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ABSTRACT

A high-throughput and data-mining search for rare-earth-free permanent magnets is reported for
materials containing a 3d and p-element of the Periodic Table. Three of the most promising com-
pounds, Fe;C, Mn;MoB4, and Mn,;WB4, were investigated in detail by ab initio electronic structure
theory coupled to atomistic spin-dynamics. For these systems doping protocols were also investi-
gated and, in particular, (Feg75X0.25)2C (X = Mn, Cr, V, and Ti), Mn3XB4 (X = Mo and W) along with
Mn3(Xo5Y05)Bs (X,Y = Mo, W, Ta, Cr) are suggested here as promising candidates for applications

as permanent magnets.
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. Promising PM/

Several promising high-performance rare-earth-free permanent magnets have been found as a
result of an ab initio high-throughput search. Alteration proposed to improve their stability and

magnetic properties.

1. Introduction

Permanent magnets (PM) are in high demand for a
large number of applications, including electric motors
and power generators. These ‘green’ technology appli-
cations have weight and size limitations, hence require
high-performance PM with especially high saturation
magnetization, high Curie temperature, and large uni-
axial magnetic anisotropy (MA). Currently the market
is dominated by rare-earth (RE) permanent magnets
which significantly outperform their RE-free counter-
parts. However, there exists a growing interest in finding
magnetic materials that are close in performance, yet do
not contain RE-elements (such as Pr, Nd, Sm, Tb, or
Dy) [1], which are quite expensive and are often mined
in environmentally challenging ways. Some of the RE
elements (such as Dy that was categorized as the sin-
gle most critically threatened strategic material [2]) are
rapidly decreasing in availability. At the same time, there

is a gap between the low-cost hard ferrite magnets with
their moderate performance and RE permanent mag-
nets in the price-performance diagram, hence provid-
ing a demand on filling this gap with RE-free magnetic
materials [3].

Various approaches are currently used to discover
and design the RE-free and RE-lean [4-6] magnets with
required characteristics. The most widely researched
compounds are high magnetocrystalline anisotropy
alloys (MnBi [7] and MnAl [8]), L1 phase of FeNi [9,10],
nanostructures [11-13], thin films [14], alnico perma-
nent magnets, and many more [3,15].

Data-mining algorithms have been proposed for some
time to be used in search for functional materials. Exam-
ples of such studies involve the suggestion of new materi-
als in reduced dimension, particularly two-dimensional
(2D) ones [16,17]. Several of these predictions were in
fact verified in subsequent works [18-20], demonstrating
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the power of this type of investigation. It is particularly
relevant for the current work that a high-throughput
density functional theory (DFT) data-mining approach
was proposed in [21] to identify new RE-free perma-
nent magnets and further used to discover a new class
of RE-free magnetic materials [22]. In the current inves-
tigation we perform data-mining protocols for materials
that combine one magnetic element of the 3d series (Cr,
Mn, Fe, Co and Ni) and one p-bonded element.

2. Computational methods

A high-throughput search was performed with the full-
potential linear muffin-tin orbital method (FP-LMTO),
including spin-orbit interaction as implemented in the
RSPt code [23,24], with the PBE functional [25] for
exchange and correlation. The results were obtained with
the tetrahedron method with Blochl correction for the
Brillouin zone integration [26,27]. The initial magnetic
state for each compound was assumed to be ferromag-
netic (FM).

Magnetic anisotropy energy (MAE) was calculated
using the RSPt code as AE = EP! — ES; here E° and EF!
are the total energies with the magnetization directed
along and perpendicular to the c-axis. A positive sign of
the MAE corresponds to the required uniaxial anisotropy
with preferred magnetization along the c-axis. The con-
verged k-point Monkhorst-Pack meshes [28] 20 x 20 x
20 were used for the calculations.

When different elements are substituted in the mate-
rials listed in ICSD, the relaxed crystal structure was
determined using Vienna Ab Initio Simulation Package
(VASP) [29,30] within the Projector Augmented Wave
(PAW) method [31]. Also, GGA in Perdew, Burke, and
Ernzerhof (PBE) form [25] was employed for these inves-
tigations. The magnetic state of the materials (where not
previously known from the literature) was also obtained
using VASP by performing the calculations with various
initial magnetic moment configurations.

