dotted line) and atomic (solid lines) DOS in
FesC,. The positive and negative values in the vertical axis
denote the spin-up and spin-down channels, respectively. The
Fermi level is 0 eV.

30

DOS (states/eV)
) o

LN
o

FIG. 5. Total (dotted line) and atomic (solid lines) DOS in
FesSiC. The inset denotes the enlarged regions marked by
the gray color for clarity. The positive and negative values in
the vertical axis indicate the spin-up and spin-down channels,
respectively. The Fermi level is 0 eV.

FesC, (Fig. 4), the FesSiC shows an extra intermediate
state as the gray color marked in Fig. 5. In particular, the
Si atoms in Fe;SiC mainly occupy the energy window of
the intermediate state, where the p electrons of Si still
show strong hybridization with the Fe d electrons (see the
inset of Fig. 5). As mentioned above, the magnetization of
FesC, or FesSiC is about 1.5 T, which is comparable to
the known ferromagnets with and without the critical rare-
earth elements. The sufficient hybridization between Fe d
and C p (Si p) orbits might provide foundations for the
strong magnetization in FesC, and FesSiC.

In addition, we calculate the formation energy for these
iron-carbide and iron-silicocarbide compounds. The sys-
tem with a lower value of formation energy will be
more stable at high temperatures. The formation ener-
gies £y (compound) of FesC,, FesSiC, hexagonal (-4) and
orthorhombic (-0) Fe;Cs, are calculated, on a per-atom
basis, based on their elementary substances [Eq. (1)] and
stable secondary phases [Egs. (2) and (3)] as follows:

Ey (FesCy) = [E(FesCy) — SE(Fe) — 2E(C)]/7,
Ey (FesSiC) = [E(FesSiC) — SE(Fe) — E(Si) — E(C)]/7,
Ey (Fe7C3-h) = [E(Fe;C3-h) — TE(Fe) — 3E(C)]/10,
Es (Fe;C3-0) = [E(Fe;C3-0) — TE(Fe) — 3E(C)]/10;
(M

Ej (FesSiC) = [E(FesSiC) — E(FeSi) — 4E(Fe) — E(C)]/7;
(2)
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Er (FesSiC) = [E(FesSiC) — E(SiC) — SE(Fe)]/7. (3)

The applied energies of each material correspond to their
total energies. The Fe, Si, C, FeSi, and SiC energies are
calculated from their stable phases [42]. The calculated
elemental formation energies of FesC,, FesSiC, hexago-
nal and orthorhombic Fe;Cs in Eq. (1) are 0.057, —0.158,
0.085, and 0.064 eV/atom, respectively. For FesSiC, the
calculated formation energies in Eqs. (2) and (3) are
—0.011 eV/atom and —0.099 eV/atom, respectively. The
formation energies of these compounds are lower than
90 meV/atom. It can be found that FesSiC with the neg-
ative formation energy is thermally the most stable among
these compounds. The positive formation energies of iron-
carbide compounds show the trend of stability from high to
low as FesC, > orthorhombic Fe;C; > hexagonal Fe;Cs,
which is consistent with previous studies [9]. Meanwhile,
these compounds have been synthesized in experiments,
and the synthesis has been controllable with the aid of var-
ious preparation methods [12,15,16,24], which should be
very helpful for further utilization as permanent magnets.

IV. DISCUSSION

Considering these iron-carbide and iron-silicocarbide
compounds are phases that crystallize in low-symmetry
lattices, their mechanical properties should be investigated.
We calculate the elastic constants of FesC,, FesSiC, hexag-
onal and orthorhombic Fe;C; compounds. The mechanical
stability is assessed by checking the necessary and suffi-
cient conditions to be satisfied by the elastic constants [43].
The elastic constants values for all the compounds are pre-
sented in the Voigt notation. In FesC,, the elastic tensor
is

3189 1504 1273 0.0 -0.3 0.0
1504 2969 1328 0.0 20.0 0.0
C= 1273 132.8 366.8 0.0 —0.5 0.0
1 0.0 0.0 0.0 1305 00 -—10.1
—-03 200 05 00 1241 0.0
0.0 0.0 00 -101 0.0 31.9

