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Abstract: We present theoretical investigations examining the electronic and magnetic properties of
the SmFeq,_y Moy (x = 1, 2) and SmFe;gMo,H compounds, including magneto-crystalline anisotropy,
magnetic moments, exchange-coupling parameters, and Curie temperatures. The spin-polarized
fully relativistic Korringa—Kohn-Rostoker (SPR-KKR) band structure method has been employed,
using the coherent potential approximation (CPA) to deal with substitutional disorder. Hubbard-U
correction was applied to the local spin density approximation (LSDA+U) in order to account for the
significant correlation effects arising from the 4f electronic states of Sm. According to our calculations,
the total magnetic moments increases with H addition, in agreement with experimental data. Adding
one H atom in the near-neighbor environment of the Fe §j site reduces the magnetic moments of
Fe 8j and enhances the magnetic moment of Fe 8f. For every investigated alloy, the site-resolved
spin magnetic moments of Fe on the §i, 8, and 8f sites exhibit the same magnitude sequence, with
mke (8i) > mke (8j) > mLe (8f). While the addition of H has a positive impact on magneto-crystalline
anisotropy energy (MAE), the increase in Mo concentration is detrimental to MAE. The computed
exchange-coupling parameters reveal the highest values between the closest Fe 8i spins, followed
by Fe 8i and Fe 8;j spins, for all investigated alloys. The Curie temperature of the alloys under
investigation is increased by decreasing the Mo concentration or by H addition, which is qualitatively
consistent with experimental findings.

Keywords: ab initio calculations; magneto-crystalline anisotropy; Curie temperature; permanent magnets

1. Introduction

Many devices utilize magnetic materials as their primary component, and increasing
energy efficiency across a wide range of industries depends on the development, impact,
and innovation of these materials. Permanent magnets are frequently employed in modern
technologies such as magnetic levitation, electric vehicles, windmills, memory devices,
transportation, and biomedical devices (e.g., pacemakers, heart pumps, and magnetic reso-
nance imaging machines). As a key part of electric motors, permanent magnets contribute
to lower carbon dioxide emissions and lower electricity consumption. The permanent
magnets demand is high in green technologies, which use considerable amounts of such
materials. Although a permanent magnet must meet a number of properties, its magneto-
crystalline anisotropy (MCA), coercivity, and magnetization are the key indicators of its
efficiency. While high magnetization requires transition metals that are relatively inexpen-
sive and abundant, rare-earth elements (REs) are typically used to ensure a high magnetic
anisotropy energy, which is linked to the coercivity of the sample. The main drawback of
magnets with rare earths concerns their high cost, the scarcity of raw materials (rare earths),
and the global distribution of these ores. These resources, located in relatively restrained
areas around the globe, especially in China (with approximately 96% of rare-earth resources

Crystals 2024, 14, 598. https:/ /doi.org/10.3390/ cryst14070598

https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst14070598
https://doi.org/10.3390/cryst14070598
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-2973-6746
https://doi.org/10.3390/cryst14070598
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst14070598?type=check_update&version=2

Crystals 2024, 14, 598

20f13

in 2011), tend to become critical raw materials for the economies of the European Union
and US [1].

The RTq;-based compounds with tetragonal ThMnj, structure type (1:12 structure,
space group [4/mmm) (R = rare earth, T = transition metal) continue to be considered as
attractive candidates for permanent magnet (PM) applications [2,3]. Significant magnetiza-
tion and Curie temperature are found in the compounds with T = Fe, while the tetragonal
structure allows for strong uniaxial anisotropy, which is obtained in particular for R = Sm.
These materials have the potential to be used as permanent magnets due to their intrinsic
magnetic properties and high transition metal to rare-earth element ratio (>75%). Never-
theless, the 1:12 structure needs to be stabilized by the Fe substitution with elements like
V, Ti, and Mo because the RFe;; compounds are not thermodynamically stable [4]. Light
elements such as hydrogen, nitrogen, or carbon can be added to unit cells to improve their
magnetic properties. In particular, these additions may increase the Curie temperature
and uniaxial anisotropy, making them suitable for permanent magnet and high-density
magnetic recording applications [5-8].

