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Alignment and angular dependence of coercivity for (Sm,Ce)s(Co, Fe, Cu, Zr);; magnets

Observation of magnetization reversal process for (Sm,Ce)-(Co, Fe, Cu, Zr);7 magnets
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The alignment and angular dependences of the coercivity of (Sm, Ce),(Co, Fe, Cu, Zr);7 magnets were investigated. The coercivity of an
aligned magnet is slightly larger than that of the isotropically aligned magnet. This result differs from those of Nd—Fe—B sintered magnets
and ferrite magnets. In regard to the angular dependence, the coercivity of (Sm, Ce),(Co, Fe, Cu, Zr);; magnets decreases from 0° to 40° and
increases thereafter. The trend is similar to that observed in Ga-doped Nd—Fe-B sintered magnets and ferrite magnets and reproduces those
expected from a Stoner—Wohlfarth model or a coherent rotation of magnetization, even though the magnetization reversals for these magnets
proceed through the motion of magnetic domain walls. The angular dependence of the coercivity of isotropically aligned magnets agrees well
with the calculation results for angles up to 50° obtained under the assumption that the magnetization of every grain reverses independently
through the motion of magnetic domain walls. These results support strongly the conclusion that the coercivity of Ga-doped Nd—Fe-B sintered
magnets and ferrite magnets, both which have an angular dependence similar to (Sm, Ce),(Co, Fe,Cu, Zr);7 magnets, is determined by the

motion of magnetic domain walls.
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1. Introduction

SmCo magnets such as SmCos-type magnets and
Smjy(Co, Fe, Cu, Zr);-type magnets are still important in
various applications, especially applications used in high
temperature environments of over 200°C and applications
requiring high stability. These magnets are also attractive for
their composition, being free of any heavy rare-earth element.

Magnetization reversal in Smy(Co, Fe, Cu, Zr);; magnets
is governed by the motion of the magnetic domain walls. The
demagnetization of these magnets proceeds with the pinning
and de-pinning of these walls and is principally driven
through the difference in anisotropy energies of the
Sm(Co, Cu)s and Smy(Co,Fe);; phases inherent in the
cellular structures formed in the aging process.'™ In their
manufacture, these magnets receive different heat treatments
after sintering, specifically, a solution treatment after which
the coercivity (H.,) of a magnet is very low. The cellular
structures formed inside Sm(Co, Fe, Cu); grains during the
solution treatment morcover grow with the aging heat
treatment; H.; for these magnets then increases. The behavior
is quite different from those of Nd-Fe-B sintered magnets
and ferrite magnets. The H.; for Nd-Fe-B magnets and
ferrite magnets already emerges after sintering. The influence
of aging temperature on the H,; is small compared with that
for Sm,(Co, Fe, Cu, Zr);; magnets. The microstructures of
as-sintered and as-aged Nd-Fe-B sintered magnets were
reported by H. Sepehri-Amin et al.> For Nd-Fe-B sintered
magnets, every Nd,Fe4B grain is a single crystal. These
grains arc surrounded by the Nd-rich phase, called the grain
boundary phase, and there are no pinning sites inside the
Nd,Fe 4B grains.® Ferrite magnets have a similar structure
as Nd-Fc-B sintered magnets; they are also reported to have
a grain boundary phase.” Morcover, the H,, for Nd-Fe-B

sintered and ferrite magnets cxhibits a grain-size de-
pendence,®'! whereas there are few reports showing that
H_.; of Sm,(Co, Fe, Cu, Zr);7; magnets depend on their grain
size. Hence, it seems that H,.; of Sm,(Co, Fe, Cu,Zr);;
magnets does not depend on their grain size because their
coercivity is determined by microstructures present inside
grains.

