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Nd2Fe14B-type materials exhibit the highest energy product around room temperature and hence 

dominate the high-performance permanent magnet market. Intensive research efforts aim at 

alternative material systems containing less critical elements with similar or better magnetic 

properties. Nd- and Sm-based compounds with a ThMn12-type structure exhibit intrinsic properties 

comparable or even superior to Nd2Fe14B. However, it has not been possible to achieve technically 

relevant coercivity and remanent magnetization in ThMn12-based bulk sintered magnets. Using 

SmFe11Ti as a prototypical representative, we demonstrate that one important reason for the poor 

performance is the formation of twins inside micro-crystalline grains. The nature of the twins in 

SmFe11Ti was investigated in twinned “single crystals” and both bulk and thin film poly-crystalline 

samples, using advanced electron microscopy and atom probe tomography as well as simulations 

and compared with benchmark Nd2Fe14B. Both micro-twins and nano-twins show a twin 

orientation of 57±2◦ and an enrichment in Sm, which could affect domain wall motion in this 
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material. Micromagnetic simulations indicate that twins act as nucleation centers, representing the 

magnetically weakest link in the microstructure. The relation between twin formation energies and 

geometrical features are briefly discussed using molecular dynamic simulations. 

Keywords: magnets, ThMn12-type compounds, coercivity, twin boundaries, 

microstructure 

 

1. Introduction 

Nd2Fe14B-type magnets are key components in electro-mobility, wind turbines, robotics and 

automatization with expected strong increases in demand in all sectors. The rare-earth (RE) supply 

crisis of ten years ago led to a drastic increase in prices and revealed the dependency on critical RE 

elements [1] for the production of high performance permanent magnets. Significant efforts are 

ongoing to find alternative material systems which present magnetic properties similar or superior 

to those the Nd2Fe14B benchmark, but which contain less critical elements [2]. 

 

RE-lean Nd- and Sm-based alloys with ThMn12-type structures (tetragonal I4/mmm #139) have 

been known for more than 30 years. More recently, in 2015, Hirayama et al. reported the intrinsic 

magnetic properties of NdFe12Nx thin films (saturation magnetization µ0Ms ~ 1.66 T, anisotropy 

field µ0Ha ~ 8 T and Curie temperature Tc ~550 °C) to be superior to those of Nd2Fe14B [3, 4]. 

However, the ThMn12-type structure was preserved only in thin-films with thicknesses up to 360 

nm. A major drawback of the NdFe12Nx system is the necessity of interstitial modification by 

nitrogen to obtain high saturation magnetization, anisotropy field and Tc. Decomposition of the 

nitride starting from around 570°C prevents conventional densification via sintering or hot 

pressing. Nonetheless, investigations of materials with the Nd(Fe,X)12-composition show the 
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possibility to stabilize ThMn12 structure in the bulk state by addition of doping elements, such as 

Cr, V, Ti, Mo, W or Si [5, 6], that substitute Fe atoms. Among these elements, Ti is very effective 

and stabilizes the structure with minimal doping (approx. 7.7 at.%) [7]. 

 

The sign of the Stevens factor αJ of Sm3+ is opposite to that of Nd3+, and as a consequence 

Sm(Fe,Ti)12 exhibits a high anisotropy field (µ0HA ~ 10 T at room temperature [8]) without any 

interstitial modification, which makes it a promising material for the production of anisotropic bulk 

and fully dense permanent magnets. In 2017, Hirayama et al. reported that the intrinsic magnetic 

properties of cobalt doped Sm(Fe1−xCox)12 thin films are superior to those of Nd2Fe14B [9]. Other 

studies showed that the addition of Zr reduces the Ti concentration required to stabilize the ThMn12-

type structure in Sm-based bulk samples [10, 11]. Zr substitution also leads to an increase in the 

saturation magnetization, but the anisotropy field decreases. 

 

Even though the intrinsic magnetic properties of both Nd and Sm based ThMn12-type thin films are 

reported to be superior to those of Nd2Fe14B, the production of bulk ThMn12-type structures 

remains challenging [12-20]. The hardness parameter, defined as: 

� = � ��
���	


            (1) 

quantitatively determines the probability of resisting self-demagnetization when hard magnetic 

materials are fabricated in any possible shape. An empirical rule of thumb to select materials as 

potential candidates for application as permanent magnet [21] is that κ must be significantly greater 

than one. For Nd2Fe14B the κ value is 1.5, while it rises to a value of 2.1 for SmFe11Ti [22]. The 

excellent intrinsic magnetic properties measured on single crystalline samples (K1, Ms) and the high 
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value of the hardness parameter κ cannot guarantee the direct use of the material for permanent 

magnet production. Indeed, each class of hard magnetic material requires its own special micro- 

and nanostructure, which needs to be controlled by utilizing peculiarities of the phase diagram and 

solid-state phase transformations. More importantly, in the context of this work, defects resulting 

from phase formation under specific processing regimes can serve as centers where reverse 

magnetic domains nucleate and propagate even in weak magnetic fields, thereby drastically 

reducing the coercivity of the sample. Due to the above mentioned promising intrinsic properties, 

the SmFe11Ti material is selected as a prototypical representative for ThMn12-type materials.  

