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We report excellent intrinsic magnetic properties of SmFegN; epitaxial thin films with TbCuy-type crystal
structure, i.e., room temperature saturation magnetization (1oMs) of 1.64 T, Curie temperature (T,) of 771 K and
magnetic anisotropy field (poHa) of ~22 T for 8=1.1, the saturation magnetization of which is superior to that of
SmyFe;7N3 (upMs= 1.57 T) and NdyFe 4B compounds (uoMs= 1.61 T). X-ray diffraction and transmission electron
microscopy revealed that the thin films have a highly textured single TbCuy-type phase with its c-axis perpen-
dicular to the film. Heat treatment of the thin films under N atmosphere expands the lattice and increases the unit
cell volume of the SmFegN; structure, which also switches the magnetocrystalline anisotropy from easy plane (&
= 0) to easy axis (8=1.1). Furthermore, the poM; and T, of SmFegNj films also increased with increasing nitrogen
content in the structure, leading to promising intrinsic magnetic properties. Based on this study, we can conclude
that the rare-earth lean SmFegN; based TbCuy-type compound has potential for the development of high per-
formance anisotropic bonded magnets with superior performance to that of existing anisotropic SmyFe;7N3 or

Nd-Fe-B bonded magnets.

1. Introduction

In sustainable/clean energy-driven technologies such as hybrid/
electric vehicles and wind turbines, permanent magnets play a key role
as components in motors and generators. (Nd, Dy)-Fe-B magnets are
predominantly used for these applications due to their high maximum
energy product [1,2]. However, the increasing demand and the high
supply risk of Nd and Dy have recently created the urge to find an
alternative permanent magnet [3]. Sm-Fe based compounds have been
considered as potential for an alternative permanent magnet (PM), as
some of these compounds require a lower content of rare earth (RE)
elements, and one can reduce the complete dependence on Nd and Dy
sources [4].

Various Sm-Fe-based compounds are summarized in Table 1. The
SmFes compound has the CaCus-type structure, where the Sm atoms of
this structure can be substituted with different amounts of dumbbell
pairs of Fe leading to the formation of SmyFe;;, SmFeg and SmFe;y
compounds. Among these, the ThMnj,-type SmFe;5 (1:12) compound
with a tetragonal crystal structure has gained a lot of attention recently
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as it has the highest Fe content [5] in the rare earth-based compounds.
However, the 1:12 compounds are unstable in bulk form and require a
large amounts of stabilizing elements like Ti and V to be substituted for
Fe, which deteriorates the intrinsic magnetic properties, especially the
saturation magnetization (poMs) [6]. Another candidate with high Fe
content is the metastable TbCuy-type Sm-Fe (1:7) compound of hexag-
onal crystal structure with the space group of P6/mmm. In the 1:7
structure, Sm atoms are randomly substituted by a dumbbell of Fe atoms
in a disordered manner. This disordered structure of the 1:7 compound
makes it interesting because the Fe atoms in the 1:7 structure can be
accommodated beyond the stoichiometry of SmFey, i.e., Fe:Sm > 7 [7,
8]. Thus, poM; in the 1:7 compound can be altered [9,10].

Although the 1:7 compound can have a high magnetization by
increased Fe content, the 1:7 system has received very little attention
due to the existing thermodynamically stable ThyZn;;-type SmyFe;;
(2:17) compound. In 2:17, the Sm atom is replaced by the dumbbell of
the Fe atom in an ordered manner. Nitride of the 2:17 compound, i.e.,
SmyFe7N3 phase, exhibits uniaxial anisotropy with good intrinsic
magnetic properties [12]. However, the poM; of the 2:17 phase is limited
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Table 1
Characteristics of Sm-Fe-based compounds with different crystal structures [7,
11,12].