The Curie temperature was determined using Metro-
polis Monte Carlo (MC) and Atomistic Spin Dynam-
ics (ASD) simulations implemented within the Uppsala
Atomistic Spin Dynamics (UppASD) software [32]. The
simulations were performed on a 25 x 25 x 25 supercell
with periodic boundary conditions using the exchange
parameters calculated with the RSPt code within the
first nine coordination shells [33-35] and with the PBE
functional [25] for exchange and correlation.

Formation enthalpy of a material with respect to its
elemental components was calculated using VASP as
the energy of the material relative to the composition-
weighted average of the energies of the pure constituents.
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An example of such a calculation is
AH[(FexCoy)2C] = E(ge,Coy),C — 2xEpe — 2yEco — Ec.

Here E(pe,Coy),C> Eres Ecos and Ec are the energies of
(FexCoy),2C, body-centered cubic (bcc) iron, hexagonal
close-packed (hcp) cobalt, and graphite, respectively. The
result described below is then given per atom in a unit
cell.

For partial element substitution the spin-polarized rel-
ativistic Korringa-Kohn-Rostoker (SPR-KKR) code [36]
was also used to obtain the total energies, magnetiza-
tion, and MAE by solving the Kohn-Sham equations
within Green’s function formalism. The MAE was then
calculated by the torque method [37], however, without
considering the full-potential effects, as these calcula-
tions employed the atomic sphere approximation (ASA).
This method allows to study the electronic structure of a
random alloy using the coherent potential approximation
(CPA) [38,39]. No lattice relaxation was performed in this
case. The PBE [25] approximation was employed as the
exchange-correlation functional. The angular momen-
tum cutoff of I n,x = 4 was used in the multiple scattering
expansion. A converged k-point grid was utilized for
the magnetization direction dependent self-consistent
total energy calculations. In this set of calculations the
Curie temperature was calculated within the mean-field
approximation [40] based on the ferromagnetic reference
state.

In addition, the Sumo package [41] and VESTA code
[42] were utilized for visualization.

3. Results
3.1. High-throughput search

Similar to previous investigations [21,22], the current
work is based on a high-throughput search performed
among the materials listed in the ICSD database [43].
Filtering through the systems that contain a magnetic
3d-element (Cr, Mn, Fe, Co, Ni) and an element of the
p-block (oxygen and noble gases excluded) up to Bi (see
Figure 1), we data-mined among several thousands of
compounds to find materials with ferromagnetic order-
ing, a high saturation magnetization (Mg > 0.5 T), a
Curie temperature Tc above 400 K, and a large uniax-
ial MAE (> 0.5 MJ/m?) (for the details see [21] and the
Computational methods section). We made sure that all
the materials already considered in [21,22] were excluded
from the search. As in the previous studies, initially,
oxides, rare-earth materials, alloys, and materials with
cubic symmetry were not considered [21]. In addition,
the maximum number of atoms per unit cell was limited
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Figure 1. The elements of the Periodic Table necessarily included in the initial choice—magnetic 3d-elements (dark blue) and the
elements of the p-block (orange). The search excluded the compounds containing oxygen and rare-earths (marble colored).

to 40. At this point, the initial set consisted of 559 sys-
tems. The first high-throughput step left 166 compounds
with sufficiently large magnetic moment (note that in our
setup we start with a ferromagnetic initial configuration).
A careful literature search was performed here; many of
the structures were known from previous experimental
investigations to be either established magnetic materials
or even antiferromagnets. For the remaining systems, the
ground state magnetic configuration and magnetocrys-
talline anisotropy were determined. The results are given
in Figure 2 with focus on saturation field and magnetic
anisotropy (for more details see the Supplementary mate-
rials, where the ordering temperatures are listed as well).
As seen from the figure, the values of saturation magneti-
zation and magnetic anisotropy energy are comparable to
several well-known PM. One may note that several new
materials of Figure 2 show magnetic performance that are
close to what is needed for practical use as a PM.

