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Abstract: By computational high-throughput screening, the spontaneous magnetization M, uniaxial
magnetocrystalline anisotropy constant Kj, anisotropy field H,, and maximum energy product (BH )max
are estimated for ferromagnetic intermetallic phases with a tetragonal 1-13-X structure related to the
LaCogSiy structure type. For SmFe 3N, a (BH )max as high as that of Nd,Fe 4B and a comparable K; are
predicted. Further promising candidates of composition SmFe;» AN with A = Co, Ni, Cu, Zn, Ga, Ti, V,
Al, Si, or P are identified which potentially reach (BH)max values higher than 400 k] / m?> combined with
significant K; values, while containing almost 50% less rare-earth atoms than Nd;Fe4B.

Keywords: uniaxial magnetocrystalline anisotropy; ferromagnetic intermetallic phases; computational
high-throughput screening

1. Introduction

The environmentally friendly and resource-efficient exploitation of sustainable energy sources
world-wide will further increase the demand for high-performance permanent magnets in electromagnetic
energy-conversion machines like wind-turbine generators and electric-vehicle motors. Nowadays,
Nd,Fe4B alloyed with Dy is the best performing hard-magnetic material on the market for permanent
magnets in these applications. However, this material can be used only in motors operating at moderate
temperatures, and it suffers from the latent supply criticality of rare-earth elements, namely Nd and
especially Dy, on the world market. As a consequence, intensive research activities in materials science
and technology have been (re)started in recent years with the ambitious goal of discovering novel
hard-magnetic materials and developing permanent magnets with comparable magnetic performance to
Nd;,Feq4B but containing no or significantly less Nd, Dy, or other supply-critical rare-earth elements [1-3].
One promising class of magnetic phases containing no rare-earth elements (RE) are the Heusler
compounds [4]. Another RE-lean class is the one of intermetallic phases with a NaZn;3-type crystal
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structure. These phases are potentially promising due to their favorable 1:13 ratio between rare earth
elements and magnetic transition-metal elements (TM) like Fe or Co.

A hypothetical magnet made of NdFej3 has only about 50% of the RE content of a Nd,Fej4B magnet.
It is known that the intermetallic phase LaCo13, which has a structure of the NaZn;3 type, can be stabilized
by substituting Co with certain amounts of Fe and Si. Such compounds are highly interesting and
investigated intensively in the context of exploiting the magnetocaloric effect for energy-efficient magnetic
cooling [5-9].

Nevertheless, the intermetallic phases with NaZnj3-type crystal structure (space group No. 226
(Fm3c)) are not immediately suitable for the application as hard magnets. Their cubic symmetry leads
to a magnetocrystalline anisotropy energy (MAE) close to zero. One possibility to obtain a material with
a reasonable anisotropy is to combine hard-magnetic LaCos with soft-magnetic LaCoq3 in a two-phase
microstructure [10].

The LaCogSiy structure [11,12], which is closely related to the cubic NaZn;3 structure, has a tetragonal
symmetry and therefore potentially an uniaxial and non-zero MAE. In this case, the tetragonality originates
from the high fraction of Si atoms occupying the Wyckoff positions (16l). Since the Si atoms are significantly
smaller than the Co atoms (covalent radii are Rg; = 111 pm and R¢, = 126 pm), the crystal is tetragonally
distorted. Unfortunately, such high amounts of Si in a Fe- or Co-rich phase deteriorate the magnetization
massively and therefore prevent their usage in hard-magnetic applications.

In this paper, we take a different route to obtain a tetragonal distortion of the cubic NaZn;3 structure.
Our theoretical screening approach is addressing a modified variant of this 1-13 structure, denoted 1-13-X
structure, which is obtained by introducing additional interstitial atoms on the Wyckoff positions (4c) of
the LaCogSiy4 structure. Subsequently all structural parameters are relaxed by means of first-principles
calculations based on density functional theory (DFT). The primary motivation for the alloying with
light interstitial elements X = B, C, or N is to enhance the tetragonal distortion of the LaCo9Si4 phase
in order to increase the MAE. Moreover, as in the case of NdFej,N and the related 1-12-X phases, the
magnetocrystalline anisotropy may increase significantly as well when changing from the 1-13 to the
1-13-X phases by chemical bonding effects of the interstitial X atoms [13-17].