Compound  Structure- Crystal Phase Anisotropy type
type structure stability
SmFes CaCus Hexagonal Unstable Uniaxial after
nitridation
SmyFe;, ThyZn,; Trigonal Stable Uniaxial after
nitridation
SmFeq TbCu;, Hexagonal Metastable Uniaxial after
nitridation
SmFe;, ThMn;»- Tetragonal Unstable Uniaxial
type

to 1.57 T, which is lower than that of the Nd-Fe-B compound (1.61 T).
Similar to the 2:17 compounds, 1:7 compounds in a nitride form acquire
uniaxial anisotropy [13-15]. The maximum poM; of 1.7 T is achieved in
the 1:7 compounds [16], which is higher than that of Nd-Fe-B and other
existing stable Sm-Fe compounds. Moreover, unlike the 1:12 compound,
the 1:7 compound is advantageous as it can be stabilized in bulk form by
non-equilibrium processing, such as, melt-spinning, rapid quenching,
HDDR, and mechanical alloying, without the addition of stabilizing el-
ements [10,17-19]. Overall, the high Fe content and a resulting high
magnetization along with the ability to be processed in bulk form
without the need for stabilizers make the SmFeg-based compound a
potential candidate for the development of alternative permanent
magnetic material, which can be processed into anisotropic bonded
magnets and sintered magnets. However, this compound is not well
explored, and its intrinsic magnetic properties are unknown.

In this study, we revisit the TbCu;-type SmFeg-based compounds and
evaluate their intrinsic magnetic properties, such as, poMs, Curie tem-
perature (T.), and anisotropy field (poHa). To measure the exact values
of the intrinsic magnetic properties for any ferromagnetic compound,
single phase and highly textured sample is required and the best way to
obtain this is to grow epitaxial thin films. Recently, Kusumori et al.
fabricated epitaxial/textured 1:7 thin films and its nitrides, but were
unsuccessful in obtaining uniaxial anisotropy upon nitriding the 1:7
phase [20]; they reported magnetocrystalline anisotropy type to be in
the ‘easy-plane’ and ‘easy-cone’ state. Katter et al. [15] estimated the
anisotropy field of TbCuy-type Smig¢Fegg 4Ny to be ~8.6 T in an
isotropic powder, but the nitrogen content was not quantified. The ni-
trogen content plays an essential role in the intrinsic magnetic properties
of 1:7 and 2:17 compounds. Iriyama et al. studied the effect of nitrogen
content on SmyFe 7Ny (0 < x < 6) and found that x = 3 shows the highest
poHp of 22 T [21,22]. So far, there is no systematic study on this rela-
tionship in highly textured 1:7 compounds.

Compared to other rapid solidification and single crystal growth
methods, thin film synthesis enables the growth of metastable phases
with fewer defects and in a single phase. Additionally, thin films can be
nitrided more homogeneously, and their nitrogen content can be
determined more accurately compared with powder forms. Because
powders often show non-uniform nitrogen distribution with a certain
penetration depth depending on nitrogen pressure and temperature [23,
24]. On the other hand, thin films offer a uniform matrix that allows
analysis across the entire sample and facilitates precise measurement of
nitrogen distribution. In this article, we report the comprehensive
intrinsic magnetic properties of the TbCuy-type Sm-Fe compound and its
nitrides in epitaxial thin film form. A poHp of ~ 22 T, which is higher
than Nd-Fe-B and comparable to that of SmyFe;7;N3 compounds, along
with a high ppM; of 1.64 T and a T, of 771 K were achieved. The excellent
intrinsic magnetic properties determined in this study make the
TbCuy-type SmFeg-based compound a potential candidate for an aniso-
tropic bonded magnet with potential superior performance compared to
the existing ones.
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2. Experimental

TbCuy type SmFegNs with various nitrogen concentrations, § = 0,
0.5,0.7, and 1.1, were fabricated using an ultra-high vacuum magnetron
sputtering system (Comet, Inc., CMS-3200) with the base pressure of
1077 Pa. To obtain c-axis texture, the thin films were grown on a single-
crystalline Al;O3 (0001) substrate with a Mo buffer layer at 350 °C, as
schematically shown in Fig. 1. The Al;O3 substrate was annealed at 1000
°C for 1 hour to minimize the surface miscut effect, which eventually
improves substrate surface smoothness and the thin film texture [25]. A
30 nm thick Mo buffer layer was deposited on the Al,O3 substrate. Mo
(111) layer was epitaxially grown on the Al,O3 substrate. In contrast to
previous work using Ta as the buffer layer [20], Mo was used here
because it can develop the (111) orientation at room temperature, un-
like the elevated temperatures for Ta. Nitridation was performed at 350
°C after the deposition of the Sm-Fe layer, by flowing high-purity ni-
trogen gas at the flow rate of 50 sccm, while varying the chamber
pressure from 2 to 10 Pa. The thin film with different nitrogen content
from O to 10 at.% was obtained. After the formation of the SmFegNg
layer, the Mo capping layer was deposited to avoid surface damage and
oxidation. Fig. 1 shows the typical film structure thus grown, Al,O3
(0001) || Mo (111) || Sm-Fe (1:7) (0001) || Mo-capping.