In addition to the high-throughput search, we opti-
mized the performance of several of the most promis-
ing candidates. The class of materials shown in Figure 2
can typically be improved with respect to their stability
and magnetic qualities, primarily by a full or partial ele-
ment substitution with the neighboring elements of the
Periodic Table.

In this work, we consider in particular three systems
that were obtained in the high-throughput search and
are of special interest for the permanent magnet appli-
cations: Fe,C, MnyMoBy4, and Mn;WBy. Each system is

investigated in detail below, with emphasis on improv-
ing their magnetic characteristics for applications as PM.
Iron-carbon compounds have attracted some attention
recently as interesting candidates for permanent magnets
applications [44-46], while 4d and 5d transition ele-
ments are known to provide large MA due to the strong
spin-orbit coupling [47,48].

3.2. FexC

The unit cell of Fe,C (ICSD 76826) with the Pnnm (58)
space group is shown in Figure 3. According to our cal-
culations, Fe,C has a saturation magnetization of 1.31 T,
a magnetic anisotropy energy equal to 0.80 MJ/m?3, and
a high T¢ of 900 K. The carbide was reported to be pre-
pared and studied by electron microscopy in [49]. The
structural and electronic properties of metastable mono-
clinic Fe,C, also known as n-Fe,C, have been previously
investigated in [44,45]; the stability was shown to be
poor, and the value of magnetization was found to be very
close to the one we reported here. n-Fe,C is one of the
transition carbides formed in steels tempered at different
temperatures [49]. It is precipitated during the first stage
of tempering of martensitic high carbon steel. The type of
the carbide formed depends on tempering time, the tem-
perature range, and an external field [44]. It was shown
in [44,45] that n-Fe,C is more stable than y-Fe,C and
€-Fe,C. n-Fe,C can also be obtained by high-fluence ion
implantation [50].
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Figure 2. The distribution of saturation magnetization vs MAE for the materials found in the current high-throughput search that are FM
and possess a high enough magnetic moment. Several values for the known high-performance PM are given for comparison (red dots).
The grey rectangle contains the materials that fulfill the desired search criteria without additional alloying.

Figure 3. The unit cell of Fe,C. Iron atoms are shown with the
large yellow spheres, C atoms are small dark brown spheres. The
c-axis is pointing upwards.

To investigate if the phase stability of Fe,C can
be improved without influencing the promising mag-
netic properties, we replaced one out of four Fe atoms
of the unit cell with Co, Mn, Cr, V, and Ti. The
crystal structure of (Fep75C00.25)2C, (Fep75Mng 25)2C,
(Feo.75Cr0.25)2C, (Feo.75V0.25)2C, and (Feg.75Tig.25)2C

Table 1. Saturation magnetization, MAE, Curie temperature, and
enthalpy of formation for (Feg 75X0.25)2C, with X = Co, Mn, Cr, V,
and Ti. Tc was calculated only for the materials with high MAE. Val-
ues for the parent compound Fe,C are also given for comparison.

Magnetic MAE Sat. magn., Tc AH
X state (MJ/m?) M (K) (mEv/at)
Co FM 0.21 1.08 76
Mn M 1.84 1.43 950 —4.85
Cr M 134 1.10 730 39
\Y FM 1.01 0.82 650 —52
Ti FM 0.51 0.64 400 —132
Fe,C FM 0.80 1.31 900 49.7

was optimized using VASP (for details see the Computa-
tional methods section). All iron atoms in the unit cell are
equivalent, hence checking for the most likely substitu-
tion position was not necessary. However, we relaxed the
structures both with the initial FM and AFM spin con-
figurations to make sure that the ferromagnetic spin ori-
entation is still preferable. The values of saturation mag-
netization, MAE, and Curie temperature for the relaxed
compounds are given in Table 1.

As seen from Table 1, Co and Ti substitution resulted
in a substantial drop in magnetization and MAE, and
for the reason we did not evaluate the ordering temper-
ature for (Fe75Co00.25)2C. For the remaining materials,
(Feo.75Cr0.25)2C, (Feg.75Mng25)2C, and (Feg75V0.25)2C,
the T¢ was computed and found to remain high.
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Figure 4. Saturation magnetization and MAE calculated for Fe,C doped with V, Cr, and Mn. Left-hand
shows the result obtained with SPRKKR in CPA. The right-hand side points are supercell calculations

X0.25)2C.

