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Abstract 

We propose a dominant core-shell formation mechanism for grain-boundary-diffusion-

processed (GBDP), Tb-treated, Nd-Fe-B sintered magnets. A Tb-treated Nd-Fe-B magnet was 

examined from the Tb-oxide-deposited surface into the central part of the magnet, where the 

increase in coercivity was 30 % compared to a non GBDP Nd-Fe-B magnet. A structure-

chemistry-magnetic-property analysis revealed the dominant GBDP mechanism. On the 

surface of the Tb-treated magnet the Tb is released from the starting precursor following a 
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cascade of chemical reactions between the Tb oxide and the Nd and/or Nd-Fe-B. The released 

Tb diffuses along the grain boundaries and the core-shell structures are formed, mainly 

involving a solid-state diffusion mechanism. The calculated optimum concentration for a 30 

% increase in coercivity was 50 ppm of Tb. Off-axis electron-holography measurements 

indicated 26 % more magnetic induction in the core than the shell, which has a lower 

magnetic saturation because it contains Tb. The domain-wall width was measured from 

magnetic phase maps, and gave a good quantitative match with the calculated values. The 

study showed that the increase in the coercivity is due to a structural effect, and not the 

magnetic contribution of the Tb. This paves the way towards grain-boundary-engineering 

studies that will increase the coercivity of Nd-Fe-B magnets for e-mobility and eco-power 

applications. 
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1. Introduction 

The transition to a low-carbon society and energy efficiency by 2050 (“the EUs Green 

Deal”) [1] will require radical solutions to reduce greenhouse-gas emissions by 80 %. The major 

contributing segments are the development of e-mobility and the generation of eco-power. As 

part of the EU’s green policies, the internal combustion engines that power vehicles will be 

replaced by electric motors. Sales of such vehicles are expected to exceed those of gasoline and 

diesel vehicles by 2040 [2]. Even by the end of 2020 there should already be 10 million electric 

vehicles (EVs) on the road, up from just 1 million in 2015, with the number is expected to reach 

150 million EVs by 2050 [2]. Volkswagen have stated that the strategic target of 1 million 

electric cars will be reached by the end of 2023, two years earlier than previously predicted [3]. 

However, this transition is only possible with the use of high-performance permanent magnets 
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(PMs) based on rare earths (REs) and transition metals (TMs) as the key components in highly 

efficient traction motors and generators for electric, fuel-cell, hybrid and plug-in hybrid vehicles 

as well as in efficient wind turbines. From this perspective RE-TM PMs are an important subject 

of research, with the aim being improved properties in the temperature range up to 200 ℃.  

A PM’s performance can be described by its maximum energy product (BHmax). The value 

of BHmax has increased over time, and today’s strongest PMs, like Nd-Fe-B, can reach values 

as high as 474 kJ/m3 at room temperature [4]. Nd-Fe-B magnets dominate the market for RE-

TM PMs (>95 % of the market volume) because of their combination of price and performance.  

The mechanism of coercivity (Hci) in sintered Nd-Fe-B PMs has long been recognized as 

being due to the magnetic isolation of the individual Nd2Fe14B grains, based on a Nd-rich grain-

boundary (GB) phase surrounding the grains [5]. However, in 2012 the group from NIMS in 

Tsukuba, Japan, proposed a mechanism based on domain-wall pinning, as they discovered a lot 

of Fe in the GB phase, and postulated that the phase is ferromagnetic [6]. To date, the findings 

in the literature remain controversial. The original coercivity mechanism predicts that the 

nucleation of reverse magnetic domains occurs in regions with a locally low anisotropy, i.e., 

close to defects or in an area adjacent to non-ferromagnetic grains with higher stray fields. The 

highest coercivity measured for sintered Nd-Fe-B magnets is ∼900–1500 kA/m, i.e., 1.2–1.9 T 

[7], which is ∼20–30 % of the anisotropy field of the Nd2Fe14B phase (μ0HA ∼5570 kA/m) [8, 

9]. For the high operating temperatures in the traction motors of hybrid and full electric 

vehicles, reaching approximately 200 °C, a ternary Nd-Fe-B sintered magnet cannot be used 

due to the negative temperature coefficients of the intrinsic coercivity (β = –0.55–0.65 %/°C) 

and remanent magnetization (Mr) (α = –0.12 %/°C) [10]. In other words, an increase of 10 °C 

will cause ∼6.5 % loss of coercivity. In order to maintain a sufficiently high coercivity at 

elevated temperatures, it is necessary to have a room-temperature Hci of at least 2400 kA/m [8]. 

This is theoretically possible by substituting approximately one-third of the Nd atoms with the 
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heavy rare earths (HREs) Dy or Tb in order to exploit the higher anisotropy field of the 

(Nd,Dy/Tb)2Fe14B phase [9]. But, when substituting Nd with Dy or Tb, the remanent 

magnetization decreases because of the antiferromagnetic coupling of the Dy and Tb with the 

Fe [11], causing the maximum room-temperature energy product to fall to 250 kJ/m3 [8]. In 

order to increase the coercivity without sacrificing too much magnetisation, it is necessary to 

locally add the Dy and Tb from the metal, Dy2O3, Tb3O4, DyF3, or TbF4 using the grain-

boundary diffusion process (GBDP) [12-19]. With the GBDP the Dy and/or Tb are added in 

small amounts (a few wt.%) to the surface of already-sintered Nd-Fe-B magnets, where they 

are then diffused along the grain boundaries towards the magnet’s interior, substituting a part 

of the Nd in the Nd2Fe14B phase, so forming the so-called core-shell structure of a shell of 

(Dy,Nd)2Fe14B surrounding the core of the Nd2Fe14B phase. It was shown that by optimizing 

the Dy-rich surface with GBDP, the coercivity could be increased by 30 % with the addition of 

only 0.2 wt.% Dy [16, 20]. During the process the elevated temperature triggers the diffusion 

of the HRE from the surface towards the centre of the magnet along the grain boundaries (GBs), 

and the HRE-rich shells in the outer parts of Nd2Fe14B grains are formed based on two possible 

mechanisms. As proposed by Sepehri-Amin et al. [21], during the GBDP at ∼900 °C, a small 

fraction of the Nd2Fe14B phase melts due to the ternary eutectic reaction at around ~685 °C 

[22]. At this temperature, the grain boundaries are actually liquid during the GBDP, which 

enables the efficient diffusion of HRE into the magnet along the liquid GBs [21]. With this, the 

overall composition along the tie line (isothermal conditions) above the eutectic temperature is 

shifting towards HRE and consequently the phase field is shifting towards the liquid phase [22], 

which is known as chemically induced, liquid-film migration [23]. When the magnet cools, 

larger amounts of HRE epitaxially solidify from the solid/liquid interface in the form of 

(Nd,HRE)2Fe14B onto the existing Nd2Fe14B solid surfaces. This is presumably driven by the 

lower formation energy of Tb2Fe14B when compared to Nd2Fe14B (-3.486 eV/unit cell) [22]. 
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The formation energy for Tb2Fe14B is not known, but that for Dy2Fe14B has been reported. 