The microstructure of the films, their composition, and nitrogen
concentration were studied using an aberration corrected scanning
transmission electron microscopy (STEM) (FEI TitanG2 80-200)
coupled with the energy dispersive X-ray spectroscopy (EDS) using FEI-
Super-X EDX detector. According to the nitrogen atomic concentration
which is determined from EDS, the thin films are labeled as SFNO (0 at.%
for 8 = 0), SFN5 (5.6 at.% for & = 0.5), SFN7 (7.2 at.% for & = 0.7) and
SFN10 (10.0 at.% for & = 1.1) and its respective composition is
mentioned in supplementary Table S1. The electron transparent speci-
mens for TEM analysis were prepared by the focused ion beam (FIB) lift-
out technique using FEI Helios G4-UX. The crystal structure, phase, and
texture characterization were performed using X-ray diffraction (XRD)
(Rigaku, SmartLab) with a 2D detector (Rigaku, PILATUS100K/R and
HyPix-3000).

The room temperature magnetic properties were measured by
physical property measurement system (PPMS) with the VSM option
(Quantum Design Inc. Dynacool) under a maximum applied magnetic
field of 14 T. The temperature-dependent magnetic properties of the thin
films were measured using a 7 T magnetic field superconducting quan-
tum interference device (SQUID) magnetometer (Quantum Design Inc.
MPMS) at temperature range of 50-750 K. The Curie temperature of the
thin films was estimated using the nonlinear least-squares fitting pro-
posed by Kuz’min et al.,[26]

The first and second order magnetocrystalline anisotropy constants,
K; and K> were estimated using the anomalous Hall effect (AHE) torque
method demonstrated by Ono et al., [27] using PPMS at the magnetic
field of 14 T at different sample orientations.

3. Results and discussion
3.1. Crystallography and phase identification

Fig. 2a represents the out-of-plane XRD pattern obtained for thin
films with various nitrogen contents SFNO, SFN5, SFN7 and SFN10,
where the 0, 5, 7, 10 represent atomic percentage of nitrogen in the thin
films. The Al,03 and Mo peaks that correspond to the substrate and the
buffer layer respectively; the Mo layer is oriented with the (111) plane
along the substrate surface. In the SFN5, SFN7, and SFN10 nitride films,
the 000! peaks of the 1:7 phase shift gradually towards the low 26 angle,
which indicates the expansion of the lattice upon nitrogen diffusion into
the interstitial sites. The 0002 peaks of all the thin films are shown in
detail in Fig. 2b, where the shift upon the nitrogen treatment is clearly
seen. The largest peak shift was observed for the SFN10 sample with
respect to the SFNO sample, caused by its high nitrogen content. No peak
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Fig. 1. (a) A schematic illustration of TbCuy-type SmFeg and its nitridation process for SmFegN; (b) Thin film structure design for the compatibility of Al;O3

substrate, Mo buffer layer and SmFey with its lattice constant matching.

shift is observed for the Mo 222 peak and the Al;03 0001 peak upon
nitriding, indicating that the N-atoms enter only the 1:7 phase. The ni-
trogen doping increases the lattice parameters a and ¢ as represented in
Fig. 2c. A systematic increase in the unit cell volume from 0.086 nm? for
SFNO to 0.090 nm? for SFN10 can be seen. Moreover, the axial ratio, c/a,
increases with increasing nitrogen content, from 0.855 for SFNO to
0.870 for SEN10, which also indicates the significant expansion towards
c-axis (Fig. 2¢).