The six eigenvalues of the above matrix are 602.4, 225.0,
162.2, 131.5, 117.2, and 30.9, satisfying the elastic stabil-
ity criteria that all eigenvalues of C must be positive. In
FesSiC, the elastic tensor is

311.3 1284 131.8 0.0 0.0 0.0
1284 2692 139.1 0.0 0.0 0.0
131.8 139.1 3246 0.0 0.0 0.0

€= 0.0 0.0 00 63 0.0 00 |’

0.0 0.0 00 00 1126 0.0
0.0 0.0 00 00 0.0 106.9

where all necessary and sufficient conditions of Cy; >0,
C11C22 > C%z, C44 > 0, C55 > 0, C66 > 0 and C11C22C33 +2

C1,C13Cy; — €1, G35 — Cpy O35 — C33C2, > 0 are satisfied
for elastic stability. In hexagonal Fe;Cjs, the elastic tensor
is

3422 1740 1548 0.0 00 0.0
1740 3422 1548 0.0 00 0.0
154.8 154.8 3047 0.0 00 0.0

0.0 0.0 0.0 8.3 00 00
0.0 0.0 00 00 893 0.0
0.0 0.0 00 00 0.0 841

where all necessary and sufficient conditions of Cj; >
[Cisl, 2C%3 <C35(Cyy + Cyy), Cag > 0 and Ce > 0 are sat-
isfied for elastic stability. In orthorhombic Fe,;C;, the
elastic tensor is

3609 1629 1641 0.0 00 0.0
1629 3360 1624 0.0 00 0.0
164.1 1624 3468 0.0 00 0.0

0.0 0.0 0.0 814 0.0 00
0.0 0.0 00 00 983 0.0
0.0 0.0 00 00 0.0 653

where the necessary and sufficient conditions of Cy; > 0,
C11C22 > C%z, C44 >0, C55 > 0, C66 >0 and C11C22
Ci3 +2C,C3Cp3 — € Gy — Gy (3 — C33C, > 0 are
satisfied. So, all the studied compounds are mechanically
stable. We also check the spin-polarized phonon dispersion
of these compounds, as shown in Fig. 6. All the com-
pounds are dynamically stable. Moreover, we calculated
the mechanical properties of bulk modulus and shear mod-
ulus for these compounds. The brittle-to-ductile transition
is assessed from the ratio of shear-to-bulk modulus, also
known as Pugh’s ratio. For ductile, Pugh’s ratio should be
less than 0.571 [44,45]. As listed in Table I, Pugh’s ratios
in FesC,, FesSiC, hexagonal and orthorhombic Fe;Cj are
0.4, 0.3, 0.4, and 0.4, respectively, thereby implying the
ductile behavior.

The theoretical results presented above constitute sig-
nificant evidence for the feasibility of generating viable
permanent-magnet compositions from several Fe-rich fer-
romagnets with abundant elements. In this section, we take
a broader view of this endeavor, by also discussing recent
results on the related compounds FesSiB, [46] and the
alloy system (Fe;_,Co,),B [47]. Permanent magnets, to
avoid restrictions on the shapes of manufacture, are often
assumed to require a coercivity as large as the magnetiza-
tion, which in general means that the magnetic hardness
parameter « should be of order unity or greater. Yet recent
experimental work [48] on CeCos-based “gap magnets”
has shown that it is entirely possible to make a viable per-
manent magnet (with 13 MG Oe energy product) with a
coercivity of just half the magnetization and a rather square
hysteresis loop, that has in fact already attracted commer-
cial interest [49]. While the magnetic materials considered
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FIG. 6. Phonon dispersions of (a) FesC,, (b) FesSiC, (c) hexagonal (-4) and (d) orthorhombic (-0) Fe;Cs.

here are not likely to exhibit this level of coercivity, it
is well known that the alnico magnet has a « of approx-
imately 0.5 [50] and yet is in fact a viable commercial
magnet. While in alnico this anisotropy arises from shape
anisotropy, not magnetocrystalline anisotropy as consid-
ered here, the difference matters little for our discussion.