Since the atomic numbers of Tb (A=65) and Dy (A=66) are close, the formation energies for 

the two compounds should not differ by much. Namely, Dy forms Dy2Fe14B with a formation 

energy of -7,721 eV/unit cell, and so it is reasonable to assume that Tb2Fe14B is more stable 

than Nd2Fe14B, as Nd has A=60 and shares fewer similarities with either Tb or Dy. This 

mechanism of HRE shell formation would lead into sharp, i.e., faceted appearance of the core-

shell boundaries, but accompanied by a high density of structural defects at the core-shell 

boundary, i.e., the original solid/liquid interface [22, 24]. 

In the second core-shell formation mechanism the core-shell boundaries do not originate 

from an initial solid-liquid interface, but rather as a solid-solid interface in which the HRE-rich 

shells are formed by the substitutional diffusion of Nd by HRE within the surface regions of 

the Nd2Fe14B matrix grains from the HRE-rich GBs [22, 25]. Typically, this core-shell 

formation mechanism will dominate below the eutectic temperature for the Nd-Fe-B system. 

As a result, the core-shell interfaces can exhibit a curved shape, but one that is structurally 

intact, i.e., without the presence of planar defects.  

It is worth mentioning that the available amount of HRE-rich liquid phase during the 

chemically induced, liquid-film migration, as proposed by the first model, does not match the 

observed amounts of HRE-rich shells covering the majority of the areal fraction close to the 

magnet surfaces, as observed by Kim et al. [23]. Therefore, it is reasonable to assume that both 

mechanisms are contributing to the formation of the final core-shell microstructure at the GBDP 

temperatures, which are higher than the eutectic temperature for the Nd-Fe-B system. As a 

result, the coercivity of a GBDP magnet can be strongly influenced by the dominant formation 

mechanism, which controls the resulting core-shell microstructure.  

Systematic studies that would unequivocally determine the dominant core-shell formation 

mechanism and its implication for the final bulk magnetic properties are lacking. This is partly 
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influenced by the fact that the majority of the analytical work reported in the literature has been 

relying solely on advanced compositional and structural characterizations, where the resulting 

magnetic properties were deduced rather than directly assessed. This is a serious challenge for 

the required technology breakthrough in PM production that targets higher coercivities and 

maximum energy products in Nd-Fe-B.  

To provide directions for the fabrication of GBDP magnets with minimum amounts of HRE, 

which can contribute to the outstanding increase of coercivity, but not at the expense of a lower 

remanent magnetization, we have used advanced correlative analytical electron microscopy 

(AEM) and atom-probe techniques to combine the structural and compositional information 

with spatially resolved magnetic imaging to quantitatively assess the nano-scale magnetic 

structure around the grain and core-shell boundaries in a Tb-treated, GBDP, Nd-Fe-B sintered 

magnet. To achieve this goal, in correlation with AEM, off-axis electron holography and 

Lorentz microscopy in magnetic-field-free conditions were conducted to observe the magnetic 

structures in the Tb-treated, GBDP, Nd-Fe-B magnet [26, 27], particularly near the core-shell 

interface and close to the shell-GB region. The complete, spatially resolved, correlative 

structure-chemistry-magnetism property analysis of the PMs provides enough data to propose 

a dominant core-shell formation mechanism and the resulting optimum core-shell structure. 

This gives clear directions for future fabrication techniques that can lead to a new, greatly 

improved, generation of permanent magnets.  

 

1. Experimental 

Two differently processed magnets, both purchased from Shinetsu Chemical Co., were used 

in this study. The magnets were rectangular in shape with dimensions of 17 × 17 × 2 mm. The 

first sample was a commercial, as-sintered, Nd-Fe-B magnet, free of Tb. The second sample 

was a commercial, as-sintered, Nd-Fe-B magnet doped with Tb using the GBDP. This latter 
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sample will be denoted as GBDP Nd-Fe-B. It was produced (at Shinetsu) by applying a slurry 

of Tb4O7 particles to the surface of as-sintered Nd-Fe-B magnets, which were subsequently 

heated at 850 °C for 10 h, followed by a post annealing at 500 °C for 1 h in vacuum. To clearly 

differentiate the influence of the Tb and that of the additional heat treatment on the resulting 

magnetic properties, the as-sintered Nd-Fe-B magnet (hereafter denoted as non-GBDP Nd-Fe-

B) was subjected to the same heating regime (in our laboratory) as the GBDP Nd-Fe-B magnet, 

i.e., heated at 850 °C for 10 h, followed by a post annealing at 500 °C for 1 h in a vacuum 

atmosphere. 

Fig. 1 shows the schematics of the specimen-preparation procedure for the non-GBDP Nd-

Fe-B and GBDP Nd-Fe-B magnets. Both magnets were initially cut into 16 equal pieces of 4 × 

4 × 2 mm. The central piece, extracted from both magnets, was subsequently cut into 5 

additional slices of 4 × 4 × 0.3 mm, perpendicular to the magnet surface, the direction of the Tb 

diffusion and the easy axis of magnetization. For the microstructure analysis, the 1st and 3rd 

slices of the GBDP Nd-Fe-B magnets were used for the further extraction of specimens from 

selected regions of interest (marked as ROIs). Note that the 1st slice is characterised by its Tb4O7 

surface deposition, while the 3rd slice represents the central region of the magnet. TEM lamellae 

were extracted from four different ROIs, ROI 1–3 and ROI 4 from the 1st and 3rd slices, 

respectively. ROI 1 represents the surface region where detailed scanning electron microscopy 

combined with energy-dispersive x-ray spectroscopy (SEM-EDXS) and transmission electron 

microscopy combined with electron-energy-loss spectroscopy (TEM-EELS) analyses of the 

magnet surface were performed. For a detailed TEM-EELS analysis of the core-shell 

boundaries and the surrounding microstructure close to the surface, ROI 2 was selected at a 

depth of ∼5 µm into the magnet from the surface. ROI 3 was at a depth of ∼100 µm into the 

magnet. A needle-shaped specimen for the 3D atom probe (3DAP) was extracted for a detailed 

compositional characterization, while the TEM lamella was used for the analysis of the spatially 
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resolved magnetic properties by applying Lorentz microscopy and EH focused on the core-shell 

matrix-grain regions. The detailed TEM-EELS analysis of the grain-boundary composition and 

the EH was performed on ROI 4, which came from a depth of approximately 1000 µm into the 

magnet.  

The demagnetization curves of the bulk magnets and the corresponding individual slices 

were measured using a Lakeshore vibrating-sample magnetometer (VSM). Since the intrinsic 

coercivity values of the GBDP Nd-Fe-B samples at room temperature exceed the maximum 

demagnetization field of 1200 kA/m that can be supplied by the VSM, the magnetic 

measurements were performed at 70 °C, allowing a complete demagnetization of the analysed 

samples, and the coercivity values were extracted for that temperature. 

The bulk chemical compositions of the 1st and 3rd slices from the GBDP Nd-Fe-B magnet 

were determined by applying inductively coupled plasma optical emission spectroscopy (ICP-

OES) (Varian, Model 715-ES). The relative experimental uncertainty for the ICP-OES 

conditions was around 5 %. 