To further verify the existence of the hexagonal 1:7 phase, Azimuthal
scans (¢-scan) were performed and presented for the SFN10 film in
Fig. 3a and 3b. The ¢-scan was measured at 20=48.63° and y=62.73°
which corresponds to {201} lattice planes of 1:7 phase. A 6-fold sym-
metry is attributed to the hexagonal structure, confirming the presence
of the 1:7 phase and denotes that the thin film possesses a good epitaxy.
Due to the structural similarities of the 2:17 and 1:7 phases, it is
important to confirm the absence of the 2:17 phase by checking its
superlattice peak reflection. The ¢-scan was measured at 20=25.05° and
x=73.41°, which corresponds to the {021} superlattice reflection of the
2:17 phase and presented in Fig. 3b. No peaks attributed to the 2:17
phase was observed confirming its absence and satisfying the formation
of 1:7 as the main layer phase [20]. A schematic representation of
different rotation angles of sample stage in XRD such as y, ¢, w, 20 is
mentioned in Fig. 3c.

3.2. Room temperature magnetic properties

Fig. 4 shows the room temperature magnetization hysteresis curves
of SFNO (a), SFN5 (b), SEN7 (c) and SFN10 (d) measured with the field
direction along the film (//) and perpendicular to the film (_L). As can be
seen from the XRD profile, the film has good epitaxial growth with the c-
axis perpendicular to the film. Without nitriding (SFNO), the M-H loop

shows that easy magnetic axis (EMA) is in the plane, showing the planar
anisotropy along the ab-plane. Whereas, the M-H loops of the SFN10
sample show the EMA along | measurement, representing uniaxial
anisotropy along the c-axis. The anisotropy type switches from easy-
plane to easy-axis anisotropy as nitrogen content increases. It can be
seen that the optimization of N content is important to achieve the
uniaxial anisotropy. In general, the interstitial doping with B, N, and C
creates a strong uniaxial anisotropy in several rare earth iron com-
pounds [28,29]. These interstitial atoms are positioned close to the rare
earth atoms, such that they create a strong crystalline electric field at the
4f electron sites. This systematic strengthening of the crystalline electric
field gradient at rare-earth site can be the reason for the increasing
magnetocrystalline anisotropy as the nitrogen content increases [30].
Moreover, it is seen that poM; increases with increasing nitrogen content
in the structure. The poMs of SFN5 and SFN7 are 1.38 T and 1.46 T,
respectively, which is higher than that of the SFNO sample (1.22 T). The
SFN10 sample with the uniaxial anisotropy has a high poM; of 1.64 T.
The improvement in the poM; of nitride films corresponds to the lattice
expansion and resulting changes in the electronic structure of sublattices
upon interstitial nitrogen doping [28]. The poM; value of the SFN10
sample is higher than those of SmyFe;7N3 and SmFe;2 [5,31]. Overall, it
can be seen from the M-H loops that the poM; increases, and the mag-
netocrystalline anisotropy type changes from planar to uniaxial with
increasing nitrogen content in the 1:7 phase. Further analysis is needed
to quantify the magnetocrystalline anisotropy field (noHa) value for the
uniaxial SFN10 sample.

By finding the cross-point of the extrapolated // and L loops of the
SFN10 sample, the poHy is estimated to be ~24 T, as shown in Supple-
mentary Fig. S1. However, cross-point estimation is known to over-
estimate the poHa [32]. So, the anomalous Hall effect (AHE) torque
experiment was adopted for accurate estimation of anisotropy constants
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Fig. 2. (a) Out-of-plane X-ray diffraction patterns of SFNO, SFN5, SFN7 and SFN10 thin films. (b) Enlarged 0002 peaks of 1:7 phase representing peak shift by

nitridation. (c) Lattice constant of all the thin films and its axial ratio.

