
Chapter 8 

BNL-67350 

MAGNETIC STRUCTURE AND MAGNETIC IMAGING OF 

REzFerJB (RE=Nd,Pr) PERMANENT MAGNETS 

Yimei Zhu and V.V. Volkov 

Brookhaven National Laboratory, Upton, NY 11973-5000 USA 

1. INTRODUCTION 

RE$Fei4B compounds (where RE is a rare-earth element Nd, or Pr), currently the most powerful 
permanent magnets, have received much scientific attention because of their great importance in 
the technology of magnetic materials [l-3]. They have been used for a wide variety of 
applications, ranging from generators to motors and computer devices, and the market for them 
is growing rapidly as their magnetic properties and cost-effectiveness are improved. In fact, 
Nd:!FeiaB and PrzFeidB magnets are quite comparable since their intrinsic properties are nearly 
identical over their ferromagnetic temperature range. The advantage of the Pr-compound is that 
the easy axis of the magnetization remains aligned along the c-axis of its crystal lattice, which 
may be favorable for low temperature applications. In contrast, the easy axis for the Nd- 
compound undergoes a spin reorientation below 135K [ 1, 4-71. The drawback of the Pr- 
compound is that it is more expensive because praseodymium is less abundant than neodymium. 

Considerable efforts were made recently to optimize the c emistry and processing of these 
compounds [ 1,8]. It was experimentally found that doping of ? mall amount of impurity elements, 
such as Co and Ga, and a small excess of Nd, or Pr, over the exact stoichiometric phase- 
composition of REzFeidB (or RE 11.4sFesoB5.7) can play an important role in achieving high- 
energy products for the anisotropic magnets [9-111. In both compounds, the presence of 
secondary-phase inclusions of approximate composition NdsFe, or Pr3Fe, and of other small non- 
magnetic phases or dispersoids were reported. These impurity phases have been attributed to the 
improvement in the intrinsic coercivity of the hard magnetic materials [ 12,131. 

Magnetic properties, such as coercivity and the energy products of highly anisotropic 
R&(RE=Nd, Pr)FezB magnets are known to be very sensitive to their microstructuref while their 
microstructure, especially grain size, grain alignment and secondary phases, is controlled through 
mat.erial synthesis. Two major methods are commercially used for producing RE-Fe-B magnets: 
the traditional approach of powder-metallurgy (sintering), and the rapid-solidification technique 
of lmelt spinning (die-upset). In the sintering process, the compounds are prepared by arc- 
melting under an argon-gas atmosphere [ 14,151. The buttons ingots are crushed and ball-milled 
to form powder grains of 3-6 pm, and these grains then are magnetically aligned and pressed, 



and finally sintered and rapidly cooled. Such a process generates a strong crystallographic 
texture in the magnets. A high energy-product (BH),->45MGOe has been reported [ 16,171. In 
the die-upset process, the magnets are prepared from overquenched ribbons using the melt- 
spinning technique followed by a hot-pressing [ 181 and die-upsetting procedure [3,19]. The latter 
process is used to develop a strongly anisotropic magnet by uniaxial plastic deformation of the 
compound in a closed-die at about 750~800’ C, which gives a strong crystallographic texture with 
the c-axes of platelet-like grains parallel to the compression direction. The superior quality die- 
upset magnets produced at the General Motors Research had energy-products (BH),,,=36.38 
MGOe, and remanence B, =12.9 kG [20,21]. A z7 &-&’ p 
Despite great efforts and undeniable progress in develo~~omrnerc~magnets based on the 
tetragonal REzFetdB phase, the energy products thus far achieved are substantially lower than their 
theoretical upper limits. Our understanding of the role of microstructure in controlling the 
magnetic structure in hard magnets, e.g., grain alignment and non-magnetic intergranular phases 
and their relation to magnetic domain configurations is still very limited. A complete knowledge 
of how microstructure is related to magnetic behavior in these compounds may help us to 
add.ress some major issues of magnetism in materials science, and to optimize the performance 
of Imagnetic materials. A primary aspect of research is to understand the factors that limit the 
coercivity strength, i.e., the comparative importance of domain wall de-pinning and reversed 
domain nucleation as controlling phenomena [22]. As outlined in the previous chapters, to tackle 
these material problems, one unique approach is the use of Lorentz microscopy, both in the 
Fresnel and Foucault imaging modes, combined with in-situ magnetizing experiments in a field- 
calibrated transmission electron microscope (TEM). Compared with other magnetic imaging 
techniques, the strength of TEM is that the microstructure and magnetic structure of a sample can 
be examined simultaneously. Real-time observations of local behaviors of magnetic domains 
and. their interactions with structural defects under various applied fields can shed light on the 
mechanisms of magnetization reversal, as well as the structure - properties relationship of the 
technologically important magnets. 

This chapter aims to review the magnetic structures observed in the REzFeibB (RE = Nd, Pr) 
system using various TEM magnetic imaging techniques. We focus on studies of die-upset Nd- 
based permanent magnets conducted mainly at Brookhaven National Laboratory in the past 
several years. Investigations on Nd-Fe-B sintered magnets and single crystals, as well as Pr-Fe-B 
die-upset magnets also will be covered. In Sec.2 and Sec.3 we review the microstructure, 
including grain alignment and secondary phases of the materials, and grain boundary structure 
and composition of the intergranular phase. Sec.4 is devoted to the domain structure, such as the 
width of domain and domain wall and domain-wall energy. Monte Carlo simulation of the 
effects of demagnetization fields will be presented in Sec.5. In-situ experiments on the dynamic 
behavior of domain reorientation as a function of temperature, pinning, grain boundary 
nucleation related to coercivity under various fields will be described in Sec.6. Finally, in Sec.7 
the correlation between microstructure and properties will be discussed. 



2. MICROSTRUCTURE 

The RE2FerdB magnets fabricated through a die-upset process are characterized by the presence 
of a well-developed platelet-like grain texture with a preferential grain orientation of the c-axis 
parallel to the die-upset direction (hot-press direction) as shown in Fig. l(a) in a cross-section 

view. The fine platelets have a dimension smaller than 0.1 x 0.5 pm2 when viewed along a 
direction perpendicular to the c-axis. Most of them are closely stacked such that their flat facets 
(a-b planes) are aligned predominantly perpendicular to the die-upset direction. We note that 
the thickness of these grains does not exceed the critical single-domain grain size (D,), estimated 

to be about 0.2pm [23] or 0.3 ym [l] for the Nd2Fet4B phase. Such c-axis-aligned grain 
platelets and their associated magnetic-domain structure directly contribute to the high 
remanence of the die-upset samples. These platelet-like grains usually have pure twist, or nearly 
pure twist, interfaces between them with the c-axes as their rotation axis. These boundaries are 
often free from intergranular phase. 

Figure l(b) shows the typical morphology of the same Prt3.75Fes0.2sB6 compound shown in Figl(a) 
but imaged along the press direction parallel to electron beam. The grains have a polygonal shape 
with Pr-rich (or Nd-rich for the Nd-based compounds) sub-nanometer precipitates distributed in 
the middle of some of the grams. In the regions where the grain boundaries were viewed edge-on, 
they appear as white lines, nearly even in width (c5nm). Such line contrast w$s,most visible when 
the objective-lens was under-focused. These spacer-like intergranular phas etween the adjacent 
grains has a significant influence on the magnetic properties of the materials. 

In ,the die-upset RE-Fe-B compounds, the well-aligned grain regions are quasi-periodically 
separated by non-aligned grain regions, as shown in Fig.l(c), marked as layer A and B, 
respectively. The non-aligned grains can have a wide range in size, and often are mixed with 
nonmagnetic inclusions (marked as “p” in Fig.l(c)). We shall call these non-aligned areas 
“defect” layers, which originate from the former flake interfaces between the ribbons and flakes 
used to form the dense die-upset hard magnets [ 18,191. These inclusions or secondary “pocket- 
phases” concentrate predominantly at the triple junction regions of the RE2Fer4B grains and 
have different shape and sizes. Chemical analysis using energy-dispersion x-ray spectroscopy 
and. electron diffraction reveals that they have eutectic composition near to NdTFe3, or PrTFe3, 
consistent with the observations of Mishra [ 10,241. Unlike the well-aligned grains, larger grains 
over 400 nm (grain size D > D,) with a multidomain structure were also observed in the defect 
layers. Hence, the microstructure of the die-upset Re-Fe-B may be considered as consisting of 
relatively thick layers of well-aligned grains separated by thin defect layers of non-aligned 
grains (area A and B in Fig. l(c)). The thickness of these layers was estimated to be 4-6 pm and 

0.5-1.0 p,m, respectively, with a total quasi-period about 5-7 pm [40]. 

3. GRAIN BOUNDARIES IN DIE-UPSET MAGNETS 

3.1 The intergranularphase 

Fig. l(b) demonstrates that the non-twist grain boundaries in RE-Fe-B often consist of’<ery thin 
intergranular spacer phase. To reveal the boundary structure at atomic scale phase-contrast imaging 
is often necessary. High-resolution electron microscopy (HREM) on permanent magnets is not a 

3 



trivial task because the magnetic field generated by the sample can easily distort the beam path in 
an electron microscope. Thus, re-aligning the electron beam at an area of interest and correcting 
axial astigmatism of the microscope lens is crucial for HREM. 

We examined several dozens of grain boundaries in RE-Fe-B cut from the center potion of the die- 
upset buttons to identify the intergranular spacer phase. We found that the interfacial white-lines- 
contrast, shown in Fig.l(b), mostly corresponds to an amorphized intergranular phase. However, 
one should bear in mind that the apparent width of the lines in Fig. l(b) (bright-field Fresnel 
contrast) does not reflect the real thickness of the boundaries because of the out-of-focus imaging 
conditions. HREM revealed that the average width of the intergranular phase is 8-128, for Nd- 
based magnets (Fig.2(a)), while 1520A for Pr-based magnets (Fig.2(b)). The grain boundaries are 
often oriented along the basal-plane of one of the grains (the (001) planes of the tetragonal phase, 
see grain B in Fig.2(a-c)). The width of the intergranular phase likely depends on the 
misorientation of adjacent grains. For basal-plane-matched grain boundaries, i.e., pure twist 
boundaries with rotations around the common c-axis, usually no intergranular phase is observed. 

