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Abstract: SmCos is a well-established material in the permanent magnet industry, a sector which
constantly gains market share due to increasing demand but also suffers from criticality of some raw
materials. In this work we study the possibility of replacement of Sm with other, more abundant rare
earth atoms like Ce-La. These raw materials are usually called “free” rare-earth minerals, appearing
as a by-product during mining and processing of other raw materials. Samples with nominal
stoichiometry Sm;_,MM,Cos (x = 0.1-1.0) were prepared in bulk form with conventional metallurgy
techniques and their basic structural and magnetic properties were examined. The materials retain
the hexagonal CaCus-type structure while minor fluctuations in unit cell parameters as observed with
X-ray diffraction. Incorporation of Ce-La degrade intrinsic magnetic properties, Curie temperature
drops from 920 K to 800 K across the series and mass magnetization from 98 Am? /kg to 60 Am? /kg;
effects which trade off for the significantly reduced price. Atomistic simulations, implemented based
on Density Functional Theory calculations are used in the case of the stoichiometry with x = 0.5 to
calculate atomic magnetic moments and provide additional insight in the complex interactions that
dominate the magnetic properties of the material.

Keywords: Sm-Co; permanent magnet; magnetic properties; structural properties

1. Introduction

Many developments in modern technology are based in permanent magnets (PM),
including a plentiful of critical applications in the fields of energy, automotive, robotics
and more [1]. This trend is significantly enhanced in recent years, new technologies are
utilized in the global fight against climate change and for productivity enhancement by
introducing automation and robotics in low skill tasks. Increasing demand has pushed
supply chain to its limits and fuels the urgent need for the discovery of PM based on more
abundant and thus cheaper raw materials. Reducing the cost of PM can be accomplished
not only by completely eliminating rare-earth raw materials, a task that has been proven
quite difficult, but also by reducing the content (rare-earth lean PM) and/or by using raw
rare-earth elements with larger abundance or less demand and thus less criticality and
supply risk. The term Misch Metal used to refer to minerals like monazite which consist of
various rare-earth compounds, mostly Ce and La; in our case we will refer strictly to Ce
and La in 3:1 ratio, the symbolism MM corresponds to Ceg y5Lag 25 [2—6].

Sm-Co system was the first high-performance RE-based PM presenting high anisotropy
field (11yHa ~ 40 T), high Curie temperature (~1000 K) and (BH)max > 150 k] /m? [7,8]. Sm is
not as expensive as other rare-earth elements for the moment, however, replacing Sm with
Cep.75Lag 25 in SmCos system is probably viable and has been successfully applied to other
systems [9-13]. In the present work we have investigated the effect of introducing Ce and
La in SmCos material, the structure stabilization, and the basic magnetic properties in order
to investigate whether the expected cost reduction of such a material can be combined
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with adequately intrinsic magnetic properties. Complementary to the economic factors,
our results contribute towards the better understanding of the complex nature of exchange
interactions that determine the macroscopic properties and the possibility of improving
the ab-initio techniques. The computational modelling and atomistic simulations already
provide for better materials and thus it is of large importance to investigate and report even
on less impressive compounds.

2. Experimental

Ingots of Sm;_yMMCos (x = 0.1-1.0) samples were prepared by arc-melting constitut-
ing elements of high purity in Ar atmosphere. All raw materials are typical, commercially
available products. Misch Metal consisted of 75-25 wt.% Ce-La 99 wt.%, provided by
Alfa Aesar, Germany. Extra Sm was added to compensate for sublimation and all samples
were melted multiple times. Materials were subsequently homogenized at temperatures
1100-1200 K for several hours in vacuum. Annealed alloys were manually crashed and
ground down to less than 50 um using a sieve of 50 mesh. Structural characterization of the
powders was carried out using X-ray diffraction patterns recorded with a SIEMENS D500
diffractometer (Cu-K« radiation). Determination of the character of the magnetocrystalline
anisotropy was carried out by X-ray diffraction patterns in magnetically oriented powders
which were mixed with epoxy glue and allowed to settle for adequate time within mag-
netic field; oriented perpendicular to the plane of X-ray incidence thus allowing only the
reflections which relate to the easy magnetization direction. Magnetic measurements were
carried out using a Princeton Applied Research PAR 155 vibrating sample magnetometer
(VSM) at room temperature in applied fields up to 2 T while thermomagnetic analysis in
low magnetic field (0.02 T) in the temperature range 300-1100 K was used to determine the
critical Curie temperature.