(K7 and K>) and poHa. The K; and K> of nitride thin film were extracted
from the AHE torque curve (Fig. S2) using the method demonstrated by
Ono et al. [27] and mentioned in the Table 2. It can be seen that the
SFN10 (SmFegN; 1) show K; = 19.1 MJ/m® and Ky = —2.2 MJ/m?,
which deduced a poHp = (2K1+4K3)/M; ~ 22.6 T. A similar anisotropy
of 22 T is determined also for SmyFe;7N3 powders with the anisotropy
constant of K; =6.6 MJ/m> and K = 3.3 MJ/m® [22]. The variation in
these anisotropy constants could be attributed to the different crystal
structures, 2:17 and 1:7 phases, of the similar compositions. The SFN7
and SFN5 show a less poHp of ~12.9 and ~9.6 T respectively. Katter et
al. [15] estimated the anisotropy field for TbCuy-type SmFe_gNy to be

8.6 T, which is similar to those of the samples with low nitrogen content
(SENS5 and SFN7). The poHp obtained in SFN10 is greater than Nd;Fe; 4B
and is on par with SmyFe;7N3 [21]. Additionally, a coercivity of ~0.8 T
is observed in the nitride thin films. This could be attributed to various
factors like the increased anisotropy field, Sm-rich inhomogeneities in
the microstructure and the low angle grain boundaries, which are usu-
ally observed in the Sm-Fe based epitaxial thin films [33,34].

3.3. Temperature dependent magnetic properties

In order to determine the Curie temperature (T.), the M-H loops were
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Table 2
Intrinsic magnetic properties of nitride thin films measured at 300 K and esti-
mated from poM; vs. T.

Compound HoMs (T) HoHA (T) Ky MJ/ K, MJ/ T. (K)
m®) m®)

SFN5 (SmFegNys)  1.38 9.6 10.6 —28 700

SFN7 (SmFegNg.7) 1.46 12.9 12.3 -2.4 730

SFN10 1.64 22.6 19.1 —2.2 771

(SmFegNj 1)

measured with respect to temperature (T) to obtain the poMs vs. T in
Fig. 5a. The T, was estimated by extrapolating the poMs-T curve using
least square fitting by the method demonstrated by Kuzmin et.al. [26].
The marker dots indicate the experimental curve and the dotted line
indicates the extrapolated fitting.

T. systematically increases from 501 K for SFNO to 771 K for SFN10.
For the SFN5 and SFN7 samples, the T, is 700 K and 730 K, respectively.
The high T, in the nitride samples compared to the one without nitrogen
can be caused by several factors like an increase in the poM;, enhanced
Fe-Fe exchange interaction, and hybridization of N with Fe states owing
to the interstitial N doping and volume expansion [38].

To get an overall understanding, the temperature dependence of
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A.R. Dilipan et al.

poM; for the SFN10 sample of this work is presented along with the
various undoped RE-Fe based hard magnetic compounds shown in
Fig. 5b. It is already known that the nitrides of 1:7 phase possess high
thermal stability, when compared to SmyFe;7N3 [19,36,39], and the T,
of SFN10 (771 K) is higher than those of the SmyFe ;N3 (740 K) and
other compounds (SmFe;» and NdyFe;4B) [2,5] showing the promise of
the 1:7 based compound for elevated temperature applications. Further
improvement of the T, can be expected by the addition of Co, Zr, V, Nb
and Ti into the 1:7 phase as reported elsewhere [13,14,39-42]. As the
SFN10 sample has attractive poMs, poHa and T, the microstructure of
this sample is studied to understand the phase formation and to know
the composition distribution of the thin film.

3.4. Interface and nano-chemistry

Fig. 6a shows the cross-sectional bright-field (BF) TEM image of the
SFN10 thin film. It is seen that all the layers in the thin film stack (Al,O3
|| Mo ||1:7 || Mo-capping), maintain sharp and flat interfaces. The
average thickness of the main 1:7 layer is estimated to be 70+2 nm.
Moreover, the 1:7 layer exhibits columnar growth, observed from the
bright field (BF)-TEM image. The contrast of the 1:7 layer is originated
from the low-angle grain boundaries. The existence of these nano-
structural defects can be the reason for obtained coercivity, which is
only 3.5% of the magnetic anisotropy field of matrix phase. The phase
and its orientation were found from nano-beam electron diffraction
patterns (Fig. 6b). The diffraction pattern from the substrate and buffer
layer was found to be the [110] zone axis of Al;03 and [110] zone axis of
bce-Mo, and the main layer belongs to the [110] zone axis of the TbCuy-

(a) HAADF-STEM(SFN10)

Acta Materialia 274 (2024) 119996

type Sm-Fe phase. The orientation of Mo was found to be with the [111]
axis perpendicular to the film surface, while the orientation of the 1:7
phase is with the [0001] perpendicular to the film surface. These nano-
beam electron diffraction patterns are consistent with that of the XRD
profile.