The microstructures and chemical compositions of the GBDP Nd-Fe-B magnet samples 

were analysed using a high-resolution, field-emission-gun SEM (FEG-SEM) JEOL JSM-7600F 

equipped with an Oxford Instruments INCA Energy350/Wave500 system for EDXS. TEM 

lamellae and needle-shaped specimens for the 3DAP analyses were fabricated in a dual-beam 

FIB-SEM (Thermo Fisher, Helios Nanolab 400) using a Ga+ focused-ion-beam (FIB) milling 

procedure, with the ion energies set between 5 to 30 keV, combined with a conventional lift-

out method using an OmniProbeTM tip. The ion-beam-induced artefacts were reduced by 

applying low-energy (<1 keV) Ar-ion-beam milling using a Fischione Nanomill system [28].  

For the detailed structural and compositional investigations, a field-emission (scanning) 

TEM/STEM (JEM-2010F) operated at 200 keV (Cs = 0.48 mm) equipped with bright-field 

(BF) and high-angle annular dark-field (HAADF) detectors, EDXS (LINK ISIS EDS 300) and 
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an EELS (Gatan PEELS 766) system was applied. The probe size in the STEM was 1.5 nm. 

The probe convergence and collection semi-angle were set to 20 mrad. The compositional, 

structural and spatially resolved magnetic properties of the specimens from ROI 3–4 were 

studied using a spherical-aberration-corrected scanning-transmission electron microscope 

(ThermoFisher Titan 80-200) operated at 200 kV and equipped with an in-column energy-

dispersive X-ray spectrometer and an electron-energy-loss spectrometer (Gatan Enfinium). The 

EDXS spectra images were collected and processed using Bruker Esprit software. The probe 

size in the STEM was around 0.1 nm. The probe convergence and collection semi-angle were 

25 and 33 mrad, respectively. 

To achieve a reliable quantitative analysis for the elements under investigation, a 

customized analytical procedure for the EELS analysis was developed. To enhance the signal-

to-noise ratio of the intrinsically weak edges, such as Tb-M4,5, the channel-to-channel noise 

fluctuation was reduced by applying principle component analysis (PCA) [20, 29]. Since the 

theoretically calculated partial cross-section values for the given ionization edges can result in 

an approximately 20% relative uncertainty, we improved the accuracy by choosing Nd2Fe14B 

and Tb2Fe14B reference materials to extract the experimental cross-section ratios for the sNd/sFe 

and sTb/sFe, respectively. The corresponding EELS spectra for the Nd2Fe14B and Tb2Fe14B are 

presented in Supplementary Fig. 1. The average sNd/sFe and sTb/sFe values acquired from more 

than a dozen spectra for the JEM2010F’s experimental conditions were 0.44 and 0.97, 

respectively. The resulting relative uncertainty in the experimental cross-section ratios was 2–

3 %. The same experimental cross-section ratios were used for quantitative analyses of the 

EELS spectra acquired from the ThermoFisher Titan 80-200. The estimated relative 

uncertainty, taking into account the slightly different probe collection and convergence semi-

angles, was around 1 %, which is significantly lower in comparison with the given confidence 

limits for the experimental cross-section ratios. It turned out, experimentally, that the largest 
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source of uncertainty was the plural scattering effect, which correlates with the thickness 

variations between the analysed samples. 

The magnetic microstructures of the TEM specimens were studied in magnetic-field-free 

conditions (Lorentz mode) using a spherical-aberration-corrected TEM (ThermoFisher Titan 

60-300) operated at 300 kV. Fresnel defocused images and off-axis electron holograms were 

recorded with direct electron-counting detectors (Gatan K2 IS) [30]. The electron holograms 

were acquired using a single-electron biprism inserted into one of the conjugated image planes 

of the microscope. The images were processed using custom-made software based on Semper 

[31]. The 3DAP was performed on a needle-shaped specimen in laser-evaporation mode using 

the 3D atom probe LEAP 4000x HR system from CAMECA. The estimated relative error for 

the measured elements was below 10%. 

 

2. Results 

The measured coercivity of the GBDP Nd-Fe-B magnet before cutting was 1048 kA/m (at 

70 °C), a value which is ∼40 % higher than for the non-GBDP Nd-Fe-B magnet. In contrast, 

the overall remanent magnetization of the GBDP Nd-Fe-B magnet was only 1 % lower than the 

non-GBDP magnet (at 70 °C), which had a value of Mr=1.35T. 

Fig. 2 (a) shows the differences in the coercivity between the individual slices, with 

relatively constant coercivity values of 738±4.6 kA/m (for all the measured slices) and greatly 

varying U-shaped values ranging from 983 (3rd slice) to 1100 kA/m (1st and 5th slice) for the 

non-GBDP Nd-Fe-B and GBDP Nd-Fe-B magnets, respectively. The highest coercivity values 

are associated with the surface slice (1st and 5th slice), which are approximately 40 % higher 

than the values measured for the non-GBDP Nd-Fe-B magnet. The coercivity values measured 

for the inner slice gradually decrease as we move away from the magnet’s surface, reaching the 

lowest value in the central slice (3rd slice). A different trend is observed for the remanent 
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magnetization with respect to the non-GBDP Nd-Fe-B and GBDP Nd-Fe-B magnets, see Fig. 

2 (b). While the remanent-magnetization values measured for individual slices for the non 

GBDP Nd-Fe-B magnet were practically the same, i.e., 1.35±0.5 T, the values for the GBDP 

Nd-Fe-B magnet fit a reversed A-shape curve of the remanent magnetization vs. slice number 

varying from 1.31 T to 1.35 T, characteristic for the 1st and 5th slices, respectively. The lowest 

remanent magnetization values are associated with the surface slice, with values increasing 

towards the centre of the magnet. Interestingly, the remanent magnetization value for the 

central, i.e., 3rd, slice is identical to the non-GBDP Nd-Fe-B magnet, although the associated 

increase in coercivity is still 30% higher than that of the non-GBDP Nd-Fe-B magnet.  

The overall compositions of the 1st and 3rd slices of the GBDP Nd-Fe-B magnet were 

determined by ICP-OES analysis. The amount of Fe is very similar in both slices, 84±4 at.% 

and 83±4 at.%, respectively. In the 1st slice the concentration of Nd is 14.2 ± 0.7 at.% and that 

of Tb is 0.88 ± 0.04 at.%. The characteristic Nd concentration for the 3rd slice is 14.9±0.8 at.% 

and Tb 0.14 ± 0.01 at.%. According to this, the Tb concentration in the 3rd slice amounts to 

around 15% of the Tb present in the 1st slice. 