An example of such a grain boundary in Ndt3.7sFes0.2sB6 is shown in Fig.2(c) (a 36” [OOl] twist 
botmdary) This suggests that the formation of the intergranular phase at least can be partially 
attributed to lattice mismatch at the boundaries. 

3.2 Nano-scale chemical analyses 

To determine the chemical composition of the thin intergranular phase we examined the spacer 
pha.se in die-upset REts.75Fes0.25B6 magnets using a x-ray energy-dispersive spectrometer attached 
to a dedicated scanning transmission electron microscope (VG HB501) with a -5A probe at liquid 
nitrogen temperature [25]. The relative change in local composition of RE or Fe were normalized 
from the average of the integrated peak intensity of the grain interior composition to RE=13.75%, 
Fe=80.25% using the Cliff-Lorimer Ratio technique (p/p’s = k. ZFe/fE, where k is the Cliff- 
Lorimer factor determined from standard samples) [26]. Fig.3(a) shows an example of excess of 
iron (after subtraction of Fe concentration in the matrix) measured across a grain boundary in the 
Pr-based magnet. The measurement was carried out at -15A intervals with a possible spatial error 
of 5A. At the center of the boundary, the iron concentration was about 89.5% (equivalent to the 
excess of iron -9%), much higher than that 1OOA away from the boundary. Using a simple 
standard-deviation procedure, we estimated the measurement error of iron concentration is less 
than 1.5% in the matrix. Based on the “full-width at half of maximum” (FWHM) criterion, we 
found the average iron-rich region was -2OA wide, which matches the width of the amorphized 
intergranular phase, as determined by HREM. 

A few dozens of grain boundaries in RE-Fe-B samples (RE= Pr, Nd) were examined. Fig.3 (b) 
gives a histogram for RE=Pr, showing the concentration ratio of iron to praseodymium in the 
grain-boundary region versus that in the grain interior for a sampling of 30 boundaries. Each data 

point of (Frpr) boundary/(Fepr) interior was the average of twelve measurements, four from the grain- 
boundary regions and eight from the grain interior. The gram boundaries we measured were similar 
to those shown in Fig.l(b). We observed that 90% of the boundaries are rich in iron and only 10% 
of them are rich in praseodymium; however, 70% of the former had less than 15% excess iron. The 
average Fe concentration at the boundaries was 8% more than that in the interior of grams. The 
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findings on the iron-rich grain boundaries in Nd-based samples were very similar to those of the 
Pr-based samples. _ _ ._.- _ - ----___ 

,/-..- ..-- 
6e 

observations of Fe rich at the grain boundaries seem‘conflict with those of Mishra [lo]- who----- . . 
as NdYFes, i.e., Nd-rich. His work led researchers at ’ ______.____------ 

ary pmnmg at me non-magnetic intergranular phase 
determines the coercivity of Nd-based magnets [27, 281. We cannot rule out the possibility that 
this discrepancy is due to differences between the samples or the selection of grain boundaries 
studied by the two groups. However, it is likely that Mishra was measuring the grain boundary 
pocket-phase NdTFes (several hundreds of angstroms thick, as we discussed in section 2, as is 
evident from their reported sharp Bragg spots in the diffraction patterns from the NdTFe3 phase), 
while we were measuring the spacer phase with a width of -2OA. The NdTFej phase we observed 
in the die-upset magnets usually is not a thin grain-boundary-phase. 

3.3 Low-angle dark-field Fresnel imaging 

The: contrast of intergranular spacer phase seen in Fig. l(b) is a slightly underfocused image in 
conventional Fresnel imaging. As a complementary technique, low-angle dark-field imaging [29] 
of the Fresnel contrast can offer chemical information on the boundary at low magnification, 
disregarding the misorientation of the neighboring grains. This technique, which images the 
difference between the mean inner potential of two materials at an interface, may be considered as 
a simpler method of the conventional Fresnel contrast [30,3 l] because no instrumental parameters 
are involved, such as the deviation from exact focus. Fig.LF(a) shows schematically the deflection 
of an electron beam entering a thin specimen parallel to an interface. When no strong Bragg 
reflections are excited, electrons hitting the specimen in the vicinity of the interface are deflected 
towards the material with the lower inner Coulomb potential, Fig.4(b), generating a streak 
perpendicular to the interface in the diffraction pattern near the transmitted beam, Fig.LC(c). By 
using the deflected electrons to image the specimen, a bright line is seen at the interface, while, 
with a small aperture around the transmitted beam, a black line is present at the interface, Fig.4(d). 
For a intergranular phase present at the grain boundary, we may consider it as two interfaces of 
opposite sense put together. Whether the low-angle dark-field imaging method can be used to 
reveal the mean inner potential of the grain boundary phase will depend on the distance separating 
the two interfaces. ln Ndi3.75Fes0.25B6 we observed the contrast variation when the objective 
aperture was displaced slightly to the left (FigS(a)). The intensity profile across both vertical grain 
boundaries from left to the right is seen to be bright-dark, suggesting that the absolute value of the 
mean inner potential for the intergranular phase is lower (absolute value) than that in the interior of 
the grains. This is consistent with the observation that the hole in the specimen seen in Fig.S(a) is 
bright on the left side and dark on the right side. Fig.S(b) schematically illustrates the profile of the 
mean inner potential and the intensity variation across two grain boundaries and a vacuum region 
(the line scan in tigS(a)). The inner-potential-difference images of the grain boundaries agreed 
wel.1 with our nano-probe chemical analysis, i.e., in general, the boundaries are rich in the low-2 
element, Fe, rather than in the high-Z elements, such as Pr and Nd. The dark-field Fresnel imaging 
method is essentially a phase-imaging technique. In our measurement, we assumed that the local 
variation in thickness and magnetization across the boundary is negligible. 

4. DOMAIN STRUCTURE 
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4.1 Quantifying local magnetization 

For a crystalline grain with a size that exceeds the single-domain grain size D,, multidomain 
configurations are formed in hard magnets. Such a grain may consist of several ferromagnetic 
domains separated by 180’ Bloch walls of specific thickness, 6, with an antiparallel alignment of 
single domain moments, I,. Fig.6(a) is a Lorentz Foucault image of a multidomain structure for 
demagnetized NdzFeidB grains viewed approximately perpendicular to the c-axis. Here, the ratio 
of domain thickness with magnetic spins up (D,, black domains) to that of with magnetic spins 
down (Dd, white domains ) is close to unity. For partially magnetized or non-uniformly 
magnetized samples, the local magnetic-domain configurations may look like those 
schematically shown in Figs6(b) and (c). The local magnetization of the sample can then be 
easily estimated by the ratio of the surface areas S, / Sd (area ratio of white / black domains) 
defined by the so-called “magnetic probe cell” with a translation property. Then, the normalized 
local magnetization I can be directly determined from the Foucault image by a simple 
relationship: 

I/Z,y =m=(S,-S,)/(S,-l-S,) = (II,-D,)l(D,+D,), (1) 
where I, is saturated magnetization, S, = eD, and Sd = eDd are the surface areas of antiparallel 

aligned domains which, in turn, are proportional to their widths D, and Dd (Dd # 0). Here, Sd / S, 
~1 was assumed and e is a unit vector along the direction of saturated moment I,. For instance, 
the local remanence for the left and right grains in Fig.6(a) can be estimated to be m, = 0.20 and 
0.1’7, respectively. 

4.2 Magnetic domains and grain alignment 

Magnetic domains, together with microstructure of the RE-Fe-B magnets can be imaged 
simultaneously either in the Lorentz Fresnel or in the Lorentz Foucault mode, as demonstrated 
for RE=Nd in Fig7(a) and Fig.7(b), respectively. The Fresnel contrast, seen as vertical 
alternating white and black lines, highlights the 180” Bloch domain-walls (Fig.7(a)), while the 
Foucault contrast, seen as vertical alternating white and black broad stripes, highlights the 
opposite components in magnetization of domains themselves. In both images (Fig.7(a) and 
Fig.7(b)), the horizontal (perpendicular to the wall direction) black and gray flake-like contrast 
of O.lxO.$t.m* represents the well-aligned platelet grains in the die-upset magnets. Detailed 
analysis of Lorentz images at high magnification indicates that these small well-orientated grains 
are well coupled into bigger grain clusters by ferromagnetic exchange interactions. Therefore, 
the:y form large “interacting” domains, running across a large number of small grains along their 
common c-axes as a common easy-magnetization direction, without significant interruption at 
any grain interfaces inside the grain clusters. In a demagnetized anisotropic magnet, the domain 
clusters with one preferential magnetic direction, say positive, are self-compensated by domain 
clusters with negative magnetization in such a way that the total magnetization m, remains zero. 

As we mentioned early (Fig. 1 (c)), die-upset samples have quasi-periodically well-aligned 
regions separated by non-aligned, or defect, regions. The magnetic domain structure is also 
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quasi-periodically interrupted by these defect layers. Fig.8 is a Foucault image, showing the 
splitting or discontinuity of the magnetic domains in the vicinity of the defect layer B, where the 
easy magnetic axes of the majority of grains are strongly misoriented. These grains are polygonal 
and are larger in size by a factor of 3 to 10 compared to the elongated small grains within the 
well-aligned region (marked as A) above and below in Fig. 8. 