3. Computational Details

Overall, Density Functional Theory (DFT) is based on the Kohn-Sham theory [14],
which effectively maps the 3N-dimensional problem of explicitly solving the Schrodinger
equation for an N-body system of interacting electrons to the treatment of a system of N
coupled, 3 dimensional equations, describing a system of non-interacting electrons with
the same density as the original one [15]. An integral development towards the Kohn-
Sham theory were the Hohenberg-Kohn theorems, which shown that the external potential
(and consequently the groundstate Hamiltonian) of a system of electrons can be uniquely
expressed as a functional of the electron density, and that the groundstate electron density
minimizes the functional of the groundstate energy [16]. The proof of the first part was
performed by a reductio ad absurdum argument by E. S. Kryachko [17], who provided
an alternative derivation of the first Hohenberg-Kohn theorem. The accuracy of DFT in
describing exchange coupling has been studied extensively and has been found that the
choice of functional has a substantial impact (e.g., considering the broken symmetry density
functional theory (BS-DFT) approximation [18]).

The DFT calculations were performed within the spin polarized and rotationally
invariant DFT+U framework by Dudarev et al. [19] and the the Perdew-Burke-Ernzerhof
derivation of the gene-ralized gradient approximation pseudo-pontentials [20], with the
projector augmented-wave method [21] by using the VASP code [22]. The value of the +U
potentials was set to 4.7 eV for the 4f electrons of Sm and Ce and 2.22 eV for the d electrons of
Co and La, in agreement with the literature [23]. Calculations were performed on a dataset
of 96 atom, 2 x 2 X 4 supercell configurations with the MM, 55m( 5Cos stoichiometry,
created with the SUPERCELL code [24]. In this approach, the La and Ce atoms substitute
half of the Sm ones in a pseudorandom manner. The structural, electronic, and magnetic
properties were extracted from the energetically favourable configuration. The visualization
of the atomically resolved DOS was performed with the PyProcar code [25].
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4. Results and Discussion
4.1. Structural Characterization

In Figure 1 X-ray diffraction plots of the materials under study are presented. All
samples present the typical hexagonal CaCus-type signature pattern of the SmCos system
(5.G. No 191, P6/mmm). Small amount of the hexagonal Th,Ni;7-type phase (S.G. No
194, P63 /mmc) was detected, in most cases up to 5 wt.% and close to 10 wt.%. for x > 0.5.
Relative intensity of some reflections is not retained for higher Ce, La Misch Metal content
and the quality of the Rietveld analysis is degraded, indicating either a possible preference
for the remaining Sm atoms or the introduction of strains in the structure. In all samples
we have fixed the rare-earth atomic populations assuming the nominal composition. The
stabilization of the hexagonal structure is possible within all the stoichiometry range. In
Table 1 the unit cell parameters of the materials are summarized, and they are plotted
against Ceq 75Lag o5 content in Figure 2.
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Figure 1. X-ray diffraction plots (Cu K« radiation) of Smj_4(Ceq 75Lag 25)xCos (x = 0.1-1.0) com-
pounds; (a) powder samples; (b) magnetically oriented samples.

In Figure 1b X-ray diffraction plots the uniaxial character of all compounds is evident,
as expected [26-28]. In all cases the (001) and (002) reflections of the CaCus-type structure
are visible, indicating easy-axis type of anisotropy perpendicular to the basal plane of the
hexagonal structure. In the case of the sample with x = 0.5 some additional, minor peaks
are observed, at two-theta angles of 29.7, 30.7 and 42.8 degrees. The two latter correspond
to strong reflections of the P6/mmm hexagonal structure, namely (011) and (111), indi-
cating the possibility of misalignment in the sample. However, the additional peak at
29.7 degrees two theta does not match with any significant reflection of the CaCus-type,
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ThyNij7-type or ThyZn7-type structures. Therefore, we have to consider the possibility
of existence of an unknown minor phase, not possibly detectable in the random powder
X-ray diffraction patterns.

Measurement
— Fit

I (Sm,Ce,La)Co,
I (Sm,Ce,La),Co,,
Difference

Intensity (a.u.)