Fig. 3 (a) shows a back-scattered electron (BSE) SEM image in cross-section view of the 

surface area of a GBDP Nd-Fe-B magnet acquired from ROI 1. The left-hand image is the top 

magnet surface in a cross-section view, where the Tb4O7 particles were deposited. The diffusion 

direction of the Tb from the surface into the interior of the magnet is indicated by an arrow. The 

overall microstructure of the 1st slice, if compared to the conventional as-sintered and non-

GBDP Nd-Fe-B magnet, is characterized by the so-called core-shell structure superimposed on 

the Nd2Fe14B matrix grains. The contrast variations of the BSE-SEM images suggest that the 

shell is richer in Tb compared to the core regions of the parent crystal grains. The representative 

corresponding EDXS analyses that were performed on the shell and core regions from several 

grains confirm the composition of (Nd0.54,Tb0.46)2Fe14B and Nd2Fe14B, respectively. A further 
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analysis of the core-shell-dominated microstructure shows that the shell thickness gradually 

decreases from the surface into the magnet interior. Namely, the specimen’s surface region is 

characterised by a shell thickness of up to 2 µm, reaching values of about 100 nm at a depth of 

approximately 100 µm from the surface of the magnet. At greater depths in the 1st slice the 

core-shell structure is no longer visible when using BSE-SEM imaging. No significant 

differences in the overall microstructure between the non-GBDP Nd-Fe-B magnet and the 3rd 

slice of the GBDP Nd-Fe-B magnet could be observed using the SEM. 

In contrast to the non GBDP Nd-Fe-B, the GBDP Nd-Fe-B magnet’s surface is characterized 

by a non-uniform layer composed of brighter grains when observed in cross-section using BSE-

SEM imaging. Although it would be reasonable to assume that these layers are mainly the 

remnants of Tb4O7 particles, the corresponding EDXS analyses indicate predominately a Nd-

rich oxide phase with the partial substitution of Nd with Tb and Fe.  

A more detailed analysis was performed with analytical transmission electron microscopy, 

combining a conventional TEM and HAADF-STEM imaging with quantitative EELS 

spectroscopy. Fig. 3 (b) shows the BF-TEM image of a representative Nd(Tb,Fe)-rich grain 

from the described oxide surface layer. The observed grain is crystalline, based on electron 

diffraction experiments, and it contains a high density of dislocations and inclusions with a 

nodular morphology. Fig. 3 (c) shows a HAADF-STEM image of these inclusions, indicating 

that they are different in terms of composition when compared to the parent oxide phase. Some 

inclusions are represented by an onion-like structure. To assess the compositional variations 

from such inclusions, EELS elemental concentration line scans were performed. A 

representative line scan indicated by the line in Fig. 3 (c) is shown in Fig. 3 (d). The line scan 

was acquired from the central part of the onion-like nodular inclusion into the parent oxide 

phase. Three compositionally distinct regions were subtracted from this measurement. The 

average composition of the parent oxide phase contains approximately 10±0.5 at.% of Fe, 
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35±0.9 at.% of Nd, 5±0.3 at.% of Tb, and 42±1.5 at.% of O. The outer skirt of the inclusion 

shows a reversed composition of rare earths when compared to the composition of the parent 

oxide, i.e., 35±0.8 at.% of Tb and 5±0.2 at.% of Nd. In the central part of the inclusion the 

composition of rare earth (Nd, Tb) is equilibrated to 20±0.6 at.%. The concentration of Fe is 

not significantly changed across the inclusion, while the amount of O is slightly higher when 

compared to the adjacent matrix.  

A detailed compositional and nano-structural analysis of the core-shell grain from the ROI 

2 is presented in Fig. 4 (a). The larger section of the presented high-resolution TEM (HRTEM) 

image is occupied by a Nd2Fe14B matrix grain viewed along the <001> zone axis, as confirmed 

by the corresponding SAED pattern analysis (shown in the rectangular insets). The round-

shaped phase (oxide phase), from which one part is shown in the right-hand section of the 

image, is approximately 1.5 µm in size. The EELS spectra from three different image regions 

marked by roman numerals (I, II, III) are shown in Fig. 4 (b). The round-shaped phase (Sp-I) is 

an oxide, characterized by Nd (50±1 at.%), Tb (8±0.4 at.%), Fe (16±1 at.%) and O (26±1 at.%). 

Spectra Sp-II and Sp-III were 200 nm apart in the Nd2Fe14B matrix grain. Although the 

spectrum features are very similar, Sp-III has an additional spectrum feature at 1241 eV, which 

is significant for the Tb-M4,5 ionization edge.  

More detailed compositional variations in the Nd-Fe-B grain were investigated by a series 

of EELS elemental maps and line scans. A representative EELS elemental map was acquired 

from the region partly occupying the Nd2Fe14B matrix grain and the oxide phase, as marked by 

the 250 × 250 nm2 rectangle (R1) in Fig. 4 (a). The analytical pixel size was 25 nm. The 

superimposed Fe-L2,3, Nd-M4,5 and Tb-M4,5 signals are in red, green and blue, respectively. The 

superimposed elemental map clearly shows the different compositions of the oxide phase (in 

blue) and the adjacent Nd2Fe14B matrix grain. The different concentrations of Tb in this grain 

are shown by two colours. The red represents the pure Nd2Fe14B, while the orange indicates the 
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presence of some Tb, which is consistent with the core-shell structure of the matrix Nd2Fe14B  

grains. In addition, the core-shell boundary is nearly perpendicular to the phase boundary 

between the Nd(Tb,Fe)-rich oxide (blue) and (Nd,Tb)2Fe14B matrix phase (orange/red). As the 

Tb-free core region of the matrix grain neighbours the Tb-containing oxide phase, it is possible 

that in this particular case the source of Tb for the shell formation in the matrix grain did not 

originate from the adjacent Tb-containing oxide phase.  

The crystallographic orientation of the core-shell boundary in relation to the underlying 

crystal structure of the Nd-Fe-B matrix grain was deduced from a fast Fourier transform (FFT) 

acquired from the shell and the core region. The FFT caries information about the spatial 

frequencies from the analysed image region and can be (to a first approximation) correlated 

with the information obtained from the corresponding SAED pattern. No significant difference 

can be observed for these two FFTs, which indicates that the core and the shell are 

crystallographically identical. Moreover, the corresponding HRTEM image from the core-shell 

boundary region did not reveal any structural peculiarities, such as dislocations or other types 

of planar faults. The normal of the core-shell boundary, i.e., the growing direction of the shell, 

is close to the (100) crystallographic direction, relative to the underlying Nd2Fe14B matrix 

crystal.  

Fig. 5 shows a detailed compositional profile of the core-shell boundary performed by an 

EELS line-scan with a point-by-point resolution of 1.8 nm. The line scan shows the nearly 

constant concentration of Nd (6±0.7 at.%) and Tb (2±0.4 at.%) in the shell, while the transition 

region from the shell to the core is indicated by a rapid decrease of the Tb concentration to zero, 

i.e., below the detection limit for this EELS analysis (0.4 at.%). The width of the rapidly 

decreasing Tb concentration profile was about 20 nm.  