For large crystalline grains of 0.5-l l.trn, which far exceeds the single-domain grain size D, =0.2- 
0.3 pm, a multidomain configuration exist in the remanent state of NdzFet4B. Each grain consists 
of s#everal ferromagnetic domains separated by equidistant domain-walls, presumably 180”-Bloch 
walls, with antiparallel aligned magnetized moments for each domain. We note that the 
equilibrium magnetic domain width of different grains varies over a surprisingly wide range, 
depending on the grain size and crystal thickness. In the demagnetized state, large interacting 

domains approximately 0.4-0.6 pm wide were often observed. In most cases, their length was 
limited by the extended “defect” layers (B-layers in Fig. 8) or by local defects, which serve as 
pinning (or nucleating) centers of reversed domains (see domain-wall tip marked by the 
arrowheads in Fig.7). 

Since the grain texture of well-aligned platelet-shape grains and their magnetic-domain structure 
strongly correlate with the die-upset direction, they directly contribute to the high remanence of 
the anisotropic die-upset samples. The non-aligned grains with random orientations contribute to 
it much less (such as area B in Fig.8). The remanence I, / I, = m, for the hot-pressed sample was 
found experimentally to be 0.60(4). After the die-upset procedure, its remanence increased to 
0.8.3(4) [21]. Both values can be explained in terms of a much better grain alignment after the 
die-upset procedure on the basis of formula (11) discussed in Sec. 7. This formula gives the 
relation of remanence, m,, to the grain orientation distribution, characterized by the texture angle 

0, of the polycrystalline magnet. For instance, for a hot- pressed sample with I,/ I, = 0.60(4), we 
estimated that the maximum deviating angle from the c-axis alignment, Oo, was 75-85’. This is 
close to the ideal 90°-angle distribution expected for grains that are randomly orientated. The 
angles smaller then 90’ are expected due to the presence of weak texture, or weak-remanence 
enhancement caused by exchange-coupling near the grain interfaces. 

4.2 Domain width as a function of crystal thickness 

Domain size in magnetic materials often varies with sample thickness. However, investigations 
were limited by using the magneto-optic Faraday and Kerr effect in the past [32,33] and Type-I 
contrast using scanning electron microscopy (SEM) more recently [34-361. Measuring domain 
size with TEM can provide high spatial resolution for a range of thickness through which 
electrons can penetrate, although determining the thickness of a TEM sample is not trivial [37]. 
Fig.9 (a) is a Lorentz image revealing the configuration of magnetic domains from a NdzFeidB 
single crystal with its surface normal near the [OOl] easy-axis. The maze pattern, which is 

formed by the intersection of 180”-walls with the sample surface, corresponds to domains with 
their magnetization directions anti-parallel, pointing either into, or out of, the paper. The domain 
width changes considerably with the area thickness, as evident in the image where the bright and 
dark background intensities correspond to thin and thick areas, respectively. Although magnetic 
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domains can be only visualized in Lorentz mode when there is at least a small in-plane 
component of magnetization (i.e. with the Lorentz force pointing to a direction per@endicular to 
the incident beam), domain size varies little with the viewing direction. A similar dependence of 
the domain width on area1 thickness was also observed for (100) oriented crystals which consist 
of strips of parallel domains separated by Bloch-walls that lie in the projected [OOl] direction, as 
shown in Figs.9 (b-c) for sintered polycrystalline NdzFetJB [14]. When the samples were heated 

above the Curie temperature, T,=312”C [l], the domains disappeared. After cooling the samples 
to room temperature, the domains in the thin regions often split (the initial four domains in the 
thin region at the center of Fig.9 (b) split into six, Fig.9 (c)), while the domains in thicker regions 
remained unchanged. Since the spacing, or period, of domain walls does not change with the 
defocus of the objective lens, domain size can be measured directly with reasonable accuracy 
from Lorentz images. The local crystal thickness, t, on the other hand, can be determined 
independently using electron energy-loss spectroscopy based on the relationship 

(2) 

where I0 is the integrated intensity of zero-loss peak, II is the total intensity of the spectrum, and 
h is, the inelastic mean-free-path of the crystal. Since the inelastic mean free path is unknown for 
Nd:!FetdB, we used a value of 60nm from the experimentally determined cross-sections for Fe 
[38]. The domain size, D, as a function of sample thickness, t, is plotted in Fig.10, from 
measurements of more than 50 areas ranging from lo-200nm thick for single crystal and 
polycrystalline NdzFetdB samples. The error bars, representing the uncertainty of the 
measurements, were primarily attributed to the Lorentzian fitting of the shape of the zero-loss 
peak that has to be separated from the total spectrum. The measurement error is large when the 
area is extremely thin or thick. Figure 10 suggests that the thickness t has a power dependence 
of domain-width D with an exponent smaller than 1, and a linear relationship in a logarithmic 
scale. With a least-square fitting procedure, we obtained D=0.82 t o.75. This value of the 
exponent does not significantly differ (~50%) from those observed for much thicker cobalt 

crystals ranging from 10 pm to 1.9 mm, based on SEM measurements [36]. 

4.3 Measurements of domain-wall width 

Characteristics of magnetic-domain configurations and domain-wall motion strongly depend on 

the thickness, 6, and interfacial energy, ‘y, of the domain-wall separating domains in hard 
anisotropic magnets. Unlike the magnetic domains, the width of the domain-wall is not as 

sensitive to the crystal thickness. In the past, estimates of &for the Nd-Fe-B phase were made by 
various indirect methods based on the equilibrium of minimum energy with respect to domain 
size, domain-wall energy, and saturation magnetization. With TEM magnetic imaging 
techniques, as outlined in Chapter 2, it is possible to directly measure the domain-wall width. 

4.3.J Fresnel Method 



, 

Although Lorentz-Fresnel microscopy is unique in imaging domain walls, its disadvantage is that 
the walls are imaged under “out-of-focus” conditions; thus, the width of the black- and white-line 
contrast from the domain wall cannot be directly used to measure the domain wall width. 

Nevertheless, a systematic approach by measuring the domain-wall width against different 
defocus values may allow us to derive the wall width by Fresnel imaging [40]. Fig. 11 is a 

Lorentz Fresnel image taken at a defocus value of 250 pm, showing meandering domain walls. 
The black and white line-contrast (on a film positive) corresponds to the so-called convergent 
and divergent walls with a width W, and Wd, respectively. Line scans of the domain-wall 
intensity from area A and B at three different focuses are plotted in Fig. 1 l(b, c). Note, the 
convergent wall is always sharper than the divergent wall. The wall width can be measured using 
the intensity profile across the divergent wall, convergent wall, or the difference profiles of the 
two. We found that the measurement of the divergent wall width is most reliable because it is 
described by simple linear relation Wd(z) valid for any positive defocus values z (z>O). Simple 
analytical expressions for convergent- and divergent-wall widths versus defocus values were 
given, for instance, in [39]. The formula for divergent wall width is 

W,j(z)= 6,,+2z*Y, 

(3) 

n !) 
where Y is the deflecting angle due to the Lorentz force on the electron beam determined by 

local magnetization. The value 6, can be derived as a linear asymptote Wd(0) = 8, at zero 1 
L* 

defocus z-+0, in principle, without knowledge of the Y value, because the>focus z can be J 
,I” 

measured in arbitrary units. Here Wd was measured using full width at alve,, f 

Gl%? 

w 
(FWHM) for the intensity profile across the image of the Wd(z) wall (see Fi . ,c)). Fig. 11 (d) 
summarizes the measurements from the area A and B in Fig. 1 l(a). By extrapolating the FWHM 

for a Wd(z) from defocus to in-focus (z = 0), we derived 6, = 5.8 + 2.8 nm with best-fit 
parameters P = 2,6.10e4, N = 6, R = 0.98, where P, N, and R are, respectively, the mean square 
deviation, number of points and the Student criteria [40]. It is worth noting that the Lorentz 

deflection angle Y can be estimated from the slop of the Wd(z) curve, provided the defocus 
values are calibrated. In our case (Fig. 11 (d)), we found Y = 0.06 mrad, which fits well with the 

expected value by calculating Y(B,,V) at V = 300 kV (B, = 1.6 T forNdzFei4B). The measured 
value &,, also agrees well, within the experimental error, with the theoretical estimate 6 = 

n(A/Ki)“2 = 4.2 nm made by using the exchange constant (A = 7.7 lo-l2 J/m) and the magneto- 
crystalline anisotropy constant (K1 = 4.3 lo6 J/m3) for the NdzFei4B phase at T=300 K reported 
in [41,42]. 

4.3.,2 Holographic method 

Lorentz microscopy is an easy way, but not a straightforward one for measuring domain-wall 
width. Extrapolating the widths at zero defocus from defocused wall images can be erroneous 
[lo], especially for Nd2Fet4B where subnanometer spatial resolution is required. A robust way 
in measuring the domain-wall width may be by measuring phase gradients across the domain 
interfaces using off-axis holography. The underlying principle is based on the fact that electron 
holography gives phase shifts due to both magnetic and electrostatic potentials of a local area. 
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For a magnetic material, the phase gradient is proportional to the in-plane component of the 
induction provided that the thickness and potential are constant in the area [43,44]. 

Fig.l2(a) is a Lorentz Fresnel underfocus image of NdzFetdB, showing curved black/white 
domain-wall contrast. Fig.l2(b) is the x-phase-gradient of the phase image reconstructed from a 
hologram acquired from the same boxed area shown in Fig.l2(a). The gray scale represents the 
phase slope in the region. When the electrostatic potential and crystal thickness of the region are 
constant, the phase-gradient image can be used to directly map local magnetic induction. 
Fig.l2(c), superimposed on a background contrast of the gradient image, shows an induction 
map converted from the area outlined in Fig.l2(b). The map, consisting of 1OnmxlOnm finite 
elements, displays the local magnetization configuration at nanometer scale. The arrows 
represent the projected in-plane (in the plane of projection) components of induction vectors, B 

(B :=po & + I, where ~0 is the permeability of vacuum, and I and Hd are the magnetization and 
demagnetizing field, respectively), averaged through the sample thickness along the beam 
direction. The minimum length of the vectors in Fig.l2(c) is zero, indicating an out-of-plane 
induction, and the maximum length in the figure corresponds to the in-plane component of -1 
Tes,la. We note that while the 90” domains in Fig.l2(c) show a large in-plane component, the 
domain walls display a variety of characteristics. The walls labeled A and B appear to separate 
90” domains in Fig.l2(c) and show in-plane (Neel) and out-of-plane (Bloch) rotation, 
respectively. The wall labeled C separates 180” anti-parallel domains and has an out-of-plane 
character. 