Early investigations of Ohashi et al. [9] show a saturation magnetization of 65 emu/g
and a Curie temperature of 483 K for the SmFe;oMo, compound, which are both lower than
the values from other Sm(Fe,M)1, compounds with M = Cr, V, and Si. Miiller [10] found
for SmgFegyMo1, alloy a Curie temperature of 475 K, saturation magnetization of 0.97 T
estimated from the magnetization curves, and an anisotropy field H, of about 6-8 MA /m.
The coercivity of ThMny;-type magnets was studied by Schultz and Wecker [11]. According
to their studies, the Smj;FeygMojg multiphase sample has the highest coercivity value of
3.8 kOe, indicating that significant coercivity may be produced in such samples, although
still not sufficient for practical use [11]. Later studies of Kou et al. [12] on SmFejgMo,
alloy reported values of 430 K for Curie temperature and 18.4 ug/f.u. for saturation
magnetization at 4.2 K. An anisotropy field Ba = 4.8 T (at 300 K) of SmFejgMo, compound
has been determined directly from a peak in the curve d*M/dB? vs. B [13], which is
further enhanced by the reduction of the Mo content. Isnard and Guillot [14] investigated
the magnetic properties of SmFe;gMo, and SmFejpMo,H compounds, finding uniaxial
behavior at room temperature in both compounds, with the c-axis as the easy axis direction.
Based on the magnetization vs. magnetic field dependency at 4.2 K, magnetization values
of 13.58 ug/f.u. for SmFe;pMo, and 14.65 ug/f.u. for SmFegMooH have been determined.
Anisotropy constants K; and K; have been estimated for polycrystalline samples at 300 K,
showing an increase in K; from 2.2 to 3.0 MJ/m? by H addition. The K, anisotropy
constants at 300 K are one order of magnitude lower than K;, with values of 0.18 M]/ m3
for SmFe;gMo, and 0.2 MJ/m? for SmFe oMo, H. This behavior could be explained by an
enhancement of the Sm sublattice anisotropy by H addition. Additionally, in SmFe;oMo,H
compound at 4.2 K, an even 10% higher anisotropy constant K; was obtained (3.4 MJ/ m?),
whereas hydrogenation raised the K, constant at 0.26 MJ/m3.

Khazzan et al. [15] explored the nanostructured Sm(Fe,Mo)1, phases, finding that the
ThMn;, tetragonal phase is possible only if the annealing temperature in the preparation
procedure exceeds 900 °C. They identified a novel hexagonal Sm(Fe,Mo);, phase with
a maximum coercive field Hc of 5 kOe, a semi-hard magnetic material with potential
applications in magnetic recording.

Recently, Xu et al. [16] investigated the effects of Co on the magnetic properties
of SmFe g 5_xCox Moy 5, including the Curie temperature, saturation magnetization M,
anisotropy field Ha, and energy product (BH)max. They found that Co substitution leads
to an increase in the Curie temperature and saturation magnetization but decreases the
anisotropy field and coercivity.

In this work, we present our results of the theoretical investigation on the intrinsic
properties of the SmFej;_ Moy (x = 1, 2) and SmFe;pMoyH compounds. The calculated
magnetic moments, magneto-crystalline anisotropy energy (MAE), and exchange-coupling
parameters are analyzed. We applied the coherent potential approximation (CPA) within
the spin-polarized, fully relativistic Korringa-Kohn-Rostoker (SPR-KKR) band structure
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approach to deal with the substitutional disorder. In order to account for the significant
correlation effects caused by the 4f electronic states of Sm, the present method includes
Hubbard-U correction to the local spin density approximation (LSDA+U). Based on the
calculated exchange-coupling parameters, a rough estimation of the Curie temperature
based on the mean field approach is obtained. Our goal in examining these systems is to
obtain a further understanding of the substitution effect of Mo for Fe and the impact of H
addition on the intrinsic magnetic properties of the current alloys. This research contributes
to efforts to develop an appropriate method for describing the magnetic properties of
Sm(Fe,M);; alloys and their hydrides, which boils down to an accurate description of the
Sm 4f states and Fe sublattices, which is required for predicting suitable candidates for
permanent magnet applications.