The 3D distribution of the individual elements around the characteristic core-shell region 

from ROI 3 was reconstructed using a 3D atom-probe (3DAP) tomography experiment, as 
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shown in Fig. 6. The elemental maps in Fig. 6 (a) show the distributions of Fe, Nd and Tb in 

the analysed needle-shaped specimen. The concentration of Fe is constant over the whole map, 

while the Nd and Tb are exchanging across the core-shell region. More specifically, the top part 

of the needle-shaped elemental map shows the presence of Tb, indicating the shell region of the 

matrix grain. The lower part of the needle is characteristic of the Nd2Fe14B core. The elemental 

line scan was extracted from the obtained tomograms, perpendicular to the core-shell boundary, 

as indicated in Fig. 6 (b). The corresponding calculated concentration profiles for Nd and Tb 

are shown in Fig. 6 (c). The concentrations of Nd and Tb are comparable to the concentrations 

obtained using the EELS analysis in Fig. 5. The line profile shows a nearly constant 

concentration of Nd (9.3±0.3 at.%) and Tb (3.3±0.2 at.%) in the shell, while the transition 

region from the shell to the core is characterised by a rapid decrease in the Tb concentration to 

zero, i.e., below the detectability limits of the 3DAP analysis (0.2 at.%). The width of the rapidly 

decreasing Tb concentration profile was 10 nm.  

Fig. 7 (a) shows a HAADF-STEM image of the GB region acquired from ROI 4, which is 

approximately 1000 µm from the magnet’s surface in its central part. EDXS analyses 

(Supplementary Fig. 2) showed that Tb is mainly concentrated at the Nd-rich triple points (TPs). 

EELS line-scan analyses of the GBs and the adjacent Nd2Fe14B matrix grains were made to 

determine the concentration distribution of the Tb, specifically in the GB regions. Only the GBs 

parallel to the electron beam (edge on) were selected for a detailed analysis. The correct 

orientation of a particular GB was identified by assessing the intensity distribution related to 

the Fresnel diffraction at the boundary. Accordingly, the GBs where the Fresnel contrast was 

symmetrical along the boundaries, indicating the edge-on condition, were selected for further 

analyses. A typical edge-on GB region, where the EELS line-scan analysis was performed, is 

shown in the inset of Fig. 7 (a). The line-scan width was set to 30 nm, with a pixel resolution 

of 0.3 nm. The resulting concentration profiles are presented in Fig. 7 (b). The concentration 
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distributions of Fe and Nd are complementary. They are relatively constant in both matrix-grain 

regions. At the GB a significant drop in the amount of Fe is correlated with an increase in the 

concentration of Nd. The composition of the GB in its central region corresponds to Fe 

(80.5±1.1 at.%), Nd (18±1.1 at.%) and Tb (1.6±0.3 at.%). The chemical width of the GB, 

deduced from the concentration profile of Fe and Nd, is 7 nm. In contrast, the Tb concentration 

profile shows a different distribution, not bound to the GB region, but extending approximately 

10 nm into the interior of the adjacent matrix grains. In contrast to the concentration profiles 

measured in the core-shell matrix-grain regions (ROI 2), where the Tb concentration was nearly 

constant over the whole shell, here the Tb concentration starts to decrease from the GB region 

into the adjacent matrix grains.  

Fig. 8 shows the magnetic imaging studies of the GBDP Nd-Fe-B magnet prepared from 

ROI 3. The BF-STEM image in Fig. 8 (a) shows the grain structure within the specimens. The 

core-shell structure in the specimen is confirmed by the contrast variation due to the 

concentration changes in Nd and Tb (Supplementary Fig. 3). The Fresnel defocused image 

reveals a complex network of magnetic domain walls (DWs), as shown in Fig. 8 (b). It is 

striking that the shell regions are characterised by a low density of DWs, or no DWs, while the 

DW density is high within the core. Fig. 8 (c) shows the total electron optical phase shift 𝜙 

map, extracted from the off-axis electron-holography experiment carried out in remanence 

mode, which contains the contributions of the magnetic phase shift 𝜙m and the mean inner 

potential (MIP). The magnetic DWs appear as black and white contrast maxima and minima in 

the phase-shift image. The edge region of the specimen, which is marked with a dashed white 

line, was damaged by the ion sputtering during the FIB specimen preparation procedure and 

was not included in the analysis. The magnetic phase shift 𝜙m was separated from the MIP by 

turning the specimen over, recording a second set of electron holograms and taking half the 

difference of the two total phase images. The magnetic phase image is directly proportional to 
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the in-plane component of the magnetic induction within and around the specimen integrated 

into the electron beam direction [32]. Fig. 8 (d) shows the magnetic phase slope, characterized 

by the three walls, perpendicular to the core-shell boundary, as marked by an arrow in Fig. 8 

(c). The phase slope that corresponds to the in-plane magnetic induction in the sample was 

calculated for the core and shell regions as 0.06±0.005 and 0.047±0.005 rad/nm, respectively. 

The difference in the slopes indicates that the magnetic induction in the core is approximately 

26 % higher than that of the shell. Fig. 8 (e) shows a visual representation of the projected in-

plane magnetic field, which can be obtained by adding contours and colours, for example, by 

evaluating the cosine of a chosen multiple of the magnetic phase image and the derivatives. The 

core-shell boundary and the GB are indicated by the red and green dashed lines, respectively. 

The colours and field-lines arrangements at the DW locations indicate close-to-180º DWs at 

the boundary of the shell and inside the core region. The field lines form flux closures at the 

top of the magnetic induction map close to the edge of the TEM specimen.  

By analysing the differential of the magnetic phase 𝜙m(x), the width of the domain walls in 

the core and across the core-shell boundary is determined, as shown in Fig. 9. The step function 

across the DW is defined by the expression y=y0±atanh((x-x0)/w), where y0, a and w are 

constants obtained from the fit. Then the DW width δw is determined as δw=πw. The δw 

measured for the DWs located at the core-grain region and the core-shell boundary are 4.5±1.6 

nm and 4.0 nm ±1.6 nm, respectively.  

Fig. 10 shows magnetic imaging studies of the central region of the GBDP Nd-Fe-B magnet 

(ROI 4), which is exactly the same specimen region as shown in Fig. 7. The Fresnel defocused 

image shown in Fig. 10 (a) reveals the presence of straight-line magnetic DWs. Interestingly, 

two of the grain boundaries overlap perfectly with the DWs, suggesting a strong pinning effect. 

The magnetic induction map in Fig. 10 (b) shows the directional change of the magnetic field 

at the DWs and GBs. Many of the DWs have a perfect 180º magnetic field rotation between the 
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domains. The magnetic state around the grain boundary on the right-hand side is rather 

complex, showing flux reversal on both sides of the boundary. Note that the exact magnetic 

state cannot be fully recovered as the off-axis electron-holography experiment provides 

information on the in-plane field components, while the out-of-plane component remains 

undetected. The δw measured for the DWs located at the core-grain region was 5.4±1.1 nm, as 

shown in Fig. 10 (c).  

 

3. Discussion 

The highest coercivity of the studied GBDP Nd-Fe-B magnet is associated with the 1st slice, 

which was initially in contact with Tb4O7 particle slurry. This slice is characterised by the 

highest density of core-shell-structured matrix grains close to the surface. The average thickness 

of the Tb-rich shells within these matrix grains decreases rapidly towards the specimen’s 

interior and cannot be traced across the whole of the 1st slice. This is even more evident in the 

central, i.e., 3rd, slice, where the differences in the microstructure between the non-GBDP and 

GBDP Nd-Fe-B magnets cannot be revealed by means of SEM.  