 

Figure 1 compares coercivity values from literature of benchmark Nd2Fe14B-based materials [23-

46] and Sm(Fe,X)12-based materials [20, 47-61], as a function of grain size. For the Nd2Fe14B 

system coercivity values up to 2.95 T have been reported for thin films, while coercivity around 

1.95 T have been achieved for sintered bulk samples. Even though the Sm-based ThMn12-systems 

show similar anisotropy field, the reported coercivity values do not surpass 1.1 T in melt-spun 

ribbons. The highest coercivity reported for the ThMn12-type bulk system is 1.07 T for 

Sm8Fe75.5Ga0.5Ti8V8. Recently, coercivities of 1.2 T and 1.26 T has been reported for 

Sm(Fe0.8Co0.2)12B0.5 thin films and Sm0.815Zr0.185(Fe0.81Co0.19)11.19Ti0.81 mechanochemically 

synthesized oriented particles, respectively, as indicated by the dashed line in Figure 1. For Sm-Fe-

Ti ternary compositions the reported coercivity values do not surpass 0.51 T, as indicated by a 

dotted line in Figure 1.  
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Figure 1. Comparison of reported coercivity values as a function of grain size. Open symbols and 

full symbols correspond to Nd2Fe14B and Sm(Fe,X)12 systems, respectively. Different colors 

correspond to different sample production methods and shaded areas are guides to the eye. The 

highest reported coercivity of a ThMn12-type structure is shown by the dashed line [62]. The 

highest reported coercivity for a ternary Sm(FeTi)12 sample is shown by the dotted line [55].  

 

A possible explanation for the low coercivity of SmFe11Ti-based magnets may be the absence of a 

non-magnetic grain boundary phase which magnetically decouples adjacent grains, as found in 

classical Nd2Fe14B-type sintered magnets [63]. Another reason might be the presence of 

macroscopic twin boundaries and microscopic slip-bands, which were previously reported in 

ThMn12-type structures [50, 64, 65]. Although the twins have been observed in different ThMn12-

type material systems before, up to now, their influence on the physical properties were not 

investigated in detail. It is important to state that there are no reports on twins in high performance 

magnets based on Nd2Fe14B-, SmCo5-, Sm2Co17- and Sm2Fe17Nx-type rare earth transition metal 

phases. In contrast and equally important, a mixture of stacking faults, anti-phase boundaries and 
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abundant twins have been shown to occur in rare earth free L10-type hard magnetic phases. For the 

Fe-Pd, Fe-Pt and Co-Pt systems twins conjugate along {110}-planes, while for MnAl systems twins 

conjugate along {111}-planes. These twins can form during a diffusional transformation or 

recrystallization [66-74]. In 2001, Attané et al., reported that micro-twins observed in FePt films 

act as pinning centers that increase coercivity [75]. Microscopic twins and stacking faults observed 

in Co-based high-density magnetic recording media materials such as CoCr and CoCrPt were also 

credited with increasing coercivity [76, 77]. On the other hand, twins in Mn-Al have been reported 

to be deleterious for coercivity, by decreasing locally the energy necessary to nucleate reversed 

magnetic domains [78]. The bivalent role that twins appear to play in different hard magnetic 

material systems highlights the importance of a deeper understanding of the link between 

microstructure and magnetic properties in such technologically important materials. 

 

To date, no detailed investigation has been reported on the nature of twins in SmFe11Ti-based 

compounds and their effect on the hard-magnetic properties. In this study, we address this issue by 

comprehensively investigating twins at different length-scales in (1) twinned bulk crystals, (2) 

poly-crystalline bulk samples and (3) poly-crystalline thin films. At various stages we also refer to 

the benchmark Nd2Fe14B to elucidate commonalities and disparities. We reveal changes in atomic 

ordering across twin-like structures and a change in composition at the twin boundaries with respect 

to the adjacent lattice, using advanced electron microscopy and atom probe tomography. 

Micromagnetic modelling support our experimental results and elucidate how twins influence local 

and global magnetization reversal and ultimately macroscopic hysteresis properties in the SmFe11Ti 

system. We also consider how twin formation is associated with the accumulation of internal 
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stresses during solidification and grain growth during thermal treatments, as a consequence the 

energy of the twin formation is becoming more favoured in comparison to the formation of specific 

grain boundaries. Molecular dynamics shows that there is a fine balance between twin formation 

and certain grain boundary phases. In this work, we study in detail on all length scales how twins 

act as a weak link in the magnetic hardening of ThMn12-type permanent magnets. 

 

2. Experimental and Simulation Details 

Poly-crystalline and single-crystalline sample preparation and characterization: Polycrystalline 

Sm1.25Fe11Ti ingots were prepared by melting high-purity (>99.99%) starting elements in an 

induction furnace under a purified argon atmosphere. Using an arc-melting setup, the ingot was 

suction-cast into a rectangular slab of 0.5 mm thickness, to ensure fast solidification/cooling 

(approx. 103 K.s-1). The suction-cast slabs were wrapped in Mo foil, sealed in quartz ampules under 

Ar atmosphere and annealed at 1175 ℃ for 30 minutes to stabilize the Sm(Fe,Ti)12 phase and then 

quenched in room temperature water. It is worth mentioning that an off-stoichiometric (higher Sm 

concentration) composition was used to compensate for evaporation losses during the melting and 

annealing procedures. 