$

b4
0\0* 1

.I”I K I\ I |.|'| I i |!‘||' | '.h' I fi ill } ||'||']|| I |il'|| ||||'!| l |||:|

20 30 40 50 60 70 80
2-theta (degrees)

Figure 2. Rietveld analysis of Sm;_,(Ceg 75Lag 25)xCos (x = 0.5) compound.

In Figure 2, a plot of the sample with x = 0.5 combined with a theoretical fit using
Rietveld analysis is provided. The amount of the secondary, Th,Nij7-type phase (S.G. No
194, P63 /mmc) is about 9 wt.%. In all cases the amount of secondary phase was between
3 wt.% (x = 0.1) and 10 wt.% (x = 0.7) while the quality of the fit in all cases was about
2-3% higher than Rexp, for example in the case of x = 0.5, Ry = 19%, Rexp = 16%. We have
examined the possibility of existence of both main variants of 2:17 phases, ThyNij7-type
and the rhombohedral ThyZn;7-type (S.G. No 166, R —3 m) and a combination of both.
Due to the small amount of the secondary phase, there is no clear result. It is known that
Sm;Co17 usually crystallizes in the rhombohedral variant and Ce;Coq7, LapCo17 mostly in
the hexagonal [29,30]; both have the same basal plane, the same orientation of the c-axis and
occur from 1:5 with the same amount of replacement of rare-earth atoms with transition
metal pairs, their difference is due to the stacking sequence [31].

Table 1. Unit Cell Parameters for Sm;_,(Cep 75Lag 25)xCos (x = 0.1-1.0) main phase.

X a=bA) c(A) c/a
0.1 4.9973(10) 3.9780(9) 0.7960
0.3 4.9944(7) 3.9869(6) 0.7983
0.5 4.9878(14) 3.9913(12) 0.8002
0.7 4.9849(15) 3.9975(13) 0.8019
1.0 4.9557(6) 4.0212(8) 0.8114

From the values of the table and the Figure 3 some clear trends are observed. The
introduction of Ce, La decreases the basal plane unit cell parameters while it increases
the perpendicular c-axis. The c/a ratio increases as well. It is well known [31-33] that
the hexagonal RCos compound crystallizes in a layered structure, where Co only Kagome
layers alternate with mixed R-Co layers. The hexagonal ThyNij;-type phase is very related
to the basic structure and is produced by the partial replacement of one third of rare earth
atoms with pairs of transition metal, aligned parallel to the c-axis of the structure and
called dumbbells. Slightly disordered variations or other impurities are also very common
in the system [34]. The incorporation of different rare earth atoms, as in our case, may
enhance such effects. The small variations in peak intensities in Figure 1 may relate to
such structural and compositional discrepancies. The magnetic properties are obviously
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sensitive to these parameters but the close structural relation of them is not an obstacle
from the applications and industrial manufacturing/processing scope.
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Figure 3. Unit Cell parameters for Sm;_(Ceg 75Lag 25)xCos (x = 0.1-1.0) compounds.

4.2. Ab Initio Electronic and Magnetic Properties for x = 0.5

The results of DFT calculations for the atomically resolved, electronic DOS for a
Cegy5Lag s content of x = 0.5 in the energetically preferable structure are presented in
Figure 4. The contribution of the Co sublattice to the electronic states for both the 2c and the
3g sites dominates a broad range close to the Fermi level and pronounces its importance for
the magnetic properties of the RE-Cos structure. The peaks associated to the Ce atoms are
close to 4 eV, while the ones associated to the La atoms are close to 3 eV. The contribution
of Sm atoms is found to less pronounced and over a broader range above the Fermi level.
The respective average magnetic moments for each atom type are also presented in Table 2.