The 1-13-X structure type (with X = B, C, or N) was screened theoretically in the way described in our
previous work on the ThMnj,-type and YNigIn,-type phases [13,14]. Hereby, we considered either Nd
or Sm to sit on the RE site. The TM sites, originally occupied with Co or Si in LaCogSis, were decorated
with magnetic transition-metal elements, namely Mn, Fe, Co, and Ni, and a variety of the non-magnetic
elements Al Si, P, Ti, V, Cr, Cu, Zn, Ga, or Sn. Altogether, 1250 compounds of the 1-13-X type were assessed.

In the following, the relationship of chemical compositions and intrinsic magnetic properties of the
1-13-X phases is investigated. As criteria for good permanent magnets we require a maximum energy
product (BH )max > 400 kJ/m? combined with an anisotropy constant Ky of approximately 5 MJ/m3, which
is comparable to that of NdyFeq4B. Specifically SmFe AN with A = Fe, Co, Ni, Cu, Zn, Ga, Ti, V, AL, 5i, or P
are proposed as RE-lean intermetallic RE-TM compounds with potentially good hard-magnetic properties.

2. Theoretical Approach

2.1. Screening with TB-LMTO-ASA

Our theoretical screening approach including the computation of the MAE within a DFT framework
is based on the work of Fihnle and Hummler who developed an efficient evaluation of the crystal
field parameters A;;; with the tight-binding (TB) linear-muffin-tin-orbital (LMTO) [18] atomic-sphere
approximation (ASA) method [19,20]. The TB-LMTO-ASA method has been demonstrated to work well
for hard-magnetic RE-TM phases [13,19-21], since it treats the localized ‘open-core’ f-states in a physically
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proper and accurate manner by imposing a constraint on the occupation of the f-states in order to fulfill
the conditions implied by Hund’s rules [22].

The high-throughput-screening (HTS) setup by Drebov et al. [21] is used, which allows a fully
automated generation of new phases by combinatorial substitution of sets of equivalent atoms combined
with the subsequent DFT calculation of the formation energy, the spontaneous magnetization M,
the maximum energy product (BH)max, local magnetic moments, the anisotropy constant Kj, the
anisotropy field H,, among other useful magnetic quantities. The empirical formula H, = 2 K; /(#oM)
is used to convert K; values to anisotropy-field values H,. An upper bound for the maximum energy
product (BH )max, which is a prominent figure of merit for a hard magnet, is estimated according to the
empirical formula (BH)EST = (0.949Ms;)?/ (4u0), which implies the common assumption that at most
about 10% of the volume of a processed bulk permanent magnet consists of non-magnetic phases [15].

The TB-LMTO-ASA calculations were performed using the local spin-density approximation (LSDA),
the scalar-relativistic approximation of Koelling and Harmon [23] and the exchange-correlation functional
of von Barth and Hedin [24] in the parametrization of Moruzzi et al. [25]. For the k-point sampling of the
Brillouin-zone integrals, the linear tetrahedron method and 6 x 6 x 4 Monkhorst-Pack meshes were used.
In the ASA the supercell volume is subdivided into spheres and, like in our previous work [13,14,21], we
rely on the well-tested ratio for the atomic-sphere radii 7(RE)/#(TM)/#(X) = 1.35/1/0.7 [26].

2.2. Calculation of the Magnetocrystalline Anisotropy Energy

We briefly summarize the approach used in this work for the calculation of the magnetrocrystalline
anisotropy energy since, aside from the magnetization, this is the key quantity for permanent magnets
(for more details see Refs. [13,20,27,28]). For uniaxial crystal symmetry the MAE is given in first order by

E4 = K sin?(6). 1)

Kj is the first-order anisotropy constant and has the energy-density unit J]/m3. 6 is the angle of the
magnetization vector relative to the easy axis of the crystal. Negative K; values imply an easy plane
whereas positive K; values indicate an easy axis. Hard-magnetic materials have positive K; values of the
order of MJ/m?3.

