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Abstract

The largest coercivity in the Nd—Fe-B system was achieved by systematically tailoring the microstructure from
strongly interacting Nd,Fe 4B grains to magnetically isolated Nd,Fe ;4B grains in a Nd-rich matrix. The crystal
structure, phase purity and magnetic properties of the Nd—Fe—B samples were extensively measured. In particular
energy-filtered images, using spatially resolved measurements of inner-shell ionization edges, was critical in evaluating
the particle shapes (platelets with the crystallographic c-axis normal to the plate), size (~100 x 40 x 25nm) and
distribution. For randomly oriented, non-interacting particles, the largest observed coercivity, uoH.~2.75T is ~83%
of the theoretical limit expected for Stoner—Wohlfarth coherent rotation behavior including demagnetization effects.
Initial magnetization curves of thermally demagnetized Nd—Fe-B samples show a systematic increase in susceptibility
with an increase in Nd concentration as a result of a competition between contributions from strongly interacting
Nd,Fe 4B grains with grain sizes smaller or equal to the magnetic domain size and completely isolated multidomain
Nd,Fe 4B grains. The possible coercivity mechanisms in such Nd-Fe-B samples are discussed. Crown Copyright ©
2001 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction demagnetization and thus, it is often assumed that

pinning of domain walls on the grain boundary is

Coercivity mechanism in magnetic materials
containing strongly interacting grains with sizes
close to the critical size for single-domain particle
is still not well understood [1]. These materials
exhibit low initial susceptibility after thermal
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the dominant hardening mechanism in these
materials. Attempts have been made to understand
the coercivity mechanism in these materials by
systematically varying the grain size of Nd,Fe 4B
in rapidly quenched Nd-Fe-B samples [2]. The
initial magnetization curve of these samples
showed two steps: the first was assumed to be
due to the contribution from multidomain grains
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as characterized by a large initial susceptibility and
the second due to the contribution from single-
domain grains with characteristically low initial
susceptibility [2]. However, once the magnetic
moments of the grains are saturated, the demag-
netization curves show a unique critical field
corresponding to coercivity, poH., which decreases
by only 10% if the grain sizes change from 100 to
1000 nm. This decrease was explained by stray
fields and assuming that the reversal process in the
grains is controlled by the nucleation mechanism
[2]. The temperature dependence of pyH. was also
found to be only slightly affected by the grain size
[2]. Thus, it was concluded that the magnetic
reversal in saturated grains is independent of the
grain size and is dominated only by one mechan-
ism, i.e., nucleation.

The coercive field in magnetic materials strongly
depends on both intrinsic magnetic properties and
the microstructure of the material. In theory, the
nucleation field, assuming coherent rotation of
non-interacting, single domain, magnetic par-
ticles with K;>K,, can be written [3] as
uoH~ = 2K /M — NJs. Here K; and K, are the
magnetocrystalline anisotropy constants, Js is the
spontaneous polarization and N is the demagne-
tization factor. For an assembly of randomly
oriented, non-interacting particles the Stoner—
Wohlfarth model [4] predicts that poH. decreases
to about half the value of the nucleation field for a
single-domain particle. In order to obtain a
microstructure with non-interacting single-domain
particles, nanocomposite materials with mixtures
of magnetic and non-magnetic phases have been
studied [5-8]. In such nanocomposite permanent
magnetic materials, values of the coercive field
were found to be at least 2 times smaller than the
theoretically predicted, directionally averaged,
value [5-8]. This discrepancy was attributed to
strong local stray fields arising at sharp edges and
corners of magnetic grains, and the surface regions
in magnetic grains where the anisotropy constant
K; is reduced [5].

In order to understand the coercivity mechan-
ism in materials with grain sizes of the order of the
critical size for a single magnetic domain, and the
difference between the theoretically predicted and
experimentally obtained results for ugH,, rapidly

