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Fe-rich SmFe12-based compounds are considered as potential next generation permanent magnets due to their excellent intrinsic magnetic properties. However, their reported coercivities remain low, only ~12% of the magnetic anisotropy field of the SmFe12-based compound. In this work, we successfully increased the coercivity of B-doped Sm(Fe0.8Co0.2)12-based thin films from 1.1 T to 1.8 T by diffusion of Al into the grain boundaries. Detailed microstructural characterization using scanning transmission electron microscopy (STEM) and atom probe tomography (APT) revealed that the high coercivity is due to the segregation of Al into ~4 nm thin B-rich amorphous intergranular phase, resulting in a reduction of its magnetization. This compositional modification of the intergranular phase can prevent the nucleation of reversed magnetic domains in the triple junctions and increase the pinning force of the grain boundary region against the magnetic domain wall motion. Based on detailed microstructural observations, the mechanism of coercivity enhancement is discussed.
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Permanent magnets play an important role in achieving carbon neutrality through their applications in green energy conversion and transportation. Currently, Nd-Fe-B based magnets are the main material of choice for these applications because they have the largest maximum energy product among all types of permanent magnets at room temperature [1-4]. However, the increasing demands on the Nd-Fe-B magnets have raised the importance on the rare-earth use divergence and the minimization of their contents, which are important for the materials sustainability points of view. In this regard, the research interest on the SmFe12 based compound with ThMn12 type crystal structure has been revived [5-8]. These compounds have lower total rare earth content than Nd2Fe14B compounds. In addition, they exhibit superior intrinsic magnetic properties than the Nd2Fe14B phase at room temperature and elevated temperatures [8]. For example, a saturation magnetization of 1.78 T has been reported for Sm(Fe0.8Co0.2)12 with a large magnetic anisotropy field of 12 T [8]. The saturation magnetization can even be increased to 1.90 T for (Sm0.74Zr0.26)(Fe0.8Co0.2)12 compounds [9]. These excellent intrinsic magnetic properties show that the materials have a great potential to be considered as the next generation rare-earth lean permanent magnets.
[bookmark: _Hlk152612204]A major challenge for practical applications of SmFe12-based compounds is how to transfer their excellent intrinsic magnetic properties to the extrinsic ones. SmFe12 compounds are not stable in bulk form, and the addition of stabilizing elements such as Ti, V, Zr, etc. is required to realize a ThMn12-type crystal structure [5-7]. Although the addition of these elements results in a reduction of the saturation magnetization, minimizing the addition of stabilizing elements or partially substituting Co for Fe are known as the solutions to have a sufficiently large saturation magnetization at room temperature [9-10]. However, a problem is that the reported coercivity in the SmFe12 based magnets is far below the magnetic anisotropy field of the SmFe12 based matrix phase [11]. There have been recent successes in developing high coercivity SmFe12-based magnets in powder or bulk forms via tuning the alloy composition, grain size reduction, and optimization of secondary phases or intergranular phase (IGP) [12-22]. Zhang et al. have successfully realized 1.0 T coercivity in anisotropic bulk Sm(Fe,V,Ti)12-based sintered magnets and reported that grain size reduction and IGP modification are necessary to further increase the coercivity [21]. Srinithi et al. reported an enhancement of the coercivity to 1.4 T in an anisotropic Sm(Fe,Ti,V,Al,Cu)12-based sintered magnets by compositional modification of the IGP to an Sm-Cu rich phase [22]. Srinithi et al. discussed the reason the enhancement of coercivity is due to formation of Fe-lean intergranular phase with a content of below 20 %. However, it is still an open question why the obtained coercivity is still only ~12% of the magnetic anisotropy field of the matrix phase and whether a larger coercivity can be realized.