The ICP-OES analysis indicates that the overall concentration of Tb in the central slice is 

only 15 % of the value measured in the surface slices. This sharp drop in the Tb concentration 

is even more pronounced if we consider that only the Tb present in the Nd-Fe-B matrix grains 

contributes to the increase in the coercivity for the analysed slices. To determine the total 

amount of Tb that is present in the Nd-Fe-B matrix grains within the central slice (the 3rd slice) 

we assumed the uniform concentration profile shown in Fig. 7 (b) and an average matrix-grain 

size of 5 µm, which was deduced from the corresponding SEM images and was approximated 

to a perfect cube. The total amount of Tb in the Nd-Fe-B matrix grains was calculated to be 

0.005 at.%. The implication is that in the ideal case only 50 ppm of Tb doped in the Nd-Fe-B 

magnet is sufficient for a drastic 30 % increase in the coercivity, when compared to the non-
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GBDP Nd-Fe-B magnet. Moreover, a much greater concentration of Tb in the surface slices 

contributes only an additional 25 % improvement in the coercivity, i.e., from 30 % to 40 %, 

which implies that the majority of the Tb in the surface slices is not contributing to the coercivity 

improvement. 

Another important, and so-far overlooked, phenomenon that dictates the overall core-shell 

evolution of the GBDP magnets is related to the different starting precursors for the HREs, i.e., 

metal, hydride, fluoride or oxide. For the Tb case, the exact melting point for Tb4O7 has not 

unambiguously determined, as the Tb-O phase diagram has only been partially investigated. 

Nevertheless, the Tb-O phase diagram between 60.0 and 67.0 at.% oxygen shows the presence 

of Tb2O3, TbO2 and Tb7O12, all in the solid state and with no liquid forming below 1200 °C, 

which is much higher than the processing temperatures in this study [33]. Our results, as in 

Figs. 3 and 4, clearly show that the GBDP provokes the formation of a Nd-rich-oxides layer 

with minor amounts of Tb and Fe in the very surface regions of the magnet. In a very simplified 

picture, this can be explained by the electro-reduction potential of the lanthanides, as follows: 

Nd: Nd3+ + 3 e− ⇌ Nd (E0=−2.323 V), Dy: Dy3+ + 3 e− ⇌ Dy (E0=−2.295 V), Tb: Tb3+ + 3 e− 

⇌ Tb (E0=−2.28 V), which implies that the Nd in a zero-oxidation state is a strong-enough 

reducing agent at elevated temperatures to reduce other lanthanides (Ln) to Ln (0) by self-

oxidation, possibly via Tb4O7 + 5Nd ® 2Nd2O3 + 4Tb + NdO1-x. So, most probably in a close 

contact between Tb4O7 and metallic Nd, originating from either the Nd-rich GB phases or the 

Nd-Fe-B matrix, the equilibrated system will favour the oxidation of Nd combined with the 

consequent reduction of Tb from the corresponding oxide. This exchange mechanism is clearly 

observed in Fig. 3 (d), where only the Nd atoms are completely exchanged with the Tb, whereas 

the Fe and O remain almost constant. In reality, the system is probably more complex, as it 

contains matrix Nd2Fe14B grains, trapped oxygen at the specimen’s surface, and various GB 

and TP phases. We can thus anticipate a cascade of chemical reactions between the Tb oxide 
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and Nd and/or Nd2Fe14B to various multicomponent oxides, which gradually decrease the 

oxidation state of the Tb. As seen in Figs. 3 (c) and (d), the crystal matrix surrounding the 

onion-like inclusions is rich in O and Nd and lean in terms of Fe and Tb, with the B not being 

accounted for. That would change the composition of both the inclusions as well as the adjacent 

matrix to some extent. According to the most plausible phase equilibria [34], the matrix grains 

lying just below the Tb-rich coating are made of complex multicomponent oxides based on 

Nd4B2O9. The inclusions, on the other hand, are actually the remnants of the formation of the 

complex Nd4B2O9-type oxide, which was initially formed step-wise from simpler stable oxides 

like NdB3O6 and FeB4O7. Namely, these two types of oxides are more stable than Tb2O3 (-4,007 

eV/unit-cell formation energy required) and Nd2O3 (-3,765 eV/unit-cell formation energy 

required) for instance with formation energies of -6,059 eV/unit cell for NdB3O6 and -5,912 

eV/unit cell for FeB4O7, where the Nd4B2O9 is the most stable with -10,395 eV/unit cell [34]. 

In summary, the oxygen-rich phase-equilibrium system when combined with Nd, Fe and B 

predicts certain end-member equilibrium phases, which suggests that the proposed exchange 

mechanism favours the formation of a cascade of oxides. Once the Tb is released by the above-

described mechanisms from the precursor compounds, it can diffuse along the GBs, thus 

forming the initial reservoir for the later formation of Tb-rich shells within the matrix Nd-Fe-B 

grains. It is likely that different HRE precursors will experience different cascades of chemical 

reactions, where the overall reaction kinetics will dictate the amount of free HRE for the final 

core-shell formation during the GBDP. The intermediate state, where the Nd(Fe,Tb)-rich oxides 

and Nd-Fe-B core-shell-structured matrix grain coexist in close proximity, is presented in Fig. 

4 (a). The related results on the spatially resolved chemistry obtained from that specimen area, 

which is only 5 µm below the magnet surface, are in accordance with the above-described 

gradual release mechanism for Tb, as it is evident that Tb is not directly diffusing into the Nd-

Fe-B matrix grains from the adjacent Nd(Fe,Tb)-rich oxide. 
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The explanation of the dominant mechanism that controls the formation of the core-shell 

microstructure in the studied system relies on the two generally accepted core-shell formation 

models for the GBDP HRE-based sintered magnets. In the first one, the HRE is diffusing along 

the GBs as a part of the liquid GB phase above the ternary eutectic temperature (~685 °C) [22], 

which is accompanied by the partial melting of the Nd2Fe14B matrix grains. Upon cooling below 

the solid/liquid phase line the (HREE,Nd)2Fe14B shells will precipitate out of the liquid phase 

and condense on the surface of Nd2Fe14B grains [16, 21-23, 35, 36]. The resulting composition 

of the shells should show the nearly constant concentration of the HREs, which is to some 

extent in accordance with our observations in Figs. 5 and 6 (c). The GBDP temperature in this 

study is above the reported ternary eutectic temperature. From that perspective it is reasonable 

to assume that the core-shell formation was following the first model.  

However, a more detailed analysis of our results may not adhere entirely to this theory, as 

it was revealed that at 5 µm from the surface the core shell-boundary is structurally, perfectly 

coherent, and free of planar defects. This is not typical for a chemically induced, liquid-film 

migration mechanism [23]. Moreover, a detailed analysis of the core-shell boundary reveals 

that the drop in the Tb concentration is not abrupt, as it is always associated with a diffusion 

profile with a thickness of between 10 and 20 nm. These observations are more easily explained 

by the second model, which is based on the solid-state diffusion of the HRE along the GB, 

driven below the ternary eutectic temperature, as reported by Loewe et al. [18] and Kim et al. 