For RE-TM compounds the MAE is dominated by the RE contribution [20]. Therefore, K; can be
estimated in good approximation by means of the single-ion anisotropy model [20,27,28]. In lowest-order
approximation K is proportional to the crystal field parameter Ay:

Ky = =3](J = 1/2)a;(ris) nre Az 2

Here, ] is the quantum number of the total angular momentum of the RE3* ion according to Hund'’s
rules and «; is the so-called Stevens factor [29], which accounts for the shape of the charge cloud of the
4f electrons. (rﬁ f> is the expectation value of the squared radius of the 4f orbitals at the RE site. The
parameters depending on the crystal are ngg, which is the number of RE atoms per unit cell, and Ay, which
contains the interaction of the RE charge density p4f(r) with the charge density of all the other electrons.

In the single-ion anisotropy model for RE elements, a 4f configuration of a trivalent RE ion is
assumed. This is well justified for all RE elements except Ce and Eu. In our previous work [13], we have
assessed the results of the approach by comparison to the experimental values of K; and H, of some
long-known and well-studied hard-magnetic materials, and we have proposed heuristic adjustment factors
for interpreting the theoretical results: in order to convert our zero-temperature single-domain DFT-HTS
results to room temperature estimates the theoretically obtained values for K; and H, are divided by 4
for Nd or Sm containing RE-TM-X phases. Hence, theoretical predicted values of K{!*4 > 20 MJ/m? for
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Nd or Sm containing compounds correspond to experimental target values of K; > 5 MJ/m? for very
good permanent magnets like Nd,Fe4B. For a comparison of theoretically predicted and experimentally
measured Kj values for a variety of benchmark compounds see Table 2 in Ref. [13].

2.3. Phase Stability

The focus of the screening approach presented in this paper is on the determination of intermetallic
phases with promising magnetic key properties. A full assessment regarding the question of phase stability
is beyond the scope of this work. Within density functional theory it is a tremendous task to evaluate
a complete finite temperature phase diagram taking into account all eventually possible ternary and
quaternary phases. And even the knowledge of such an equilibrium phase diagram is insufficient for a
final judgment as various out-of-equilibrium fabrication methods can be used to synthesize a metastable
phase. As an example, Cadieu et al. [30] succeeded in synthesizing binary SmFe;, films of the ThMn;;
structure by rf-sputtering. So far, bulk REFe;; phase could only be obtained by partially replacing Fe with
a stabilizing third element, such as Ti, V, or Mo (see, e.g., Refs. [31,32] and references therein).

Another famous recent example of such innovative experimental approaches is the successful
synthesis of NdFe;; and NdFe;N, by Hirayama et al. [15]. First principles calculations predicted
that NdFe ;N has a substantially larger magnetization than NdFe;; TiN accompanied by a comparable
anisotropy field [16]. In order to experimentally validate the theoretical prediction Hirayama et al.
successfully synthesized the NdFe phase by nitriding a NdFe, thin film that was grown on a tungsten
underlayer on a single-crystalline MgO (001) substrate. A similar synthesis route was later taken by
Sato et al. using a vanadium underlayer on MgO (001) [33]. The authors of Ref. [15] report that the
NdFe ;N phase was shown to be stable with a thickness of up to 360 nm. This indicates that there may be
a possibility to prepare bulk NdFe;,N without the need of partially replacing Fe with ternary structure
stabilizing elements. However, the challenge of obtaining bulk phases remains to be solved.

In order to be compatible with the original idea of a high-throughput screening, i.e., a systematic
search using efficient approaches, we assess the stability of the proposed intermetallic phases by calculating
their formation energy Ae with respect to the elemental constituents at T = 0 K, which is an approximate
indicator of the phase stability. For values of Aef below approximately 0.1 eV the respective phase may
be stable. Here, +0.1 eV /atom is about the accuracy of the TB-LMTO-ASA method for the calculation of
formation energies.

2.4. Structure Models

The crystal structure of LaCoySi4 belongs to the tetragonal space group No. 140 (I4/mcm). For the
1-13 unit cell we have taken the lattice parameters a = 7.833 A and ¢ = 11.5657 A and the internal parameters
determined experimentally by Michor et al. [12] (see Table 1). Additional interstitial atoms X =B, C, or N
were inserted at the Wyckoff positions (4c). Since the analysis is focused on hard-magnetic applications
with high magnetization a large number of Fe atoms in the unit cell is needed for the most promising
compounds. Therefore, in order to have a realistic structure model for the screening, the LaCoySi4-type
structure was relaxed using the DFT code VASP [34,35] (see Section 2.5 for the numerical settings) with Nd
on the (4a) sites and Fe on all the TM sites (4d), (16k), and (161). This structure is denoted 1-13.