From the differences in magnetic properties of the initial
magnetization curves, Smy(Co, Fe,Cu,Zr);; magnets are
classed as pinning-type, which means their coercivity is
governed by the pinning and de-pinning of the magnetic
domain walls. In contrast, Nd—Fe-B sintered magnets belong
to the nucleation-type class, meaning the coercivity of these
magnets is determined either by the coherent rotation of the
magnetization caused by nucleation of the reverse magnet-
ization in a defect for which weak anisotropy exists in the
grain boundary or by the motion of a magnetic domain wall
nucleating from an activation volume arising from thermal
fluctuation.'>!%)

In verifying which mechanism governed the coercivity in
Nd-Fe-B sintered magnets, the angular dependence of
coercivity (ANDC) was analyzed, although establishing
which was difficult. For Sm—Co magnets, the ANDC was
reported for SmCos magnets,'*'®) which have similar initial
magnetization curves as Nd—Fe-B sintered magnets.

Our previous papers reported on the relationship between
the alignment dependence of coercivities (ALDC) and
ANDC for various Nd-Fe-B sintered magnets and ferrite
magnets.'”® From the ALDC, we concluded that the H,,
of each magnet is determined by the motion of the magnetic
domain walls associated with the crust of the grains and not
related to a single grain. We also reported the ANDC of
StO-6F¢,03 and Ga-doped magnets and confirmed that their
coercivities are also determined from the motion of the
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magnetic domain walls even though the ANDC manifests
as a coherent rotation.”>?® In determining their coercivity
mechanism, we remarked that the ANDC does not suffice;
both ALDC and ANDC need to be examined for this
determination.

We also reported magnetization reversals in (Sm, Ce),-
(Co, Fe, Cu,Zr);; magnets obtained using soft X-ray mag-
netic circular dichroism microscopy (XMCD). We confirmed
that the H,; of these magnets is determined by the motion of
the magnetic domain walls.>”

However, there is no clarity regarding the ALDC and
ANDC of Smj(Co, Fe, Cu, Zr);7 magnets. Below, we focus on
this aspect for (Sm, Ce),(Co, Fe, Cu, Zr);7 magnets.

2. Experiment

Isotropically aligned and highly aligned Sm,Co,;-type
magnets, with the same composition Smg¢7Ceq33(Cog.73-
Feg2Cug.0sZr02)72 Teported in our previous paper,””) were
used in this experiment. The magnets, provided by Shin-Etsu
Chemical Co., Ltd., were cut and ground to 7 x 7 x 7 mm>
cubes for measurements of their magnetic properties for the
ALDC. For the ANDC, cylindrical magnets, each of 4 mm
diameter and 4 mm length, were used. The easy magnetiza-
tion direction of each was transverse to the cylinder’s axis.
The magnetic properties of the ALDC were measured with a
pulse ficld magnetometer (TMP-2-08S25VT-C, Toei Industry
Co., Ltd., Tokyo, Japan) with an 8 T (6.4 MA/m) magnetic
field. For the ANDC measurements, the 8 T magnetic field
was applied along with the easy magnetization direction for
full magnetization. The magnetic properties were measured
at various angles from 0° to 80° using a vibrating sample
magnetometer (VSM-5, Toei Industry, Tokyo, Japan) with a
1.8 T magnetic field.

3. Results and Discussion

Figure 1 shows the alignment dependence of the magnet-
ization for Sm0,67Ceo_33(Coo,73Feo,2Cu0,OSZrO,02)7_2. The
alignments used in this experiment were determined from
o = B,./J;, (B, denoting the residual magnetization and J; the
saturation magnetization); the alignments of isotropically
aligned and highly aligned magnets were 0.51, 0.96 and 1.0

Js
1.1 s‘\

Magnetization (/) (T)

0.5 0.6 0.7 0.8 0.9 1
Alignment (o= Br/Js)

Fig. 1 Alignment dependence of the magnetization of Smq ¢7Ce( 33(Cog 73-
Feo.zcuOvMZl‘ovoz)]z magnets.

