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In this paper magnetization remanence curves were studied for nanocrystalline PrgFeg7Bs, PriaFegaBg and

PrisFe77Bsg.

Initially the sample was at remanence following saturation along z-axis.

After rotating the magnet

by 5n degrees (n=0, 1, ..., 18) a field H was applied along z-axis and then decreased to zero, and the remanence J*

was measured as a function of H. The curves were compared with those calculated based on the nucleation of reverse

domain model and domain wall pinning model. The latter model succeeds in simulation much better than the former,

and it is concluded that the magnetization reversal is dominated by domain wall pinning for all the samples. The

nucleation mechanism contribution, while remains small, increases with the increase of Pr content.
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1. Introduction

Coercivity is one of the most important proper-
ties of permanent magnets, and the mechanism has
been explored for many years. If the demagnetiza-
tion proceeds by coherent magnetization rotation, the
intrinsic coercivity ;H. equals to the anisotropy field
Hp for a uniaxial magnet. In real magnets, the de-
magnetization processes are characterized by the nu-
cleation and growth of the reverse domain and the pin-
ning of the domain wall, the values of ; H. are around
(1/10-1/3)Ha.["2 The coercivity, in general, has been
explained either by the nucleation model or pinning
model. The former or latter model would be proper if

nanocrystalline, permanent magnets, magnetization curves, computer simulation

the critical field of the nucleation and growth is larger
or smaller than that of wall pinning.!** The mecha-
nisms could be distinguished from analysis of experi-
mental data of initial susceptibility, ; H. as a function
of maximum magnetizing field, temperature or angle
between the applied field and the alignment direction
and etc.5=8] Tt is generally accepted that the mecha-
nism for sintered SmCos and Nd-Fe-B magnets is the
nucleation and that of sintered Smy(CoFeCuZr)y7 the
pinning. As for nanocrystalline magnets no consistent
conclusion has been reached yet.[7~12

iH. of aligned magnet as a function of the angle
between the alignment (easy axis) and field directions

6 (> 0) is given by the nucleation model as!%3]

(H™(0) = H™(0)[1 + 2K tan? 6/K, (1 + tan? 0)]/(cos? 0 + sin? 6)2, (1)

where K7 and K5 are the anisotropy constants, and

by the pinning model as!

{HP(0) =:HP(0)/ cosb. (2)

The two relations are quite different: with increase
of # from 0 to 90°, ;H?(0)/:H?(0) decreases slightly

from 1 and then increases slightly to 1 + 2Ko/Kj.
{H(0)/;H(0), in contrast, increases monotonically
to infinity.

This work proposes an experimental procedure to
measure the angular dependence of ; H. for the grains
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of isotropic nanocrystalline magnet. The experimen-
tal results are compared with the calculations using
Egs.(1) and (2). The experimental results of nanocrys-
talline Pr—Fe-B magnets coincide with the pinning
model rather than nucleation model. Correlative work

has been reported.[15:16]

2. Samples and experimental
methods

PI’gFeg7B5, Pr12F682B6 and PI‘15F€77B8 nanocry-
stalline ribbons were prepared by arc melting pure Pr

and Fe metals (>99.9%) and Fe-B alloy and melt-
spinning the ingots in pure argon atmosphere at opti-
mal wheel speeds of around 20m/s. The phases of the
samples were analysed by x-ray diffraction with Cu
Ka radiation (Rigaku Rint). Magnetic measurements
were performed by using a vibrating sample magne-
tometer (Lake Shore 7410) at room temperature. The
field was applied parallel to the surface of the square
ribbon sample. The samples consist of ProFe4B and
additional phases. The additional phases and the val-
ues of the remanence J;, coercivity ; H. and maximum

energy product (BH)pax are listed in Table 1.

Table 1. Additional phases and magnetic properties of the samples.

composition additional phases Jr/T iHc/(kA/m) (BH)max/(kJ/m?)
PrgFeg7Bs5 Fe 1.19 416 140
Pri2Feg2Bg - 0.91 904 143
PrisFe77Bg Pr-rich and +B-rich 0.78 1360 112

3. Experimental procedure and

results

Initially the magnet is set at remanence J, af-
ter saturation along z-axis. The magnet is rotated
around z-axis by an angle 6,, = 5n (n=0, 1, 2, ..., 18)
degrees, and a field H is applied along z-axis and then
decreased to zero and the remanence is measured. The
remanence depends on both n and H, and the magne-
tization remanence curve (MRC) J*(H) is measured
for each n.

Suppose the inter-grain interactions can be ne-
glected. At the initial state of J, the magnetization
vector directions of the grains are along the easy-axis
directions and are distributed homogeneously within
z > 0 hemisphere. The hemisphere is evenly divided
into 2 x 18 lamellas perpendicular to the yz plane. The
top angle of the thin fan-shape section of each lamella
is 5° and the angle between z-axis and the average
easy axis direction of lamella m (< 18) and 36—m is
0! =92.5-5m degrees anti-clockwise and clockwise,
respectively (Fig.1(a)). The magnetization process

during the measurement of J°(H) is reversible and
1,2,...,18 1,2,...,18
hence JO(H) = J, = > > 25,

m

2j"(H) =

where j™ = j36=™ is the contribution of initial state

lamella m.

