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Abstract. Hysteresis loops of melt-spun Nd13Fe77B10 cooled down at the remanent state
were measured at 4.2 K. The loop for fields ofHmax = 6.4 MA m−1 is characterized by
low- and high-field steps. The loop for fields ofHmax = 4.0 MA m−1 is very thin with
only a low-field step and is shifted profoundly along theH -axes. The loops and the spin
distribution during the demagnetization process were analysed by micromagnetic finite-element
calculations. Quantitatively, the calculations reproduce the experimental loops fairly well. The
spin distribution is fairly nonuniform, and a domain-wall-like distribution appears not only at
some grain boundaries but also within some grains at the high-field step. The demagnetization
proceeds by nonuniform reversion as a whole, and neither the model of single-domain reversion
nor the model of domain-wall pinning in the grain boundary model describes the process
appropriately.

1. Introduction

It is well established that melt-spun Nd–Fe–B alloys are isotropic, and their permanent
magnetic properties are related to the extremely fine-grained structure of the tetragonal
Nd2Fe14B phase [1]. The Nd2Fe14B has an easyc-axis at room temperature and an easy
cone at 4.2 K. The cone angle is 32 degrees, and the four easy axes are on the〈110〉 planes
[2]. The grains are in contact with each other (nearly stoichiometric alloys [3]) or are
surrounded by a very thin Nd-rich phase (hyper-stoichiometric alloys [4]). The magnetic
properties of the alloys at room temperature have been analysed by the exchange-coupled
single-domain model [5] and micromagnetic calculations [6].

This paper reports on the hysteresis loops for a melt-spun Nd13Fe77B10 permanent
magnet measured at 4.2 K. The loops and spin distribution during the demagnetization
process are analysed by micromagnetic finite-element calculations using the Gaussian–Seidel
method [7].

2. Experiments

An amorphous alloy of nominal composition Nd13Fe77B10 was prepared by a single-wheel
technique under an argon atmosphere. The surface velocity of the Cu wheel was 35 m s−1

and the alloy was 1 mm wide and∼30 µm thick. The alloy was annealed at 950 K
(specimen 1) or 970 K (specimen 2) for 10 min in a vacuum of 1× 10−4 Torr. The
specimens were confirmed to be Nd2Fe14B single phase by x-ray diffraction. The strips
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were arranged into a 5 mmlong, 3 mm wide, 30µm thick rectangular shape. They were
cooled down to 4.2 K at the remanent state after magnetization along the ribbon length
direction in a pulsed field of∼7 MA m−1 at room temperature. The hysteresis loops were
measured along the ribbon length direction for fields ofHmax = 6.4 and 4.0 MA m−1 by a
high-field vibrating sample magnetometer (Janis 4500/150A).

3. Model and method of calculation

The model magnet is composed ofn× n× n cubic Nd2Fe14B grains of dimensionL. Both
the c- and [100]-axes of the grains are randomly oriented. Each grain is exchange coupled
with the six adjacent grains and is divided intom×m×m cubic single-domain elements of
equal dimension, so that the magnet is divided into(n×m)3 single-domain elements. The
periodic boundary conditions hold for the magnet. By neglecting the magnetic stray-field
energy [5], the total Gibb’s energy is formulated as

G =
∑
i

[
FK(i)+ FH(i)+ 1

2
FX(i)

](
L

m

)3

(1)

whereFK(i), FH(i) andFX(i) are the magnetocrystalline anisotropy energy, Zeeman energy
and the exchange energy for theith element, respectively, i.e.

FK(i) = K1 sin2 θ(i)+K2 sin4 θ(i)+K3 sin4 θ(i) cos[4φ(i)] (2)

FH(i) = −Js(i) ·H (3)

FX(i) = − w
µ0

m

L

∑
adjac.

Js(i) · Js(adjacent element). (4)

Here,θ(i) andφ(i) are the polar angles of the magnetization of theith element in the〈100〉
coordinate system, andw/µ0 is the effective exchange constant per unit boundary area. The
intergrain exchange interaction is approximated to be the same as that of the interelement
exchange interaction within a grain. The values ofJs , K1, K2 andK3 were taken from
[8, 9] and are listed in table 1.

Table 1. The values ofJs , K1, K2 andK3 of Nd2Fe14B at 4.2 K.