Y. Matsuura et al.

12

e—— 10
T et e |y =
1igned Magnets

08 S
Isotropically L=
06 -2
Aligned Magnet P8
M CNﬁ
04 =
5]
// 02 P

‘ ‘ ‘ ‘ ‘ 0

-1200  -1000  -800 -600 -400 200 0
H (kA/m)

Fig. 2 Demagnetization curves for the aligned and isotropically aligned
Smy ¢7Ce0.33(Coo.73Fe0.2Cug 05219, 02)7.2 magnets.

respectively, where J; is used for the magnetization of
a = 1.0. The magnetization of isotropically aligned magnets
is almost half the saturation magnetization.

Figure 2 shows the demagnetization curves of our
isotropically aligned and aligned magnets, their magnetic
properties being respectively Br=0.551T, H.,= 1149
kA/m with « =0.51 and Br=1.036T, H.;= 1175kA/m
with & = 0.96. In addition, the H,, for isotropically aligned
magnets is slightly lower than that of aligned magnets. As
we mentioned in our previous papers of Nd—Fe-B sintered
magnets,”?" we expect their coercivities to decrease as the
alignment improves when the motion of the magnetic domain
wall determines the coercivity; by contrast, their coercivities
should increase when the coherent rotation of magnetization
determines H,.;. However, the coercivity of the Smy ¢7Ce 33-
(Cog.73Feg2Cug 9sZrg02)7, magnet is determined by the
magnetic domain wall motion. Morcover, XMCD observa-
tions support this conclusion.?” We do not find the same
relation observed in Nd—Fe-B sintered magnets including
Ga-doped Nd-Fe-B sintered magnets and ferrite magnets.
The H., of these magnets always decreases as the alignment
improves. This difference may arise from the difference in the
origin of H.;.

After sintering and a solution treatment, the H.; of
Smy 7Ce033(Cog.73Fe9.2Cug05Zrp.02)7.2 18 very low, being
similar to those of Sm,(Co, Fe, Cu, Zr);; magnets. High H,_.,
emerges after the aging treatment. However, Nd-Fe-B
sintered magnets and ferrite magnets have high H.; after
sintering.**" Even though the H,.; of Nd-Fe-B sintered
magnets and ferrite magnets cxhibits a grain-size de-
pendence.®') there are few reports on the grain size
dependence of coercivity for Smy(Co, Fe, Cu, Zr),;-type
magnets. These differences might be due to the different
ALDC between Nd-Fe—B sintered magnets and ferrite
magnets.

Figure 3 shows the ANDC of highly aligned magnets
(¢ =0.96). The H., of these magnets decreases from 0° to
40° and increases thereafter, the trend being similar to that
of ferrite magnets and Ga-doped Nd—Fe-B sintered
magnets.”>?® The ANDC of these magnets appears similar
to that obtained from the Stoner—Wohlfarth model. We
explained the ANDC of ferrite magnets and Ga-doped Nd—
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Fig. 3 Angular dependence of the coercivity of aligned Smg¢;Ceg 33-
(Cop.73Feg 2Cup psZrg 02)72 magnets.

Fe—B magnets as arising from the motion of magnetic domain
walls if the results from the ALDC of these magnets are
used. 22 For Smgs7Ceq33(Cog73Feq2CugosZro )7 mag-
nets, the ANDC and the ALDC do not exhibit the correlation
observed in Nd—Fe-B magnets and ferrite magnets and, at
first glance, the ANDC appears identical to that from the
Stoner—Wohlfarth model. Nevertheless, without doubt, the
H.; of SmyCo7-type magnets is determined by this domain
wall motion.

Furthermore, the ANDC of the Smg¢7Ce33(Cog.73F¢eq0-
Cug,05Zr0.02)7.2 magnet supports strongly our hypothesis that
the H.; of ferrite magnets and Ga-doped Nd-Fe-B sintered
magnets is determined also by the motion of magnetic
domain walls.

Figure 4 shows the ANDC of the isotropically aligned
magnet of Smy s7Ceq 33(Cog.75Feg2Cug 05Zr0,02)72 in a com-
parison with related calculations of a previous paper.”® The
ANDC of these magnets agrees well with these calculations,
which arc obtained assuming that cach grain undergoes an
independent magnetic reversal through the motion of the
magnetic domain walls for angles up to 50° and is similar to
those of Nd-Fe-B sintered magnets, Ga-doped Nd-Fe-B
sintered magnets, and ferrite magnets.?>2-2%)

The ANDC of isotropically oriented magnets also suggests
that the motion of the magnetic domain wall determines the
coercivity.