In the same way, the lattice parameters a and c, as well as the internal coordinates, were relaxed for
NdFe;3N and a new energy-minimum structure was obtained, which is denoted 1-13-X (see Figure 1).
The unit cells of the 1-13 and 1-13-X structures contain 56 and 60 atoms, respectively.
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Table 1. Experimental internal structural parameters of LaCogSi, taken from Michor et al. [12] are compared
to the structural parameters of NdFe;3 and NdFe;3N, which were obtained by density functional theory
(DFT) optimization of the lattice parameters a and c as well as all the internal coordinates. Wyckoff positions
(4a) and (4d) are equal for all structures and given by (0, 0, 1/4) and (0, 1/2, 0), respectively. The interstitial
N atoms in NdFe;3N are located at Wyckoff positions (4c) represented by (0, 0, 1/2).

Wyckoff Position (16k) (161) (161)
Representative Site X y z X y z X y z
LaCogSiy4 0.070 0201 0 0.627 0.127 0.180 0.170 0.670 0.121
NdFe;3 0.064 0203 0 0.617 0117 0.180 0.180 0.680 0.117
NdFe 3N 0.067 0211 0 0.615 0.115 0.180 0.179 0.679 0.116

.

Figure 1. (Color online) Structure model of the NdFe 3X (1-13-X) phases. Large grey spheres represent

a

Nd atoms and small yellow spheres represent interstitial atoms X = B, C, or N. The Fe atoms are shown
as spheres of medium size in red, blue, brown, and green, corresponding to the four Wyckoff positions.
The structure model of NdFej3 (1-13) looks very similar due to the little deviations in lattice and internal
parameters but of course the (4c) Wyckoff positions remain unoccupied.

As in our previous work [13,14] we keep the structural parameters of the densely packed 1-13-X
structure type constant while substituting different RE, TM, and interstitial elements. The NdFe;3N
structure was also taken for the HTS of phases containing B or C since test calculations with the optimized
lattice and internal parameters of NdFe;3B and NdFe;3C showed only deviations on the order of 1% of the
magnetic quantities relative to the results obtained for NdFe;3N. For a quantitative study of the effects of
individual structural relaxations for each compound we refer to our study of the 1-11 phase in Ref. [14].

2.5. Structural Relaxation with VASP

The relaxations of the 1-13 and 1-13-X models were carried out using the projector-augmented-wave
(PAW) method [36], as implemented in the VASP code [34,35]. Exchange-correlation is taken into account
in the generalized gradient approximation (GGA) [37]. For Nd we have taken the PAW potential named
“Nd_3", which keeps the 4f electrons frozen in the core. The number of 4f electrons in the core equals the
number of valence electrons minus 3, which is the formal valence [38]. For Fe the PAW potential “Fe_pv”
was used, which treats the 3p electrons as valence electrons. Finally, for N we have taken the provided
potential with 5 valence electrons. The VASP calculations were carried out with a plane-wave cutoff energy
of 520 eV, a 3 x 3 x 2 Monkhorst-Pack [39] k-mesh, and a Gaussian broadening of 0.05 eV.

Note that for the relaxation of the structural parameters a treatment of the 4f-electrons which are
strongly localized close to the atomic core as ‘open-core’ states (like it is done within TB-LMTO-ASA) is of
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minor importance. This justifies the use of the reliable and efficient PAW pseudopotential approach and
the GGA for this task.

3. Results and Discussion

3.1. Crystal Structures

The calculated lattice parameters of the DFT-relaxed NdFej3 (1-13) structure are a = 8.129 A and
¢ = 11.503 A. The optimized internal parameters are rounded to three digits and given in Table 1. Placing
the larger Fe atoms on the lattice sites of the smaller Si atoms leads to some internal rearrangement and
an increase of the lattice parameter a. The slight decrease of ¢ with respect to LaCogSi4 can be attributed
mainly to the substitution of La by the smaller Nd atoms. An aspect ratio ¢/a =~ v/2 is obtained which
means that for Fe instead of Co and Si (in the ratio 9:4) on the TM sites the relaxed 1-13 structure loses
the tetragonality of the LaCo9Siy structure yielding the cubic NaZn;3 structure with modified lattice
parameters. The NdFe;3 structure is not used for the screening, only its X-ray diffraction pattern is
calculated for comparison to that of NdFe 3N (see Appendix A).