quenched, Nd-rich, NdsFe;5B (2.05<6<147.6)
and NdsFe;4B (6 =40.6, 151.7) ribbons were
prepared. The motivation was to obtain randomly
oriented, single domain, Nd,Fe 4B particles em-
bedded in a non-magnetic Nd matrix. By system-
atically changing the amount of the non-magnetic
Nd matrix, the interaction between Nd,Fe;4B
particles is expected to range from strongly
magnetically interacting in Nd,gsFej; B, to
nearly non-interacting Nd,Fe;4B particles in
Ndi47¢Fei31B, and Nds; 7Fe4B alloys. In this
way the effect of the interaction between magnetic
grains on the magnitude and mechanism of
coercivity can be investigated. The change in the
composition will have an affect on the micro-
structure and therefore on the magnetic properties
of the Nd-Fe-B samples. Thus, in this paper we
will also put an emphasis on the microstructural
investigation of Nd—Fe-B using electron micro-
scopy. Finally, Nd,Fe 4B was chosen because of
its large magnetocrystalline anisotropy, pyHa > Js.
Thus, magnetization reversal is governed by
domain wall processes. Mechanisms of magnetiza-
tion reversal such as curling and buckling are not
energetically favorable [9] and will not be discussed
in this paper.

2. Sample preparation

The NdsFe;31B (2.05<6<147.6) alloys were
prepared by arc-melting. The ingots were melt-
spun in an argon atmosphere using a Cu wheel
with a surface speed of 35m/s. The crystallization
temperature of the amorphous phase in ribbons
was measured by DSC using a scan rate of 40K/
min. The annealing treatments were performed in
an evacuated quartz tube at anncaling tempera-
tures ranging from 723 to 923K and annealing
time between 2min to 1h. Structural data on the
as-quenched and annealed ribbons were obtained
by X-ray diffraction using CuK, radiation.
Thermomagnetic analysis (TMA) was used for
detecting Curie temperatures, 7., of ribbons
before and after annealing. Magnetization mea-
surements at room temperature were performed
with a SQUID and a vibration sample magnet-
ometer (VSM) with a maximum external field,
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UoH,, up to 5.5 and 1.4T, respectively, applied
parallel to the ribbon direction. The coercivity
strongly depends on the orientation of Nd,Fe 4B
grains. Thus, to eliminate a possible contribution
from the texturing of Nd,Fe ;4B grains to the
coercivity, NdsFe;5 ;B ribbons were also ground to
a powder with particle sizes below 50 pum. The
powder was then mixed with an epoxy and
placed between two glass slides to obtain flakes
of  dimensions about 7 x7x0.4-0.3mm.
The SQUID measurements on the powder samples
were done with the field parallel to the 7 x 7mm
surface. The external field was corrected by the
demagnetization field according to wyH =
uHeq — NJ, where N is the demagnetization
factor and J is the polarization. N was estimated
to be 0.008 for the ribbon samples and 0.04 for the
powder samples using an expression valid for
ellipsoids. The M(H) loop of NdsFe 3B (except
for Nd, ¢sFe;5.1B) contains contributions from the
Nd,Fe 4B phase and the paramagnetic Nd-rich
matrix. The paramagnetic contribution was deter-
mined assuming that all the Fe in NdsFe;; ;B
reacts with Nd and B to form Nd,Fe 4B and that
the excess Nd-rich matrix is o-Nd. The micro-
structure of NdsFe;3;B was investigated by
conventional TEM and energy filtered imaging
[10,11] based on electron energy-loss spectroscopy
(EELS). Quantitative chemical analyses of Nd-
Fe-B samples were obtained using EELS and
energy dispersive X-ray microanalysis (EDX) in a
TEM.

3. Optimal annealing, structural characterization
and phase purity

DSC measurements show that the crystalliza-
tion temperature of the Nd,Fe 4B phase decreases
with an increase of the Nd concentration for
0<38.1 in NdsFe;31B. The same trend has been
already reported for NdsFe9 _ sB (3<<d<)5) [12].
Thermal scans of as-quenched Nd» ¢sFe;;1B and
Nd7sFess 9By are shown in Fig. 1. For the
former it shows that crystallization of the
Nd,Fe 4B phase occurs above 850 K with the peak
temperature, 7, at 872K, in agreement with
previously reported results [13]. The latter shows
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Fig. 1. DSC thermal scans of Nd; osFe; 3B and Ndsg ;Feq3,1B.