Calculation
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Fig. 4 Angular dependence of the coercivity of isotropically aligned
Smy 67Ce0.33(Coo.73F€0.2Cug.05Zr0.02)7.2 magnets.

4. Conclusion

We found the ALDC of the Smgg7Ceg33(Cog73Feqo-
Cug.05Zro.00)7, magnet to be different from those of Nd—Fe—
B sintered magnets, Ga-doped Nd-Fe-B sintered magnets,
and ferrite magnets. The H,, of aligned magnets is slightly
larger in value than that of isotropically aligned magnets. We
did not find the same ALDC relation observed in Nd—-Fe—B
sintered magnets and ferrite magnets.

The coercivity of the Smygg7Ceq33(Cog73Feg2Cug os-
Zr( )7, magnet decreases from 0° to 40°, then increase at
50°, the trend being similar to that of Ga-doped Nd-Fe—B
sintered magnets and ferrite magnets. At a glance, the ANDC
of Smy ¢7Ce033(Cog.73Fe.2Cug,05Zr0,02)7.2 magnet is similar
to that obtained from the Stoner—Wohlfarth model and the
coherent rotation model of magnctization. However, from
the XMCD results, magnetization reversals of this magnet
proceed through the motion of the magnetic domain wall.
We previously noted that the ANDC of Ga-doped magnets
and ferrite magnets accounts for the magnetic domain wall
motion even though their ANDC is similar to that of the
Stoner—Wohlfarth model. These results support our claim that
the discussion based only on the ANDC does is not
insufficient for the explanation of coercivities, and both
ALDC and ANDC are necessary, especially for Nd—-Fe-B
sintered magnets including Ga-doped Nd-Fe-B sintered
magnets and for ferrite magnets. The ANDC of the
Smy 67Ce033(Cog.73Fe9.2Cug.05Zr0.02)7.2 magnet only appears
similar to the magnetization behavior obtained from the
Stoner—Wohlfarth or the coherent rotation model, to which
the behavior of Ga-doped Nd—Fe-B sintered magnets and
SrO-6Fe,0;5 is also similar.?>-29)

Finally, for angles up to 50°, the ANDC of isotropically
aligned magnets agrees well with the calculation results. This
result holds for Nd—Fe-B sintered magnets, Ga-doped Nd—
Fe-B sintered magnets, and ferrite magnets.
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Observation of magnetization reversal process
for (Sm,Ce),(Co, Fe, Cu, Zr);; magnets
by soft X-ray magnetic circular dichroism microscopy

Sm,Co47 magnets, which have a higher saturation
magnetization than SmCos, have been developed in
Japan [1]. In the beginning of 1970s, the magnetic
properties of Sm—Co magnets were markedly
improved to more than 240 kJ/m® in Smy(Co, Fe,
Cu, Zr)17 magnets [2]. These magnets were used in
small motors such as spindle motors for cassette tape
players called “WALKMAN®”, acoustic applications
such as small speakers, microphones or pick-up
sensors, and motors used in wristwatches. Sm—Co
magnets contributed to the realization of unprecedent
small size and light weight of electric appliances. At the
beginning of 1980, Nd—Fe—B magnets were invented,
replacing the Sm—Co magnets, and have been used
in various applications of not only small devices but
also high-power devices such as the traction motors of
hybrid and electric vehicles or the compressor motors
of air conditioners. However, as these markets grow,
significant resource problems arise. A small portion
of Nd in Nd—Fe—-B was replaced with heavy rare-
earth elements of dysprosium (Dy) and terbium (Tb)
to achieve the high coercivity necessary to enable the
use of these magnets in high-temperature and high-
demagnetization-field applications. Among rare-earth
elements, Dy and Tb belong to precious metals; they
are mainly produced in China and their resources are
limited. Even though the Sm resources are almost
1/10 of the Nd resources, Sm—Co magnets do not
require Dy or Tb and have good magnetic properties
at high temperature above 200°C.