 

Structural characterization and phase determination of the annealed samples were done using room 

temperature x-ray powder diffraction (XRD). The measurements were carried out on a Stoe Stadi 

P diffractometer with Mo Kα1 radiation, in transmission mode and an angular 2θ range from 5° to 

50°. Phase matching and structural refinements were performed using FullProf software [79]. 

Microstructural analysis was carried out using a Tescan VEGA3 scanning electron microscope 

(SEM) with secondary electron (SE) and backscattered electron (BSE) detectors. The chemical 
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composition of the observed phases was determined by energy-dispersive X-ray spectroscopy 

(EDS) measurements.  

 

Magneto-optical Kerr effect (MOKE) measurements were performed on a Zeiss Axio Imager.D2m 

microscope with polarized light function equipped with an electromagnet (evico magnetics GmbH). 

The MOKE measurements were done using polar contrast mode to ensure highest contrast between 

the magnetic domains pointing in opposite directions. To enhance the magnetic contrast of the 

images, the non-magnetic background image was subtracted from the measurement images by 

using the KerrLab software.  

 

SmFe11Ti single crystals were produced by re-melting Sm1.25Fe11Ti polycrystalline samples and 

then slowly cooling them at a rate of 1 ℃/h. Re-melting was carried out in a ZrO2 crucible in a 

sealed quartz tube under a protective Ar atmosphere. The obtained particles, of typical size 500-

1000 µm, were mechanically separated from each other and they are referred as twinned crystals. 

Selected crystals were oriented using back-scattering Laue x-ray diffraction and mounted for 

magnetic characterization along three different directions: [100], [110] and [001]. Magnetic 

measurements were performed at room temperature using a PPMS-VSM (Quantum Design PPMS-

14) under external applied magnetic fields of up to 14 T. For investigation of magnetic domain 

structures by the MOKE technique, two twinned single crystals were used. The observation surface 

of one crystal was polished perpendicular to the [100] direction (in-plane magnetization) and that 

of the other perpendicular to the [001] direction (out-of-plane magnetization). 
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Thin film sample preparation and characterization: Sm-based 1:12-type films of thickness 1.5 µm 

were deposited by triode sputtering onto thermally oxidized Si wafers at 700 ℃. 50 nm Ta buffer 

layers were used to prevent chemical reaction between the wafer and the magnetic layer and 10 nm 

Ta capping layers were added to prevent oxidation. We present results from two samples with 

composition Sm0.7Fe11.3Ti0.9 and Sm0.7Zr0.2Fe11.4Ti0.7, as estimated by EDS, referred to as the 

Sm(Fe,Ti)12 film and the (Sm,Zr)(Fe,Ti)12 film, respectively. Atomic structure and diffraction 

analysis of the films were carried out using transmission electron diffraction (TEM) microscopy. 

TEM samples were prepared in cross-sectional configuration by mechanical polishing (down to 25 

µm) followed by ion milling with a Gatan PIPS II (Precision Ion Polishing System). Ion milling of 

the TEM samples was performed at 3 kV for several hours until an electron transparent hole 

appears, followed by 5 minutes of cleaning at 0.5 kV.  

 

High resolution microscopy on polycrystalline samples: To locate grains with twin boundaries, 

electron backscatter diffraction (EBSD) analysis was performed on the polycrystalline samples 

using a Jeol JSM-6500F SEM operated at 15 kV. EBSD acquisition was performed using the TSL 

OIM EBSD system equipped with a Digiview IV EBSD detector with a step size of 0.1 µm. 

Correlative electron microscopy and atom probe tomography (APT) investigations were carried 

out using a JEOL 2200FS aberration-corrected electron microscope (Thermo-Fischer TITAN) in 

scanning-transmission (STEM) mode and a local-electrode-atom-probe (LEAP 5000 XR, Cameca) 

instrument equipped with reflection lens, respectively. For APT, needle-shaped specimens were 

prepared from the twin boundary regions using a dual beam SEM/focused-ion-beam (FIB) 

instrument (FEI Helios Nanolab 600i) with an in-situ-lift-out procedure detailed in references [66, 
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80, 81]. The prepared lamella, containing the twin boundary region, was positioned and Pt-welded 

using the in-situ gas-injection system on the electro-polished posts of a halved TEM Mo-grid. The 

Mo-grid with the attached specimen was held in a special correlative holder designed in-house, as 

described in reference [82]. The welded regions on the Mo-posts were sharpened by Ga ions 

accelerated at 30 kV with currents ranging from 80 pA to 0.78 nA. The sharpened specimens were 

checked by TEM to get the exact location of the twin boundary and further Ga-ion milling was 

performed such that the boundary is within 150 ~ 200 nm from the apex of the specimen. Before 

APT analysis, the specimens were cleaned by 5kV with 8 pA current to remove regions of the 

specimen severely damaged by the implantation of high-energy Ga-ions. 

 

Near-atomic-scale compositional analysis was performed using a LEAP 5000 XR instrument 

operated in laser pulsing mode with a pulse repetition of 200 kHz and a pulse energy of 40 pJ. The 

specimen was kept at a base temperature of 60 K with a target detection rate of 5 ions detected per 

1000 pulses. The APT reconstruction and analysis were performed using IVAS 3.8.2 software. 

 

Micromagnetic simulations: Magnetization reversal in a single twinned grain was computed by 

micromagnetic simulations. The shape of the grain was generated with the Neper software [83]. 