a broad exothermal peak at 7, = 640 K which
corresponds to the growth of o-Nd and the main
crystallization peak of Nd,Fe 4B at T, = 750 K.
The melting of the Nd-Fe eutectic was also
observed above 970K for Nds3Fesso9Bo;.
The crystallization peak of Nd,Fei4B in
Ndi476Fer5.090B1.91 appears at the same tempera-
ture as in Nd;3Feys09B19;. As the crystallization
temperature of the Nd,Fe 4B phase changes with
the Nd concentration, ¢ the annealing conditions
for obtaining the NdsFe;; ;B samples with the
optimal microstructure, i.e., with the largest
coercivity, was adjusted for each composition
separately. For each composition, the coercivity
was also measured as a function of annealing time
to obtain the optimal annealing conditions, i.e.,
for Nd2'05Fel3']B, Nd5FC]3'1B (5 = 38, 6, 89, 127)
and NdsFe;; B (6 = 38.1,147.6) ribbons they
were found to be 4min at 923K, 2min at 873K
and 4 min at 823 K, respectively.

X-ray diffraction analyses shows that the as-
quenched samples are amorphous or partially
amorphous. After optimal annealing, all the
samples (0 >2.05) consist of randomly oriented
Nd,Fe ;4B particles in a o-Nd matrix. A few
percent of the y-Nd phase was also detected in
the Nd-Fe-B samples [14]. For higher Nd
concentrations 6<38.1, the random orientation
of the Nd,Fe 4B grains was confirmed from the
ring electron diffraction patterns together with
tilting experiments. X-ray diffraction patterns of
as-quenched and annealed Nd;,-;Fe;;;B are
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Fig. 2. X-ray diffraction patterns of the as-quenched and
annealed Nd,,;Fe;3 B samples. Diamonds and squares assign
the position of the Bragg peaks of o-Nd and y-Nd phases,
respectively.
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Fig. 3. TMA measurements of the as-quenched and annealed
Ndsg 1Fe3,(B samples. The Curie temperatures are marked.

shown in Fig. 2. The as-quenched Nd;,,Fe;3 B
sample is amorphous and upon annealing (873 K
for 2min) crystallizes into Nd,Fe 4B and o-Nd/y-
Nd. The peaks corresponding to a- and y-Nd are
labeled in Fig. 2.

TMA measurements of the as-quenched and
annealed Ndsg ;Fej3 1B samples (Fig. 3) show that
both of them have a single magnetic (Curie point)
transition [15]. For the as-quenched samples, this
transition is at 438 K, and it corresponds to the
amorphous phase, while for the annealed samples
this transition is at 593 K corresponding to the
Nd,Fe 4B phase. A single magnetic transition,
which corresponds to the Nd,Fe ;4B phase, was
also detected by TMA in all the other optimally
annealed NdsFe;3 1B samples.

4. Coercivity measurements

The SQUID magnetometry results for the
Nd,Fe 4B phase in NdsFe ;B (Fig. 4) shows that
UoH, increases with an increase in Nd concentra-
tion from 1.240.03T for Nd,qsFe;31B to
2.7540.03T for Nd;4;¢Fe;31B. The error bars
were estimated from measuring four different
ribbon samples with the same composition.
Fig. 4 shows that the discrepancy between the
values of coercivity obtained for the ribbon and
powder samples is small, confirming the random
orientation of the Nd,Fe 4B grains in the ribbons.
The small deviation in the Fe:B ratio does not
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Fig. 4. The coercivity [T] of the Nd,Fe 4B phase as a function
of Nd concentration, J, in optimally annealed NdsFe; B
(2.05<6<147.6) (ribbons and powdered sample) and
NdsFe 4B (6 = 40.6, 151.7). The error in the measurements is
smaller than the symbols.
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have a large effect on coercivity (Fig. 4) confirming
the observed trend for coercivity as a function of
Nd concentration. The J(u,H) measurements also
show that the ratio between the saturation and
remanent polarization, Js(ugHex= 5.5T)/J; in-
creases with an increase of the Nd concentration
from 1.6 in Nd2_05F€13_1B to 1.8 in Nd147'6F613'1B.
Using the law of approach we extrapolated the
values of J(ugHext — o0) for both Nd,sFej; B
and Nd476Fe 3B and found that the Jy(o0)/J;
ratio varies from 1.8 for Nd,,sFe;z 1B to 2 in
Ndi47¢Fe;3.1B. The latter is expected for comple-
tely uncoupled, randomly oriented magnetic par-
ticles. This confirms that we have correctly
accounted for the paramagnetic contribution from
the Nd-rich matrix. Hence, it is concluded that the
excess Nd in NdsFeq3;B forms a paramagnetic
Nd-matrix, which reduces the exchange interaction
between the Nd,Fe 4B grains.