[24] To be exact, as we move further away from the surface of the magnet, the Tb reservoir, 

i.e., the GB phases, are increasingly depleted of Tb. Moreover, the GBDP for Tb becomes even 

more difficult once the (Nd,Tb)2Fe14B shells are formed, as they are less susceptible to the 

substitutional diffusion of Tb. As a consequence, both the Tb concentration at the GBs and the 

thickness of the shells are rapidly decreasing as we move towards the interior of the GBDP 

magnet. As an extreme case, in the central region of the magnet (the 3rd slice), the amount of 
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Tb available to form a shell of constant concentration is much too small, and thus it remains 

bound to a thin diffusion region (10 nm) along the GBs. Another argument that supports the 

idea that diffusion is dominating over the chemically induced liquid-film migration for the 

incorporation of Tb into the Nd-Fe-B matrix grain, also in accordance with the Kim et al. [23], 

is related to the fact that the liquid/solid phase equilibrium does not accommodate the observed 

amounts of Tb-rich areas near the magnet surface, covering more than 50 % of the areal fraction. 

This could imply that the generally accepted eutectic temperature determined in the pseudo-

binary Nd-Fe-B phase diagram [22] is underestimated for the studied system and that the 

experimental temperature of 850 °C might be just below the eutectic point, which would 

preserve the GBs in their solid state.  

Magnetic imaging studies were performed in parallel with the surface-chemistry studies of 

the Nd-Fe-B grains. The off-axis electron-holography measurements indicated a 26 % higher 

magnetic induction in the core than that of the shell for ROI 3 of the GBDP Nd-Fe-B magnet 

(Fig. 8). The different values are explained by the fact that the magnetic saturation of Nd2Fe14B 

is 1.6 T, while pure Tb2Fe14B reaches only 0.7 T. It is plausible, therefore, to assume that a 

partial substitution of Nd by Tb in the shell will result in a reduced magnetic induction in the 

Tb-rich shell region. Such a direct comparison was possible to make when using a specimen 

that is characterised by having the same thickness in the core and shell regions. Another 

interesting observation is that the shell is magnetized in a single direction, so it does not exhibit 

either a magnetic-domain pattern or any DWs. 

In a nucleation-controlled coercivity, as proposed by Givord et al. [37], the nucleation of a 

reverse domain starts at defects on the surface of the matrix grains, and as calculated by Bance 

et al. [38], a 3-nm-thick region around the individual Nd2Fe14B grains of reduced 

magnetocrystalline anisotropy is enough to play a significant role in the overall coercivity of 

the bulk magnet. Spatially resolved variations of the magnetocrystalline anisotropy within the 
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core-shell structure, which can be related to the coercivity of the analysed slice, can be deduced 

from measurements of the magnetic DW width (δw) by means of electron-holography 

measurements. Two adjoining magnetic domains with magnetisation forming an ideal 180° are 

separated by a DW that has a lateral dimension or width δw that is proportional to the square 

root of the exchange stiffness A and inversely proportional to the effective anisotropy K: 𝛿! =

𝜋	(𝐴 𝐾+ . In other words, the competition between the exchange and anisotropy energies defines 

the wall configuration with the lowest energy. In Nd2Fe14B, the δw is 3.82 nm due to the high 

uniaxial anisotropy of the magnet. In an approximately 100-nm-thick TEM lamellae of 

Nd2Fe14B, the DW will have a Bloch configuration, i.e., the magnetic moments at the wall are 

aligned perpendicular to the moments in the domains. However, an accurate measurement of 

δw in permanent magnets is challenging due to the small dimensions. In this work we used 

magnetic phase maps to measure the δw in the GBDP Nd-Fe-B magnet where in ROI 3 the δw 

were 4.0 and 4.5 nm (Fig. 9) and in ROI 4 it was 5.4 nm (Fig. 10), which gives a good 

quantitative match with the values expected for Nd2Fe14B. Unfortunately, a better estimate of 

the DW width and, consequently, conclusions about the effect of Tb on the magnetic anisotropy 

from experimental measurements cannot be made without knowing the three-dimensional 

shape of the magnetic DW. The actual DW shape may have Néel components close to the 

surface where the long-range magnetostatic interactions try to force the magnetic moments to 

be inside the surface plane [39]. The different components would be superimposed in the 

projected Fresnel images and phase-shift maps, causing an overestimation of δw. Presumably, 

this is the reason for measuring a δw=5.4 nm in ROI 4 that was a thicker specimen (~100 nm) 

than that of ROI 3 (<70 nm). Interestingly, the shell region is characterised as a single magnetic 

domain, even across the grain boundaries, as shown in Fig. 8 (b). The lack of 180° DWs in the 

shell regions prevents an estimate of the magnetic anisotropy of the Tb-rich shell in the GBDP 

Nd-Fe-B magnet. 
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Taking this into account, we must not forget that the remanent magnetization in the 3rd slice 

of the GBDP Nd-Fe-B magnet was not negatively affected by the presence of Tb. It can be 

assumed that the Tb distribution in the Nd-Fe-B grains is as characteristically presented in Fig. 

7. Interestingly, this specimen region does not reveal a magnetic domain core-shell structure 

(Fig. 10 (c)). Therefore, a 30 % increase in the coercivity in that specimen slice cannot be 

satisfactorily explained by the presence of confined magnetic domains within the core and shell 

regions, which are characteristic of the 1st slice (ROI 3 in Fig. 8). A nearly perfect match in the 

remanent magnetization of the non-GBDP magnet and the 3rd slice of the GBDP Nd-Fe-B 

magnet possibly indicates the structural effect of Tb atoms on the coercivity, rather than a 

magnetic one, which is due to an enhanced spin-orbit coupling. In the case that a significant 

increase in the coercivity is dominated by the enhanced spin-orbit coupling, the remanent 

magnetization should also drop due to the associated anti-parallel coupling of the electronic 

spins between the transition metal and the HRE, as was measured in the 1st slice (Fig. 2) and 

experimentally observed for the core-shell grains in ROI 3 (Fig. 8 (d)). Therefore, a substantial 

enhancement of the coercivity must originate from the absence of defects in the main Nd-Fe-B 

phase, which might be promoted by extremely small amounts of Tb atoms in the outmost 

surface layer of the Nd-Fe-B matrix grains. 

 

 

 

4. Conclusion 

Using correlative analytical electron microscopy with atom-probe techniques we combined 

structural and compositional information with spatially resolved magnetic imaging to study the 

nanoscale magnetic structure around the grain and the core-shell boundaries in a Tb-treated 

GBDP Nd-Fe-B sintered magnet. We observed that more than one mechanism is dictating the 
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growth of Tb-rich shells around the matrix Nd-Fe-B grains. On the surface where the Tb-oxide 

is deposited, GBDP causes the formation of Nd-rich oxide layers with a minor amount of Tb 

and Fe. With a cascade of chemical reactions between the Tb oxide and Nd and/or Nd2Fe14B 

the Nd4B2O9-type oxides are formed and the released Tb can diffuse along the GBs. We 

discussed two possible mechanisms, the chemically induced liquid-film migration mechanism 

and the solid-state mechanism. Taking into account the experimental results we observed that 

the core shell-boundary is structurally, perfectly coherent, free of planar defects and the drop 

of the Tb concentration on the core-shell boundary is not abrupt; it is also always associated 

with a diffusion profile. All these findings are in favour of the solid-state mechanism and it can 

be concluded that in the studied system the experimental temperature of 850 °C is below the 

eutectic point and the GBs are preserved in the solid state.  