The twin boundary was defined with the computer aided design software Salome [84]. The 

geometric model is meshed with tetrahedral finite elements using MeshGems [85]. In order to treat 

the magnetostatic open boundary problem [86], the finite element mesh for the magnetostatic scalar 

potential is extended outside the magnetic grains. The mesh size at the grain surfaces and twin 

boundaries was 1.5 nm. We computed the demagnetization curve by minimization of the Gibbs 
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free energy for a decreasing external field. To solve for the next local minimum, we used a 

preconditioned conjugate gradient method [87]. Plots of the demagnetization curves were created 

using matplotlib [88]. 

Molecular dynamics simulations: The molecular dynamics calculations were carried out by using 

modified Morse potentials on supercell structures with the crystallographic interface orientation 

and composition taken from experiments.  The different surface energies of the 1:12 phase were 

calculated. The twin formation was incorporated as an additional interface energy contribution. 

After the total energy with and without twin formation has been derived, we saw that once the grain 

reaches a certain size, twin formation is deemed preferential. This result underpins the findings in 

the experiments. 

2. Results and Discussion 

2.1. Single crystals and intrinsic magnetic properties 

Magnetic anisotropy is the key requisite for achieving a large coercivity, and in the ideal case of 

uniform rotation of the magnetic moments in single domain particles, the coercivity Hc is given by 

Hc = Ha = 2K1/µ0Ms (Ha is anisotropy field, K1 is anisotropy constant, µ0 is the permeability of free 

space, Ms is the spontaneous magnetization). In reality, prediction of Hc from K1 and Ms, using the 

Stoner Wohlfarth model [89], leads to a large overestimation. This is known as Brown’s paradox 

[2, 90, 91], and it is attributed to local magnetic softening caused by crystallographic defects, strain, 

secondary phases, magnetic and chemical inhomogeneities which reduce Hc to about αHa (α is the 

”Kronmüller factor” , which is related to nano-structural imperfections). As-cast materials often 

exhibit α = 0.01, and via sophisticated processing methods, e.g. melt spinning, jet milling, or die 
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upsetting, α can reach to 0.25 of the theoretical limit in laboratory-made Nd-Fe-B and Sm-Co-

based magnets.  

 

We start by reporting in Figure 2 the room temperature magnetization curves of a SmFe11Ti twinned 

crystal, with the magnetic field applied along the [100] and [001] directions. The typical behavior 

of easy-axis magnetocrystalline anisotropy is observed; the data measured along the 4-fold 

symmetry axis [001] clearly identifies this as the easy magnetization direction, leading to a µ0Ms = 

1.17 T (calculated by converting the mass magnetization to volume magnetization considering the 

x-ray density of the SmFe11Ti). At room temperature, curves recorded along the [100] and [110] 

directions are practically identical (the [110] curve is not shown), reflecting a weak magnetic 

anisotropy within the basal plane of this system at room temperature (see supplementary materials 

for details of the crystal structure). The anisotropy field, µ0Ha, estimated from the slope change in 

the magnetic hard [100]-axis curve (identified by an arrow in Figure 2), amounts to 10.5 T at 300 

K. The value of K1 is estimated to be 627 J/kg (approx. 4.8 MJ/m3, considering the theoretical x-

ray density). The hard-axis magnetization curve does not reach the same maximum value as the 

easy-axis curve above µ0Ha, due to anisotropy of the magnetic moment. This observed difference 

of the easy and hard axes magnetization values above the anisotropy field indicates a possible 

anisotropy of the magnetization, as has been  reported for different rare-earth transition-meal 

systems [92-94]. Additionally, the low field region of the hard axis measurements shows non-linear 

behavior which is due to the formation of twins in the “single-crystals”. The dashed red line 

corresponds to the hard axis measurement of a twin-free SmFe11Ti single crystal, as reported in 

[95].  
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Figure 2. Comparison of room temperature magnetic measurements of Nd2Fe14B (blue) and 

SmFe11Ti (red) twinned “single-crystals” along easy and hard magnetization directions. The 

dashed red line indicates the magnetization behavior of a twin-free single crystal along the [100] 

direction [95]. 

 

For comparison, Figure 2 shows the magnetization curves of a Nd2Fe14B single crystal, measured 

along [001] and [100], corresponding to the easy and hard magnetization directions, respectively. 

One can see that the spontaneous magnetization of the Nd2Fe14B single crystal is significantly 

higher than that of the SmFe11Ti single crystal. On the other hand, the anisotropy field of SmFe11Ti 

is larger than that of Nd2Fe14B.  

 

Next it is instructive to compare the magnetic domain structures imaged by Kerr microscopy of 

0.5-1 mm-sized single crystals of Nd2Fe14B (Figure 3a,b) and SmFe11Ti (Figure 3c,d). One can see 

that for the Nd2Fe14B single crystal, the branched domain pattern on the basal plane (Figure 3a, the 

c axis and magnetization are perpendicular to the crystal surface) and stripe-like domains on the 
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prismatic plane (Figure 3b, the c axis and magnetization lie in the plane of the image) are rather 

periodic and without significant distortions. In contrast, the domain structures of the SmFe11Ti 

twinned crystal (Figure 3c) are locally distorted (highlighted by the arrow), and this is more 

pronounced when the magnetization lies in the plane of the image (Figure 3d). Such step-like 

features observed on stripe magnetic domains are a signature of the presence of a crystallographic 

twinning structure, and this phenomenon was well-studied in other materials, such as magnetic 

shape memory materials [96, 97], and materials showing giant magnetostriction [98, 99]. 