The width of domain walls can be measured from the regions where the slope of the phase 
perpendicular to the wall changes abruptly. Fig.l2(d) is an example of a line scan through the 
gradient of the phase from the region marked on Fig.l2(c) across the in-plane wall (A, left) and 
the out-of-plane wall (B, right). Although the gradient profile is noisy, the abrupt change in the 
pha.se profile is clear. The wall-width measured for the line scan was determined to be about 
8.4nm for the former, and 9.4nm for the latter. Using a similar method, we measured about a 
dozen domain-walls ranging from 7-19nm wide. The wide domain-walls we observed may be 
attributed to the inclination of the interface, since we could only measure the projection of the 
wall along the direction of the incident beam. The average thickness of walls was about 9 and 10 

nm, respectively, for a 90”- and a 180”-wall configuration. . There was no significant difference 
in the width of the wall for these two types. In the following section, we show that the 6, 
determined through line profile of the phase gradient (Fig.l2(d)) should be considered as the 
upper limit of the domain-wall width. 

4.3.,3 Comparison of Fresnel and holographic methods 

For a useful comparison of the domain-wall width measured by Fresnel and holographic 
methods, we should use the same width definition For instance, in the Fresnel mode we used 
the full width at halve maximum (FWHM) criterion. The principal difference between these two 
methods is schematically shown in Fig. 13. It illustrates that the holographic method measures the 

phase e(x) (Fig.l3(a)), whereas the Fresnel method deals with the analytical signal -d2Nx)/dx2 
(Fig.l3(c)). The phase-gradient maps (Fig. 12(c) and Fig.l3(b)), proportional to the B-vector 
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map, can be obtained from Fig.l3(a) only by numerical differentiation. Here, the regions of the 

most rapid change in phase gradient [d@(x)&],,, correspond to domain wall positions of 

thickness x(Z,,&-~(l,~i~) = 2.6. Thus, the &value is defined by the usual FWHM for the peak- 
profile intensity shown in Fig.l3(c), Since the Fresnel method does not require any double 

numerical differentiation, defining the width using the analytical signal -d2$(xj/& is more 

straightforward than defining the holographic phase-distribution Nx,. If we convert the phase- 

gradient profile into a Gaussian distribution measured by FWHM, the domain width 6 will be 

reduced by a factor of 2. In other words, the domain-wall width for the 90”- and 180”- domain 
walls would be 4-5nm wide. The result would then fit well with the value of the divergent-wall 

measured by the Fresnel method and the theoretical estimate 6 = x(A/K)“’ = 4.2 nm. 

It is also noteworthy that the induction maps we reconstructed using the holographic method for 

Nd-Fe-B not only contain 180” but also 90” domain-wall (Fig. 12(c)). Care should be taken when 

we interpret the 90” domain-wall since they are not expected in the highly anisotropic uniaxial 
bul.k-crystals. In this sense we cannot exclude the possibility that the 90” domain-wall are not 
intrinsic characteristics of the domain configuration, even if the artifacts due to the variation in 
the potential and thickness have been corrected. Two factors can contribute to the discrepancy: 
1) in TEM, we only probe the in-plane component which may represent a small fraction of the 
total local magnetization; and 2) in electron holography, to obtain a reference beam from 
vacuum, a thin area near the sample is often required. For a thin area, the demagnetization field, 
or stray field, can be substantial which may significantly alter the projected induction distribution 
in the area. We discuss the effects of the stray field on magnetization configuration in Sec.5. 

4.3.4 Domain-wall energy 

The knowledge of domain-wall width 6 can be used to estimate specific domain-wall energy y. 
In ;a good first-order approximation, by neglecting the long-range interactions and taking into 
account only the exchange energy and magnetocrystalline anisotropy energy of the domain wall, 
the total energy per unit area of the wall can be considered as the sum of the exchange energy ‘yeX 

and the anisotropy energy ‘yan: 

+K6 (4) 

where A and K are the exchange and anisotropy constants. In the equilibrium state, the minimum 
value of the total domain-wall energy will satisfy the condition dy/d6 = 0, which results in y.yex = 
yan. Combining these two equations, we can calculate the domain-wall energy in the Nd2Fei4B 
phase. The anisotropy field is defined as ZZ, = 2K/M in cgs units, where M, is the saturation 
magnetization, h4, = 1.274 kG [46] and ZZ, = 73 kOe [45] for the Nd2FeibB phase at room 

temperature, thus, we derived K = 4.65 MJ/m3 = 4.65.107 erg/cm3. For a measured domain-wall 
width of 6 = 5 nm, yeX = yan = 0.023 J/m2 = 23.2 erg/cm2, y = 46.4 erg/cm2, and A =1.2x10-” J/m. 
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Based on the measurements of domain-wall width, we can estimate the collective spin-rotation 
across the domain walls. We assume that the direction of spin within the wall rotates evenly and 
gradually by an angle A8 at an inter-atomic distance a, until the total rotation angle 8 across the 

wall region reaches n/2, or n: for a 90”-, or 180”-wall. We estimate that the spin rotation of the 

nearest neighbor A8 is 2.8” for a 90”-wall, and 5.1” for a 180”-wall, using the averaged inter- 
planar distance for the Fe sublattice a=0.28nm, calculated from the Wyckoff positions for a 
Nd:,FeidB compound. 

5. EFFECTS OF STRAY FIELD ON MAGNETIC IMAGING 

One of the drawbacks in TEM imaging may be associated with its image projection along the 
beam direction. This raises a special concern for magnetic imaging since the stray fields, or the 
demagnetization fields, present on the top- and bottom-surface of a sample are superimposed into 
the magnetization within the sample. To understand the induction distribution in a thin TEM 
sample, we have to understand the effects of stray field on magnetic imaging. 

5.1 Contrast from stray fields 

Fig.l4(a-c) are TEM images in deflecting mode for a thick electron-non-transparent sample 
(thickness -300 nm), showing dark and bright lobe contrast at a specimen edge that reveal stray 
fields generated by magnetic domains in TEM. The imaging condition of the deflecting mode is 
very similar to the Foucault mode of Lorentz microscopy, based on positioning the selected-area- 
aperture to collect or block electrons displaced by the Lorentz force originating from the sample 
[47]. The bright and dark lobe contrast in Fig. 14 directly corresponds to the areas with high and 
low density of the incident electrons displaced by the opposite sign of stray fields at the 
specimen edge. The images in Fig.l4(a) and (b) are almost complementary since the aperture 
was placed in the opposite directions. The size of the lobe contrast is determined by the 
extension and the strength of the stray field, which may be directly related to the size of the 
magnetic domain, as shown in Fig. 14(d). 

For a comparison, Fig.l4(e-g) shows the contrast of stray field from a much thicker (- 3OOOpm) 
Nd:zFeiqB single crystal at much lower magnification, using secondary electrons in a scanning 
electron microscope (SEM) [48]. To view the stray field present at the sample surface three 
dimensionally, the (001) surface of the sample was tilted in such a way that there is a shallow 
angle with respect to the optical axis of the microscope. As shown in Fig.14 (e-f), the stray 
fields appear as parallel row of hillocks separated by narrow troughs, suggesting that the origin 
of the stray fields are the parallel plate domains that extend through the bulk of the crystal (also 
see Fig.l4(d)). We note that the stray fields can extend, as far as the incident-electrons can see, 
to more than 10pm from the sample edge for a thick SEM sample, but -l-2pm in a thin TEM 
sample. However, the characteristics of the stray field for thin and thick sample are quite 
similar, as demonstrated in Fig.l4(a) and (g). Such extended stray fields, present at the top and 
bottom surface of a magnetic sample, can modify the trajectory of the incident electrons when 
they pass through it and may give misleading information on the projected final images. In the 
following, we use micromagnetic simulation techniques to shed light on the effect of the stray 
fields on magnetic imaging in NdzFeibB. 

12 



5.2 Micromagnetic simulations of domain structures 

A thin magnetic sample has unique characteristics in its magnetic structure. It generally does not 
have net magnetization because of the existence of magnetic domains with different 
magnetization directions. There are three energy terms to describe the magnetic structure of a 
system in the absence of external magnetic field E,, E,,, and Edip. E, is the anisotropy energy 
representing the magnetocrystalline anisotropy, E,, is the exchange energy representing the 
ferromagnetic coupling between neighboring spins aligning them parallel within the domain, and 
Edil;’ is the dipole-dipole interaction energy representing long-range interactions between the 
spins. These three energies can be expressed as 

E,, =KC lZzi xZ12 

0; 
E,;, =-J xiii .fij 

,ij. 

(7) 

where i and j represent the i-th and j-th dipole in the system, m is the magnetic moment of the 
dipole, r is the distance between the dipoles, and c’ is the unit vector along the easy-axis. K and J 
are coeficients for anisotropy and exchange energy, respectively [49]. The Edip is essential part 
of total magnetostatic energy of a magnetic sample. The competition between the exchange (E& 
and anisotropy (E,,) energy is the source for spin rotation during the reorientation phase 
transition of magnetization. The balance between the long-range dipole-like magnetostatic 
interactions and strong short-range interactions (E,, and E& defines the final domain structure. 
The actual magnetic structure of a system depends on the minimization of the total energy E 

E q = E,, + E, + Edip 9 (8) 

and, ‘its minimization strongly depends on the shape of the sample. 