The lattice parameters of the NdFe;3N (1-13-X) structure resulting from the DFT relaxation are
a=8357 A and ¢ = 11.393 A. The c¢/a ratio of the lattice parameters of the relaxed 1-13-X structure is
c/a = 1.3633 ~ 0.965+/2. The interstitial N provokes a shrinking of the ¢ axis compared to the cubic 1-13
phase, and this mainly affects the Wyckoff positions (161). The Fe atoms on (161) swerve in the x- and
y-directions. This designed 1-13-X phase serves as a template structure for the screening. Its c/a ratio is
similar to the tetragonal one of LaCoqSiy c/a = 11.5657/7.833 ~ 1.044+/2 determined experimentally by
Michor et al. [12].

The calculated X-ray diffraction patterns of NdFej3 and NdFe 3N are provided in Appendix A.
The rather small differences in the internal coordinates lead to significant differences in the peak positions
and their ordering at least for some diffraction angles 20. Most pronounced is the distinction for the 215,
323, and 411 peaks, which almost coincide for NdFe;3 but split for NdFe;3N and appear in the reversed
sequence 411, 323, and 215 (see Figure 2 and Table A1). Moreover, the strong 312 peak shifts about one
degree downwards from NdFe;3 to NdFe 3N.
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— NdFe,, © NG
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20000 .
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Figure 2. (Color online) Comparison of the diffraction patterns of NdFej3 und NdFe 3N calculated for a
cobalt cathode with PowderCell 2.4 [40]. The peaks 215, 323, and 411 of NdFe;3 lie on top of the 215 peak
of NdFej3N. The angles and amplitudes can be found in Table AT.
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3.2. Results of the Screening

Table 2 gives a small selection of the HTS results of altogether 1250 compounds of 1-13-X structures
with their calculated magnetic properties, which fulfill the selection criteria (BH)ESL > 400 kJ/m3
and K154 > 20 MJ/m? for potentially good hard-magnetic phases. All the listed phases have negative
formation energies Aey with respect to the elemental bulk phases of their constituents. The magnitude of
—Aey is an approximate indicator for the phase stability. Nevertheless, as discussed in Section 2.3,
the existence of more competing stable binary or ternary compounds cannot be excluded by this
analysis. It is expected that most of the proposed compounds are actually metastable and require special

experimental non-equilibrium techniques for their synthesis.

Table 2. Selection of screening results. Key quantities calculated with tight-binding linear-muffin-tin-orbital
atomic-sphere approximation (TB-LMTO-ASA) are listed: the maximum energy product (BH)ESL, the
spontaneous magnetization M54, the anisotropy constant KfSA, and the anisotropy field HZ'°4. The last
column lists the formation energies Aey at T = 0 K with respect to the elemental constituents (cf. discussion in
Section 2.3). For comparison, the table includes the theoretical results for Nd,Fe14B and SmCos as the two
benchmark compounds with the highest experimental values for maximum energy product (BH)max and
anisotropy field H,. Furthermore, SmyFe; ;N3 is given, which consists of Sm, Fe, and N just like SmFe 3N,
the screening result with the highest value of (BH )5@5 Experimental data taken from ? Ref. [41], b Ref. [42],
and ¢ Ref. [43] (Table 11.1 therein) are given in brackets. The experimental Ms values are determined at 4 K,
whereas K; and H, are room-temperature values. The most promising candidates for new hard-magnetic
phases obtained from the HTS are highlighted in bold letters. Our selection criteria are (BH)ET > 400
kJ/m? and KfSA > 20 MJ/m3, as well as Aef < 0.1 eV/atom.