The high-resolution high angle annular dark field (HAADF) STEM
images and its respective EDS observed near the interface of the Mo
buffer layer and magnetic layer (Fig. 6¢) reveal that the (111)y, matches
with the main layer’s (0001) plane, which is on par with the atomic
model of the interface (schematically represented in Fig. 6d). The lattice
mismatch for the (111) plane of Mo and (0001) plane of the 1:7 phase is
low ~8 %; this is the reason for the preferential growth direction of the
1:7 layer.

To study the composition distribution and possible presence of sec-
ondary phases in the SFN10 film, STEM-EDS map was collected over a
large region of the film. Fig. 7 shows the panoramic HAADF image, and
the STEM-EDS mapping with a corresponding line profile for the cross-
sectional sample of SFN10 thin film. The STEM-EDS elemental maps in
Fig. 7b and the line profile show overall uniform compositions
throughout the film with negligible traces of Sm rich agglomerates near
the buffer layer interface. These inhomogeneities could also be the
reason for the obtained coercivity, which is usually observed in Sm-Fe
based thin films [33,34,43,44]. The elemental EDS line profile
(Fig. 7b) shows that the interface of the 1:7 layer with the Mo layer is
relatively flat and no diffusion of Mo into the main phase or the for-
mation of Mo-Fe or Mo-Sm based intermetallic phases are seen. The
chemical composition of the SFN10 was estimated to be SmFeggNj ;.
Although the composition contains higher Fe content beyond the

100 4

2 Sm

. g 2o N

0 10 20 30 40 50 60 70 80 90 100110120
Distance (nm)

Concentration (at. %)

Fig. 7. (a) Cross sectional panoramic HAADF-STEM image of SFN10 and (b) respective EDS maps of each element of the main and buffer layer with its the

line profile.
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stoichiometry of 1:7, the predominantly occurring a-Fe phase reaction
layer or segregates in the previously reported Sm-Fe based thin films, are
not observed. The magnetic phase purity is important in determining the
intrinsic magnetic properties, as the soft magnetic phases like a-Fe
causes the overestimation the p,M; value [45]. The nitrogen dissolution
can be observed from the N elemental map in the main layer without
affecting the Mo buffer and capping layer. From the overall TEM
observation, the SFN10 thin film possess single 1:7 phase without any
secondary ferromagnetic phases.

3.5. uoM;s vs. poHp and T, of PM compounds

Fig. 8 summarizes the three important intrinsic magnetic properties
(HoMs, poHa and T) of several hard magnetic phases reported in litera-
tures [2,11,12,21,22,37,43,46-59] and the position of the Nd,Fe;4B has
been marked. For searching the magnetic compounds that outperform
NdjFe 4B, many studies have been carried out. In terms of high poHa,
compounds like TboFe;4B, SmsFe;; exhibit values greater than 20 T.
However, the poM; of these compounds are < 0.7 T [55-57], making
them unsuitable for permanent magnet applications. SmyFe;7N3 have
the highest poHa ~ 22 T [21,58] but the poM; is only 1.57 T, which is
lower than the NdyFe;4B. Several studies on 1:12-based compounds
(SmFe;5, NdFe;5N, Sm(Fe, Co)12, (Sm, Zr)(Fe,Co),2) are shown to have
the intrinsic magnetic properties superior to NdsFe4B. In particular, the
1:12 compounds doped with Co and Zr improved the poM; and T..
However, these compounds are unstable in bulk form and require sta-
bilizing elements such as Ti and V which significantly degrades the
magnetic properties, especially poM; [6]. Thus, in the search for superior
permanent magnetic compounds, a potential candidate in terms of
intrinsic magnetic properties while considering the phase stability has
not been demonstrated, until this work. In this study, the magnetic
properties of SmFegNs (SmFeg gNj 1) were investigated, and superior
comprehensive intrinsic magnetic properties were demonstrated.