 

Figure 3. Comparison of room temperature Kerr microscopy images of (a,b) Nd2Fe14B and (c,d) 

SmFe11Ti twinned single-crystals along easy and hard directions. 

 

In contrast to the Nd2Fe14B single crystal, the microstructure of the SmFe11Ti crystal comprises a 

significant number of crystallographic twins, which leads to the appearance of micrometer-sized 
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blocks of changing orientation. As a result, the magnetization curve measured in the hard direction 

of the SmFe11Ti crystal (Figure 2) is not linear but exhibits a kink at low fields – i.e. a “soft-

magnetic like” curvature, which is not observable in the Nd2Fe14B single crystal.  

 

2.2. Polycrystalline samples 

Figure 4 shows the magnetic domain structures of Nd-Fe-B and Sm-Fe-Ti polycrystalline bulk 

samples. The domain patterns were observed on arbitrarily oriented polished surfaces of isotropic 

samples. In Nd2Fe14B grains, Figure 4a, the domain structure is rather uniform and the domain 

pattern changes only across grain boundaries, i.e. due to the different crystallographic orientation 

of adjacent grains. In contrast, the domain structure of the SmFe11Ti grains, Figure 4b, is often 

divided in two (or more) well distinguishable patterns by a twin boundary, some of which are 

marked by red arrows.  
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Figure 4. Comparison of room temperature Kerr microscopy images of polycrystalline (a) 

Nd2Fe14B and (b) SmFe11Ti bulk samples. Red arrows indicate some of the twins observed in the 

SmFe11Ti sample. 

 

Figure 5a shows an electron back scattered diffraction (EBSD) map of the SmFe11Ti polycrystalline 

bulk sample evidencing grains with different orientations. The EBSD map was indexed as 

Sm(Fe,Ti)12 (1:12 phase) matrix phase having a tetragonal crystal structure (space group I4/mmm) 

with lattice parameters a = b = 0.8589 nm and c = 0.4807 nm. Some grains contain unique 

boundaries corresponding to twins, such as the region within the black-dashed rectangle in Figure 

5a. The twin orientation relation between the twin variants is approximately 57°, as shown Figure 
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5b. We also show a schematic view of the orientation with respect to the shared twin boundary, and 

found that the twinning boundary plane corresponds to {011}-type planes in the unit cell of the 

Sm(Fe,Ti)12 phase. Figure 5c shows a back scattered electron (BSE) micrograph for a similar 

twinned region with a twin boundary inside a grain.  

 

Figure 5. (a) Inverse pole figure image of the investigated polycrystalline SmFe11Ti bulk sample 

derived from EBSD SEM data. (b) Measured angle between two neighboring twin variants and 

corresponding schematic representation of the unit cells. (c) A BSE SEM image of a twinned grain 

with the location of the APT specimen identified by a red triangle. 

 

We confirmed the crystallographic relationship of two variants of a twin by using electron 

diffraction analysis and the results can be found in Supplementary Materials. 

 

We prepared an atom probe tomography (APT) specimen specifically from the location marked by 

the dashed red outline in Figure 5c. Figure 6a is a low magnification high-annular-angle-dark-field 

(HAADF) image of the specimen with the twin boundary. HAADF provides Z-contrast, i.e. heavier 
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atoms appear brighter. Figure 6b is a high-resolution (HR) HAADF image taken along the [100] 

zone axis from the location marked by a black-dashed square in Figure 6a. Figure 6c is a close-up 

on the unit cell viewed along the [100] zone axis, which can be compared with the simulated unit 

cell shown in Figure 6d with Sm in red and Fe/Ti in green. As expected, atomic columns containing 

Sm appear bright. We can also clearly see the (011) planes, marked at black dashed lines, which 

exactly resemble the zig-zag twin boundary, schematically shown with a black dashed line in Figure 

6b. 

 

Figure 6. (a) Low magnification HAADF image of SmFe11Ti at the twin boundary region. (b) 

High-resolution HAADF image of the interface region of the twin along the [100] zone axis. (c) 

High magnification of the twin boundary region and (d) schematic representation of the 011 

twinning planes. 
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Figure 7 details the results from the APT analysis of the same specimen. Figure 7a is the bright-

field electron micrograph of the specimen and Figure 7b shows the corresponding APT 

reconstruction with the distribution of Fe, Ti, Sm atoms and a Sm 9 at.% iso-composition surface 

highlighting the location of the twin boundary. Figure 7c shows a 2D Sm compositional map 

evidencing a local increase in the Sm content at the twin boundary. The measured matrix 

composition was found to be Sm7.7Fe84.3Ti7.9, matching the 1:12 stoichiometry. The composition 

profile taken across the boundary, Figure 7d, shows a Sm enrichment by approx. 2 at.% and a 

depletion of Ti by approx. 2.7 at.% with respect to the matrix phase. A slight enrichment of Fe, by 

approx. 0.7 at.%, is also observed. The composition at the twin boundary is close to the 

stoichiometry of the 3:29-phase i.e. Sm3(Fe,Ti)29 phase. The electron diffraction measurements (see 

Figure S2) show no additional spots corresponding to the 3:29-phase, most probably due to the 

early nucleation stage of the twin boundary phase. 
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Figure 7. (a) Bright-field image of one of the investigated APT specimens. (b) Atom probe 

tomography reconstruction of the elemental distribution of Sm, Fe and Ti. (c) 2D compositional 

map of Sm and (d) chemical composition distribution at the twin boundary region. 