The treatment of the strongly correlated 4f electrons of Sm within DFT is a known
challenge. In this work, we employed the implementation so-called standard rare earth
model for Sm within VASP and the PAW-PBE-GGA pseudopotentials, which treats the 4f
valence electrons of Sm as core states. The SRM was previously demonstrated for SmCos to
agree with the dynamical mean field calculations with the Hubbard I solver (DMFI-H1A),
using the full-potential linear muffin-tin orbital method (FPLMTO), which were claimed
to provide the most accurate description for SmCos, but at an elevated computational
cost [35,36], and provide reasonable results for the whole lanthanide series [37]. The
explicit treatment of 4f electrons as valence in the planewave PAW formalism is known to
lead to self-interaction errors and a spurious pinning of the 4f orbitals of Sm to the Fermi
level, and, in turn, demonstrated significantly overestimate the local magnetic moments
of Sm atoms [38,39]. The aim of the ab initio simulations in this work was to investigate
the local atomic magnetic moments of the system. Therefore, by using PAW-GGA with the
SRM as implemented in VASP, in combination with the appropriately parametrized +U
approach, we were able to obtain reasonable results for the local atomic magnetic moments
and the total magnetization, compared to experimental values.
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Figure 4. Atomic contribution to the electronic DOS for RE atoms (Ce, La, Sm) and Co (2c and
3g sites) as calculated from the ab initio simulations.

Table 2. Average magnetic moments for each atomic species as calculated from the ab initio simula-
tions for the case of the sample with x = 0.5.

Atomic Average m/atom (ug/atom)
Sm —0.33
La —0.32
Ce -1.29
Co (2¢) 1.64
Co (3g) 1.63

However, with this approach, we found an overly pronounced value of magnetocrys-
talline anisotropy energy (MAE) for SmCos (~37 meV/f.u., compared to 10.5 meV/f.u. from
SRM-FPMLTO calculations of [36], experimental values ranging between 9-16 meV [40-45]).
In an older study, Larson et al. employed GGA+U calculations within the full-potential,
relativistic linearized augmented plane wave (FLAPW) approach with U = 5.2 eV and
J =0.75 eV and found a MAE of 12.6 and 21.6 eV (depending on the approach involved
in the implementation of the Hubbard correction in WIEN2K.01 and WIEN2K.02 pack-
ages) but their calculated magnetic moments had a discrepancy of 2-3 uB compared to
experimental values [46]. They also mention that a lower value of U close to 4 eV leads to
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a significant overestimation of the MAE at ~40 meV /f.u., which agrees with our results
(U =4.7 eV, MAE = 37 meV/f.u.). Therefore, in our approach, we used a value of U which
resulted to a more accurate description of the magnetic moments, which was our main
point of interest, at the cost of an overestimated MAE, and we did not investigate the
impact of substituting Sm to the latter quantity.

4.3. Magnetic Properties

Thermomagnetic analysis under small, constant magnetic field was used to determine
critical transition temperatures (Table 3, Figure 5). For all stoichiometry range a drop in
the Curie temperature is observed, almost linear with Ce-La content. Mass magnetization
follows the same trend as Curie temperature, reflecting the overall weakening of the
magnetic interactions (Figure 4). It is interesting to observe that ab-initio calculations for
the sample with x = 0.5 present a larger magnetization compared to the experimental
evaluation. Imperfections and minor impurities may account for that difference. The
structural effects we have already described are an additional cause for this weakening
of the magnetic properties. For low Ce, La Misch Metal content the degradation of the
intrinsic magnetic properties is rather small, thus it is reasonable to consider the possibility
of using Ce/La dopped SmCos as a base material for preparing permanent magnets due
to the reduced cost. Chen et al. [19] have demonstrated that such doped Sm-Co / a-
Fe nanocomposites present adequate remanence and coercivity and in addition to the
other commercial and production factors which have been already discussed here are
an interesting choice for PM optimization. We must also take into account the fact that
Ce and La are the rare earths with the largest production volume and are considered as
oversupplied raw materials [47]. Their large availability and lower price may be considered
for confronting the balance problem in the rare earth raw materials supply.

Table 3. Curie temperature and magnetization values of Sm;_(Ceg75Lag25)xCos (x = 0.1-1.0)
samples. Reference undoped SmCos value from [48].