System (BH),’%;& poMASA KfSAs poHSA Aes
(kJ/m3) (D (MJ/m>) (T) (eV/atom)

NdFe 3B 617 1.96 0 0 —0.25
NdFe;;C 611 1.95 ~10 ~16 ~0.20
NdFe3N 660 2.02 —-19 —23 —0.44
NdCoq3N 327 1.42 —-13 —-29 —0.34
SmFe 3B 526 1.81 2 3 —0.26
SmFe;3C 521 1.80 19 26 —0.22
SmFe ;3N 566 1.87 34 45 —0.45
SmCoq3N 262 1.27 24 48 —0.35
SmFe > TiN 406 1.59 34 54 —0.54
SmFe, VN 411 1.60 36 57 —0.52
SmFe;,CoN 551 1.85 33 45 —0.44
SmFe ) NiN 506 1.77 34 48 —0.43
SmFe;,CuN 481 1.73 33 48 —0.41
SmFe,ZnN 459 1.68 34 50 —0.46
SmFe;,GaN 434 1.64 34 53 —0.56
SmFe , AIN 418 1.61 36 56 —0.56
SmFe ,SiN 410 1.59 36 57 —0.63
SmFe;, PN 423 1.62 37 57 —0.65
NdyFes B 556 (516%) 1.87(1.86%) 19(49¢) 26 (6.7°) ~0.02
SmCos 174 (2197)  1.04 (1.07°) 69 (17.2€) 162 (40.4°) 0.06

SmpFe;;N; 459 (472%)  1.69(1.54¢) 27(8.6¢)  40(14.0°) —0.82
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Regarding the magnetocrystalline anisotropy, the NdTM;3X compounds with X = B, C, or N mainly
have K; values which are negative or close to zero. There is a trend for the Nd-containing 1-13-X phases
that K; decreases from B via C to N (see Table 2). For SmTM;3X the trend is oppositely showing an increase
when going from B via C to N and the K; values are all positive. The difference in sign is well understood
from the shapes of the 4f charge clouds which are oblate for Nd but prolate for Sm [43].

Comparing SmCo13N and SmFe 3N (or NdCoj3N and NdFe;3N), one can see that an improvement of
the magnetization and (BH)EST can be achieved by substituting Co with Fe. SmFe;3C and SmFe 3N have
values for (BH)EST which are as high as that of Nd,Fe14B. For SmFe 3N, even higher K; and H, values
are predicted. Converting the calculated anisotropy field of 45 Tesla (at 0 K) for SmFe 3N by the division
of 4 (the heuristic adjustment factor for Sm and Nd) leads to about 11 Tesla at room temperature. This field
is close to the experimentally measured value of 8.6 Tesla of SmyFe;7N3 (see Table 2). According to our
calculation, one may expect a higher magnetization for SmFe 3N than for SmjFe;7N3.

Since SmFe 3N is a highly promising compound, and in order to make sure that taking the relaxed
structure of NdFe 3N as input geometry does not lead to significant errors, we have a posteriori also
relaxed the SmFe 3N structure using VASP. The obtained lattice parameters are a = 8.343 Aandc=11.374 A.
These values as well as all the internal coordinates deviate only marginally from the ones obtained for
NdFe;3N. The magnetization evaluated with TB-LMTO-ASA for the fully relaxed structure is Mg = 1.84 T
and the anisotropy constant is K1 = 36 MJ/m3. Altogether, M changes by about 1% and K; by about 5%
compared to the values obtained from the HTS. This again illustrates that the screening approach with
fixed structural parameters works well for the studied densely packed crystal structure and that it allows
a reliable identification of phases with good hard-magnetic key quantities. This justifies that setting the
focus on fast and efficient screening rather than on high precision is reasonable.

A partial substitution of Fe by Co or Ni also leads to promising compounds like SmFe;,CoN and
SmFe ,NiN. The decrease in magnetization may be compensated by a higher phase stability as might be
expected from the experience in the synthesis of the 1-12 phase [32]. Furthermore, an increase of the Co
content like in SmFej,CoN may increase the Curie temperature. We cannot quantify this effect by our
present calculations but refer to the common observation in intermetallic phases that Co leads to higher
Curie temperatures than Fe [1].