 

To complement the above reported studies of twins in bulk Sm-Fe-Ti samples, we also studied 

twins in polycrystalline Sm-Fe-Ti and Sm-Fe-Ti-Zr sputtered films (the latter were studied to probe 

the eventual influence of Zr additions in films). Both films contain a first layer of isotropically 

oriented equiaxed grains of maximum diameter 200 nm, at the interface with the Ta buffer, and 

elongated grains of width ~200 nm that traverse the rest of the film thickness. The elongated grains, 

with lattice parameters corresponding to the Sm(Fe,Ti)12 structure, are highly textured, with a 

dominant {101} texture. Multiple planar defects oriented parallel to the growth direction, which 
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are attributed to twins in the Sm(Fe,Ti)12 structure, were identified in the elongated grains of both 

films. A high-resolution micrograph (see Supplementary Materials) shows that along the particular 

zone axis, the atomic crystal structure on both sides of the twinning boundaries look identical, 

because they are probably seen under a similar zone axis (e.g. [1�01] and [1�01�] with 59.8° angle 

between planes). High-resolution TEM micrographs confirm the formation of twins in 

polycrystalline film samples, as in their bulk counterparts. For further details and crystallographic 

phase analysis of the investigated polycrystalline sample please see the Supplementary Materials. 

 

2.3.Micromagnetic simulations and molecular dynamics calculations 

In an isotropic granular magnet, a grain may be oriented at various directions with respect to the 

applied external field. For a single domain grain with uniaxial anisotropy and no defect, the 

demagnetization curves may be very close to the Stoner-Wohlfarth prediction, depending on the 

direction of the external field. The curve with the minimum switching field will occur when the 

applied field is oriented at 45 degrees with respect to the anisotropy axis [89]. In this case the 

switching field will be half of the anisotropy field. Before irreversible switching, the magnetization 

will rotate reversibly out of the anisotropy axis. In micromagnetic simulations we expect a slight 

reduction of those switching fields, owing to the self-demagnetizing field of the grain. 

 

We calculated the switching fields of a single twinned SmFe11Ti grain as a function of the 

orientation of the applied external field and compared the results to those of a single uniaxial 

Nd2Fe14B grain of the same geometric shape. In the ideal microstructure of a permanent magnet, 

the grains are separated by a paramagnetic grain boundary phase. Thus, by comparing the single 
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grain behavior of SmFe11Ti and Nd2Fe14B, we can derive the upper limits of coercivity for both 

systems.  

 

The shape of the model is shown as an inset of Figure 8a. The volume of the grain was equal to that 

of a cube with 295 nm sides. For Nd2Fe14B calculations we assumed a magnetocrystalline easy-

axis parallel to the z direction of the global coordinate system. The intrinsic magnetic properties 

used were: anisotropy constant K1 = 4.9 MJ/m3, magnetization µ0Ms = 1.61 T, and exchange 

constant A = 8 pJ/m (page 401 of [100]). The anisotropy field of this phase is μ0Ha = 7.65 T. To 

model the effect of a twin in a SmFe11Ti grain, we introduced a 6 nm thick twin boundary (2.4 

percent of the total volume) parallel to the xz-plane which separates the twin variants of the grain 

into two equally sized halves. The orientation of the two easy-axes of the two variants of the twin 

are shown as white double-headed arrows and are parallel to the yz-plane. The easy-axes enclose 

an angle of 180 - 58 = 122 degrees, which is consistent with  results from EBSD measurements and 

was checked with the Twiny software [101] which gives 121.5° for (011) twin planes of SmFe11Ti. 

In this model we ignored the experimentally found zig-zag shape of the twin boundary. Test 

calculations revealed that due to the low amplitude (1-2 nm) of the pattern, which is smaller than 

the domain wall width, the zig-zag shape had no effect on our micromagnetic simulations. We used 

the following intrinsic magnetic properties for SmFe11Ti: K1 = 4.8 MJ/m3 and µ0Ms = 1.17 T which 

are both equal to the measured values for single crystals shown above. This yields an anisotropy 

field of µ0Ha = 10.31 T. For the exchange constant we assumed A = 10 pJ/m. For the twin boundary 

phase, as in agreement with the APT results, we assume a monoclinic ordered Sm3(Fe,Ti)29 phase. 

For a monoclinic system the magneto-crystalline anisotropy energy density K1sin²θ+K2sin²θ cos2φ 
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depends not only on the polar angle θ, but also on the azimuthal angle φ. For Sm3(Fe,Ti)29 the 

anisotropy constants are K1 = 1.8 MJ/m3, K2 = 0.4 MJ/m3 and the magnetization is µ0Ms = 1.13 T 

[102]. For our simulations we ignored the contribution of K2 and assumed that the Sm3(Fe,Ti)29 

easy-axis is aligned with one of the easy-axes of two variants of the main phase [102-105].  