[bookmark: _Hlk152611983][bookmark: _Hlk152612217]In order to demonstrate the highest possible coercivity, efforts have been made to find an optimal microstructure in SmFe12-based system using the magnetic thin films, where the grain size reduction and intergranular phase modification, as well as oxygen content control, can be tuned more easily than in bulk materials [23-27]. Sepehri-Amin et al. showed that by doping Sm(Fe0.8Co0.2)Fe12 magnetic thin films with boron, anisotropic nano-sized Sm(Fe0.8Co0.2)Fe12 grains can be developed which are surrounded by a B-rich amorphous IGP, resulting in a large coercivity of 1.2 T [24]. Bolyachkin et al. showed that diffusion of Si into this microstructure can slightly increase the coercivity to 1.32 T [26]. Micromagnetic simulations showed that further modification of the IGP composition is necessary to increase the coercivity. Recently, Mori et al. demonstrated that the coercivity can be further increased to over 1.5 T by diffusion of Al element from the cap layer into Sm(Fe0.8Co0.2)12B0.5 thin film [27]. However, the question remains as to how Al diffusion into Sm(Fe0.8Co0.2)12B0.5 thin film leads to such a large coercivity. Note that although the (Fe,B)-rich intergranular phase has not yet been observed in the bulk materials, in this study we have investigated the microstructure and coercivity correlation of Al diffused Sm(Fe0.8Co0.2)12B0.5 thin film to shed a light on how modification of the grain size and intergranular phase in the SmFe12-based system can overcome the large deviation of coercivity and magnetic anisotropy field of matrix 1:12 grains.
Magnetic thin films were prepared using a magnetron sputtering system with a base pressure below 4.0×10-7 Pa. B-free and B-doped Sm(Fe0.8Co0.2)12B0.5 films with a thickness of 100 nm were deposited on MgO (100) single crystal substrate at 400 °C. 20 nm thin V underlayer was used to grow the film with ThMn12 type crystal structure. For Al diffusion, an optimized 35 nm thin Al top layer was deposited on 1:12 layer at 450 oC followed by 10 nm thin V capping layer deposition. The whole film was optimally annealed at 400 oC for 4 h. The magnetization curves of the SmFe12-based thin films, at room and elevated temperatures, were measured using a superconducting quantum interference Vibrating Sample Magnetometer (SQUID-VSM) with a maximum applied magnetic field of 7 T. The microstructure of the samples was investigated by transmission electron microscopy (TEM) using an FEI Titan G2 80-200 STEM with probe aberration corrector and equipped with energy dispersive X-ray spectroscopy (EDS). Atom probe tomography (APT) was performed using a laser-assisted local electrode atom probe (LEAP5000XS). The specimens for TEM and APT were prepared with a focused ion beam (FEI Helios G4-UX) dual beam system using the lift-out method.
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Figure 1: (a) Magnetization curves obtained from Sm(Fe0.8Co0.2)12, Sm(Fe0.8Co0.2)12B0.5, and Al diffusion processed Sm(Fe0.8Co0.2)12B0.5 films. (b) temperature dependence of coercivity obtained form B-doped (green) and Al diffusion processed (blue) Sm(Fe0.8Co0.2)12B0.5 films.
[bookmark: _Hlk152615038][bookmark: _Hlk153394613]		Figure 1 shows normalized magnetization curves of Sm(Fe0.8Co0.2)12, Sm(Fe0.8Co0.2)12B0.5 and Al diffusion processed Sm(Fe0.8Co0.2)12B0.5 films. The grown Sm(Fe0.8Co0.2)12 film shows a very small coercivity of 0.14 T, while the coercivity increases to 1.1 T after boron doping. The coercivity is enhanced to the record value of 1.8 T by Al diffusion process. Note that the magnetization curves in which no demagnetizing factor correction was applied show a start of the magnetization reversal process from the first quadrant, indicating the existence of the soft magnetic phase, which acts as an easy nucleation of reversed magnetic domains. The temperature dependence of coercivity for the B-doped (green) as well as Al-diffusion processed Sm(Fe0.8Co0.2)12B0.5 films (blue) are shown in Fig. 1(b). As a reference, the magnetization curves with the absolute value of the saturation magnetization of the thin films are shown in the supplementary file (Fig. S1). The temperature coefficients of coercivity were calculated, , at the temperature range of 300-500 K. Note that due to the sample preparation of magnetic thin films to be placed on oven stick for high temperature measurements, there are some unavoidable damages at the side of samples resulting in a small reduction of coercivity. However, the calculated βHc shows that the temperature coefficient of coercivity is improved from -0.27 %/K to -0.18 %/K after Al diffusion process.
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Figure 2: High angle annular dark field (HAADF)-STEM images obtained from plane and cross-sectional views of (a-c) Sm(Fe0.8Co0.2)12 and (d-f) Sm(Fe0.8Co0.2)12B0.5, and (g-i) Al diffusion processed Sm(Fe0.8Co0.2)12B0.5 films, respectively. 