2. Methods

The Munich SPRKKR band structure program package [17] has been used to perform
electronic band structure calculations within the Density Functional Theory [18]. Multiple
scattering theory is applied in KKR-Green'’s function formalism, providing the basis for
the theoretical calculations [18]. The fully relativistic approach was used, which means
that all relativistic effects were considered, including spin-orbit coupling. The angular
momentum expansion of the basis functions was taken up to / = 3 for Sm and ! = 2 for
Fe and Mo. The exchange and correlation effects have been accounted for by means
of the local spin density approximation using the parametrization of Vosko et al. [19],
as the previous theoretical investigations [6,20] show that this is more suitable for the
description of magnetic properties of 1:12 phases. The k-space integration was performed
using the special points method [21]. A mesh of 15 x 15 x 15 points in the Brillouin zone
was used for self-consistent calculations. The substitutional disorder in the system has
been treated within the Coherent Potential Approximation (CPA) theory [22]. Atomic
spheres approximation (ASA) has been used for self-consistent band structure calculations,
assuming overlapping atomic spheres, inside which the electronic charge is spherically
symmetric [23].

Moreover, electron correlations that are not fully included in the LSDA have been
systematically accounted for beyond the LSDA. The LSDA+U method [18] was used to
account for the on-site Coulomb interactions caused by Sm’s localized 4f electrons. Czyzyk
and Sawatsky’s atomic limit expression [24] was used to handle double-counting. The
Hubbard U and Hund exchange ] parameters were parametrized with values of 7.0 eV and
0.9 eV, respectively, which were sufficient for splitting the 4f orbital bands into lower and
higher Hubbard bands. Similar U and ] values were utilized in recent LSDA+U theoretical
computations for Sm in 1:12 alloys [20,25].

In addition, the magnetic torque method has been used to analyze the magnetic

—
anisotropy. The magnetic torque directed in the magnetization direction M [26,27] and

acting on the n_{,» magnetic moment of the atomic site i was considered. The component
of the magnetic torque with respect to axis i is defined by T; (6, ) = —0E, where 6 and
¢ are the polar angles. The magnetic torque and the energy difference between the in-
plane and out-of-plane magnetization orientations can be related by a particular geometry.
To determine the magnetic torque for uniaxial anisotropy, the angles are set to 6 = 7t/4
and ¢ = 0, and the calculated magnetic torque is Ty(71/4,0) = Epg0) — Ejgor) [27]- A
denser mesh of 25 x 25 x 25 k-points in the Brillouin zone was used for the magnetic
anisotropy calculations.

For a ferromagnetic crystal with uniaxial symmetry, the magneto-crystalline anisotropy
energy up to the second order has the expression:

E, = Kysin®0 + Kypsin', (1)

where 0 is the polar angle. In our calculations, the energy difference E[;9g) — Egp is com-
puted [27] by the torque method, which corresponds to an anisotropy constant K;, ~ Kj + Kj.
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A complementary method for exploring the magnetic behavior of solids is to consider
microscopic models to describe the magnetic interaction. A commonly used technique
relies on the formula that describes the classical Heisenberg Hamiltonian:

Hex = _Z]ijéi é] 2
j

where the summation is performed on all lattice sites i and j, and ¢;/¢; are the unit vectors
of magnetic moments on sites i and j, respectively. The expression developed by Liecht-
enstein [28] from the magnetic force theorem has been used to calculate the J;; exchange-
coupling parameters for the Fe and Sm magnetic moments as a function of distance. The
Curie temperatures were estimated using the mean field approach [28,29] by the following
expression [30]:

rough—MFA 2
T. - %;]Oi (3)

The Jo; exchange-coupling parameters in this expression are obtained through apply-
ing the summation of J;; on all coordination shells up to 15 A surrounding lattice site i. The
summing over all lattice sites yields the Curie temperature according to Equation (3).

3. Results and Discussions
3.1. Crystal Structures

The SmFej;_ Moy (x =1, 2) and SmFejoMoH compounds crystallize in the ThMn;;
structure (space group [4/mmm) with Fe atoms on three inequivalent crystal sites (8i, §j, and
8f) and the Sm atoms on 2z sites (Figure 1). The role of Mo atom:s is to stabilize this type of
structure, as the SmFej; compound is not stable [4]. The Mo atoms preferentially occupy
the 8i sites [4,14]. On the other hand, by hydrogenation of the SmFejpMo, compound, the
H atoms preferentially occupy the octahedral 20 sites [14] (Figure 1). The number of atoms
in the unit cell corresponds to the multiplicity of the occupied positions (Sm-2a and Fe-8i, §j,
and 8f) resulting in 26 atoms/cell and 13 atoms/f.u. The atom number in the cell increases
to 28 (14 atoms/f.u.) by adding H to the 2b site.