We calculated also the formation enthalpy of (Feg 75
X0.25)2C, with X = Co, Mn, Cr, V, and Ti (see Table 1).
For comparison, the formation enthalpy of Fe,C was also
computed (49.7 meV/atom). The positive value of the
formation enthalpy means that the phase is unstable at
low temperature (0 K in our calculations). According
to the data in Table 1, adding manganese, chromium,
vanadium, and titanium makes the formation enthalpy
negative (meaning that the phase is stable) or produces
a less positive value. Hence, doping Fe,C with man-
ganese, chromium, vanadium, and titanium is expected
to produce a more stable phase, while maintaining good
magnetic properties.

In order to study the influence of low concentrations
of impurities, we made use of the CPA as implemented in
the SPRKKR code (for details see Computational meth-
ods section)). Using this method we analyzed the effect
of Mn, Cr, and V alloying in the range 0-15 % substi-
tution. Since small amounts of dopants were considered,
we kept the experimental crystal structure parameters of
Fe,C. The outcome is shown in Figure 4 and one can
observe that the results obtained from the CPA method,
as given by the SPRKKR code, are consistent with super-
cell results obtained from the RSPt code—the satura-
tion magnetization (as one would expect) decreases as
more Fe is replaced by Cr or V, while replacing Fe
for Mn produces a rather concentration independent

side of the graph
in RSPt for (Feg7s

saturation magnetization. Furthermore, the figure shows
that adding V, Cr, and Mn increases the MAE compared
to the value of Fe,C.

One may see in Figure 4 that the supercell calcu-
lations with the FP-LMTO code RSPt agree well with
the CPA calculations performed with the SPRKKR code,
particularly concerning the magnetic moment of the
(Fep.75X0.25)2C compounds. The MAE calculated with
RSPt is slightly higher than the result given by SPR-KKR.
However, the numbers agree qualitatively both for on
the sign and order of magnitude. The origin of magnetic
anisotropy is analyzed in more detail in the Supplemen-
tary materials.

3.3. Mn,MoB4 and Mn, WB,4

Mn;MoBy was reported in [51] as well as in [52], where
it was investigated amongst the Mn, XB4 (X = Mo, W, Ta,
Cr) compounds. The unit cell of Mn, WB4 (ICSD 614782,
space group Immm (71)) is shown in Figure 5. Mn,CrBy4
did not appear in our high-throughout search since it is
not in the ICSD database. However, as it can be found in
[52], it will be investigated here (see Table 2).

In some cases we also considered alloys between sys-
tems that in pure form were found unsuitable, but where
alloying may produce a material with desired proper-
ties. For instance, Mn;TaB, has an in-plane magnetic



Figure 5. The unit cell of Mn,WB4. Manganese atoms are shown
with the purple spheres, B atoms are green, and W atoms are gray.

Table 2. Curie temperature and saturation magnetization both
calculated (in this work) and measured in [52] for Mn;XB4 (X =
Mo, W, Ta, Cr) compounds, as well as calculated MAE. The sec-
ond half of the tables provides the same numbers calculated for
Mn3(Xo.5Y05)Bs structures (X,Y = Mo, W, Ta, Cr).

T(,th Tc,exp MAE MS,th Ms,exp
XY (K) (K), [52] (MJ/m)3 m (T) [52]
Mo 630 590 0.70 0.68 0.53
W 610 575 1.36 0.68 0.45
Ta 1080 780 —0.74 0.77 0.55
Cr 950 440 0.70 0.70 0.55
Cr/Mo 740 0.52 0.68
Mo/Ta 850 0.18 0.71
W/Mo 800 1.15 0.67
W/Ta 830 1.06 0.72

anisotropy (see Table 2), but an alloy of Mn(X0.5Y0.5)B4
form (X,Y = Mo, W, Ta, Cr) may be interesting, since the
Ta-based compound with its planar anisotropy has the
highest Curie temperature according to the experimen-
tal data, while the W-based material has the highest MAE
(see Table 2). The supercell approach was used for these
systems to investigate the materials of Mn,(Xo5Y0.5)Bs
form (X,Y = Mo, W, Ta, Cr); the initial unit cell with
one X/Y atom per unit cell was doubled, the crystal struc-
ture relaxed with VASP, and their magnetic properties
calculated.