X T, (K) Mg (Am?/kg) Mg (up/fu.)
1020 102 8.15 [48]

0.1 913 98.1 7.80

0.3 876 96.2 7.61

0.5 828 83.2 6.55

0.7 795 77.1 6.10

1.0 705 71.4 591
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Figure 5. Dependence of magnetic properties with Ce,La content in Smj_,(Ceq75Lag5)xCos
(x =0.1-1.0) samples.
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5. Conclusions

Single phase samples of nominal stoichiometry Sm;_,(Ce 75Lag 25)xCos (x = 0.1-1.0)
were successfully synthesized by conventional metallurgy methods. The hexagonal struc-
ture of the mother SmCos compound is formed for all stoichiometry range, together with
the crystallographically similar ThyNij7-type compound for high Ce, La content. Main
intrinsic magnetic properties, Curie temperature and mass magnetization, are weakening,
especially for higher Ce, La replacement for Sm, more than 30%. This effect is minimal for
lower Ce-La content; considering the low cost and the availability of the specific minerals
we conclude that the possibility of introducing Ce, La Misch Metal in commercial SmCos
permanent magnets is feasible. The dependence and interconnection of the magnetic prop-
erties on the structural parameters provide an insight for further research, the adjustment of
the observed trend in this work with additional substitutions, like partial substitution of Co
with other transition metals, may compensate for the effect and provide a better material
with the additional reduction of Co content; since Co is an even more critical resource this
path could be proven important in the future.

Author Contributions: Conceptualization, M.G. and C.S.; methodology, M.G., ].K. and C.S.; soft-
ware S.G. and J.K., validation, all authors; formal analysis, all authors; investigation, all authors;
resources, M.G. and J.K.; data curation, all authors; writing—original draft preparation, all authors;
writing—review and editing, all authors; visualization, all authors; supervision, C.S.; project adminis-
tration, J.K.; funding acquisition, ].K. All authors have read and agreed to the published version of
the manuscript.

Funding: Partially supported by the project MIS 5002567, implemented under the “Action for
the Strategic Development on the Research and Technological Sector”, funded by the Operational
Programme “Competitiveness, Entrepreneurship and Innovation” (NSRF 2014-2020) and co-financed
by Greece and the European Union (European Regional Development Fund) and by the Hellenic
Foundation for Research and Innovation (HFRI) under the HFRI PhD Fellowship grant (Fellowship
Number: 962). Furthermore, this work was supported by computational time granted from the Greek
Research & Technology Network (GRNET) in the “‘ARIS’ National HPC infrastructure under the
project NOUS (pr012041).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data not already included in the article are available on request from
the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gutfleisch, O.; Willard, M.A.; Briick, E.; Chen, C.H.; Sankar, S.G.; Liu, ].P. Magnetic Materials and Devices for the 21st Cen-
tury: Stronger, Lighter, and More Energy Efficient. Adv. Mater. 2010, 23, 821-842. [CrossRef] [PubMed]

2. Nakamura, H. The current and future status of rare earth permanent magnets. Scr. Mater. 2018, 154, 273-276. [CrossRef]

3. Zhang, S.; Ding, Y.; Liu, B.; Chang, C. Supply and demand of some critical metals and present status of their recycling in WEEE.
Waste Manag. 2017, 65, 113-127. [CrossRef] [PubMed]

4. Weng, Z.; Haque, N.; Mudd, G.M.; Jowitt, 5.M. Assessing the energy requirements and global warming potential of the production
of rare earth elements. J. Clean. Prod. 2016, 139, 1282-1297. [CrossRef]

5. Strnat, K.J.; Strnat, R.M. Rare earth-cobalt permanent magnets. J. Magn. Magn. Mater. 1991, 100, 38-56. [CrossRef]

6. Skokov, K.; Gutfleisch, O. Heavy rare earth free, free rare earth and rare earth free magnets—Vision and reality. Scr. Mater. 2018,
154,289-294. [CrossRef]

7.  Pan, S. Introduction. In Rare Earth Permanent-Magnet Alloys” High Temperature Phase Transformation; Springer: Berlin/Heidelberg,
Germany, 2013; pp. 1-26. [CrossRef]

8.  Strnat, K.; Hoffer, G.; Olson, J.; Ostertag, W.; Becker, J.J. A Family of New Cobalt-Base Permanent Magnet Materials. ]. Appl. Phys.
1967, 38, 1001-1002. [CrossRef]

9.  Benz, M.G.; Martin, D.L. Initial Observations: Cobalt-Mischmetal-Samarium Permanent Magnet Alloys. J. Appl. Phys. 1971, 42,
1534-1535. [CrossRef]

