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A key aim in magnetism research is to enhance the magnetocrystalline 
anisotropy, that is, the anisotropy energy per magnet volume. One aspect of 
the quest is the search for high anisotropy energies per atom. An upper limit 
to this energy is provided by the spin-orbit coupling, about 50 meV for the 
late iron-series transition-metal elements. This is a huge value, corresponding 
to 140 MJ/m3 for dense-packed atoms, but the orbital moment and the anisot-
ropy are normally strongly reduced by quenching. Very high anisotropies per 
atom are possible in small-scale nanostructures such as adatoms on surfaces 
and monatomic wires, as recently exemplified by Co on MgO(001) [1]. Rau 
et al. provide a qualitatively correct explanation of their results in terms of a 
uniaxial crystal-field interaction, which is known to yield high anisotropies 
[2], but the actual symmetry is tetragonal rather than uniaxial. Investigating 
the situation analytically and with density-functional theory, we find that the 
high orbital moment arises from the spin-orbit induced hybridization of the 
xz and yz orbitals of a 3d7 configuration of Co2+. Figure 1 shows the corre-
sponding densities of states; the anisotropy is realized through the big peak 
at the Fermi level. It is virtually impossible to fully exploit this mechanism in 
pratice, because anisotropy constants are defined as energies per volume and 
the corresponding densification is at odds with the requirement of isolated 
atoms or freestanding wires. However, similar mechanisms exist in some 
densified structures, such as the embedded wires of Fig. 2(b) and a few bulk 
materials. Examples are (Sr, Ba)Fe12O19, where the orbital moment of the Fe 
on the trigonal sites is relatively weakly quenched, and in metallic systems 
such as YCo5, the situation may be best described as a fractional Jahn-Teller 
effect. — This research is supported by DOE (DE-FG02-04ER46152), ARO 
(W911NF-10-2-0099), DREaM, and NCMN.
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Density of states for Co on MgO(001).

Schematic two ion anisotropy, with arrows denoting the atomic spin 
directions: (a) free standing monatomic wire and (b) wire in a tetragonal 
environment.
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The coercivity mechanism of Nd-Fe-B sintered magnets receives revived 
interest recently owing to the strong demand for high coercivity Nd-Fe-B 
magnets without using heavy rare earth elements such as Dy and Tb [1]. 
Micromagnetic simulations can be used as a powerful tool to visualize the 
magnetization reversals in polycrystalline Nd-Fe-B magnets. Recent detailed 
investigation of the microstructure of the anisotropic Nd-Fe-B sintered mag-
nets revealed that the grain boundary phase parallel to the c-planes is mostly 
crystalline with a high Nd concentration whereas the one nearly parallel to 
the c-axis has the amorphous structure with a high Fe concentration [2]. 
In order to investigate the effect of such anisotropic nature of the grain 
boundary composition on the coercivity, we introduced a multigrain object 
as shown in Fig. 1(a) and performed numerical analyses. Assuming that 
the magnetization of surface grains of bulk magnets are already reversed 
at lower magnetic fields, a reverse domain was placed in the grain at the 
initial state of calculation as in our previous work[3]. The magnetization 
reversal process and coercivity values of the multigrain object under applied 
magnetic fields were calculated with various magnetic parameters listed in 
Fig. 1(b). In Fig. 2(a), the coercivity increases with decreasing x. In Fig. 
2(b), the states of magnetic vectors at the starting point of magnetization 
reversal are depicted as contour plots. While for x = 1.0 the magnetization 
reversal starts directly underneath the reverse domain, for x = 0.0 it starts 
on the side of the reverse domain. These results suggest that the decrease 
of physical properties of the grain boundary phase parallel to the c-plane 
grain boundaries alone causes a decoupling of magnetic interaction between 
the grains, which increases the coercivities. Further increase in coercivity is 
expected if the ferromagnetic properties of the grain boundaries parallel to 
the c-axis are reduced.
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Fig. 1. (a) Structure of a multigrain magnet. (b) Physical properties with 
coefficient “x” (0 x 1).

Fig. 2. (a) Coercivity with several physical properties. (b) Contour plots 
of mz. mz=1 and mz=-1 areas are colored by red and blue, respectively.
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Microstructure effect is significant in the magnetism of Nd-Fe-B perma-
nent magnets. Even though detailed mechanism of their high coercivity is 
still open for discussion, magnetic anisotropy of microstructural interfaces 
between the main phase and sub-phases is expected to play an important role 
in exhibiting the coercivity, because the inside of the crystalline main phase 
cannot pin the domain-wall propagation. Since atomically abrupt interfac-
es have been observed by scanning transmission electron microscopy for 
Nd-Fe-B sintered magnets [1], it is sensible to consider such a well-defined 
interface theoretically. In addition, it has also been observed that the tri-
ple-point phase directly in touch with the main phase is Nd oxides with the 

fcc Nd sublattice (NdOx) [2,3]. Interfaces between the main phase and the 
triple-point phase are of significance in the sense that the demagnetization 
field originates from the triple-point phases. In this study, we examined 
Nd2Fe14B-NdOx interfaces such as the structure depicted in Fig. 1 (a) by 
large-scale first-principles calculations on the basis of density functional the-
ory performed on supercomputers including the K computer. Since precise 
interface atomic structures are yet to be identified, we first explore possible 
realistic interface structures and their magnetic properties. We identified that 
O atoms at the interface prefer to present with Nd compared with Fe. We 
have also found that the electronic structure inside the main phase is hardly 
perturbed by the presence of the interface as shown in Fig. 1 (b). Examining 
the anisotropy constants of Nd at the interface and inside the main phase, we 
derived an effective spin Hamiltonian, with which we performed atomistic 
micromagnetics simulations. Taking the anisotropy of Fe sublattice [4] into 
account, approximately 10% of estimated coercivity is attributed to the effect 
of Fe sublattice.
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(a) The atomic structure of a Nd2Fe14B- NdOx interface and (b) depth 
profile of the magnetic moment within the main phase.
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The grain boundary diffusion process (GBDP) using heavy rare earth ele-
ments such as Dy has been utilized to enhance the coercivity of Nd-Fe-B sin-
tered magnets [1]. However, the coercivity does not exceed 2 T if the GBDP 
process is applied to Dy-free Nd-Fe-B magnets. To obtain larger coercivity, 
Dy must be alloyed to the starting material before GBDP. After GBDP, 
Dy is enriched in the shell structure surrounding the cores that contain less 
amount of Dy. However, the reason why the Dy must be alloyed in the core 
region is not well understood. Recently, large-scale parallel micromagnet-
ic simulations of permanent magnets have been developed [2]. Especially 
energy minimization method that efficiently searches the local energy min-
imum state has been proposed [3]. We confirmed the calculation speed was 
accelerated by 20 times using energy minimization method compared to the 
conventional steady state analysis based on the LLG equation. In this work, 
we investigate the coercivity enhancement by Dy-enrichment within the 
shell structure using the energy minimization method. Our models explicitly 
contain the core-shell structures and grain boundary. Thickness of the shell 
is 5 nm, and grain boundary is assumed to be soft magnet and its thickness 
is 5 nm. Polycrystalline grains are created by using Voronoi tessellation 
of a cube. The model size is 300 nm containing 125 crystal grains and 20 
million tetragonal meshes. We calculated the coercivities in two models. In 
the first model, Dy is contained only in the shells. In the second model, Dy 
is contained both in shells and cores. Fig.1 shows the coercivity as a function 