When the magnet is rotated by 6,, lamella 1 be-
comes a lamella which is equivalent to initial state
lamella 36-n. The magnetization vector distribution
is opposite to the latter, the contribution of lamella
1 to new remanence is —j;". During following magne-
tization along z-axis irreversible magnetization pro-
cesses occur in the lamella in a critical field range and
the magnetic vector distribution at new remanence be-
comes that of initial state lamella 36-—n if H is larger
than the critical fields of the lamella (Fig.1(b)). The
field dependence of the contribution of lamella 1 be-
ing denoted by j*(H)j(H) — j is obtained from the
experimental MRC as

JPH) = g = JM(H) = JP 7 (H). 3)

The field h(6),) corresponding to the maximum of
dj*(H)/dH represents the coercivity of the grains of
initial state lamellas n and 36-n.

Figure 2(a) to 2(c) show the experimental results

of J*(H)/J;. The h(0")/h(0) curves will be presented
in the next section.
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lamella 7

Fig.1. Distribution of magnetization vectors at initial remanence state (a), and that of the left half hemisphere
after the magnet is rotated by 10° (left in (b)). The magnetization vector directions of lamellas in the negative
hemisphere reverse after magnetized along the z-axis by a large enough field (right in (b)).
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Fig.2. Set of MRC for PrgFeg7Bs (a), PrioFegaBg (b), and PrisFer7Bg (c).
4. Comparison of experiment (A=1  for H <; H*(6),
with calculations of nucleation =—1 for H> H®). a=norp)

(4)

where (0, ¢) are the polar angles of easy direction in

and pinning models

Suppose Egs.(1) and (2) are applicable to the : ; ) o )
. . . radian unit, the integration is over whole solid angle
grains of nanocrystalline magnets. According to the o ) )
. . of lamella n of initial state and 6,, 4 is obtained from
nucleation model or pinning model ) . ’ )

the relation of tan,, 4 sin ¢ = tané, (Fig.3).

T On,¢
J(H) = Js/ / Asin 0 cos 0d0de,
0 SO, 14
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Fig.3. Geometry of 0, ¢, 0,,_1 4, On—1, 0n ¢ and Op
in lamella n.
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The integration was calculated numerically by di-
viding the lamella into cells of d8 = d¢ = 0.1°. The
coercivity of the lamella is the field corresponding to
the maximum of the slope of the j™(H) curve. J"(H)
is obtained from j*(H) as

T = S ) = )+ e (5)

Figures 4(a)—4(b) show J™(H/h(0))/J; calculated
by the nucleation and pinning models.

Ji(H)/ I

H/R(0)

Fig.4. J*(H/h(0))/Js calculated by the nucleation (a) and pinning (b) model.

In the above treatment it was assumed that
{H(0) is the same for all grains of easy axis along
z-axis. It would be more reasonable to assume that
they differ from each other and the distribution obeys
Gaussian distribution around ;H®(0). So the MRCs
were recalculated by multiplying ; H¢(0) in the paren-
theses of Eq.(4) by 1+ (1/4.2)N, where N is a real

JU(H)/Jr

H/h(0)

number between —4.2 and 4.2 selected randomly by
procedure from a set of 50000 numbers which obey
Gauss distribution N(0,1). J*(H/h(0))/J, obtained
in this way are presented in Figs.5(a)-5(b), and the
h(6")/h(0) curves along with those of experiments in
Figs.5(a)-5(b).
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Fig.5. MRC calculated by the nucleation (a) and pinning (b) model by taking into account the

Gauss distribution of ; Hc(0).
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5. Discussions and conclusion

h(6")/h(0) of experiments increases monotonically
with increase of #’ for all samples and simulated by the
pinning model much better than the nucleation model

5 T T T T T T T T T TT T
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Fig.6. h(0')/h(0) of experiments (symbols) and calcula-
tions (lines).

(Fig.(6)), and hence it is concluded that the pinning
of domain wall is the main mechanism of coerciv-
ity for all samples. The same conclusion has also
been reached by Zhang et al for ProFe;4B/a-Fe and
PryFe 4B ribbons.17:18]

The increase is fastest for PrgFeg7Bs sample of
smallest ;H. and is slowest for PrisFer;7Bg sample
of the largest ;H.. This is consistent with the fact
that the coercivity of aligned bulk magnets of {H, <
Hp increases in proportion to 1/cos@’, but the in-
crease is slower for the magnets of ;H. comparable
to Ha.[19=22 Usually angular dependence of coerciv-
ity would be intermediate between that of Eq.(1) and
Eq.(2) if iH2(0) and ; H?(0) are comparable. The dis-
crepancy of h(6)/h(0) of small ;H, PrgFeg;Bs from
1/cos® with faster variation is not a surprise be-
cause of much complicated magnetization distribution
in the nanocrystalline magnets than that of the pin-
ning model.
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