5. Microstructural characterization: electron
microscopy

The difficulties in obtaining sizes and shape
distribution of Nd,Fe 4B grains from conventional
bright field images (Fig. 5a) in a TEM were
overcome by energy-filtered imaging using inner-
shell ionization edges in electron energy-loss
spectroscopy (Fig. 5¢). This was done by selecting
energy windows around the Nd My s edge for
mapping Nd and energy windows around the Fe
L,; edge for mapping Fe. For each map, one
energy window was positioned at the onset of the
characteristic edge to obtain the signal due to the
energy-loss of the transmitted electrons (post-edge
image) and two energy windows before the edge to
extrapolate the background below the ionization
edge (pre-edge 1 and pre-edge 2 images) [16]. The
widths of the energy windows were 20eV for Fe
and 30eV for Nd. The Nd and Fe jump ratio
images, obtained by dividing the post-edge by the
pre-edge 2 image [16], are shown in Fig. 5¢ and f,
respectively. These images clearly delineate all the
Nd,Fe 4B grains that are embedded in the Nd-rich
matrix. The Nd,Fe4B grains are dark in the Nd
map (Fig. 5e), and bright in the Fe map (Fig. 5f).
Electron energy-loss spectra from a Nd,Fe 4B

grain and Nd matrix, obtained using a focussed
beam (10 nm in diameter) are shown in Fig. 5c and
indicate the presence of Fe only in the Nd,Fe ;4B
grains. As expected, Nd was found in both
particles and matrix. The Fe/Nd ratio in
Nd476Fei3.1B was quantitatively determined by
EDX (Fig. 5d). The analyses show that the Fe/Nd
ratio across grain A (Fig. 5e) is 86/14, consistent
with the composition of Nd,Fe4B. The matrix
consists mainly of Nd in agreement with electron
energy-loss spectra, i.e., Fe/Nd=4/96. The area
enclosed by the dashed box in Fig. 5e was tilted in
two different directions defined by the angles
(o, B), (30,0), (0,30), (—30,0) and (0, — 30), as
shown in Fig. Sh. From such tilting measurements
of a large number of particles it was confirmed that
the Nd,Fe 4B grains are platelets with an average
size of axbxc =100 x 40 x 25 nm. A high resolu-
tion lattice image of a representative Nd,Fe ;4B
grain in optimally annealed Nd4;¢Fe 3B is
shown in Fig. 6 and confirms that the shortest
side of the plate is along the crystallographic c-
axis. The single crystal diffraction pattern from
this particle can be indexed as the [1 1 0] zone axis
of the tetragonal Nd,Fe 4B crystal. Fig. 6 also
shows that some of the edges/corners of the
Nd,Fe 4B grain are smooth, minimizing the strong
local stray fields arising from sharp edges/corners
and increasing the coercivity.

6. Coercivity limits

For such randomly oriented, non-interacting,
single-domain, magnetic particles, the coercivity
calculated from the Stoner—Wohlfarth model [2]
should be equal to about half of the nucleation
field poH.~0.5 yyHn. Since, in Nd,Fe ;4B at
290K, K| > 4K,;, the coercivity can be calculated
[17] as
toHe = 0.5 poHn

= (Ki + K»)/Ms — 0.5(N) — N1)J, (1)

where N and N are the demagnetization factors
parallel and perpendicular to the c-axis of the
Nd,Fe 4B platelets. K;, K, and Jg values of
Nd,Fe4B are taken from the literature [18]. As a
first approximation, Ny, and N, were calculated
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Fig. 5. (a) Bright field image and (b) selective area diffraction pattern. (c) Electron energy-loss spectra from matrix and particle,
(d) energy dispersive X-ray microanalysis of matrix and particle, (¢) Nd jump ratio map, (f) Fe jump ratio map, (g) Nd jump ratio map
of Ndsg 1 Fej3,1B, (h) area assigned by the dashed line in Fig. 2(e) tilted in two different directions defined with angles (o, f): (30, 0),
(0,30), (— 30,0) and (0, — 30) of Nd476Fei3,B.
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;T