[bookmark: _Hlk152615355]		Figure 2 shows high angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) images obtained from plane and cross-sectional views of B-free, B-doped, and Al diffusion processed Sm(Fe0.8Co0.2)12B0.5 films. In the B-free sample, only low angle grain boundaries separate the epitaxially grown Sm(Fe0.8Co0.2)12 phase. Note that the projection of atoms in the high-resolution HAADF-STEM image shown in Fig. 2c suggests that the crystal structure is disturbed at the low angle grain boundaries of the B-free sample. This may lead to a change in the local intrinsic magnetic properties, especially the magnetic anisotropy field, at the grain surfaces. In the case of B-doped Sm(Fe0.8Co0.2)12B0.5 film, nano-sized Sm(Fe0.8Co0.2)12 grains are observed surrounded by a thin amorphous IGP with a sharp and defect free IGP/1:12 interface. A similar microstructure is observed in the Al diffusion processed Sm(Fe0.8Co0.2)12B0.5 film. Cross-sectional HAADF-STEM images show that the IGP near the top of the columnar grown grains appears to be thicker than the IGP near the V-underlayer in the B-doped film. This tendency is more pronounced in the Al diffusion processed Sm(Fe0.8Co0.2)12B0.5 film.
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[bookmark: _Hlk152581712][bookmark: _Hlk152581707]Figure 3: STEM-EDS maps of constituent elements obtained from plane and cross-sectional views of (a) Sm(Fe0.8Co0.2)12, (b) Sm(Fe0.8Co0.2)12B0.5 , and (c) Al diffusion processed Sm(Fe0.8Co0.2)12B0.5 films, respectively. 
	
STEM-EDS maps of Sm, Fe, Co, V and Al obtained from B-free, B-doped and Al diffusion processed Sm(Fe0.8Co0.2)12B0.5 films are shown in Fig. 3. In the B-free samples, there are no significant compositional variations except for the presence of some Sm-rich triple junctions. Depletion of Co from the IGP is observed in the planar view STEM-EDS map of the B-doped sample. Diffusion of Al into the B-doped sample results in segregation of Al in the intergranular regions as observed in the planar view STEM-EDS map of the Al diffusion processed samples (Fig. 3c). The cross-sectional STEM-EDS map of the Al diffusion processed sample shows that the Al penetration depth is ~50 nm from the top surface of the film, which is mainly segregated in the thick intergranular region. Another observation from the cross-sectional STEM-EDS maps is the reduced areal fraction of (Fe, Co)-rich secondary phase in the 1:12 layer at the interface with the V-underlayer of the Al diffusion processed sample with respect to that of the B-doped sample.
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Figure 4: (a) 3D atom maps of Fe, B, and Co and (b) Fe, B, Sm, and Co obtained from the 100 nm thick Sm(Fe0.8Co0.2)12B0.5 film. Note that the viewing direction is out-of-plane in (a) and in-plane in (b). (c) Composition profiles of the constituent elements calculated from selected boxes i and ii, respectively.
		The atom probe tomography results obtained from the Sm(Fe0.8Co0.2)12B0.5 film are shown in figure 4. The probing direction in the APT results is along the film plane. Thus, we were able to observe the distribution of elements in both parallel and perpendicular to the film growth. 3D atom maps of Fe and Co and isosurface of B-rich IGP with B content of above 8 at. % are shown in Fig. 4 (b) where the c-axis is out-of-plane. Granular 1:12 grains enveloped with B-rich IGP are observed. Fig. 4(b) shows 3D atom maps of Fe, B, Sm and Co where c-axis of grains is in the vertical direction in the image. From these maps, columnar 1:12 grains, B-rich and Co-depleted IGP, and (Fe, Co)-rich secondary phases are observed. Composition line profiles of the constituent elements obtained from selected volumes (i) and (ii) drawn perpendicular to an IGP and an (Fe, Co)-rich secondary phase respectively, are shown in Fig. 4 (c). Note that based on the APT result, the B-rich IGP have a composition of Sm5.3Fe69.7Co8.2B16.8 at.%, where the Co content is half that of the matrix phase, while the Fe content is not much different from the matrix grains.
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Figure 5: (a) 3D atom maps of Fe, B, Al, and Co and (b) Fe, B, Al, Sm, and Co obtained from the 100 nm thick Al diffusion processed Sm(Fe0.8Co0.2)12B0.5 film. Note that the viewing direction is out-of-plane in (a) and in-plane in (b). (c) Composition profiles of the constituent elements calculated from selected boxes i and ii, respectively.