The excellent intrinsic magnetic properties of the Sm-Fe-N (1:7)
phase, which are on par with the other existing Sm-Fe and RE-Fe-B-
based compounds (Fig. 8), demonstrate the potential of these mate-
rials for further development. It is worth mentioning that SmyFe;7N3
and SmFegN powders have already been commercialized by some
magnet manufacturers like Daido Steel for bonded magnet fabrication
[60-63]. Meanwhile, this study on demonstrating the superior intrinsic
properties can accelerate the research towards further development of
these compounds. However, the application to full-density bulk
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permanent magnets would be challenging, because the RE-Fe based
nitrides tend to decompose into RE-N and a-Fe at elevated temperatures
above 800 K. It is noteworthy that the Sm-Fe-N (1:7) compound has been
reported to have the decomposition temperature of 920 K [7], which is
slightly higher than the SmyFe;7N3 (873 K) [64] and NdFe 5Ny (843 K)
[45]. Despite this, there have been few prior successes in sintering of
these nitride compounds. Sato et al. synthesized anisotropic Sm-Fe-N
powder of 1:7 phase using a low-temperature reduction diffusion pro-
cess and developed sintered magnets using the high-pressure current
sintering technique with a relative density of ~ 87 % [7]. In another
work, Saito et al. has achieved high density (>90%) in Sm-Fe-N (1:7)
bulk magnets using spark plasma sintering and dynamic compression
technique at temperature below 823 K [65]. It was shown that the
extrinsic magnetic properties of sintered magnets do not deteriorate
from the initial powder properties by successfully avoiding the decom-
position of nitride powders. Recently, Takagi et al. followed shock-wave
consolidation method for acquiring fully dense state of the Sm-Fe-N
isotropic magnets and demonstrated a high-density isotropic magnet
with highest level of maximum energy product (144 kJ/m®) [62]. These
studies give us an understanding that bulk magnet development is still
possible in the Sm-Fe-N (1:7) compounds by sophisticated consolidation
methods. Future work on sintering studies and low-temperature densi-
fication processes are necessary for developing the Sm-Fe-N (1:7) based
bulk permanent magnets. Furthermore, the Sm-Fe-N (1:7) is a rare-earth
lean compound where the Fe content can be increased well beyond the
stoichiometric ratio (Fe:Sm ~ 10). This high Fe content can enhance the
saturation magnetization beyond the existing Nd;Fe;4B and SmyFeq7N3,
making it a potential permanent magnet candidate. Overall, this study
suggests that the TbCuy-type SmFe._gNs compound is a promising next
generation permanent magnetic compound.

4. Conclusion

In this work, TbCuy-type SmFegNs (6=0, 0.5, 0.7 and 1.1) epitaxial
thin films were synthesized and its comprehensive intrinsic magnetic
properties were studied. Highly textured nature and phase purity of the
TbCuy-type phase in the thin film was revealed by XRD and TEM.
Excellent intrinsic magnetic properties of pjoMs = 1.64 T, poHa = 22.6 T
and T.= 771 K were found for SmFeg gNj ;. These enhanced intrinsic
properties are attributed to the nitridation of 1:7 phase, wherein
increasing the nitrogen content in the thin film switches the magneto-
crystalline anisotropy from planar to uniaxial type with a high poHa as

B Parent compound ™ TM-doped @ RE-free

gi: Superior compounds Tc(K)
22 Tb,Fe,,BHE szFeﬂNa. * SmFeggN, 4
20 SmiFem (This work) 1100
1000
18
—~ 164 900.0
— | MnGa I ‘
- 14 282 DyoFe, - 800.0
I 12 1 Sm(Fe,Co),,Ti_ @ ‘: ] _@ Sm(Fe,Co),, 700.0
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Fig. 8. Benchmark figure of intrinsic magnetic properties representing the several permanent magnetic materials realized so far along with the present work [2,11,

12,21,22,43,37,46-59].
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well as increases the p,Ms and T.. The intrinsic magnetic properties
determined for the SmFeggN; ; are superior to those of the existing
NdyFe14B, SmyFe;7N3 and SmFej; compounds. These results demon-
strate the promise of the TbCuy type SmFegNs based compounds as an
alternative permanent magnet material.
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