Js [8] K1 K2 K3 [9]
(T) (×106 J m−3) (×106 J m−3) (×106 J m−3)

1.86 −16 27 0.45

The magnetization of the magnet,J , was obtained from the minimum energy condition
of each elementG(i), i.e.

δG(i) = δ[FK(i)+ FH(i)+ FX(i)] > 0 (i = 1, . . . , (n×m)3). (5)

The value ofw/L was estimated by fitting the calculatediHc with the experimental value.
The algorithm is as follows. Initially the magnet is saturated, thenH is changed from

Hmax to −Hmax and then back toHmax by a step1H . At a givenH , the first transitional
angles of theith element’s magnetization,θ(i) andφ(i), are obtained from minimization
of G(i) within 1θ(i) 1φ(i) = 0, ±d (d, angular step) under fixed magnetization of the
other elements. For the new state of theith element, the new transitional state is obtained
for an adjacent element by the same way. After a cycle of such computation across all the
(n × m)3 elements,G, the sum of the absolute values of the changed steps of1θ(i) and
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1φ(i), S =∑i (|1θ(i)|+|1φ(i)|), and the normalized magnetization of the magnet,J/Js ,
are computed. With increase of the number of cyclesnn, G andS decrease and{θ(i), φ(i)}
(i = 1, . . . , (n×m)3), G, S andJ/Js approach their limits. With the value ofd being finite,
their variation withnn is not always monotonic and in some cases is slightly fluctuating.
The smallest value ofG decreases with increase ofnn, and the cycle of the computation
was repeated until the occurrence ofG larger than the smallest value was countedk times
or S was decreased to zero.

Figure 1 demonstratesG, S and J/Js as a function ofnn calculated atH =
−0.8 MA m−1 on the demagnetization curve forn = 3, m = 7, w/L = 0.28 and
d = 2 degrees. All ofG, S and J/Js decrease monotonically with increasingnn, and
the equilibrium state is reached atnn = 602, whereS becomes zero. Table 2 demonstrates
the small fluctuation of theG and nn dependences ofk, G, S and J/Js calculated at
H = 3.14 and 0.24 MA m−1 on the same demagnetization curve.

Figure 1. G, S andJ/Js as a function ofnn at H = −0.8 MA m−1 on the demagnetization
curve. n = 3, m = 3, w/L = 0.366 andd = 2 degrees.

The CPU time increases dramatically with increase ofn×m and consumes more than
one week for the computation of loop forn×m = 51, d = 2 degrees andk = 20 (ALPHA
SERVER 8200 5/300). The values ofn = 3, d = 2 degrees,1H = 0.08 MA m−1 (for
the slowly-varying part of the loop) or 0.04 MA m−1 (for the steep part of the loop), and
k = 20 were used throughout this work except when mentioned otherwise.

4. Results and analysis

4.1. Experimental results

Figure 2 shows the loop measured for fields ofHmax = 6.4 MA m−1 for specimen 2. The
two-step characteristics, which has been reported by previous authors [10, 11], is observed.
The values ofiHc and−Hi , where the steepest part of the high-field step appears, are 2.1
and about−4.2 to −5.0 MA m−1, respectively. For specimen 1,iHc = 2.0 MA m−1 is
smaller whileHi ≈ 5.2–6.0 MA m−1 is larger than those for specimen 2.
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Table 2. G, J/Js , S andk versusnn.

H G

(MA m−1) nn (arbitrary unit) J/Js S (deg) k

3.14 1 −273 377.750 0.846 1120
10 −273 389.500 0.845 30
11 −273 389.500 0.845 16 1
12 −273 389.531 0.845 12
13 −273 389.500 0.845 8 2
14 −273 389.594 0.845 8
15 −273 389.531 0.845 6 3
16 −273 389.594 0.845 6 4
17 −273 389.531 0.845 6 5
18 −273 389.594 0.845 6 6
19 −273 389.531 0.845 6 7
20 −273 289.594 0.845 6 8
21 −273 389.531 0.845 6 9
22 −273 389.594 0.845 6 10

0.24 1 −151 235.516 0.821 1900
12 −151 266.438 0.819 28
13 −151 266.438 0.819 8 1
14 −151 266.484 0.819 6
15 −151 266.469 0.819 2 2
16 −151 266.484 0.819 2 3
17 −151 266.484 0.819 0 4

Figure 2. The hysteresis loop measured for fields ofHmax = 6.4 MA m−1.