The substitution of Fe atoms by non-magnetic elements A = Cu, Zn, Ga, Sn, Ti, V, Al, 5i, or P leads to
a decrease of the magnetization accompanied with an increase of the anisotropy constant K; in most cases.
Going, e.g., from SmFe 3N to SmFe;,TijN and to SmFeqTisN, the magnetization M decreases from 1.87 T to
1.59 T and to 0.56 T and K; changes from 34 and 34 to 47 MJ/m?>. As already mentioned in the introduction,
only small amounts of non-magnetic elements may be introduced for phase stabilization, otherwise the
magnetization breaks down drastically. The increasing stability is reflected by the calculated negative
formation energies (Aey) relative to the elemental phases. The formation energy per atom decreases from
—0.45eV to —0.54 eV and to —0.71 eV going from SmFe;3N to SmFe;,Ti;N and to SmFegTisN.

For the non-magnetic elements A = Cu, Zn, Ti, Al, Si, or P, the compounds SmFe;; AN have an
estimated maximum energy product of more than 400 k] /m?® combined with large K; values. This makes
them potentially interesting and promising hard-magnetic compounds. The calculated values in Table 2
are given for elements A on the Wyckoff position (4d). In another study it was shown that there is only a
minor dependence of the hard-magnetic properties on the sites of the alloying elements A [44].
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3.3. Comparison to ThMn1, Compounds

The local crystal fields in the immediate neighborhood of the RE atoms in RE intermetallic phases
determine the sign of K;. In the literature the local situations in Sm(Feq;Ti), Sm(Fe;1Ti)N;_;, and
SmyFe7N3_y are discussed [45,46]. In the 1-13-X structure, the interstitials form dumbbells in the
c-direction with the RE atoms like in the ThMn;, (1-12-X) crystal structure (see, e.g., the sketch in Figure 13
of Ref. [45]). Thus, at first glance one would expect the same sign of K; for the two structures, depending
only on the prolate or oblate charge cloud of the RE atoms. But the situation for Nd and Sm in the
1-13-X crystal structure is opposite to that of the 1-12-X crystal structure. The results are summarized
in Table 3. We performed cross-check calculations by applying the c/a ratio of the 1-12-X crystal to the
1-13-X crystal while keeping the volume fixed. The results obtained in this way are an easy axis for
NdFe3N (K; = 42 MJ/m?) and an easy plane for SmFe;3N (K; = —63 MJ/m?). Applying the c/a ratio of
the 1-13-X crystal to the 1-12-X crystal with fixed volume reverses the sign of K; as well. NdFesN has
no longer an easy axis (K; = —26 MJ/ m?3) but now SmFe,N has one (K; = 49 MJ/m?3). As commonly
known, in the 1-12-X structure Nd leads to an easy axis in the c-direction whereas Sm leads to an easy
plane. In order to find out the structural origin for the opposite magnetic behavior of the two types of
intermetallic compounds, we analyzed in detail the local distances and angles between the RE atoms and
their neighboring Fe and N atoms. Our finding is that it is not due to the differently shaped Fe polyhedra
around the RE atoms, but the significant difference is the distance of the interstitial N atoms to the RE
atoms. In the 1-12-X crystal structure the interstitials are at a distance of ~2.40 A. In the 1-13-X crystal
structure they are situated much further at ~2.84 A. Displacing two neighboring interstitials artificially
from 2.40 A to 2.84 A away from a particular RE site in REFe;,N, or vice versa from 2.84 A to 2.40 A
towards a RE site in REFe 3N, causes the value of the local crystal-field parameter Ay at this RE site
to change its sign and, hence, the local anisotropy changes direction. By the change of the c/a ratio, all
distances between RE and interstitial atoms are changed and consequently, according to Equation (2), K;
changes sign because the signs of the Ajg at all RE sites are changed in the same manner.

Table 3. Anisotropy constant K; for a selection of compounds where the ¢/a ratio was either the one of
ThMn;; (1-12-X) or 1-13-X. * For comparison of 1-12-X and 1-13-X only half of the unit cell of the 1-13-X
crystal structure in the c-direction, as shown in Figure 1, is considered. The corresponding c/a value of
0.682 is one half of c/a = 11.393A/8.357A.

K1 (MJ/m3) NdFe;;,N  NdFe;sN  SmFe;sN  SmFesN
c/a = 0561 (1-12-X) 47 42 —71 —63
c/a = 0.682* (1-13-X) —26 —-19 49 34

4. Summary

By means of electronic-structure calculations, we have screened the magnetic properties of
1250 different RE-TM-X compounds with 1-13-X structure as potential candidates for new hard-magnetic
phases. A novel tetragonal 1-13-X structure was constructed from the LaCogSi4 structure by decoration
with interstitial elements on (4c) sites and subsequent structural relaxation.