Fe/Mo 8i

Figure 1. The ThMn;, type of structure of SmFe;gMo,H compound. The Sm atoms on 2a sites
(dark-blue spheres), Fe/Mo atoms on 8i sites (light-blue spheres), and Fe atoms on 8j and 8f sites
(green and yellow spheres, respectively). By H addition in SmFe;oMo, compound, the inserted H
atoms (small red spheres) occupy the 2b sites, with 22 and 8j sites as nearest neighbors.

Raising the Mo content and adding H both cause the lattice constants increase [14,31,32].
The theoretical calculations use the experimental lattice constants [14] summarized in
Table 1. The internal coordinates xg; = 0.358 and xg; = 0.278 for SmFe;pMo, have been used
to create the structure of the investigated alloys [15]. Table 1 also shows the muffin-tin
radius for each type of atom as ASA calculations are performed.
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Table 1. Lattice constants of the SmFej,_ Moy (x = 1, 2) and SmFejgMo,H compounds. The muffin-tin
radii for each type of atom are displayed.

agar (A) Clat (A) 200 (A) i (A) &) A (A) b (A)
SmFeq 1Mo [31] 8.548 4.772 1.615 1.216 1.230 1.196 -
SmFejgMo, [14] 8.587 4.798 1.605 1.219 1.234 1.199 -
SmFejpMo,H [14] 8.605 4.816 1.580 1.221 1.219 1.204 0.691
3.2. Density of States
Band structure calculations using the SPR-KKR band structure method have been
performed for SmFe;;_ Moy (x = 1, 2) and SmFejpMo,H alloys. The density of states (DOS)
calculated by the LSDA and LSDA+U approaches for SmFejgMo; and SmFejpMo,H alloys,
respectively, are presented in Figure 2.
SmFeioMo2 SmFeioMo:H
I I I I I I I
-~ — tot ~
c d
@ %
= 2
g g
-3 -8
g g
3 %
@ %
= =
8 8
“— :§ « §
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Figure 2. The density of states of SmFejgMo, by the LSDA (a) and LSDA+U (c) approach, respectively.
Similar density of states plots for the SmFe;gMo,H alloys by LSDA (b) and LSDA+U (d) approaches
are shown. The Fermi level is the origin of the energy scale.
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The DOS plots for SmFejpMo, and SmFejpMo,H alloys show that the LSDA fails to
describe the strongly localized 4f orbitals of Sm, which are pinned at the Fermi level. The
LSDA+U method splits Sm's f-orbitals into lower and upper Hubbard bands. The spin-up
Sm-4f bands are unoccupied, while only the Sm-4f spin-down bands are occupied, indicat-
ing that the Sm spin moments align opposite the Fe spin moments. The separation between
the spin-down and spin-up 4f-bands of Sm is given by U-J energy value. Antiparallel
alignment between Sm and Fe spins is also seen in the LSDA-calculated DOS, due to the
unoccupied Sm-4f spin-up bands above the Fermi level.

3.3. Magnetic Moments

The calculated magnetic moments for SmFej>_ Moy (x = 1, 2) and SmFejpMo,H alloys
are shown in Table 2. The Sm spin moments obtained by the LSDA approach show absolute
values that are close to the ideal spin magnetic moment of the 4f° electronic configuration
(6 pup). On the other hand, by the LSDA+U approach, the spin moment of Sm antiparallel
aligned with the Fe spin moments (as shown by DOS calculations) is lowered in absolute
magnitude, with values of —5.17 pug (x = 1), —=5.11 pp (x = 2) for the SmFej,_xMox (x =1, 2)
compounds, and —5.07 pup for the SmFe;pMo,H compound. These values for the Sm spin
moment are in agreement with previous LSDA+U calculations for other Sm(Fe,M);, alloys
with ThMn;; structure type [25,33]. In addition, the present calculations satisfy Hund’s
third rule for less than half-filled 4f-shells [34], which states that the Sm orbital moment is
antiparallel with the Sm spin moment.