Mn,CrBy is not in the ICSD database, and we consid-
ered this new compound by first optimizing its structural
parameters, and then we obtained its MAE, saturation
magnetization, and Curie temperature. All of the val-
ues calculated for Mn,XB4 compounds using RSPt and
UppASD codes are given in Table 2 along with the exper-
imental data [52].

The values of the relevant magnetic properties can be
found in Table 2. As all the initial compounds have sim-
ilar magnetic moment, the value of Mg unsurprisingly
does not change much. The MAE of Mn»(Xo5Y0.5)B4 is
close to an average of its values in Mn,XB4 and Mn,YBy
for each combination of X and Y. Hence, the systems con-
taining tungsten have the highest magnetic anisotropy,
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while adding tantalum improves the Curie temperature
but causes the drop in MAE.

4. Discussion and conclusions

As a result of the high-throughput, data-mining search
for RE-free permanent magnets, several promising can-
didates are reported here. The focus of the investigation
is on systems with 3d elements and a p-element. Several
of the materials identified here have magnetic properties
that make them suitable for permanent magnet applica-
tions. One, Fe,C (ICSD 76826), has a high magnetization
of 1.31 T, MAE of 0.8 MJ/m?>, and a Curie temperature of
900 K. Unfortunately, it is known to have poor chemi-
cal stability. As can be seen from Table 1, both magnetic
characteristics and stability of Fe,C can be improved by
doping. The border of a ‘metastable’ state, or the ’insta-
bility’ energy which allows the material to be made, is
usually considered to be 40-50 meV/atom [53,54]. With
this in mind, out of the five dopants investigated here,
Mn, Cr, V, Ti, are the most promising candidates.

Also, (Feq.75Ti0.25)2C, even though it has lower mag-
netization than Fe,;C, has the lowest formation enthalpy.
Alloying with Mn seems the most promising from the
magnetic side of things, as it increases saturation mag-
netization to 1.84 T, MAE to 1.43 MJ/m3, and the Curie
temperature to 950 K, while the formation enthalpy of
(Feo.75Mng 25)2C is still slightly negative. Adding vana-
dium can be considered the best of two worlds, as
(Feo.75V0.25)2C has decent magnetic qualities and low
formation enthalpy.

The advantage of Mn,XBy (X = Mo, W, Ta, Cr) com-
pounds is that these are known stable phases. According
to the calculations presented here, the materials have sim-
ilar saturation magnetization. Mn,CrBy4 has the highest
Curie temperature (out of the compounds with uniax-
ial magnetic anisotropy) while Mn; WBy4 has the highest
MAE. Table 2 shows the comparison between experimen-
tal and theoretical data. The material where theory fails to
reproduce the experiment is Mn, CrBy. This discrepancy,
however, can be explained by the experimental details
reported in [55]. The authors observed several phases
(FM and AFM) coexisting in the sample depending on
the concentration of Cr, which affected the measured
magnetic properties.

To improve on the properties of these materials, we
considered the combinations of Mn,(X(5Y¢.5)Bs4 form
(X,Y = Mo, W, Ta, Cr). From the second half of Table 2
one may note that combining W with Mo, and W with
Ta produces the best result. Both have a T¢ above 800
K, a saturation magnetization higher than 0.5 T, and a
MAE above 1.0 MJ/m>. Magnetization here is not high
enough to compete with the best known RE permanent
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magnets. However, it does allow to fill the gap between
the high-performance RE and the weak RE-free PM.
Hence, employing the high-throughput and data-
mining searches for RE-free PM we identified several
promising materials and suggested a number of chemical
substitutions that can improve their magnetic properties.
In particular, (Fep75X025)2C (X = Mn, Cr, V, and Ti),
Mn,XBy (X = Mo and W) along with Mn,(Xo5Y0.5)Ba
(X,Y = Mo, W, Ta, Cr) are suggested here as promising
candidates for applications as permanent magnets.
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