It is well known that the coercivity of
Smy(Co, Fe, Cu, Zr)7 is determined by
the magnetic domain wall motion. In the
grain of this magnet, cellular structures
of Sm(Co,Cu)s and Sm»(Co,Fe)17
phases exist, where almost 100 nm of
Smy(Co, Fe)i7 phases is surrounded by
Sm(Co,Cu)s thin platelet phases, and
these Smy(Co, Fe)i7 phases are separated
from each other. Magnetic domain walls 04
are pinned at the phase boundary of the
two phases or are in the Sm(Co,Cu)s
phase. When the demagnetization field

(e) H=-11T (d) H==05T (c) H=—04T (b) H=+50T

process and why the rectangularity (Hkx/Hcy) of
the demagnetization curve, where Hy is defined
as the magnetic field corresponding to 90% of
remanence and H., is the coercivity, is lower than
that of Nd—Fe-B sintered magnets.

We investigated the magnetization reversal process
for high|y aligned Sm0.67Ceo_33(COo_73Feo_QCUo_052r0_02)7_2
by soft X-ray magnetic circular dichroism (XMCD)
microscopy at SPring-8 BL25SU [3]. Figure 1(a) shows
bulk demagnetization curves and Figs. 1(b—e) show
the XMCD images obtained using the Co Ls absorption
edge in various magnetic fields indicated by circles
in Fig. 1(a). In Figs. 1(b—e), the red (blue) region is
where the magnetization is parallel (antiparallel) to the
positive direction of the external magnetic field (H).
White regions correspond to the neutral area in terms
of magnetization or to nonmagnetic inclusions, which
were identified as Sm oxide by energy dispersive X-ray
spectroscopy (EDX). The magnetization saturated
at +5.0 T. It was found that the initial magnetization
reversal occurred at the grain boundary and in the
vicinity of Sm oxide, as shown in Fig. 1(c). At-0.5T,
the reversal region extended into the grains(Fig. 1(d)),
and reached the zero of magnetization i.e., coercivity
(Fig. 1(e)).

Figure 2(a) is an enlargement of the area
surrounded by the square in Fig. 1(d), where reversal
extended into the grains at the grain boundary
(Fig. 1(d)) and in the vicinity of Sm oxide (Fig. 1(e)).
The local demagnetization curves for each position

1.0 (a) -
/
0.0
J
_1_0 R —
4 -2 [0 2 4

External Magnetic Field (T)

Magnetization (T)

PER N

applied is greater than the pinning field,
the magnetic domain wall jumps through
this cellular structure and the coercivity
can be determined. However, it was
unclear where the initial reverse magnetic
domain formed in the demagnetization

o
Co Ly XMCD Ratio
(arb. units)