Table 2. Atom type-resolved and total calculated magnetic moments (in Bohr magnetons jp) for
SmFe; 1Mo, SmFejgMo,, and SmFejgpMo,H alloys. Preferential occupation of Mo for 8i has been
considered. The calculated total magnetization M; (in A/m) and pyM; (in T) are shown. The
experimentally determined saturation magnetization (in pg/f.u.) is also shown.

SmFe 1Mo SmFeigMo, SmFegMoH
LSDA LSDA+U LSDA LSDA+U LSDA LSDA+U
mg m; mg m; mg m; mg m; mg m; mg m;
(uB) (uB) (up) (uB) (up) (ug) (uB) (pp) (up) (uB) (usB) (up)
Sm —5.65 2.81 —-5.17 4.83 —5.59 2.88 -5.11 4.79 —5.56 2.84 —5.07 4.78
Fe 8i 2.41 0.07 2.39 0.05 2.33 0.08 2.40 0.07 2.38 0.09 2.44 0.07
Mo 8i —0.56 0.01 —0.58 0.00 —0.39 0.01 —043 - —0.37 0.01 —0.41 -
Fe 8j 2.19 0.08 217 0.06 2.05 0.08 2.09 0.06 1.97 0.08 2.02 0.06
Fe 8f 1.76 0.05 1.79 0.04 1.64 0.06 1.70 0.05 1.78 0.07 1.82 0.05
H - - - - - - - - —0.02 - —0.02 -
Total (ug/f.u.) 16.82 3.57 17.23 5.36 13.08 3.65 13.98 5.37 13.45 3.62 14.35 5.39
Mtheor (up /f.u) 20.40 22.59 16.73 19.35 17.07 19.74
ME? (up /£0) St 14,65 [14]°
Méhg‘” (106 A/m) 1.08 1.19 0.88 1.02 0.88 1.03
poMEeor (T) 1.35 1.49 1.10 1.28 1.11 1.29

a Determined at 4.2 K.

The LSDA approach determined Sm orbital moments in the SmFe;1Mo and SmFe;gMo;
compounds of 2.81 pg and 2.88 up, respectively. The orbital moments of Sm are under-
estimated by the LSDA computations. The LSDA+U approach significantly increases
the Sm orbital moments to 4.83 pg (x = 1) and 4.79 up (x = 2), respectively. The orbital
moments calculated by LSDA+U show good agreement with the Sm orbital moment as
determined by Hund’s rule (5 pg). The H addition has less impact on the orbital moment
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of Sm; the calculated values in SmFejgpMo,H compound are 2.84 g by LSDA and 4.78 pp
by LSDA+U. Our investigation found that the total magnetic moments of the Sm atom
resulting from the LSDA+U calculations in the SmFe;1Mo, SmFej9oMoy, and SmFej;gMo,H
compounds were 0.34, 0.32, and 0.29 pgp, respectively. The LSDA+U values are slightly
lower than the theoretical magnetic moment of the Sm>* ion determined from Hund’s
third rule (0.71 up) [34,35]. However, the LSDA calculations significantly overestimate the
predicted Sm>* total moment due to the orbital moment being lower than Hund’s rule
estimates.

The Fe spin magnetic moments on the three crystallographic sites are in the sequence
mke (8i) > mke &) > mke (8f), the lowest value of mke (8f) being related to the shortest
interatomic distances around the 8f site, similar to other calculations for R(Fe,M);; alloys
(R=Y,Gd, Sm; M =Tij, V) [6,25,33,36]. A similar magnitude sequence is found in R(Fe,M)1»
alloys by Mossbauer measurements [37-39] (R =Y, Sm; M =Tij, V).

Such a hierarchy of the magnetic moments of the three inequivalent sites has been
explained as resulting from the local environment [40]. In particular, the much larger
magnetic moment on the Fe located in the 8i position has been assigned to the existence of
a major ligand line, as well as the large Wigner-Seitz volume on that Fe atomic position.
The Mo for Fe substitution decreases the magnetic moments on Fe sites by both LSDA and
LSDA+U calculation methods, in agreement with the experimental findings for R(Fe,M),
alloys [4,41]. As a consequence, the total spin moment decreases by increasing the Mo
content from 16.82 to 13.08 up by LSDA calculations and from 17.23 to 13.98 pg by LSDA+U
calculations. A comparison of the site-resolved Fe magnetic moments indicates that this
behavior is mostly caused by Fe 8j and Fe 8f spin moments dropping.