10. Tewari, R.A. Magnetic properties of a mischmetal-cobalt alloy. Bull. Mater. Sci. 1980, 2, 177-180. [CrossRef]


http://doi.org/10.1002/adma.201002180
http://www.ncbi.nlm.nih.gov/pubmed/21294168
http://doi.org/10.1016/j.scriptamat.2017.11.010
http://doi.org/10.1016/j.wasman.2017.04.003
http://www.ncbi.nlm.nih.gov/pubmed/28412098
http://doi.org/10.1016/j.jclepro.2016.08.132
http://doi.org/10.1016/0304-8853(91)90811-N
http://doi.org/10.1016/j.scriptamat.2018.01.032
http://doi.org/10.1007/978-3-642-36388-7_1
http://doi.org/10.1063/1.1709459
http://doi.org/10.1063/1.1660327
http://doi.org/10.1007/BF02745405

Materials 2023, 16, 547 90of 10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zuo, W.-L.; Zuo, S.-L.; Li, R.; Zhao, T.-Y,; Hu, F-X; Sun, ].-R.; Zhang, X.-F; Liu, J.P; Shen, B.-G. High performance misch-metal
(MM)-Fe-B magnets prepared by melt spinning. J. Alloy Compd. 2017, 695, 1786-1792. [CrossRef]

Li, R; Shang, R.X.; Xiong, ].E; Liu, D.; Kuang, H.; Zuo, W.L.; Zhao, TY,; Sun, ].R.; Shen, B.G. Magnetic properties of (misch metal,
Nd)-Fe-B melt-spun magnets. AIP Adv. 2017, 7, 056207. [CrossRef]

Jiang, Q.; Zhong, Z. Research and development of Ce-containing Nd,Feq4 B-type alloys and permanent magnetic materials.
J. Mater. Sci. Technol. 2017, 33, 1087-1096. [CrossRef]

Kohn, W.; Sham, L.J. Self-consistent equations including exchange and correlation effects. Phys. Rev. 1965, 140, A1133—-A1138.
[CrossRef]

Argaman, N.; Makov, G. Density functional theory: An introduction. Am. J. Phys. 2000, 68, 69-79. [CrossRef]

Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys. Rev. 1964, 136, B864-B871. [CrossRef]

Kryachko, E.S. On the original proof by reductio ad absurdum of the Hohenberg-Kohn theorem for many-electron Coulomb
systems. Int. . Quantum Chem. 2005, 103, 818-823. [CrossRef]

David, G.; Guihéry, N.; Ferré, N. What Are the Physical Contents of Hubbard and Heisenberg Hamiltonian Interactions Extracted
from Broken Symmetry DFT Calculations in Magnetic Compounds? J. Chem. Theory Comput. 2017, 13, 6253-6265. [CrossRef]
Dudarev, S.L.; Botton, G.A.; Savrasov, S.Y.; Humphreys, C.J.; Sutton, A.P. Electron-energy-loss spectra and the structural stability
of nickel oxide: An LSDA+U study. Phys. Rev. B 1998, 57, 1505-1509. [CrossRef]

Perdew, ].P; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865. [CrossRef]
Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 1999, 59, 1758-1775.
[CrossRef]

Kresse, G.; Furthmiiller, J. Efficient iterative schemes forab initiototal-energy calculations using a plane-wave basis set. Phys. Rev.
B 1996, 54, 11169-11186. [CrossRef] [PubMed]

van der Marel, D.; Sawatzky, G.A. Electron-electron interaction and localization in d and f transition metals. Phys. Rev. B 1988, 37,
10674-10684. [CrossRef] [PubMed]

Okhotnikov, K.; Charpentier, T.; Cadars, S. Supercell program: A combinatorial structure-generation approach for the local-level
modeling of atomic substitutions and partial occupancies in crystals. . Chemin. 2016, 8, 17. [CrossRef]

Herath, U.; Tavadze, P; He, X.; Bousquet, E.; Singh, S.; Mufioz, F.; Romero, A.H. PyProcar: A Python library for electronic
structure pre/post-processing. Comput. Phys. Commun. 2020, 251, 107080. [CrossRef]

Bartashevich, M.; Goto, T.; Radwanski, R.; Korolyov, A. Magnetic anisotropy and high-field magnetization process of CeCos.
J. Magn. Magn. Mater. 1994, 131, 61-66. [CrossRef]

Gabay, A.; Hu, X.; Hadjipanayis, G. Preparation of YCos, PrCos and SmCos anisotropic high-coercivity powders via
mechanochemistry. J. Magn. Magn. Mater. 2014, 368, 75-81. [CrossRef]