In our simulation we simplify the energy expression as 

E,f = -$-&hiiG)” + J,~liz, 4ij +A,x 
$zi .$lj 3(7&, . <j)(Tiij . Cj) 

- (9) 
i <ij> izj ri; I;: 1 

where M is the magnitude of the magnetic moment of each dipole, Sz = 6 /M , J, = J /K , and 

A,, = p, l(4~K). As we see, the parameter A, determines the relative strength of anisotropic 

energy and the magnetostatic energy. The larger the A, is, the larger is the magnetostatic energy 

cornpared to the anisotropic energy. 
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The: magnetic domain structure of the model system can be obtained by minimizing the total 

energy E, using Monte Carlo methods to solve the problem in statistical mechanics. The 

thermodynamic average of any mechanical variable A is defined as 

<A,>_ :Ap ^y[-$j 

% 
(10) 

Cexp -k 
P i I B 

where E,, represents the energy eigenvalues. Since only a few states p which are close to the 
most probable values contribute significantly to the average, it is sufficient to generate only the 
important states by assigning enhanced probabilities to them. 

A possible implementation of the Monte Carlo method is to start with some initial configuration, 
and then repeat again and again the following four steps which simulate the real thermal 
fluctuations [50]: 1) choose an arbitrary trial configuration, 2) compute the energy difference, 

AE, connected to the initial and trial configurations, 3) calculate the “transition probability” 
P=exp (-AE/kBT) for that change, and 4) generate a random number E (0~~1). If P>E, the new 
configuration is accepted; otherwise the system remains in the old state. Having obtained the 
low-energy magnetic configuration from the simulation, we then calculate the projection of the 
magnetization parallel to the film B I,, which can be used to compare to the magnetization 
distribution obtained using TEM Lorentz microscopy or electron holography. 

5.3 Effects of crystal orientation 

We model magnetic films with an array of dipoles of size 16x16x&, where L, corresponds to the 
thickness of the sample. On a work station, one calculation circle took about 10 hours. Fig. 15(a) 
and Fig.lS(b) show the simulated magnetization map; the direction and the length of the vector 
represent the direction and magnitude of the local magnetization. The magnetization distribution 
B/l !was projected along the incident-beam direction for thicknesses L,=2 and L,=4 with the easy 
axis orientated 45” relative to the film surface. For thin samples (Fig.lS(a)), there are less 
domain walls, and the magnetic moments mostly lie in the plan due to the strong 
demagnetization field caused by the shape anisotropy. In contrast, in thick samples (Fig. 15(b)), 
we see vortex-like magnetic configuration with most of the magnetization parallel to the surface 
normal. This is because in a thin sample, the excess magneto-static energy caused by stray fields 
dominate the domain-wall energy. The vortex structure minimizes the magneto-static energy at 
the expense of excess domain-wall energy due to the increase of the domain-wall area. On the 
other hand, the calculated magnetization distributions for samples with theirs easy-axis parallel 
to the surface normal show a vortex-like magnetic configuration in a thin sample, but not in a 
thic:k one. It is evident that because the easy-axis has a substantial component parallel to the 
sample surface, when the c-axis is tilted away from the surface normal (Fig.lS), it facilitates the 
conversion of the out-of-plane Bl to in-plane B/j. As sample thickness increases, the effects of 
the demagnetization field on the sample decreases; thus, the magnetization perpendicular to the 
film surfaces Bl increases. 
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5.4 Effects of anisotropy 

Figure 16 shows the effect of magnetostatic energy or shape anisotropy by calculating the 
magnetization distribution using different values of the constant A,# in E+, We considered an 
NdzFetdB sample with thickness L,=16 and film normal parallel to the crystal easy-axis. When 
the magnetostatic energy is small, A,J=O. 1, and almost all the B,, run perpendicular to the sample 
surface with negligible in-plane components (Fig.l6(a)). For A,@ =0.2, about 10% of the 
magnetization is in-plane, either in positive or negative x-direction. A remarkable difference 
was observed when A,# reaches to 0.3. About 80% of B reoriented from lying perpendicular to 
the sample surface to lying parallel to it. Domain walls are visible near the center, while out-of- 
plane magnetization or vortex-configuration is mainly distributed near the edge or at the corner 
of t.he sample. No significant reorientation was observed when the constant A,flchanged from 
0.3 to 0.4. Only an additional - 10% magnetization converted from out-of-plane to in-plane, 
mainly eliminating domain boundaries from the center and out-of-plane component at the edge 
of the sample. Our simulation suggests that the effects of stray fields strongly depend on the 
sample thickness, crystal orientation as well as material parameters, such as the anisotropy 
coefficient. A stray field can significantly alter the local magnetization configuration of a 
sample. 

6. IN-SITU EXPERIMENTS 

Dynamic behavior of domain structure, such as orientation dependence and interaction with 
defects, can be studied in-situ. For magnetic imaging, samples are normally examined in a 
microscope when the main objective lens is either switched off or slightly exited. The latter case 
is used for in-situ magnetizing experiments. Since the direction of the field, parallel to the 
incident beam, is fixed, the magnitude of the in-plane magnetizing field, which contributes to 
magnetic imaging of a sample with respect to the crystal orientation, can be changed 
continuously by tilting the sample back and forth to the maximum permissible angles. 
Demagnetization of the sample can be realized by either reversing the objective-lens current or 
by heating the sample above the Currie temperature in a heating stage. In our in-situ 
experiments, JEM 2000FX and JEM 3000FEG microscopes were used. The magnetic field in a 
sample area (B,) versus objective lens potential (U) for the latter instrument was carefully 
calibrated using a NdzFeldB test sample measured with a Superconducting Quantum 
Interference Device (SQUID) magnetometer following a procedure described in [51], as well as 
by direct Hall probe measurements with a BELL610 gaussmeter [52]. As plotted in Fig.17, the 
magnetic fields in sample area of the JEM3000FEG microscope can be varied from 0.02 to 3 
Tesla. 

6.1 Domain reorientation under thermal cycles 

The experimentally observed domain configuration in an anisotropic NdEFetbB hard magnet 
strongly depend on the viewing direction with respect to the easy-axis (c-axis) of the sample. 
Fig,.9 services as a good example, showing a maze pattern when viewed near the c-axis 
(Fig.B(a)), but a strip-pattern when viewed along a direction nearly perpendicular to the c-axis 
(Fig.9(b-c)). In both cases, the major components of magnetization direction are anti-parallel to 
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the c-axis to form 180” domain walls. The domain reorientation and orientational dependence 
can be continually monitored during magnetization and demagnetization using (00 1) and (100) 
orientated tetragonal single crystals. 

Fig. 18 is a set of domain images of the same area recorded on video at different thermal cycles. 
The crystal was originally magnetized with an applied field of -2 Tesla parallel to its surface 
normal and the [OOl] easy-axis, and then the field was removed. The domain configuration was 
mainly isotropic along the [OOl] direction, Fig.l8(a), similar to that in Fig.9(a). The crystal was 

then tilted -27” about the [ 1 lo] axis with its surface normal near the [ 1121 axis to project a large 
[OOl] component in the viewing plane. No change in domain configuration was observed. 
When the sample was demagnetized at above T,, Fig. 18(b), the domain structure vanished 
completely. When the sample was subsequently cooled back to room temperature, a new 
configuration of domains was formed with their walls well aligned along the projected [OOl] 

direction (Fig.l8(c)), similar to those in Fig.9(b-c), due to the residual field along the [112] axis 
that gives rise an in-plan field [OOl],. In-situ observations revealed that these new domains 
might be nucleated at the surface or the edge of the single crystal. When the -2 tesla external 
field was applied again while the crystal remained tilted (i.e., with the applied field along the 

[ 1121 rather than the original [OOl] axis), the alignment was destroyed immediately. Only small 
portion of the alignment was restored when the large field was removed. Lorentz images showed 
that the majority of the parallel domain-walls were broken apart and rearranged themselves with 
the magnetization direction close to the field direction. With an increase of the magnetic field, 
the domains became much coarser (Fig. 18(d)), due to alternate domain-walls moving in opposite 
directions and being annihilated under the applied field. The origin of the motion of the domain- 
wall is the competing force inside the domains between the demagnetizing field and the applied 
field. The magnetization directions in the sample are dominated by the anisotropy which resists 
the rotation of magnetization caused by an external field. 

In-situ observations also showed that the domain configuration in thin areas was most 
susceptible to alteration, and often was reversible in the residual field (- 200 G) but irreversible 
in a large field (>l tesla). Domain nucleation and growth often exhibited unpredictable, irregular 
beh,avior under the residual field when the samples were magnetized and demagnetized through 
thermal cycles. The movement of the domain walls is often/-in the 
crystal so that they are not free to return to their original posi 
to inhomogeneities in samples, including local structural de 

havior &&tttri$d 

impurtty atoms and 
internal stress that cause fluctuations in domain-wall energy, since after a thermal cycle, defects 
and. internal stress may be redistributed. For example, the center of the image in Fig. 18(a) is a 
perforated hole which is amorphous at its edge. During heating, this non-magnetic amorphous 
region grew aggressively from the edge of the hole, as demonstrated by the retreat of the newly 
formed domain-walls from the edge after two thermal cycles (Fig.l8(c)) although the hole size 
remained the same. 

4.2 Pinning centers 

As mentioned in the Introduction, an important issue in studying RE-Fe-B hard magnets is 
understanding whether the nucleation or pinning of the structural defects determines the 

16 



coercivity. Dynamic magnetizing experiments combined with Lorentz imaging can help to 
identify the nature of the defects. 