Fig. 6. Bright field image of Nd,Fe;4B grain in optimally
annealed Nd 476Fe;3.1B. The single crystal diffraction pattern,
indexed as the [1 1 0] zone axis of Nd,Fe 4B, is presented in the
upper right corner. The spacing between the rows of atoms
along the c-axis of Nd,Fe 4B is 1.22 nm.

assuming that the Nd,Fe;4,B grains in
Nd;47¢Fe13.1B are ellipsoids with axes a = 20, b =
50 and ¢ = 12.5nm [19]. It follows from Eq. (1)
that the coercivity of the Nd,Fe;4B grains in
Nd476Fe;5.1B should be equal to yyH, = 3.33T.
Thus, the measured coercivity of the Nd,Fe4B
grains in Ndi4;¢Fe;31B is about 83% of the
theoretical value of coercivity obtained from the
Stoner—Wohlfarth model for an assembly of
randomly oriented, non-interacting, single-domain
particles.

In the optimally annealed, rapidly quenched
Nd-Fe-B samples the Nd,Fe 4B grains are ran-
domly distributed in the Nd-rich matrix. Thus, the
probability that two or more Nd,Fe 4B grains in
the Nd-Fe-B samples are in direct contact will
decrease with an increase in Nd concentration, 0.
follows that in order to obtain completely isolated
Nd,Fe 4B grains the amount of the Nd-rich matrix
has to be large. This is in agreement with the
energy-filtered image of the optimally annealed
Nds;g 1Fe;3.1B sample (Fig. 5g) which shows that a
significant number of the Nd,Fe 4B grains are still
in direct contact. On the other hand, the energy-
filtered images of the optimally annealed

Nd476Fei3.1B sample, Fig. 5e, show that the
majority of the Nd,Fe ;4B grains are completely
isolated within the non-magnetic Nd-rich matrix.
Moreover, the shape and size of the Nd,Fe;4B
grains in the optimally annealed Ndsg {Fe; 5B and
Nd,476Fe 3 1B are similar. Since the difference in
coercivity in these two samples is ~0.4T, it
follows that the magnetic interaction between the
Nd,Fe 4B grains plays a key role in controlling the
coercivity mechanism. If the single crystal
Nd,Fe 4B grains (without inhomogenities which
serve as pinning centers) are completely isolated as
in Nd47¢Fe;3.1B (Figs. 5¢ and 6), and assuming a
uniform grain size distribution, coercivity can be
estimated by averaging the nucleation fields of all
Nd,Fe 4B grains. However, if a reverse magnetic
domain nucleates in one grain in the sample with
strongly interacting single crystal Nd,Fe ;4B
grains, as in Nd,sFe;3 B (Fig. 7), the magnetic
domain will propagate throughout the sample by
the nucleation of reverse magnetic domains in the
adjacent particles. This assumes a strong positive
interaction between the Nd,Fe ;4B grains in
Nd, gsFe;3. 1B presumably due to the exchange
interaction between Nd,Fe ;4B grains. Thus, in
samples with strong positive interaction between
grains a lower coercivity is expected.

The field required for nucleating magnetic
domains in Nd,Fe 4B grains with surface defects
or sharp corners/edges is much lower than the
nucleation field expected from the magnetocrystal-
line anisotropy of the magnetic grain [20]. Fig. 7
show that the Nd,Fe4B grains in Nd,sFe3 1B
have sharp edges/corners also accounting for the
observed lower coercivity in this sample. Detailed
micromagnetic modeling of coercivity, including
interparticle interactions, based on the microstruc-
tural parameters of our Nd-Fe-B samples is in
progress.

7. Coercivity mechanism

In general, coercivity mechanism is determined
by the microstructure of magnetic materials. In
permanent magnetic materials with large magne-
tocrystalline anisotropy, it is current practice to
use the initial magnetization curve as a good
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Fig. 7. Bright field image of (a) Nd,sFe 3B and (b) single
crystal Nd,Fe 4B grain. The single crystal diffraction pattern,
indexed as the [1 1 0] zone axis of Nd,Fe 4B, is presented in the
bottom right corner.

indicator of the type of coercivity mechanism, a
high initial susceptibility is called ‘nucleation’ and
a low initial susceptibility is called a ‘pinning’
mechanism. For thermally demagnetized samples

v

(c)