Figure 3 shows the minor loop measured for fields ofHmax = 4.0 MA m−1 for
specimen 1. Only the low-field step is observed, and the loop is very thin. The loop
is shifted profoundly along theH -axis intersecting the axis at−2.0 and−1.6 MA m−1.

4.2. Analysis by single-domain models (m = 1)

Figures 4 and 5 show the major and minor (Hmax = 4.0 MA m−1) loops, respectively,
computed by the Stoner–Wohlfarth (S–W) model (w = 0) for n = 3 and∞, and by the
exchange-coupled single-domain model (w 6= 0) for n = 3 andw/L = 0.446.
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Figure 3. The minor hysteresis loop measured for fields ofHmax = 4.0 MA m−1.

Figure 4. Major hysteresis loops computed forn = 3 andw = 0, n = ∞ andw = 0, and
n = 3 andw/L = 0.446.

It is notable that the loops computed by the S–W model for such a small value of
n = 3 are nearly the same as those forn = ∞. The S–W model reproduces the two-
step characteristics of figure 2, and confirms that the low-field step is mainly due to the
irreversible magnetization rotation around the cone and that the high-field step is due to the
irreversible rotation from one cone to its oppositely-directed counterparts [11]. The value
of iHc = 0.6 MA m−1 is much smaller than the experimental values of 2.0–2.1 MA m−1,
andHi ≈ 12–15 MA m−1 is two or three times larger than the experimental values of
4.2–6.0 MA m−1. The S–W model reproduces the upward shift of the minor loop along
the J -axis, but fails in reproducing the shift along theH -axis.

The exchange-coupled single-domain model improves the simulation in respect to the
leftward and rightward shift of the low-field and high-field step, respectively, and to the shift
of the minor loop along theH -axis. The simulation of the loops on the whole, however,
remains unsatisfactory.
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Figure 5. Minor hysteresis loops computed forn = 3 andw = 0, n = ∞ andw = 0, and
n = 3 andw/L = 0.446.

4.3. Values of w/L

Figure 6 showsw/L as a function ofm fitted for iHc = ∼2.0 MA m−1 approximately.
w/L decreases with increase ofm and approaches the limit∼0.26. WithL ≈ 30 nm [1, 3],
the exchange energy per unit area is estimated to bewJ 2/µ0 ≈ 0.02 J m−2. This value is
consistent withjs2/a2 ≈ 0.05 J m−2 estimated from the experimentally observed domain
wall width δ ≈ 3 nm [4] by usingδ = π(js2/2aK1)

1/2, K1 = 5× 106 J m−3 [9] and
a ≈ 0.2 nm. Here,js2 is the exchange energy for a pair anda is the distance between the
pair.

Figure 6. w/L versusm fitted for iHc = ∼2.0 MA m−1.

The values ofw/L(m) in figure 6 are used throughout this work unless otherwise
mentioned.
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Figure 7. Major hysteresis loops computed form = 5, 9, 13 and 17.

Figure 8. Hi as a function ofm. The shaded area is the experimental result ofHi = 5.2–
6.0 MA m−1 for specimen 1.

4.4. Simulation of the hysteresis loops by micromagnetism

Figure 7 shows the major loops computed form = 5, 9, 13 and 17, and figure 8 presents
the m dependence ofHi . With increase ofm, Hi decreases and approaches the limit
∼5.0 MA m−1, which is fairly close to the experimental value of 5.2–6.0 MA m−1 for
specimen 1.

The two curves in figure 9 present thew/L dependence ofiHc andHi , respectively, for
m = 17. The shaded areas represent the experimental values ofiHc andHi for specimens 1
and 2. With increase ofw/L, iHc increases butHi decreases.iHc = 2.0 MA m−1 and
Hi = ∼5.3 MA m−1 for w/L = 0.25, which are values in agreement with the experimental
values ofiHc = 2.0 MA m−1 andHi = 5.2–6.0 MA m−1 for specimen 1. The larger value
of w/L = 0.29 results iniHc = 2.1 MA m−1 andHi = 4.6 MA m−1, which are also in
agreement with the experimental values ofiHc = 2.1 MA m−1 andHi = 4.2–5.0 MA m−1

for specimen 2.
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Figure 9. iHc andHi as a function ofw/L for m = 17. The shaded areas are the experimental
results for specimens 1 and 2.