The atom probe tomography results obtained from the Al diffusion processed Sm(Fe0.8Co0.2)12B0.5 film are shown in Fig. 5. Two different viewing directions, c-axis out-of-plane and c-axis in-plane, are shown in Fig. 5 (a, b), respectively. Isosurfaces of boron with more than 8 at. % (in blue) and aluminum with more than 10 at. % (in yellow) are shown in Fig. 5(a) together with 3D map of Fe. From the top view, granular 1:12 grains can be enveloped by (B, Al)-rich IGP. The side view APT result shows that the Al partially diffuses into the B-rich IGP, in agreement with what was observed in the STEM-EDS results (Fig. 3(c)). Based on these results, the Al diffusion processed sample contains two types of intergranular phases; (Al, B)-rich IGP and B-rich IGP. Fig. 5(c) shows the composition line profiles of the constituent elements obtained over these two IGPs; marked in Fig. 5(b). The (B, Al)-rich IGP shows a composition of Sm6.9Fe62.6Co11.0B6.4Al13.1 at. % and the B-rich IGP have a composition of Sm7.2Fe68.3Co11.1B13.4 at. %.
TEM image-based micromagnetic simulations by Bolyachkin et al. showed that the formation of thick amorphous B-rich triple junctions is still a weak link in the coercivity of Sm(Fe,Co,B)12 magnetic thin films [26]. This is due to the nucleation of reversed magnetic domains at these triple junctions where a high Fe content is present. Diffusion of Al into triple junctions and thin IGPs, leads to a change in their composition by reducing their Fe content. As shown in Fig. 5, the B-rich intergranular phase has a comparable Fe content to the matrix phase, while in the (B, Al)-rich region, the Fe content is slightly reduced with respect to the 1:12 matrix phase. Enrichment of Al in (Fe, B)-rich IGP results in reduction of magnetization [28.29]. This can result in an increase in coercivity as well as thermal stability of coercivity in the Al diffusion processed Sm(Fe0.8Co0.2)12B0.5 film. The composition modification of the intergranular phase and reduction of its magnetization may be beneficial to increase the nucleation field of magnetization reversals in these regions. However, the presence of ferromagnetic B-rich IGP in the region where Al diffusion has not taken place can still act as nucleation sites for the magnetization reversal process. Nevertheless, the lower magnetization of the (B, Al)-rich intergranular phase can lead to a stronger pinning force of the IGP against the magnetic domain wall motion and hence to a higher coercivity in the Al diffusion processed sample. Hindering the formation of ferromagnetic (Fe, Co)-rich secondary phase at the interface of 1:12 films with V underlayer is another microstructural origin for the enhancement of coercivity in the Al diffusion processed sample. Note that there was no Al diffusion into the 1:12 phase, and therefore there is no change in the intrinsic magnetic properties of the 1:12 matrix grains due to Al diffusion. Although Al diffusion process was not through the full depth of the IGP, this work clearly demonstrates that the compositional modification of the intergranular phase and the elimination of secondary soft magnetic phases are the major steps that should be considered to increase the coercivity of 1:12 magnets closer to their theoretical limit, which is the magnetic anisotropy field of 1:12 grains with ThMn12-type crystal structure. This can be realized by conducting fundamental research on the phase equilibrium of Sm-(Fe, Co)-M system (M is a stabilizing element such as Ti, V, Zr, etc...) to extend the optimization of the alloy composition not only to optimize the intrinsic magnetic properties but also to realize the desired microstructure, secondary phases, and intergranular phase beneficial for the coercivity in the SmFe12 based systems [30-32].
In summary, the coercivity of B-doped Sm(Fe0.8Co0.2)12-based thin films was enhanced from 1.1 T to 1.8 T by a low-temperature Al diffusion process. No Al was found inside the Sm(Fe0.8Co0.2)12 grains, while Al was only diffused into a thin amorphous intergranular phase. This may be due to the faster diffusion of Al into amorphous (Fe, B)-rich IGP than that of Sm(Fe0.8Co0.2)12 grains at the low diffusion process temperature of ~400-450oC.  However, the diffusion of Al did not occur through the entire thickness of the film. The formation of (B, Al)-rich IGP results in the reduction of its magnetization. These microstructural observations suggest that the large coercivity is realized by hindering the easy nucleation of reverse magnetic domains at the (B,Al)-rich triple junctions as well as enhancing the pinning strength of the IGP against the magnetic domain wall motion. This study demonstrates that the elimination of secondary soft magnetic phases and further composition modifications of the intergranular phases can increase the coercivity of SmFe12 based systems closer to their magnetic anisotropy field.
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