Interatomic distances rise with H addition due to an increase in the lattice constant a;,;.
The H inserted atoms on 2b sites have Fe on §j sites as nearest neighbors. Consequently, Fe
8j spin magnetic moments are particularly affected, being decreased by H addition. On
the other hand, the Fe 8i and Fe 8f spin magnetic moments increase due to the increase
of interatomic distances, as seen in Table 1. According to the LSDA calculation, the spin
moments of Fe atoms change by H addition from 2.33, 2.05, and 1.64 pg to 2.38, 1.97,
and 1.78 pg for the 8i, 8j, and §f sites, respectively. A similar change is shown by the
LSDA+U calculations by H addition for the 8i, 8j, and 8f sites (from 2.40, 2.09, and 1.70 pp
to 2.44, 2.02, and 1.82 up, respectively). Therefore, the total magnetic moment of the
SmFejpMoyH compound is slightly increased by H addition. This is in agreement with
the experimental measurements of Isnard et al. [14]. Still, the total magnetic moments
obtained in our calculations show higher values compared with the experimental data
at 4.2K for SmFejpMo;, and SmFejpMo,H compounds [14]. An improved agreement of
our calculated total magnetic moments with the experimental data of Kou et al. [12]
(18.4 pug/f.u.) is obtained.

The calculated total magnetic moments of SmFej;_(Mox (x =1, 2) and SmFejoMo,H
compounds were used to determine saturation magnetization M!"*°" (A /m) and poM!er
(T). As previously reported, due to the thermodynamic instability of RFe;; compounds
(R =rare earth or Y), substituting 3d elements or metalloids for Fe in order to stabilize the
resulting alloy has a detrimental impact on magnetization [4]. This effect is seen in our
calculations since the calculated total magnetic moment decreases as the concentration of
Mo increases, as shown in Table 2. On the other hand, our theoretical calculations show
that the minor increase in the total magnetic moment combined with the volume increase
caused by H addition results in a modest rise in the saturation magnetization (from 1.10 to
1.11 T by LSDA calculations and from 1.28 to 1.29 T by LSDA+U calculations).

3.4. Magneto-Crystalline Anisotropy

When considering the use of permanent magnets, one of the most crucial quantities is
the magneto-crystalline anisotropy energy (MAE). In order to investigate the microscopical
origin of MAE, the magnetic anisotropy constants K,, were decomposed into the rare-earth
contribution (Sm atoms sitting on the 2a crystallographic sites), the contributions of Fe/Mo
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atoms from the 8i sites, the Fe atoms on the 8j and 8f crystallographic sites, as well as the H
atoms from the 2b sites (Table 3).

Table 3. The calculated site-resolved contribution to MAE (in meV/atom) for investigated alloys.

SmFe;1Mo SmFei9Mo, SmFegMo>H
LSDA LSDA+U LSDA LSDA+U LSDA LSDA+U

Sm 2a 18.67 17.94 17.52 16.21 14.48 18.70
Fe/Mo 8i 0.08 0.05 0.08 0.08 0.02 0.08
Fe 8§ 0.30 0.64 0.40 0.63 0.42 0.55

Fe 8f —0.11 —0.15 —0.05 —0.05 —0.05 0.01
H2b - - - - 0.01 0.02
K, (meV/f.u.) 19.76 21.12 19.22 18.85 16.04 21.28

K, (MJ/md) 9.0 9.2 8.7 8.6 7.2 9.5
KoP MJ/m® 2.427[14] 3.22[14],3.7b [14]

2 Determined at 300 K; P Determined at 4.2 K.

The magnetic behavior of R-M compounds (R—rare-earth and M—transition metal
elements) is mainly determined by two contributions, one given by localized 4f electrons
and the other by itinerant electrons of transition metal elements. Sm atoms have an orbital
moment in the presence of spin-orbit coupling, as well as an electron distribution that
deviates slightly from the spherical shape. The crystal field acts on the nonspherical
electron distribution, fixing the direction of the 4f orbital moment. The spin-orbit coupling
of rare earth is strong enough to rigidly couple the rare-earth spin to the aspherical charge
distribution of the 4f shell.