Pang, H.; Qiao, L.; Li, ES. Calculation of magnetocrystalline anisotropy energy in NdCos. Phys. Status Solidi B 2009, 246,
1345-1350. [CrossRef]

Wei, X.Z,; Hu, S.J.; Zeng, D.C.; Kou, X.C.; Liu, Z.Y.; Bruck, E.; de Boer, ER. Magnetic and crystallographic properties of
CepCopy—xGax compounds. J. Alloy Compd. 1998, 279, 301-305. [CrossRef]

Liu, Q.; Liang, J.; Rao, G.; Tang, W.; Sun, J.; Chen, X.; Shen, B. Structure and uniaxial magnetocrystalline anisotropy of intermetallic
compounds LayCoyy—xTix. Appl. Phys. Lett. 1997, 71, 1869-1871. [CrossRef]

Khan, Y. On the crystal structures of the RyCo17 intermetallic compounds. Acta Crystallogr. Sect. B Struct. Crystallogr. Cryst. Chem.
1973, 29, 2502-2507. [CrossRef]

Khan, Y. A contribution to the Sm-Co phase diagram. Acta Crystallogr. Sect. B Struct. Crystallogr. Cryst. Chem. 1974, 30, 861-864.
[CrossRef]

Johnson, Q.; Wood, D.H.; Smith, G.S.; Ray, A.E. Refinement of ThyZn1; structure: PryFe. Acta Crystallogr. Sect. B Struct. Crystallogr.
Cryst. Chem. 1968, 24, 274-276. [CrossRef]

Chen, J.; Wang, F.; Wang, F.; Meng, F.; Zhang, ]J. Phase structure and magnetic properties of La/Ce substituted nanocomposite
SmCos/ x-Fe magnets prepared by high energy ball milling and subsequent annealing. J. Magn. Magn. Mater. 2020, 521, 167534.
[CrossRef]

Granas, O.; Di Marco, I.; Thunstrom, P.; Nordstrém, L.; Eriksson, O.; Bjorkman, T.; Wills, J. Charge self-consistent dynamical
mean-field theory based on the full-potential linear muffin-tin orbital method: Methodology and applications. Comput. Mater. Sci.
2012, 55, 295-302. [CrossRef]

Soderlind, P,; Landa, A.; Locht, LL.M.; Aberg, D.; Kvashnin, Y.; Pereiro, M.; Ddne, M.; Turchi, P.E.A.; Antropov, V.P.; Eriksson, O.
Prediction of the new efficient permanent magnet SmCoNiFes. Phys. Rev. B 2017, 96, 100404. [CrossRef]

Locht, I.L.M.; Kvashnin, Y.O.; Rodrigues, D.C.M.; Pereiro, M.; Bergman, A.; Bergqvist, L.; Lichtenstein, A.I; Katsnelson, M.IL;
Delin, A.; Klautau, A.B.; et al. Standard model of the rare earths analyzed from the Hubbard I approximation. Phys. Rev. B 2016,
94, 085137. [CrossRef]

Brooks, M.S.S.; Eriksson, O.; Wills, ].M.; Johansson, B. Density Functional Theory of Crystal Field Quasiparticle Excitations and
theAb InitioCalculation of Spin Hamiltonian Parameters. Phys. Rev. Lett. 1997, 79, 2546-2549. [CrossRef]

Giaremis, S.; Katsikas, G.; Sempros, G.; Gjoka, M.; Sarafidis, C.; Kioseoglou, J. Ab initio, artificial neural network predictions and
experimental synthesis of mischmetal alloying in Sm—Co permanent magnets. Nanoscale 2022, 14, 5824-5839. [CrossRef]