 

 

 

Figure 8. Demagnetization curves as a function of the direction of the external field computed for 

a single twinned SmFe11Ti grain where a 6 nm thick Sm3(Fe,Ti)29 twin boundary separates the two 
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variants of the main phase. The inset in a) shows the model setup. The twin boundary is parallel to 

the xz-plane. The two easy-axes of the two variants are shown as white double-headed arrows and 

are parallel to the yz-plane. The angle between the two easy-axes is 122°. The direction of the 

external field is given in the first bracket of the legend entries by spherical coordinates (θ,φ) where 

θ is the polar angle (z->x) and φ is the azimuthal angle (x->y). The second bracket gives ���� �� 
where αi is the angle enclosed by the external field direction and one of the two easy-axes of the 

twin variants. ���� �� is proportional to the magnetocrystalline anisotropy energy density. Color 

changes from green to purple in 10° steps of the average α. Solid, dashed and dotted lines group 

similar rotation directions of the external field from z to y, z to x, and x to y, respectively. Entries 

in the legend are sorted by coercive field. a) shows the easy-axis-like demagnetization curves where 

average α < 61°, b) shows the hard-axis-like curves with average α >= 61°. The dotted black line 

on the left-hand side marks 40 percent of the anisotropy field of SmFe11Ti. 

 

The orientation of the external field is given in spherical coordinates (θ,φ) where θ is the polar angle 

(z→x) and φ is the azimuthal angle (x→y). The angle between the applied field and the 

magnetocrystalline easy-axis is given by αi where i refers to one of the two variants of the SmFe11Ti 

phase. α is the average angle given by � = (�� + ��) 2⁄ . The anisotropy energy density is given 

by �� = �� ���� ��. The switching field is defined as the first kink in the demagnetization curve 

when the behavior changes from reversible rotation to irreversible nucleation of reversed domains. 

The micromagnetic simulations for a Nd2Fe14B grain without a defect (graphs not shown) give 

switching field (µ0Hsw) values that vary between -5.42 T for θ = 1° and -3.23 T for θ = 45°. This 

corresponds to 71 percent or 42 percent of the anisotropy field of Nd2Fe14B, respectively. The 

switching field of all other computed orientations of the external field were between those values, 

consistent with Stoner-Wohlfarth results mentioned above, and also considering self-

demagnetizing effects. 

 

In contrast, despite the higher anisotropy field of the SmFe11Ti phase, much lower switching fields 

were found for SmFe11Ti, due to the twin defect. Figure 8 shows demagnetization curves for 
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various orientations of the external field computed for a twinned SmFe11Ti grain split by a single 

6 nm thick Sm3(Fe,Ti)29 twin boundary. Irreversible switching always starts at fields below 40 

percent of the anisotropy field of SmFe11Ti. Switching fields of between -3.94 T and -0.55 T were 

found for external field directions of (90°, 90°) and (0°, 0°), respectively. This corresponds to 38 

percent and 5 percent of the anisotropy field of SmFe11Ti, respectively. Please note that the 

curvature seen in the hard axis loop of Figure 2 of the single crystal measurements could not be 

reproduced by our model, see (90°, 0°) in Figure 8. Similarly, we did not observe any curvature in 

the hard axis loop for a reference calculation with zero magneto-crystalline anisotropy (K1 = 0) in 

the twin boundary phase. The contribution of the twin boundary phase to the total magnetization is 

negligible as its volume fraction is only 2.4 percent of the total volume. A possible reason for the 

curvature might be canting between the Fe and the Sm sublattices. The switching field strongly 

depends on the field angle. The magnetocrystalline anisotropy energy density is proportional to 

�� sin� �. The lowest switching fields are found if the average α is greater than 61°.   

 

Due to the small thickness of the Sm3(Fe,Ti)29 phase at the twin boundary, it is not clear if the 

assumption of a uniaxial magnetocrystalline anisotropy is valid. Thus, we also considered the twin 

boundary phase to be a soft defect with K1 = 0. The switching fields were then in the range of -3.56 

T to -1.3 T. In this case, the spread of the switching field values with field angle was reduced from 

35 percent to 13 percent of the anisotropy field of SmFe11Ti.  

 

If we reuse the geometric model of the twin and change the setup of the Nd2Fe14B single grain 

simulations to consider a 6 nm wide Nd20Fe80 ferromagnetic grain boundary phase (K1 = 0, μ0Ms = 
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0.93 T, A = 9.99 pJ/m [106]) but keep the easy-axes of both grains next to the boundary parallel to 

z, the switching field is also reduced to a range of 35 percent to 26 percent of the Nd2Fe14B 

anisotropy field. As mentioned before, in Nd2Fe14B permanent magnets, Nd-rich grain boundary 

phases with low or no magnetization are believed to magnetically decouple grains and, therefore, 

increase coercivity in an isotropic granular bulk magnet. Even if a similar grain boundary phase 

was found for SmFe11Ti, the defect due to twinning within the grains remains, and will act as a 

weak spot for nucleation of reversed domains. The computation of the magnetization distribution 

at the saddle point for thermal switching identified the twin boundary region as the location where 

the nucleus of reversed magnetization forms.  