Fig. 19a and Fig. 19b show two Foucault images taken in the remanent state (applied field -2T) of 
Nd:lFeidB from the same area, magnetized along the easy and hard magnetic directions, 
respectively. The in-plane magnetizing component of the field was proportional to the projection 
of the tilt angle, which is given in both images. The drastic change in local remanence with the 
direction of the applied field is clear, and can be quantified by measuring the domain ratio of 
opposite magnetization (black (Du) to white (Dd) regions, as described in Sec.4.1 by Eq. (1)). For 
the major in-plane component applied along the hard-axis (Fig.l9(b)), the domain ratio D,/Dd is 
close to unity, suggesting that the B, 1 component of the remanence B, and magnetic hysteresis 
must be small along the hard magnetic plane in the material. In contrast, the well-aligned grain 
region (area A in Fig. 19(a)) remains well saturated when the field was applied along the easy 
axes and then removed, while the defect-layer (area B in Fig.l9(a)) is far from such saturation. 
Hence, only aligned grains directly contribute to the high remanence of the die-upset magnet (B, 
1, = B, in area A where B, refers to the saturation remanence); in the non-aligned grains (area B in 
Fig.19) the associated domains essentially cancel each other out in the absence of a magnetic 
field. This suggests that a higher local remanence of the die-upset magnet can be reached only 
along the die-upset direction, even with a small magnetic field applied. 

A few very small reversal domains, marked by arrowheads, were observed in area A (see inset 1, 
Fig.19a). Their presence is controlled by local imperfections of the crystal, such as inclusions or 
misalignment of grains. In the latter case, the reversal domains, whose shape is sensitive to the 
angle of grain misalignment, grow slowly under the increasing negative field until they nucleate 
a c-axis aligned reversal domain at the nearest grain boundary. Then, the magnetization reversal 
quickly becomes an irreversible process. Such domains can often easily expand through out the 
area of well-aligned grains in a negative field exceeding a critical value, as clearly demonstrated 
in Fig.20 by series of successive images captured in-situ. Once the reversal domain is nucleated, 
only the pinning of the domain walls at grain boudaries (Fig.20) controls its further expansion. 
Thus, the leading mechanism in controlling the magnetization reversal seems to be the nucleation 
of reversal domains, preferentially at misaligned grain interfaces or sample surfaces where the 
demagnetization field is the largest. Frame-3 in Fig.20 shows an example of a strong “double- 
boundary” pinning-center, where the domain trapped by the boundaries remains positively 
ma,gnetized under the extreme negative applied field H << -H, (Fig.20b). This center was found 
to be responsible for the nucleation of positive domains approximately at H 2 +H, for the 4th 
quadrant of hysteresis loop (frames 4-6 of Fig.20(a)), starting from negative magnetization. 
Fig.20(c) is a schematic structural model of such a “double-boundary” pinning center. In this 
model, a single-domain grain with magnetization opposite to that of the matrix is uncoupled 
along the easy magnetic direction due to thick nonmagnetic layer or pocket phase at the 
boundaries. The presence of a nonmagnetic phase at the boundaries is the necessary condition 
for the pinning. This is consistent with the observations that the higher the saturation field, the 
higher the coercive field can be reached. A stronger magnetizing field can gradually remove the 
nuclei of reversed domains existing at such grain boundaries. 

6.3 Dipole domains 
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So far, we discussed mainly the die-upset hard magnets which feature small grains. Our in-situ 
experiments suggest that remagnetization processes in sintered Nd-Fe-B magnets, characterized 

by large grains (3-6 pm), essentially differs from those described above (Sec. 6.2) for die-upset 
samples, especially when the applied field decreases slowly from magnetic saturation. In this 
case, a new mechanism of magnetization reversal starts to develop [53], as shown in Fig.:!l(a). It 
reveals how narrow so-called “dipole domains” of negative magnetization start to propagate and 
grow in the interiors of the grains when the applied field decreases slowly from a positive 
saturation. This mechanism contributes to the reversible part of total remagnetization process. 
We note that the grains with c-axes tilted away from the applied field direction are more likely to 
form reversal dipole domains. When the applied field decreases, the dipole domains tend to align 
more closely to the c-axis of the grains because this reduces the energy of the domain walls. 
Fig,2l(b) is a schematic drawing of the dipole-domain motion. These domains can be 
considered as a pair of ordinary reversal domains, enclosed one into another. In this case, the 
total area of a dipole-domain, sandwiched between two parallel domain walls and magnetized 
with an opposite sign to that of the matrix, remains very narrow. Such a dipole domain may only 
slightly change the local magnetization. On the other hand, it facilitates an easy and almost 
reversible motion for the coupled domain walls, since their movement in dipole-domain 
configuration does not require a big change of magnetostatic (or dipole) energy by comparison 
with traditional single-domain motion (Fig.2l(c)). At the tips of the reverse dipole-domain, the 
magnetic charges, or the N/S-poles, are magnetostatically coupled and remain coupled during 
their movement (Fig.2 1 (b)) until they reach a large-angle grain boundary. 

6.4 Domain nucleation near grain boundaries 

When the applied field decreases further and becomes negative, the slow dipole-domain motion 
begins to be replaced with another faster and irreversible demagnetization process in a sintered 
magnet. This process takes place usually at the grain boundaries, where the nucleation of reversal 
(negative) domains occurs via several sudden splittings of positive domains [53]. The nucleation 
transforms a “positive” domain into a positive-negative-positive domain configuration, enclosing 
a pair of newly generated 180”-domain walls. This nucleation process is essentially irreversible, 
and may be considered as a cascade-like discharge of over-saturation of magnetic charge (or 
poles) at the boundary. The formation of reversal (or negative) domains through this process 
reduces the magnetostatic energy of each boundary by self-compensating the newly created N/S- 
poles at the grain boundaries. The frames (l-6) in Fig,22(a) show the consecutive images of the 
nucleation process. Fig.22(b) are the enlarged images of the same domain area for the frames 4-6 
recorded with a rate 24 frame per second. (Here the black and white arrows denote domains with 
opposite magnetization and GB indicates grain boundary position). Finally, the most active phase 
of remagnetization process in sintered magnet is completed very fast by simple lateral expansion 
of many newly created domain walls within each big grain, as shown above. 

It is interesting to note that in the case of curved grain boundaries with a large interfacial 
misorientation, a high-field nucleated domains which we call “GB-domains” prefer to propagate 
along the grain boundary (GB). Fig.23(a) shows an example where the two adjacent grains 
across the boundary have a misorientation of the c-axes about 84” and are viewed in a such way, 
that their projected c-axis, marked as cpro- in Fig.23(a), appear to be parallel in the image plane. 
Therefore, the in-plane components of the two grain (Gl, G2) magnetization cause an opposite 
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magnetic contrast of Foucault image in Fig 23(a). The local magnetization direction of this 
nucleated “GB-domain” is determined by the boundary plane, and does not follow any easy 
magnetic axis of the grains separated by the boundary. Thus, the formation of the GB-domain is 
to reduce the local boundary anisotropy. The width of grain-boundary domain is field-sensitive 
and usually does not exceed 100 nm. The presence of a grain-boundary domain eases 
magnetization reversal through the grain boundary at low fields (Fig.23(b)). Such domains may 
lower the density of interfacial magnetic charges thought the nucleation and expansion of the 
magnetic domain at the boundary at lower magnetic field. Thus, this process is somewhat similar 
to nucleation of Neel spike-domains which occurs near the holes in some other ferromagnetic 
materials. 

7. STRUCTURE AND PROPERTIES CORRELATION 

So far, we have mostly discussed the TEM observations on the microstructure and magnetic 
structure of die-upset hard magnets containing the REzFerhB hard phase. Now, we briefly 
summarize these observations and describe how both of them may be related to 
microstructure-sensitive parameters of the permanent magnets, such as their remanence ( 
ZH+l= I,) and coercivity field (Hl=o=Hc ). 

7.1 Remanence 

As we discussed in the previous sections, grain alignment is of primary importance for the 
high remanence, I,., of a hard anisotropic magnet. All high energy-product commercial RE- 
Fe-B magnets feature the grain texture, no matter which fabrication process was involved- 
sintering, die-upset, or other methods of synthesis. For the die-upset RE-Fe-B, the materials 
consist of platelet-shaped grains stacked along the press (die-upset) direction [9,10], resulting 
in a strong magnetic anisotropy of magnetic properties. The typical aspect ratio of the grains 

is about 114 - l/6. The thickness of grains ranges from -0.07lm to 0.15 pm, with an 

averaged value of -0.1 pm which is less than the single-domain grain size D, = 1.4 yW / MS2 
(where yW - domain-wall energy and 47rM, =16.1 kOe - saturated magnetization) estimated as 

0.2p,m [23] or 0.3pm [l] for NdlFerdB magnets. Under such conditions (DcD,), magnetic 
domains are expected to run across several grains (Fig.7) if they are coupled with 
ferromagnetic exchange interactions. 

Let us explore the relation of remanence for such an anisotropic magnet of easy-c-axis type 
to the grain texture of a polycrystalline magnet. In first approximation, we presume that the 
remanence may be defined by the average of random distribution M(6) of grain magnetic 

moments within certain angle range 0_<8_<8, around the common easy magnetic texture 
direction. Here, @, defines the maximal cone angle of the grain texture around the common 
easy-direction of “uniaxial” magnet. Each grain will contribute to remanence with M(6) = 
M,VZOS 8. By neglecting the contribution due to the exchange coupling of grains, the relative 
remanence m, can be derived by the averaging as follows: 
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I cos 8 sin 8 de 
-Lm, = 
Is 27r j; sin 8 df3 

(11) 
Here a random azimutal distribution of single grain moments was assumed. Therefore, the 
nurnber of atomic moments in the unit cone-layer about the press direction within the angle 

between 9 and 9 + d0 must be proportional to 27~ sinOdt3. This formula provides a general 

description of the remanence as function of grain-texture misorientation angle 0, for any 
anisotropic polycrystalline magnet. Indeed, assuming completely random grain-orientations 

(o”_< 8 _< 90”), the remanence m, in Eq.( 11) equals to 0.5, in exact accordance with Stoner- 
Wohlfarth model [54] for isotropic magnets. By contrast, for a perfectly aligned grain- 

texture, defined by O,=O”, we get a trivial solution m,- -1 for a fully anisotripic magnet, for 
which Z r = &.Real anisotropic magnets always occupy some intermediate position. 