http://doi.org/10.1016/j.jallcom.2016.11.009
http://doi.org/10.1063/1.4973846
http://doi.org/10.1016/j.jmst.2017.06.019
http://doi.org/10.1103/PhysRev.140.A1133
http://doi.org/10.1119/1.19375
http://doi.org/10.1103/PhysRev.136.B864
http://doi.org/10.1002/qua.20539
http://doi.org/10.1021/acs.jctc.7b00976
http://doi.org/10.1103/PhysRevB.57.1505
http://doi.org/10.1103/PhysRevLett.77.3865
http://doi.org/10.1103/PhysRevB.59.1758
http://doi.org/10.1103/PhysRevB.54.11169
http://www.ncbi.nlm.nih.gov/pubmed/9984901
http://doi.org/10.1103/PhysRevB.37.10674
http://www.ncbi.nlm.nih.gov/pubmed/9944521
http://doi.org/10.1186/s13321-016-0129-3
http://doi.org/10.1016/j.cpc.2019.107080
http://doi.org/10.1016/0304-8853(94)90010-8
http://doi.org/10.1016/j.jmmm.2014.05.014
http://doi.org/10.1002/pssb.200844215
http://doi.org/10.1016/S0925-8388(98)00691-4
http://doi.org/10.1063/1.119424
http://doi.org/10.1107/S0567740873006928
http://doi.org/10.1107/S0567740874003943
http://doi.org/10.1107/S0567740868002086
http://doi.org/10.1016/j.jmmm.2020.167534
http://doi.org/10.1016/j.commatsci.2011.11.032
http://doi.org/10.1103/PhysRevB.96.100404
http://doi.org/10.1103/PhysRevB.94.085137
http://doi.org/10.1103/PhysRevLett.79.2546
http://doi.org/10.1039/D2NR00364C

Materials 2023, 16, 547 10 of 10

40.

41.
42.

43.

44.

45.

46.

47.

48.

Gabay, A.M.; Larson, P.; Mazin, L1.; Hadjipanayis, G.C. Magnetic states and structural transformations in Sm(Co,Cu)s and
Sm(Co,Fe,Cu); permanent magnets. J. Phys. D Appl. Phys. 2005, 38, 1337-1341. [CrossRef]

Coey, ].M.D. Hard Magnetic Materials: A Perspective. IEEE Trans. Magn. 2011, 47, 4671-4681. [CrossRef]

Al-Omari, I.; Skomski, R.; Thomas, R.; Leslie-Pelecky, D.; Sellmyer, D. High-temperature magnetic properties of mechanically
alloyed SmCos and YCos magnets. IEEE Trans. Magn. 2001, 37, 2534-2536. [CrossRef]

Irkhin, Y.P; Irkhin, V.Y. The anion and cation effects in the magnetic anisotropy of rare-earth compounds: Charge screening by
conduction electrons. Phys. Solid State 2000, 42, 1087-1093. [CrossRef]

Chen, C.H.; Walmer, M.S.; Walmer, M.H.; Gong, W.; Ma, B.-M. The relationship of thermal expansion to magnetocrystalline
anisotropy, spontaneous magnetization, and Tc for permanent magnets. J. Appl. Phys. 1999, 85, 5669-5671. [CrossRef]

Nguyen, M.C.; Yao, Y.; Wang, C.-Z.; Ho, K.-M.; Antropov, V.P. Magnetocrystalline anisotropy in cobalt based magnets: A choice
of correlation parameters and the relativistic effects. J. Phys. Condens. Matter 2018, 30, 195801. [CrossRef]

Larson, P.; Mazin, LI; Papaconstantopoulos, D.A. Calculation of magnetic anisotropy energy in SmCos. Phys. Rev. B 2003,
67,214405. [CrossRef]

Binnemans, K.; Jones, P.T.; Miiller, T.; Yurramendi, L. Rare Earths and the Balance Problem: How to Deal with Changing Markets?
J. Sustain. Met. 2018, 4, 126-146. [CrossRef]

Coey, ].M.D. Magnetism and Magnetic Materials; Cambridge University Press: Cambridge, UK, 2010; p. 242. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1088/0022-3727/38/9/002
http://doi.org/10.1109/TMAG.2011.2166975
http://doi.org/10.1109/20.951226
http://doi.org/10.1134/1.1131353
http://doi.org/10.1063/1.369835
http://doi.org/10.1088/1361-648X/aab9fa
http://doi.org/10.1103/PhysRevB.67.214405
http://doi.org/10.1007/s40831-018-0162-8
http://doi.org/10.1017/CBO9780511845000

	Introduction 
	Experimental 
	Computational Details 
	Results and Discussion 
	Structural Characterization 
	Ab Initio Electronic and Magnetic Properties for x = 0.5 
	Magnetic Properties 

	Conclusions 
	References