(b)

Fig. 8. Coercivity mechanism and expected behavior of the
initial magnetization curve in permanent magnetic materials
with a large magnetocrystalline anisotropy.

the role of microstructure in defining the coercivity
mechanism can be discussed depending on the
grain size (d) relative to the critical size for single-
domain particle (dyg). For d > dy, assuming a
multidomain magnetic structure, if the grains do
not contain inhomogenities or pinning centers, the
initial susceptibility of the samples will be large,
Fig. 8c (curve 1), due to the free movement of the
Bloch walls throughout the grain. In this case
the field required to remove Bloch walls from the
grains is pigHg, = NgJs (Ng demagnetization factor
of the grains and J; their saturation magnetiza-
tion) and the magnetization reversal is nucleation
controlled. On the other hand, if the grains contain
inhomogenities the Bloch walls are pinned at the
inhomogenities in the grains (provided that the
wall energy at inhomogenities is lower than in
the surrounding matrix). Thus, in order to displace
the Bloch walls the external field has to exceed the
pinning field, oM}, and the initial susceptibility of
the samples is low, Fig. 8¢ (curve 2). In this case,
the magnetization reversal is controlled by the
dominant process, |toHnq| > |uyH,| nucleation or
|toHp| > |1gHy| pinning. Now, let us assume that
the grain sizes are smaller than or equal to the
critical size for single domain d<ds. The initial
susceptibility will always be low (curve 2) and
independent of the inhomogenities contained
within the grain. Thus, the initial curve is not a
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good indicator of the coercivity mechanism. For
interacting grains, in addition to some grains being
single domains, many grains together can form a
region of parallel magnetization [21]. The crucial
question is whether the formation of these regions
is due to the exchange or stray field coupling. If it
is due to the exchange interaction, the domain wall
could form along the grain boundaries, and the
pinning mechanism may play an important role in
controlling magnetization reversal. However, if
regions of parallel magnetization are due to the
stray field coupling magnetization reversal is
controlled by nucleation mechanism [2]. Imaging
magnetic domains may provide evidence for the
precise determination of the coercivity mechanism.

From this discussion it is obvious that in order
to determine the coercivity mechanism in these
Nd-Fe-B samples, the critical size for single-
domain Nd,Fe;4B grains has to be calculated.
Consider the magnetization state of an isolated
ferromagnetic grain in a zero magnetic field. The
magnetostatic energy, Ey (due to the dipole field
of the grain) is reduced by allowing a non-uniform
magnetization state. Exchange interactions and
anisotropy energy favor a uniform magnetization
state, i.e., tend to align the magnetic moments
along a unique direction. The energy balance
determines the critical size for which the grain is in
the uniformly magnetized state [22,23]. For a
particle with high magnetocrystalline anisotropy,
as in the case of Nd,Fe;4B, the non-uniform
magnetization state is a multidomain state. In a
simple approach Kittel [22] assumed that Ey; of a
two domain state is half of the uniform mag-
netization state, i.e., Ey = 1/2 Ey + Ew, where
Ew is the energy of the domain wall. Then,
for a spherical grain the critical radius for a
uniformly magnetized state is R = uyow/J>
(R=75—130nm assuming ow = 17—45 mJ/mi
for Nd,Fe4B) where ow is the domain wall energy
per unit area and J; is the saturation polarization.
Using the same procedure the longest side, a, of
the Nd,Fe 4B platelets (Fig. 6) is found to be a =
duyow/NJ2  (a= 56—148 nm assuming ow =
17—45 mJ/mz, N is demagnetizing factor for the
plate, Ey = 1/2NJV /uy, V is volume of the
plate). In this calculation it was assumed that the
domain wall is formed perpendicular to the longest

side, a, of the platelet to reduce the area of the
domain wall. Then, the b and ¢ dimensions can be
calculated assuming the same ratio between a, b
and ¢, observed for the average Nd,Fe 4B grain in
Nd147.6Fel3'1B (a/b/c = 10/4/25) Thus, the cri-
tical size for single-domain Nd,Fe 4B platelets is
of the same order as the Nd,Fe 4B grains observed
in Nd476Fe;3.1B (Fig. 6). The Nd,Fe 4B grains in
Nd, gsFe;3.1B have polyhedral shape (Fig. 7) and
the calculation of critical size for the single domain
is not trivial. Assuming that the Nd,Fe 4B grains
are spheres the average radius of the Nd,Fe 4B
grains is found to be 25nm (Fig. 7), and is much
smaller than the critical size for the single-domain
grains, R = 75—130 nm.