The less trivial solution of Eq.( 11) can be derived when a complex microstructure or the real 
microstructure of a permanent magnet is taken into account [40]. For example, let us make 
some estimates for the 50% die-upset anisotropic magnet, discussed earlier (see Fig. 8, 17). 
The experimental remanence of this magnet was found to be m, = 0.84 (relative) and I, = 

4n&fr =12.9 kG (absolute). The grain microstructure of this magnet (Fig.8) can be 
approximated with quasi-periodic grain stucture along the easy magnetic axis, consisting of 
alternating well aligned layers (A) and not well aligned “defect” layers (B). Hence, for this 

type of microstructure (A-layers with O_< 8 IO,<< 90” of relative thickness x,= 1- xb, and B- 
layers with 018 I eb = 90” of relative thickness xb, where the subscripts a and b denote the A- 
and B-layer, respectively) Eq.( 11) can be rewritten as 

I 1 

I, 
r=mr =3(1+COSea)(l-xb/+2(1+c0seb)xb =f(l+ cosea)(i-xb)+~~ 2 b (12) 

Our TEM observations revealed that the ratio of thickness of the B to A layers in the 50% 
die-upset magnet manufactured by General Motors was within B/A = (0.5-1.0) ltrn / 

(4.0-6.0) pm = 0.083 - 0.25. I n o th er words, the maximal relative thickness of the B-layer 
has to be about Xb = 0.25/(1+0.25)=0.2. By substituting & = 0.2 and m, = 0.84 into the 
Eq.(12) we get 

Z 
r=m 
1, 

r =0.84=~[(i-Xb)(i+cnseb )+xb] 

(13) 
from which an estimate of the expected texture-angle for the A-layers gives 0, = 3 1 Jo. This 
value of the texture angle is consistent with our TEM observations and fits very well to the 
“stuprisingly large” texture angle 8 = 32.3’, reported recently [56] by direct X-ray texture 
measurement (FWHM of the rocking curve of the (006) reflection) for a 50% die-upset 
NdzFeiJB magnet. Figure 24 is a schematic explanation of the magnetic microstructure in 
terms of a “quasi-periodic brick-wall” model (Fig.24(a)) to explain the specific role of defect 
B-layers both for the remanence and magnetization reversal process (successive steps I-II-III 
in Fig.24(a,b)) of textured die-upset magnets. 
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7.2 Coercivityfield 

Micromagnetic theory predicts that the magnetization reversal of single domain grain by the 

rotation of magnetic moment will require a minimum energy with a nucleation field HNtni” = 
1/2.H, = K/II, [54,55,57] for a grain tilted at 45’ with respect to an applied magnetic field. 

For the NdzFeiqB phase, this amount is equivalent to HN”~” = 1/l?. 66.3 kOe=33.2 kOe [58], 
which is still much higher than the experimental results. Such nonaligned 45” grains were 
indeed observed by TEM within the defect B-layers of a die-upset magnet, which also 
contained a high fraction of non-magnetic phases. Hence, such defect layers should generate 
strong local demagnetizing fields due to the magnetostatic (dipole) energy of the free 
magnetic poles [55]. To estimate the coercivity field we assume that the nonmagnetic defects 
in these layers are similar to platelet cavities (such as those shown in Fig.20(c)). Then, a good 
approximation for the demagnetizing factor is N,rr = 1 [55]. The external field H,,, (equal to 
coercivity field H,) need to reverse the magnetization of 45’-tilted grains will be defined as 

He,, = H, = HNtnin - NeHZJpo 

(14) 

The numerical estimate from Eqn.( 14) in cgs-units gives H, = (33.2 - 1.16.1) kOe = 17.1 kOe, 
which is close to the experimental value of the coercive field H, = 18.9 kOe found in the best 
hard die-upset Nd-Fe-B samples. Therefore, we may assume that the high-coercivity 
mechanism occurs via delayed nucleation of reverse domains near 45”-tilted grains of defect 
B-layers that exhibit a magnetization reversal due to the rotation of the local magnetic 
moment under a reversal magnetic field [40]. A similar nucleation process within the A- 

layers seems less likely, because of the smaller texture-angle 0, = 3 1.8’ < 45’ and, hence, the 
higher activation critical field HN within A-layer. Any further expansion of the reversal 
dornains along the easy texture axis is limited by the nearest defect layer until the next 
delayed nucleation of reversal domains occurs, as schematically shown by the steps I-II-III in 
Fig.24(a,b). 

7.3 Correlation of die-upset and sintered magnets 

Two major classes of permanent magnets with very high energy-products are available in the 
market: the sintered and the die-upset Nd-Fe-B compounds. Their different synthesis 
processes, the powder metallurgy and melt-spun quenching technique (see Introduction), 
result in their having a quite distinct microstructures. In particular, there is a big difference in 
the shape and sizes of the grains of the Nd-Fe-B hard magnetic phase, and a big variation in 
characteristics of the distribution of the major nonmagnetic Nd-rich secondary phase and 
other nonmagnetic precipitates in the composition-optimized hard magnets. Furthermore, 

grain boundary chemical analysis suggests that a small excess of Fe (-8%) is present in the 
major part of the grain boundaries in die-upset samples (Sec.3), in contrast to the rare-earth- 
rich grain-boundary phase (presumably composed of NdTFes) in sintered magnets. Despite 
the differences in microstructure, the magnetic properties of the sintered and die-upset 
magnets are surprisingly similar, including those of high remanence, moderate or high 
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coercivity, and the similar shape of hysteresis loop. Since remanence and coercivity are 
known to be very sensitive to microstructure in anisotropic magnets, different microstructures 
are expected to generate quite different magnetic properties. To fully understand the 
correlation between structure and properties of the RE-Fe-B magnets, we must able to explain 
the paradox of the similar magnetic parameters yet very different microstructure of these two 
types of magnets. 

We assume there are some “effective” microstructural parameters, common to both types of 
magnets and responsible for their similar properties. By comparing the characteristics of the 
microstructure of the two types, two structural models can be proposed, as shown in Fig.2S(a) 
and. (b) for die-upset and sintered magnets, respectively, depicted under the same scaling 
factor. There are several interesting findings. First, for the die-upset magnets, we found that 
the “large interacting domains”, consisting of many small grains coupled by ferromagnetic 
exchange interactions, are only present within well-aligned A-layers. Hence, the small excess 
of Fe found at the majority of grain boundaries (see Sec.3) can help to couple such small 

grains into so-called “magnetic clusters” [53] of 5-7 ym. In sintered magnets, on the other 
hand, similar clusters can comprise only few big grains of the same lateral size (Fig.25(b)). 
Secondly, these clusters appear to be magnetically decoupled along the easy magnetic 
direction by “nonmagnetic spacer” layers - as the Nd-rich grain boundary phase observed in 
the sintered magnets (Fig.25(b)), which is mirrored in the NdTFes nonmagnetic precipitates in 
the defect layers in die-upset magnets. Hence, despite the difference in their microstructure, 
there are similar common elements in terms of “magnetic clusters” and “nonmagnetic spacer” 
layers. The former provide a high remanence, while the latter act as a pinning barriers and, 
therefore, are responsible for coercivity. 
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FIGURE CAPTIONS 

Fig 1 
Typical morphology of die-upset REis.75Fes0.25B6 magnets. (a) The platelet-like grains (RE=Pr) 
are viewed perpendicular to the press direction, indicated by the arrow head. (b) The uniaxial 
grins (RE=Pr) viewed along the press direction. Note, the white-line contrast at the boundaries 
are the intergranular phase, and the dot-contrast in the center of some grains is nanometer scale 
rare-earth-rich precipitates. (c) Cross-sectional view of the sample (RE=Nd), showing the 
mixture of well-aligned regions (marked as layer A) and non-aligned regions (marked as layer 
B). Note, in the non-aligned B layer, there are high density of particles of secondary pocket- 
phase (marked as “p”). The arrow C indicates the press direction. 

Fig.2 
HREM images of large-angle grain boundaries in REis.75Fes0.25B6 magnet. (a) RE=Nd, and (b-c) 
RE=Pr. A crystalline and an amorphized intergranular phase is visible in (b) and (c), 
respectively, but not in (a). The crystallographic relation of the boundary planes are : (a) 
(1 lQ)~//(Ool)n, (b) (109),f,//(OOl)B, and (c) (001)~//(001)~, GB indicates the position of the grain 
boundary, while d 112, drio, dmi, and d ~2 show the spacing of the corresponding lattice planes. 
White arrows show the direction of the c-axes (easy magnetic directions) in A and B crystals. 

Fig.3 
(a) Excess of Fe as a function of distance from the grain boundary in Pr in Pris.75Fes0.25B6, as 
measured by nano-probe (5A) x-ray energy-dispersive spectroscopy. The interval distance 
between the measurements was about 15A. (b) Histogram depicting Fe/l+ concentration ratio for 
the grain-boundary region versus that for the grain interior. The vertical line 

(Fe/Pr)boundary/(Fe/r)interior -1 indicates the value of the ratio where the concentration of iron at the 
grain boundary is the same as in the grain interior (bulk ratio). 