 

Summarizing at this point, even if a similar grain boundary phase was found for SmFe11Ti, the 

defect due to twinning within the grains remains, and will act as a weak spot for nucleation of 

reversed domains. The computation of the magnetization distribution at the saddle point for 

thermal switching identified the twin boundary region as the location where the nucleus of 

reversed magnetization forms for the geometry shown in Figure 8. It is well known that 

ferromagnetic exchange coupling between crystallites with different orientations of the easy axes 

reduces the coercive field [107]. This holds for misoriented, exchange coupled grains as well as 

for twinned grains with a well-defined orientation relationship between the easy axes of two 

variants of the twinned grains. From a micromagnetic point of view, in both cases the formation 

of a partial domain wall causes the nucleation of reversed domains. Table 1 summarizes the 

micromagnetic simulations giving the hard magnetic phase, the model setup, and the range of the 

switching field due to the orientation of the external field. 
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Table 1. Range of the switching field due to the orientation of the external field for different 

geometries obtained by micromagnetic simulations. The columns refer to the main hard magnetic 

phase, the micromagnetic model setup and the coercivity range relative to the anisotropy field of 

the hard magnetic phases. The volume of the polyhedral grain was equal to that of a cube with an 

edge length of 295 nm. 

Material Model setup 

Switching field 

range (relative to 

the Ha) 

SmFe11Ti  
Twinned grain with 6 nm Sm3(Fe,Ti)29 twin boundary 0.05 to 0.38 

Twinned grain with 6 nm twin boundary with K1 = 0 0.13 to 0.35 

Nd2Fe14B 

Single grain without defect 0.42 to 0.71 

Two aligned grains separated by a 6 nm ferromagnetic 

Nd20Fe80 grain boundary phase (same model geometry 

as used for single grain simulation) 

0.26 to 0.35 

 

Ab initio informed molecular dynamics calculations indicate that the twin formation energies are 

low and in the coherent regime. The competition between the formation energies of a twin boundary 

and a grain boundary are strongly dependent on the grain size and geometry. The molecular 

dynamics calculations predict that the twin formation is more energetically favourable for the 

grains of size above 1 micrometre. Additionally, the molecular dynamics calculations indicate that 

the interface energies play a significant role in twin formation.  

 

3. Summary & Conclusions 

We carried out detailed structural characterization of twins in “single crystal” and polycrystalline 

bulk samples of composition SmFe11Ti as well as ternary Sm(Fe,Ti)12 and Zr-substituted 

(Sm,Zr)(Fe,Ti)12 thin films. Twins were observed at micro- and nano-length scales, and it was 

found that the twin orientation in all sample types is approximately 57±2◦. Thus twins appear to be 
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a generic feature of the Sm(Fe,Ti)12-system. The twin boundary plane corresponds to a {011}-

plane family in the unit cell of Sm(Fe,Ti)12. The significantly higher density of twins in the thin 

films compared to the bulk samples may be due to substrate mediated stress. High resolution 

electron microscopy studies on polycrystalline bulk samples show an enrichment of Sm and a 

depletion of Ti at the twin boundary. The composition of the twin boundary is determined to be 

Sm9.6Fe84.9Ti5.5, matching the composition of the Sm3(Fe,Ti)29 phase, which has a lower anisotropy 

field. Modification of the intrinsic magnetic properties of the Sm3(Fe,Ti)29 phase may lead to an 

enhancement of the coercivity of the Sm(Fe,Ti)12-systems. 

 

Micromagnetic simulations were carried out with a microstructure reproducing that of bulk 

samples, and the results show that the formation of twins reduces the estimated coercivity values 

to 38% of the expected switching field. The simulation results account for the observation of low 

coercivity values in twinned SmFe11Ti systems which confirms the detrimental effect of twins. 

Additionally, the fixed angle between neighboring twin variants would hinder obtaining perfect 

texture which also would reduce the remanent magnetization significantly. 

 

Formation of twin boundaries in grains larger than 1 micrometre can be attributed to the 

accumulation of internal stresses during solidification, where twin formation is favoured over the 

formation of specific grain boundaries. The specific size, morphology and interface energy 

dependency and the resulting detailed model of the proposed mechanism will be an object of a 

further study/ publication.  
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However, tuning hard magnetic alloys with the intent to render them less prone to twin formation 

is challenging. Three approaches, having different probabilities of a successful outcome, are 

conceivable in that context. The first one lies in substitutional compositional modification of the 

alloy with the aim to increase the twin formation energy which in turn would reduce the tendency 

for twin formation. However, most of the known reported compositional variants of these materials 

show twins, irrespective of substitutional variations. Also, twin interface energies are generally so 

low compared to those of less coherent grain boundaries (i.e. about a factor of 10 smaller) that such 

effects do not sufficiently alter this relation to reduce their frequency.  

 

The second option lies in exposing the material to heat treatment under stress. This measure bears 

the risk though that imposing stresses on systems that are already prone to twin formation could 

lead to more rather than less twins. However, deformation driven twinning is typically reduced at 

elevated temperatures, where energy dissipation by dislocation activity is often promoted over twin 

formation, so that this option might be worth exploring.  

 

A third and rather promising pathway is grain size reduction as this change of volume-to-surface 

energy ratio decreases the need for stress relief via twin formation. For this reason, high coercivities 

can possibly be achieved in nanocrystalline systems like hot-pressed and die-upset ThMn12-type 

bulk permanent magnets but are unlikely to be observed in their sintered microcrystalline 

counterparts. 
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