8. Experimental results

Initial magnetization curves of thermally de-
magnetized NdsFe ;1B samples are presented in
Fig. 9. The results show systematic change from a
single-step behavior with low initial susceptibility
for Nd, gsFe3.1B, through two-step behavior, to a
single-step behavior with large initial susceptibility
for Nd4;¢Fe;31B. As was discussed above,
the initial magnetization curve observed for
Nd47¢Fe13.1B is expected only for multi-domain
magnetic grains where the magnetization process is
governed by domain displacements. The Nd,Fe 4B
grains are defect free (Fig. 6) (without inhomoge-
nities which could serve as pinning centers for
magnetic domains) and therefore the field required
to remove Bloch walls from the grains is
UoHs = NgJs = (N — N1)Js= 094 T. The minor
hysteresis loop measurements (Fig. 9a) show that
the coercivity of Ndq47¢Fei31B samples increases
very steeply for pyHex>0.2T approaching the
coercive field, pyH,, at 1.2T. The saturation field
of 1.2T is comparable with 0.94T assumed in
Eq. (1) due to the shape anisotropy of the
particles. Thus, the Nd,Fe ;4B grains in the
Ndi47 ¢Feq3.1B sample have multidomain structure
and magnetization reversal is controlled by the
nucleation mechanism only. The shape and size of
the Nd,Fe 4B grains in the Nd4;¢Fe;3 ;B and
Ndsg Fej3 B samples are similar (Fig. 5S¢ and
Fig. 5g). The Nd,Fe 4B grains in the Ndsg 1Fe3 1B
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Fig. 9. (a) Initial magnetization curves and (b) minor loops
(coercivity field, pyH,, [T], as a function of applied field, uyH
[T]) of thermally demagnetized NdsFe,; |B. The coercivity field,
uoH,, is equal to the applied field, o H, along the dashed line.

sample are also defect free. However, for the
Ndsg 1Feq5.1B sample the initial susceptibility and
minor hysteresis loop measurements show two-
step behavior indicating that, beside the Nd,Fe 4B
grains with multidomain magnetic structure, there
are also Nd,Fe 4B grains with a single-domain
magnetic structure. If the Nd concentration in the
NdsFeq31B samples decreases the probability that
two or more Nd,Fe 4B grains are in direct contact
increases. It has been shown that the stray field
energy of magnetic grains with uniaxial anisotropy
is reduced if they are in direct contact [24]. So for

grains which are in direct contact, the critical size
of the single-domain grain will increase. This could
explain why some of the Nd,Fe 4B grains in the
Nds;g 1Fe;3.1B sample have a single-domain struc-
ture. As discussed, the low initial susceptibility in
the Nd, ¢sFeq3.1B sample is not a good indicator of
the coercivity mechanism since the Nd,Fe ;4B
grains are smaller than the critical size for single-
domains. Minor hysteresis loops of Nd, ¢sFej3 1B
samples (Fig.9b) show that the coercivity in-
creases very slowly if the external field, pyHext, 1S
smaller than 0.6 T and then increases steeply
approaching the coercive field, u,H., at 2.5T. It
is often assumed that if the field required to
recover full M(H) loop is larger than the coercivity
field the magnetization reversal is controlled by
pinning mechanism. However, this assumption is
in general not valid. In the case of randomly
oriented, magnetically isolated single-domain
Nd,Fe 4B grains the field required to saturate all
magnetic moments is equal to the anisotropy field,
UoHa > pgH,. Thus, the low initial susceptibility in
the Nd, ¢sFe;31B sample confirms that the grain
size of Nd,Fe 4B grains is smaller or equal to the
single-domain size of the Nd,Fe 4B grains and also
opens possibility that pinning mechanism plays an
important role in controlling magnetization rever-
sal.