According to the crystal field theory, the magnetic anisotropy energy expression
developed to describe these interactions is mainly determined by (i) the first Stevens
coefficient a; and (i) A)-the second-order crystal field parameter. In particular, the charge
distribution of the Sm 4f orbitals has a prolate shape along the c-axis, giving rise to a
positive Stevens coefficient aj [35,42—44]. Furthermore, the non-spherical local environment
of surrounding ions generates a crystal field that acts on the charge distribution, which is
described by the second-order crystal field parameter A9.

The second-order crystal field parameter A9 is negative if the charge along the c-axis
is positive (attractive for the electrons) and positive otherwise [35].

As can be seen in Table 3, the anisotropy constants of Sm are positive for all investigated
compounds. According to the crystal field theory, the positive anisotropy constants of
Sm are given by the positive Stevens coefficient «;, as well as the negative crystal field
parameter AY, similar to other Sm (Fe, Ti);» alloys [45,46]. Our calculations show that the
Sm weight at the total anisotropy constant K, is over 85%.

The Fe/Mo site-resolved K, contributions are much smaller compared with those of
Sm. It can be observed that the Fe 8j atoms have the highest K,, contribution, whereas the
Fe 8f atoms have a negative contribution at the total anisotropy energy for SmFe;;_,Mox
(x =1, 2) compounds. The general sequence for anisotropy constants in the investigated
compounds is K, (8j) > K;,(8i) > 0 > K,,(8f). A further characteristic is that LSDA+U compu-
tations increase the Fe 8j contributions compared to LSDA. Similar values for the Fe atom
contribution at MAE have been obtained by theoretical investigations of other Sm(Fe,M)1»
alloys M =V, Co) [25].

The main influence of H is to modify A9, because H is the nearest neighbor of Sm,
which induces a lattice expansion and modifies the charge distribution around the rare
earth. The change is reflected in both LSDA and LSDA+U calculations, but only the
LSDA+U approach can capture the experimental results, which show an increase in K
due to H addition in the SmFe;pMoy,H compound. On the other hand, both LSDA and
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LSDA+U calculations show a decrease in the anisotropy constant K;, with an increase in
the Mo content x in the samples as a result of replacement of Fe atoms by non-magnetic
Mo atom:s.

When comparing theoretical and experimental anisotropy constants, one must con-
sider that the calculated K;, =~ Kj + K. According to experimental measurements, the
Kj anisotropy constant prevails, being about one order of magnitude higher than K [14].
Also, one should take temperature into account since, at low temperatures, the rare-earth
sublattice contribution predominates, whereas at high temperatures, the transition metal
sublattice contribution prevails. However, the theoretical LSDA+U-calculated anisotropy
constants show qualitative agreement with the experimental measurements at 300 K, show-
ing an increase by H addition in the SmFe;gMo,H compound [14]. Low-temperature
measurements of anisotropy constants are only available for the SmFe;(Mo,H compound,
which are in qualitative agreement with theoretical results.

One has to note that the present approach based on the atomic sphere approximation
(ASA) describes the MAE effects, which stem from spin-orbit coupling and hybridization
with ligands. The effects of the anisotropic crystal field arising from the non-spherical
potential are neglected. Despite this drawback, the overall trends in magneto-crystalline
anisotropy behavior sound reasonable. The above results show that the description of the
Sm 4f electronic state by LSDA+U is essential for MAE calculations in SmFej,_ Moy alloys
and their hydrides.

In conclusion, all investigated compounds show a uniaxial magnetization orientation,
in agreement with previous reports [9,12,14,16]. Similar axial magnetic anisotropy was
found in other R(Fe,M);; compounds with R = Sm and M =V or Ti [5,39,46].