Figure 10. Minor hysteresis loops computed form = 5 andk = 80, m = 9 andk = 40, and
m = 17 andk = 40.

The high-field step is much steeper than in experiment, which is caused by neglect
of the variety of grain size. The hysteresis loops for different grain sizes have different
values ofHi (figure 9), and the superposition of the loops of different grain size results in
a less steep high-field step. The range of the grain size distribution is estimated roughly
as follows. The minimum and maximum values ofHi , ∼4.2 and∼5.0 MA m−1, for
specimen 2 correspond tow/L = 0.32 and 0.27, respectively, from which it is deduced that
1L/L(average) = 2(Lmax − Lmin)/(Lmin + Lmax) ≈ 20%.

Figure 10 shows the minor loops computed form = 5, 9 and 17. With increase of
m, the upper part of the low-field step shifts towards theH -axis improving the simulation.
Although the loop is fairly thin, it is apparently broader than in experiment. The discrepancy
may be caused by the following reasons: (i) the value ofK3 was estimated very roughly
for fields as low asHmax = 1.6 MA m−1 [9]; (ii) the expression of the anisotropy energy in
equation (2) is too inaccurate for Nd2Fe14B at 4.2 K. The crystalline electric field analysis
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Figure 11. TheJ(r)/Js distribution at the states of (a)J/Js = 0.642 (upper part of the low-field
step), (b)J/Js = 0.091 (lower part of the low-field step), (c)J/Js = −0.087 (between the low-
and high-field steps), (d)J/Js = −0.237 (upper part of the high-field step), (e)J/Js = −0.538
(middle of the high-field step) and (f)J/Js = −0.885 (atH = −6.4 MA m−1 after the high-field
step is over).

on the single crystal of Nd2Fe14B shows that the termK5 sin6 θ cos 4φ, among other things,
is important in characterizing the in-plane anisotropy [12], and therefore the width of the
minor loop.
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Figure 11. (Continued)

4.5. Spin distribution and the demagnetization process

Figures 11(a)–(f) show the unit magnetic vector distributionJ(r)/Js (r, position vector) for
part of six grains at different states during the demagnetization process computed form = 17.
These states are (a)J/Js = 0.642 (upper part of the low-field step), (b)J/Js = 0.091
(lower part of the low-field step), (c)J/Js = −0.087 (between the low- and high-field
steps), (d)J/Js = −0.237 (upper part of the high-field step), (e)J/Js = −0.538 (middle
of the high-field step) and (f)J/Js = −0.885 (atH = −6.4 MA m−1 after the high-field
step is over). The section was cut at the middle of the magnet parallel to the magnet surface
which is perpendicular to the applied field. The bold lines represent the grain boundaries.
The arrows inside the four circles in each grain are the unit easy direction vectors, and the
others representJ(r)/Js . The length of an arrow represents the projection on the section.
The bold and thin arrows show that the projection of the vector in the positive field direction
is positive and negative, respectively. The diameter of a circle represents the magnitude of
a unit vector.

The main characteristics of theJ(r) distribution and the demagnetization process are
as follows.

(1) The domain-wall-like distribution ofJ(r) at grain boundaries persists in the second
quadrant (figure 11(a)).

(2) Since there are eight easy directions and the direction ofJ(r) may be quite different
near different grain boundaries, theJ(r) distribution may be fairly nonuniform in a grain
(middle-right grain in figures 11(c)–(e)).

(3) The domain-wall-like distribution ofJ(r) occurs not only at some grain boundaries
but also within some grains in the third quadrant (figures 11(d) and (e)).

(4) The assertion by the S–W model in subsection 4.2 concerning the demagnetization
process at the low- and high-field steps is true only in general. For some grains, the reversion
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of J(r) to around the easy direction nearest to the negative field direction finishes before
H decreases to−Hi (upper-left grain in figure 11(c)).

In summary, the micromagnetic finite-element calculations simulate quantitatively the
hysteresis loops fairly well. The demagnetization process is a nonuniform reversion as a
whole. Neither the model of the coherent reversion of single domains nor the model of
wall pinning at the grain boundaries describes the magnetization process properly for the
nanocrystalline magnet, at least at low temperatures.
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