The suggestion is therefore that “semihard” magnetic
materials with ¥ ~0.5 can in fact become highly use-
ful permanent-magnet materials. This effective fourfold
reduction in necessary magnetic anisotropy means that
there are in fact numerous suitable iron-based magnetic
materials. Quantitatively, for a 1-T magnetization, or
796 kA/m, one requires a K| of just 0.2 MJ/m?; for 1.5-
T magnetization, the value is 0.45 MJ/m?. The value for
FesSiC described theoretically in this work is in this range.
In addition, there are still other iron-based materials, such
as FesSiB, [46] and (Fe;_,Co,),B, x=0.3 [47] with K,
values in this range; note in addition that Curie points of
these materials are favorably high, at respectively 770 and
1030 K.

One may make an estimate of the potential performance
of these materials by considering a putative material of
1.5-T magnetization and 0.45 MJ/m® K, as we in fact
find theoretically for FesSiC. For such a material, the
anisotropy field H, is given by the following relationship,
where 1 is the vacuum permeability:

oty = 210Ky / M.

From this relationship, one may readily calculate an
anisotropy field of 0.75 T for FesSiC. Now, decades
of experience in the permanent-magnet community has
found that experimentally achievable coercivities can be
as large as a quarter, or slightly more, of the anisotropy
field, the reduction being related to the “Brown paradox”
[51]. On this basis we estimate the achievable coerciv-
ity for FesSiC as 0.2 T. The achievable energy product
for such a coercivity will depend on the “squareness”
of the hysteresis loop. If a fully square loop were to be
achieved, given a magnetization of 1.5 T=15 kG and
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coercivity of 0.2 T =2 kOe, the achieved second-quadrant
BH pax=(M—H)H would be (15—-2) x2=26 MG Oe.
Note that certain high-performance grades of alnico in fact
contain a relatively square hysteresis loop [52], so that
even with semihard magnets appreciable coercivity can be
achieved.

While 26 MG Oe may be an optimistic figure, the his-
torical experience with Nd,Fe;4sB and Sm-Co magnets,
where more than 80% of the maximal figure has in fact
been achieved, suggests that 20 MG Oe performance in
these Fe-based systems is attainable. At the same time, the
1.5-T magnetization in FesSiC is substantially larger than
the 1.0—1.2-T magnetization [1,53,54] in alnico 9 magnets,
with a comparable « of 0.45. So we expect that substan-
tially larger BH .« should be possible in FesSiC. Note also
that high-performance grades of alnico contain as much
as 40 wt% of costly cobalt [53]. Given the low mate-
rials cost and ready availability of iron and the related
elements silicon, carbon, and boron, such a magnet would
likely have a substantial technological impact. There is
therefore a substantial experimental opportunity to develop
inexpensive Fe-based “gap magnets” in this performance
range.

V. CONCLUSION

In summary, we study the magnetic properties of iron-
carbide and silicocarbide compounds from first principles.
All the studied compounds, FesC,, FesSiC, hexagonal and
orthorhombic Fe;Cs, show the substantial magnetization
exceeding 1.4 T and the high Curie point above 520 K.
In particular, we find a significant magnetic anisotropy of
0.44 MJ/m? and hardness parameter of 0.50 in FesSiC,
which is sufficient to make a viable permanent magnet.
The significant magnetic anisotropy, strong magnetization,
and high Curie point make FesSiC a promising candidate
for rare-earth-free and low-cost permanent magnets, espe-
cially for room-temperature energy products of 2025 MG
Oe. The recently reported FesSiB, and (Fe;_,Co,),B com-
pounds also enrich the Fe-based potential “gap” magnet
family. These results provide a foundation for develop-
ing Fe-based “gap” permanent magnets with performance
in the region between ferrite and Nd-Fe-B (or Sm-Co)
magnets.
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