3.5. Exchange-Coupling Parameters and CURIE Temperatures

The exchange-coupling parameters (J;;) between Fe spins from 8i, §j, and 8f sites
vs. distance (in units of lattice constant a) calculated using Lichtenstein’s approach [28]
based on the magnetic force theorem are shown in Figure 3. For SmFe;1Mo, SmFejgMo,,
and SmFejpMo,H compounds, the exchange interaction parameters between Fe spins are
distinctly shown when Fe 8i, Fe 8j, or Fe 8f spins are considered in the origin. Similar to
other 1:12 magnetic phases, the exchange interaction between Fe 8i-Fe 8i spins has the
highest strength, followed by the exchange interaction between Fe §i-Fe 8j; the magnitude
of the other exchange interactions between pairs of Fe spins is lower. An analogous
magnitude range of the exchange interactions has been obtained for other RFe;Ti (R =Y,
Gd) compounds [36]. When the spin—spin distance exceeds the lattice constant a, the
Jij parameters decrease significantly and finally drop off. By H addition, the exchange-
coupling parameters in particular between Fe §j-Fe 8f and Fe 8j-Fe §j spins (with less
negative contributions) are enhanced. On the other hand, an increase in Mo content has a
negative impact on the Fe 8i-Fe §j and Fe 8j-Fe 8j exchange interactions.

The Curie temperatures deduced by mean field approximation (MFA) [28-30] for
SmFej; Mo, SmFejpMo,, and SmFejgMoyH alloys are 684 K, 581 K, and 622 K, respectively. It
is known that the MFA computations overestimate the Curie temperatures by roughly 20%,
and this shortcoming must be taken into consideration when comparing the results with
the experimental data [47]. The SmFe;;Mo compound’s experimental Curie temperature is
551 K [31], whereas the SmFejgMo, compound T is between 430 K [12,14] and 483 K [9].
The Curie temperature is mainly determined by the Fe-Fe exchange interactions, which
are slightly enhanced by H addition. The experimental Curie temperature determined for
SmFejpMo,H is 476 K [14]. The theoretical calculations obtained qualitative agreement with
experimental results, showing a similar magnitude sequence of the Curie temperatures
for the investigated compounds. Interestingly, the T, increase predicted by the theoretical
calculation is about 7%, a magnitude similar to the 10% increase observed experimentally.
Such reinforcement of the Curie temperature upon H insertion has also been observed
in other Sm(Fe,M)1, compounds [32,37] and is general for such a family of R(Fe,M)1»
compounds [8,37].
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Figure 3. The exchange-coupling parameters Jij between Fe spins from 8i, 8j, and 8f sites for
SmFejgMoy and SmFejgMo,H compounds. The exchange interactions are considered within a sphere
of 1.6a radius (a-lattice constant) around each site. Fe 8i (a—c), Fe 8j (d-f), and Fe 8f (g—i) spins are
considered in the origin.

4. Conclusions

Fully relativistic Korringa-Kohn—-Rostoker (SPR-KKR) band structure method calcu-
lations using the LSDA+U approach to account for the correlation effects due to the 4f
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electronic states of Sm have been performed for SmFe;;_y Moy (x = 1, 2) and SmFej;gMo,H
compounds. The density of state calculations shows unoccupied spin-up Sm-4f bands and
occupied Sm-4f spin-down bands, indicating that the Sm spin moments align opposite
the Fe spin moments. The Sm spin moments obtained by the LSDA+U approach show
absolute values that are lower than the ideal spin magnetic moment of the 4f° electronic
configuration (6 pug). The orbital moments calculated by the LSDA+U approach show good
agreement with the Sm orbital moment as determined by Hund’s rule (5 ug). The Fe spin
magnetic moments on the three crystallographic sites are in the sequence m£¢ (8i) > m£®
(8j) > mke (8f) in all investigated compounds, with the lowest value of the mke (8f) being
related to the shortest interatomic distances around the 8f site. The total spin moment
decreases by increasing the Mo content, while the H addition is slightly increasing it. The
minor increase in the total magnetic moment combined with the volume increase caused
by H addition results in a modest rise in the saturation magnetization of SmFejpMo,H. All
investigated compounds show a uniaxial magnetization orientation, in agreement with
previous reports, with Sm contributing over 85% at the total anisotropy constant K;,. The
Fe and Mo contributions are much lower, with an anisotropy constant sequence of K, (8;) >
K,(8i) > 0 > K, (8f) obtained for SmFej;_«Moy (x = 1, 2) compounds. Our calculations show
a decrease in the anisotropy constant K;, with an increase in the Mo content x in the samples,
as well as a slight increase in K, by H addition in the SmFe;pMoyH compound. These
trends well reproduce the behavior reported earlier on the basis of experimental studies.
The Curie temperatures deduced by mean field approximation (MFA) are in qualitative
agreement with experimental results, showing a similar magnitude sequence of the Curie
temperatures for the investigated compounds.
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