The TB-LMTO-ASA method determines the single-crystal magnetization M with good accuracy,
which allows an estimation of the maximum energy product (BH)max. It also provides a qualitative
theoretical estimate for the first-order magnetocrystalline anisotropy constant K; and anisotropy field H,,
based on the single-ion anisotropy model for RE elements.
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With this approach, no promising RE-TM-X phases with 1-13-X structures containing Nd were found.
This is opposite to the case of the 1-12-X (ThMny,) crystal structure, where the introduction of dumbells
formed from the interstitial atoms leads to an easy axis symmetry. However, in the 1-13-X crystal structure
the interstitials are approximately 0.44 A more distant from the RE atoms than in the ThMn;, crystal
structure. We found that this is the origin that the 1-13-X structure provides a suitable local environment
with easy-axis anisotropy for prolate Sm atoms.

Thus, the HTS led to several promising Sm-containing phases, namely SmFe 3N and SmFe;, AN, with
A =Co, Nij, Cu, Zn, Ga, Ti, V, Al, Si, or P. These compounds have a maximum energy product (BH)max
higher than 400 kJ/m?, combined with sufficiently large K1 and H, values necessary for permanent-magnet
applications. SmFe 3N may even have the potential to compete with Nd,Fe 4B. We hope that this may
foster experimental efforts to synthesize such promising hard-magnetic compounds.
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Appendix A

The addition of interstitial nitrogen to the 1-13 structure NdFe;3 leads to some significant changes
in the simulated X-ray diffraction pattern. These changes can be best seen for small diffraction angles
between 25 and 60 degrees. Figure 2 shows the calculated patterns of the considered NdFe;3 und NdFe 3N
single crystals whose structures were relaxed by DFT calculations using VASP (see Section 2.5). A short
discussion can be found in Section 3.1.
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Table A1l. Diffraction-peak positions and intensities for the crystal structures of NdFe;3 and NdFe 3N
calculated with the software PowderCell (version 2.4) [40] for a cobalt cathode. As X-ray source a Co cathode
was assumed (Ka1 = 1.789007 nm). Only the range for 2@ from 25 to 60 degrees is listed. The intensities are
given in % relative to the strongest peak 312. This peak and the three peaks 215, 323, and 411, which are
addressed in Section 3.1, are marked by bold digits.

NdFe13 NdFe13N
H K L 20 I/rel. H K L 20 I/rel.
1 1 2 25421 6.56 2 0 0 24.722 6.36
2 0 0 25424 3.20 1 1 2 25.188 6.14
2 1 1 29.906 0.00 2 1 1 29.177 0.07
2 0 2 31267 20.62 2 0 2 30.785 23.46
0 0 4 36255 5.65 2 2 0 35.245 14.70
2 2 0 36.263 11.29 0 0 4 36.584 7.05
2 1 3 39.642 0.00 2 1 3 39.230 0.14
1 1 4 40714 27.01 3 1 0 39.568 38.96
2 2 2  40.720 27.13 2 2 2 39.876 29.24
3 1 0 40721 27.06 1 1 4 40.786 31.35
2 0 4 44802 50.24 3 1 2 43.812 100.00
3 1 2 44807 100.00 2 0 4 44.657 55.56
3 2 1 47.68 0.00 3 2 1 46.385 0.01
2 2 4 52215 0.23 4 0 O 50.700 0.01
4 0 0 52221 0.09 2 2 4 51.708 0.08
2 1 5 54.800 52.35 4 1 1 53.262 63.36
3 2 3 54.806 52.28 3 2 3 53.751 63.47
4 1 1 54.808 52.34 3 3 0 54.016 8.71
0 0 6 55640 4.63 4 0 2 54.259 4.10
3 1 4 55647 4.42 2 1 5 54.719 60.42
4 0 2 55652 227 3 1 4 54.981 3.35
3 3 0 55653 9.36 0 0 6 56.171 5.37
1 1 6 58938 11.56 4 2 0 57.199 17.86
3 3 2 58949 11.63 3 3 2 57.432 11.60
4 2 0 58950 11.49 1 1 6 59.277 12.83
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