Field demagnetized samples are obtained by
systematically reducing applied magnetic fields of
alternating polarity at a temperature below T, of
Nd,Fe4B. In this way domain walls can be
expelled out of the Nd,Fe;4B grains to obtain
single-domain Nd,Fe 4B grains while keeping zero
net magnetization in the sample. The initial
magnetization curve of thermally and field demag-
netized Nd, ¢sFeq3 1B samples (Fig. 10) show the
same behavior. This suggests that the magnetic
domain structure in Nd, gsFej3 B samples does
not change with the way the samples are de-
magnetized. Thus, the Nd,Fe;4B grains in
Nd, ¢sFe;3.1B samples do not have a multidomain
magnetic structure. On the other hand, the initial
magnetization curve of thermally- and field-
demagnetized samples of Nd;47¢Fej3 B have a
completely different behavior. Thermally demag-
netized samples exhibit large initial susceptibility
while field demagnetized samples exhibit low
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Fig. 10. The initial magnetization curves of thermally and field
demagnetized Nd; osFe;; B and Nd 47 ¢Fe 3B samples.

initial susceptibility. This difference is due to the
different magnetic structure of the Nd,Fe4B
grains in thermally and field demagnetized
Ndi47¢Fe3.1B samples, i.e., the Nd,Fe 4B grains
in the thermally demagnetized Ndi47¢Fei51B
samples have a multidomain magnetic structure
while the Nd,Fe 4B grains in the field demagne-
tized Nd 47 ¢Fe;3.1B samples have a single-domain
magnetic structure.

A set of minor loop measurements was also
performed on Nd 47 ¢Fe;31B samples annealed at
723 and 773K for 4min. By reducing the anneal-
ing temperature the average size of the Nd,Fe 4B
grains is expected to decrease. The results also
confirm the multidomain character of Nd,Fe ;4B
grains (Fig. 11) present in these samples. Fig. 11
also shows that the coercivity of Nd,Fe;4B
decreases as the annealing temperature decreases.
The energy filtered image of Nd47¢Fe3B rib-
bons annealed at 723K (Fig. 12) show that the
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Fig. 11. Minor loops of Nd4;¢Fej3,B annealed at 823, 873
and 923 K (optimally annealed) for 4 min. The coercivity field,
uoHe, is equal to the applied field, pyH, along the dashed line.

Fig. 12. The energy filtered image of Nd 47 ¢Fe;3.1B annealed at
723K.

Nd,Fe ;4B grains are platelets, thinner in the
direction perpendicular to the plate than
Nd,Fe4B grains in Ndj4;¢Fei3 1B annealed at
823 K (Fig. 5e). Nd,Fe 4B grains in Nd 47 ¢Fe31B
annealed at 723 K will have larger shape aniso-
tropy and therefore a lower coercivity as predicted
by Eq. (1). The decrease in the thickness of the
Nd,Fe4B grains in Ndj4s¢Fe3 B samples
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annealed at 723 K will not change the magnetiza-
tion state of the grain as long as the length of the
longest side a of the platelet stays the same.
Investigations of the initial magnetization state of
thermally demagnetized Nd,Fe 4B grains using
Lorentz microscopy and micromagnetic modeling
of the magnetic state of Nd,Fe 4B grains in the
paramagnetic Nd-rich matrix are in progress.

9. Conclusion

By systematically changing the Nd concentra-
tion in Nd—-Fe-B alloys and appropriate annealing
the microstructure was tailored from strongly
interacting Nd,Fe 4B grains to magnetically iso-
lated single-domain Nd,Fe 4B grains. The change
in microstructure, i.e., the change in interaction
between Nd,Fe ;4B grains was found to have a
large effect on the magnitude and mechanism of
coercivity:

Coercivity increases with an increase of the Nd
concentration from 1.25T in Nd,¢sFe;3 B to
2.75T in Nd147A6Fel3_1B at 290 K.

The initial magnetization of thermally demag-
netized Nd,¢sFej3 B samples changes with an
increase in Nd concentration due to the multi-
domain nature of the isolated Nd,Fe 4B platelets.

In Nd;4;¢Fe 31B the magnetization reversal is
nucleation controlled. The coercivity mechanism
in the samples with lower Nd concentration is not
conclusive.

For nearly isolated Nd,Fe 4B in Nd;4;¢Fej3 1B
the values of coercivity are about 83% of the ideal
value of coercivity obtained from the Stoner—
Wohlfarth model and it is the largest value of
coercivity so far reported for the Nd,Fe 4B phase.
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