Fig.4 
(a) and (b) The deflection of a parallel beam of electrons entering a thin specimen parallel to an 
interface between two materials (A and B) of different mean inner-potentials UO. (c) The streak 
near the transmitted beam (solid dot) in diffraction pattern. The open circles represent two aperture 
positions, 1 and 2, that are placed on the streak (1, dark-field) and on the transmitted beam (2, 
bright-field), respectively. (d) The corresponding intensity profiles across the interface in low 
angle dark-field (upper) and bright-field (lower) imaging. 

Fig.5 
(a) Low-angle dark-field inner-potential-difference contrast of two grain boundaries in 
Nd13.75Fesa.25B6 imaged by placing the aperture on the streak at the left side of the transmitted 
beam. A hole at the right side of the boundaries also shows the inner-potential-difference contrast 
formed by the crystal/vacuum and the vacuum/crystal interfaces. (b) (I) Variation of the mean 
inner potential along the line in (a). (II) The deflection of the electrons at the different interfaces in 
diffraction pattern. The open circles represent the aperture placed in the left of the transmitted 
beam. (III) The expected dark-field inner-potential-difference contrast. 

Fig.6 
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(a) Foucault image of multidomain magnetic structure of two NdzFetaB grains. Note the 
continuity of the domain walls across the grain boundary with the walls parallel along the local 
easy magnetic direction (c-axis) of the grains. (b) Schematic drawings of a partially magnetized, 
and (c) a non-uniformly magnetized domain structure. Dd and D, denote the thickness of the 
domains with opposite magnetization, which can be used to measure the local magnetization. 

Fig.7 
(a) Fresnel and (b) Foucault images of the same area showing a well-aligned grain area in die- 
upset magnet Ndts.75Fes0.25B6 under an almost demagnetized state. Note, the small flake-like 
contrast perpendicular to the domain wall are crystalline grains with an average 

0. 1x0.51tm2. Large arrows mark the domain-wall tip. 
size of 

Fig.8 
Foucault image of the magnetic domain structure in the vicinity of “defect” layer (area B 
indicated by the pair of arrow) in die-upset magnet Nd ts.7sEes0.25B6. Note the interruption, 
reversal, and splitting of the magnetic domains when they approach the “defect” layer from the 
“perfect” well-aligned grain layers. 

Fig.9 
(a) Magnetic domains from a (001) single crystal of Nd2FeidB magnetized and viewed along the 
c-axis. Note, the domain width varies with the crystal thickness. (b-c) Magnetic domains from a 
NdzFetbB polycrystal magnetized with a large [OOl] component projected into the viewing plane 
(marked as [OOl],). Note, the domains in the thin region (center area of (b)) split after the sample 
was heated above Tc, and then cooled back to 300K (c). 

Fig. 10 
Width of the magnetic domain as a function of the crystal thickness in NdzFeidB. Each data 
point represents an averaged value from at least three measurements. 

Fig. 11 
(a) Fresnel contrast of domain walls in the die-upset magnet. (b-c) Line profiles from area A and 

area B in (a). The domain-wall 6 width is determined by extrapolating Wd to the defocus value 
z=O. (d) Image width of the divergent wall Wd as a function of defocus. 

Fig. 12 
(a) A Fresnel under-focus image of NdzFei& showing curved black/white domain-wall contrast. 
(b) x-gradient of phase image acquired using off-axis holography from the same area of the boxed 
reg:ion in (a). (c) Induction map derived from both x- and y-phase-gradients of the region 
outlined in (b). (d) Line scan across domain walls at indicated regions in (c) showing an abrupt 
change in slope of the phase, which can be used to accurately measure the domain-wall width. 

Fig. 13 
(a) The ideal phase profile $J(x) = &,(x)+&(x) f or magnetic multidomain sample of constant 

thickness (t) recorded by electron holography (l-dimensional case). Here, 4”(x) - U;t and eBB(x) 
- t: B.x.t are the contributions of electrostatic and magnetic vector potentials, respectively. (b) 
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dN.x)/clx - first derivative of this profile (equivalent to V(Y) in 3-dimensional case). cc> 
d2flxj/dx2 -second derivative of the same profile . The positions of the domain walls in (b) 
correspond to transition areas -26 in thickness with the rapid change of the phase gradient 

bWWWm,. The S-value was determined using the FWHM criterion in the Fresnel mode. The 
same measuring should be employed in the holographic mode to compare the domain-wall 
wid.th. 

Fig.14 
(a-b) Stray-field contrast of NdzFelbB magnet seen in an opaque sample using the TEM 
deflection mode, where the black and white band contrast corresponds to the magnetic domain 
with opposite magnetization. The sample edge was tilted 45” and viewed in opposite deflected 
beams. (c) A superimposed Foucault image from (a) and (b) of the corresponding area. (d) 
Schematic drawing of the stray field and the magnetic deflection of the beam by the sample 
edge. (e-g) Stray-field contrast seen in SEM on a bulk Nd2FeidB single crystal. (e) A low 

magnification secondary electron image with the crystal - 45” away from viewing direction; (f) 
enlargement of (e), showing the troughs and hillocks formed by the stray fields; (g) edge-on view 
of surface flux from two crystallographic facets, similar to that seen in TEM (a). 

Fig.15 
Projected in-plane magnetization B/j of the sample for different thicknesses L, with the easy axis 
orientated 45” to the film surface, obtained via Monte Carlo simulation. (a) L,=2, and (b) L,=4. 
Note, the size of B// in (a) is scaled by one-third. 

Fig. 16 
Projected in-plane magnetization B/j of the sample as the anisotropy constant A, associated with 
the dipole-dipole interaction energy E+, obtained via Monte Carlo simulation. The easy axis of 
the sample is parallel to the film surface normal. (aj A,=O.l, (b) 0.2, (c) 0.3, and (d) 0.4. 

Fig. 17 
Calibration curve of magnetic field B, in the specimen area of the JEOL3000 microscope as a 
function of the potential (U) of the objective lens. The open circles (0) represent the 
measurements using a SQUID magnetometer with a Nd-Fe-B test sample, while the black 
squares (m) correspond to the direct Hall sensor measurements. 

Fig. 18 
A series of images of the same area captured from a videotape recorded during an in-situ 
experiment. (a) original configuration at room temperature (RT) with the easy-axis nearly 
parallel to the viewing direction; (b) at 350°C; (c) cooled back to RT; and (d) after a field of -2 
tes1.a was applied and then removed. Note, the sample orientations in (b-d) are the same with the 
viewing direction near [112], about 27” away from (a). The projected [OOl] direction is 
indicated in (b). 

Fig. 19 
Foucault images of domain structure for the same area in die-upset NdFe-B under remanent state 
after in-situ magnetization saturation with the in-plane component of an external field applied 
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along the easy (a) and hard (b) magnetization axis by properly tilting the specimen. The tilt 
angles in x and y direction are also included. The area A, composed of well-aligned grains, 
remains magnetically saturated in remanence (a), whereas area B (defect layer) remains 
unsaturated. The insets are enlarged areas, showing reversal domains. The white lines in inset 1 
indicate the large-angle grain-boundaries. 

Fig.20 
Successive Fresnel images recorded in-situ (#l-6). (a) evolution of local domain structure in a 
die-upset magnet at different points of the magnetization loop ((b), where the number 
corresponds to the number of the image frames). Evidence of strong pinning centers that did not 
vanish under a strong negative field is seen in the image ((a-b): #3)). (c) A simple structural 
model of the pinning center, showing how the domain of opposite magnetization is trapped by 
the low energy defect formed by the grains magnetically de-coupled from the outer area by a 
couple of thick-nonmagnetic boundary layers and domain walls (DW). 

Fig.2 1 
(a) A set of Fresnel images, captured from video, showing the expansion of dipole-like domains 
in sintered Nd-Fe-B under a decreasing magnetic field. A simple model of such a dipole domain 
(b) is compared with the ordinary magnetic domain (c). Note, the dipole domain requires lower 
magnetostatic energy. 

Fig.22 
(a) Successive Fresnel images captured from video showing in-situ irreversible remagnetization 
in a sintered Nd-Fe-B magnet under a decreasing magnetic field. The process takes place by the 
nucleation of new domains at the grain boundary, marked with black arrows in (a: #4-6) via 
splitting of single domains of the same magnetization towards the grain interior, as shown in the 
enlarged images (b: #4-6). 

Fig.23 
Foucault images of the same grain-boundary (GB) area under a decreasing magnetic field. (a) 
Nucleation and (b) expansion of reverse magnetic domains in the grain Gi occur via the 
formation of a specific grain-boundary domain (GBD), which lowers the local magnetic 
anisotropy along the GB-line (a). Here, the GB is traced by the dashed line and local in-plane 
direction of magnetization for magnetic domains in (a, b) is shown by the fine arrows. They are 
opposite for Gi/Gz grains, as evident from the black/white contrast of these domains. 
Diffraction analysis confirmed that Gi/G:! grains have a parallel in-plane c-axes component 
(cproj) and enclose a misorientation angle about 84”. 

Fig.24 
(a) Schematic drawing of the proposed structure model for the well aligned (A layer) and non- 
aligned (B layer) regions used to explain the role of defect layers in magnetization reversal of 
die-upset magnet. I, II, and III denote successive steps in magnetization reversal along a 
demagnetizing curve shown in (b). The thick bricks represent the defect layer, while the thin 
bricks represent the well-aligned grain platelets. 

Fig.25 

28 



Schematic of the microstructure models for die-upset (a) and sintered (b) permanent magnets. 
The well-aligned region (A-layers) and “defect” region (B-layers). Note, the thickness of the B- 
layer is exaggerated to show the microstructual detail) are highlighted in (a). Here, the 
nonmagnetic Nd-rich phase is concentrated mostly within B-layers as a “pocked phase” in (a), 
and as the intergranular phase in (b). The Fe-rich grain boundaries are believed to concentrate 
within the A-layers. The distinct microstructures presented here for the die-upset and sintered 
RE-Fe-B magnets are likely to be responsible for their similar magnetic properties. 
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