The concentration of Tb-rich shells in the GBDP Nd-Fe-B magnet decreases towards the 

central part of the magnet, but we still measured a 30 % increase of the coercivity compared to 

the non-GBDP Nd-Fe-B magnet. The calculations revealed that in an ideal case only 50 ppm of 

Tb doped in the Nd-Fe-B magnet is sufficient for this increase in coercivity.  

Moreover, the off-axis electron-holography measurements showed a 26 % higher magnetic 

induction in the core compared to the shell, due to the lower magnetic saturation of Tb2Fe14B. 

Using magnetic phase maps, we experimentally measured the domain-wall width in the GBDP 

Nd-Fe-B, which gave a good quantitative match to the values expected for Nd2Fe14B. The lack 

of 180° domain walls (DWs) in the Tb-rich shell regions prevented us from measuring the DWs 

and estimating the magnetic anisotropy of the shells. Furthermore, the same value from the 

remanent magnetization of the non-GBDP magnet and the central part of the GBDP Nd-Fe-B 

magnet most probably shows the structural effect of the Tb atoms on the coercivity rather than 

a magnetic one, indicating that the increase in the coercivity must originate from the absence 
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of defects in the main Nd-Fe-B phase, which might be promoted by extremely small amounts 

of Tb atoms in the outmost surface layer of Nd-Fe-B matrix grains. 
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Figures: 

 
 

Figure 1. Scheme of cutting procedure for the investigated GBDP Nd-Fe-B magnet with indicated ROIs where 
the analysis was performed.  

 

 
 

Figure 2. Lateral profiles of (a) coercivity (Hci) and (b) remanent magnetization (Mr) at 70 °C. Black curve 
represents non-GBDP Nd-Fe-B magnet, red curve represents GBDP Nd-Fe-B magnet.  
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Figure 3. 1st slice of GBDP Nd-Fe-B magnet; (a) BEI-SEM image, (b) BF-TEM image of a representative oxide 
grain from ROI 1. (c) HAADF-STEM image of inclusions inside the Nd(Tb,Fe)-rich oxide grain. (d) The Fe, Nd, 

Tb and O concentration line scan across the nodular inclusion as indicated in (c). 
 

 
 
Figure 4. (a) ROI 2 showing the HRTEM image of core-shell (Nd,Tb)2Fe14B matrix grain and Nd(Fe,Tb)-rich 
oxide phase in right image section. The inset in upper right corner is a SAED pattern acquired from the matrix 
grain. (b) Characteristic EELS spectra from three different specimen regions; oxide phase (I.), core (II.) and shell 
(III.) of the matrix grain. 
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Figure 5. Nd and Tb concentration profiles obtained from line scan across the core-shell boundary (as marked in 

Figure 4). The transition region between the core and the shell is approximately 20 nm wide. 
 

 
 
Figure 6. (a) Elemental maps Fe, Nd and Tb obtained from ROI 3. (b) 3DAP map with the indicated line profile 
selected perpendicular to the core-shell boundary. (c) The corresponding distribution of Nd and Tb concentration 

across the core-shell boundary. The transition region between the core and the shell is 10 nm wide.  
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Figure 7. (a) HAADF-STEM image of GB region acquired from ROI 4. The EELS line scan is shown in the 
inset. (b) The Fe, Nd and Tb concentration profiles obtained from the corresponding EELS line scan. 

 

 
Figure 8. Magnetic microstructure of GBDP Nd-Fe-B magnet from ROI 3 with core-shell structure. (a) BF-STEM 
image of several grains separated with GB and TP. (b) Fresnel defocused image showing the complex network of 
magnetic domain walls (DWs). The defocus value used was 0.8 mm. (c) Total phase-shift map of the core-shell 
regions around a grain boundary region extracted from off-axis electron holography experiment. (d) Magnetic 
phase shift (𝜙m) intensity scan across three domain walls in the core-shell region marked with an arrow in (c). (e) 
The magnetic induction map created using the magnetic phase-shift map of the region shown in (c). The flux 
contour lines, colour code and arrows indicate the in-plane magnetic field strength and directions. The contour 
spacing is 2π/8 ~ 0.785 radians.  
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Figure 9. Domain-wall width measurements in GBDP Nd-Fe-B magnet from ROI 3. (a) Derivative of the phase 
extracted from magnetic phase shift. Intensity scans across the domain walls (b) in the core grain region and (c) at 
the core-shell boundary. The domain-wall widths (δw) determined from the fit (see text).  
 

 
Figure 10. Magnetic microstructure of the central part (ROI 4) from GBDP Nd-Fe-B magnet. (a) Fresnel defocused 
image of the magnetic domain walls. The defocus value used was 0.8 mm. (b) Magnetic induction map of the three 
grains. The contour spacing is 2π/4~1.57 radians. (c) Intensity distribution across the phase derivative (inset) 
recorded using off-axis electron holography. The δw is measured to be 5.4 nm ±1.1 nm. 
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Supplementary material 
 
Supplementary Fig. 1 shows EELS spectra for (a) Nd2Fe14B and (b) Tb2Fe14B standards. 
 

 
Supplementary figure 1. EELS spectra of (a) Nd2Fe14B and (b) Tb2Fe14B standard. 
 
Supplementary Fig. 2 (a) shows HAADF-STEM image from the central part of GBDP Nd-Fe 
B magnet. It represents three grains separated by GB and a triple pocket. Supplementary Fig. 2 
(b-d) shows compositional maps extracted from EDXS spectrum images using Fe-K, Nd-L and 
Tb-M signals, respectively. The concentration of the elements in each grain is homogenous, 
indicating that the Tb diffusion did not form a well-define shell inside the grain. The Nd/Tb 
enrichment and Fe depletion are observed in the triple pocket.  
 

 
Supplementary figure 2. (a) HAADF-STEM image from the central region of GBDP Nd-Fe-B magnet (ROI 4). 
(b-d) Corresponding elemental maps extracted from EDXS spectrum imaging in STEM mode using Fe-K, Nd-L 
and Tb-M lines, respectively  
 
Supplementary Fig. 3 shows a representative HAADF-STEM image with the corresponding 
EDXS-SI from the core-shell region for the two adjacent matrix grains separated by a grain 
boundary (GB) from the ROI 3. The EDXS spectrum images reveal that the Fe signal is 
homogeneously distributed throughout the whole analysed region. In contrast, the regions close 
to the GB are represented by the high Tb-M and low Nd-L signals, which indicates a Tb-rich 
shell, while the absence of a Tb signal and high Nd signal characterizes the core region of the 
matrix grain. The white dashed lines indicate the boundary between the Tb-rich shell and the 
Nd-Fe-B core.  
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Supplementary figure 3. (a) HAADF-STEM image of core/shells at a grain boundary region extracted from ROI 
3 of GBDP Nd-Fe-B magnet. (b-d) Corresponding elemental maps extracted from EDXS spectrum imaging in 
STEM mode using Fe-K, Nd-L and Tb-M lines, respectively. 
 
 
 