Fig. 1. Bulk demagnetization curve of anisotropic (Sm,
Ce)>(Co, Fe, Cu, Zr);7 magnets (a) and XMCD images
obtained using Co L3 absorption edge under external magnetic
fields of H=+5.0T (b),-0.4 T (¢),—0.5 T (d) and —1.1 T (e). [3]
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| |
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2 02 —w-Jv-’J *-‘#WLJJ into grains from the grain boundary at
§ (d) and the vicinity of Sm oxide at E in
¥ ®) Inside of grain (g) Measuring area average Fig. 2(a). (b)—(f) Local demagneﬁzation
_Om4 - 0.2 pronstsen pe curves at (b) to (f) marked in (a).
c .L 5-(MCD.R t'. ~ 0.0 r / (g) Average of local demagnetization u
(1) atio © . - 1 4 - F .
(Zarb. wnits) S 0 l - 1 J / curves of entire measurement area. [3]
-2 -1 0 1 2-2 -1 0 1 2
External Magnetic Field (T)
marked by yellow circles in Fig. 2(a) are shown applied. Figure 3 shows the results of line scanning
in Figs. 2(b—f); these were evaluated from the Co for Co, Fe, and Cu in the peripheral region of the grain
Ls-edge XMCD signal intensity. The average local boundary, and for Sm, Co, Fe and Cu in the vicinity of
demagnetization curve of the entire measurement area Sm oxide. At the grain boundary, it was confirmed that
is shown in Fig. 2(g). It was found that the coercivity the amount of Fe increases and that of Cu decreases,
and rectangularity in local magnetic properties are and in the vicinity of Sm oxide, the amounts of Cu, Fe,
different between those inside the grain (Fig. 2(f)), and Co decrease and that of Sm increases.
at the grain boundary (Fig. 2(b)), at a triplet point Using the cutting-edge visualization technology
(Fig. 2(c)), at the starting point where a reversal domain of XMCD microscopy, the factors causing the
extends into a grain (Fig. 2(d)), and in the vicinity of deterioration of coercivity for Sm>Co47; magnets were
Sm oxide (Fig. 2(e)). It was verified that H (—0.5 T) in clarified and directly detected by the observation of
Fig. 2(d) agrees well with H where their magnetization the magnetization reversal process. The coercivities of
starts to decrease in Fig. 2(g). To verify the composition these magnets could be increased by the improvement
differences between grains and the grain boundary and of the process of removing Sm oxide and by the
the vicinity of the Sm oxide, EDX line scanning was improvement of the composition of the grain boundary.
(b) -
£ 10
< g Co
(a) H=-05T £ ?,2 F
a = . e
(P8 - oot et N e et
Line Scan Eﬂ?ﬁ(ﬁﬁy ;0_4 Cu
Zoof T
200
- 0 1 2 3 4 . .
Distance (um) Fig.3. (a) Co L3 XMCD image under
_ external magnetic field of =0.5T.
A Secondary electron microscopy
508 Sm images and results of line scanning
'Eoe Cu at grain boundary (b) and in the
-04-02 0 02 04 Line Scan s S b vicinity of Sm oxide (c). [3]
Co L, XMCD Ratio "* g i
(arb. units) I o
= 0.0
= 0.0 0.5 1.0 15 20
Distance (wm)
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(Sm, Ce)2(Co, Fe, Cu, Zr)17 i1, Nd-Fe-B BEfLig A 3 LY
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Magnetization Reverse Process of (Sm, Ce)2(Co, Fe, Cu, Zr)17 Magnets, Nd-Fe-B Sintered Magnets and
Ferrite Magnets Derived from the Correlation between the Demagnetization Curve of Magnetic
Measurements and the Average Magnetization Curve of Soft X-ray Magnetic Circular Dichroism (XMCD)

Yutaka Matsuura, (Research Institute for Applied Sciences)*

The correlation between the average magnetic properties of a fractured surface obtained from the soft X-ray
magnetic circular dichroism (XMCD) and the demagnetization curve obtained from the magnetic measurement in
(Sm, Ce)2(Co, Fe, Cu, Zr)17 magnets, Nd-Fe-B sintered magnets and ferrite magnets was investigated. The
demagnetization curves of XMCD agree well with the demagnetization curves of the magnetic measurements when
the demagnetization factors and the magnetic after effect are included in the demagnetization curve of XMCD. The
demagnetization curve of XMCD thus reflects well the magnetic properties of bulk magnets. The XMCD observation
of (Sm, Ce)2(Co, Fe, Cu, Zr)17 magnets reveals a magnetization reversal at grain boundaries and near Sm-oxides
from zero to ~ —0.5T. At —0.5T, the area of magnetization reversal extends inside the grains and the magnetization
reverse proceeds inside the grains and reaches coercivity. A magnetic field of —0.5T on the demagnetization curve of
XMCD is close to Hi on the demagnetization curve of the magnetic measurement. The same method was applied

and discussed to the magnetization reversal for Nd-Fe-B sintered magnets and ferrite magnets.

F—T—F KA, WIEEHIRR 2, K X BB @M 3, Sm-Co Wi 4, Nd-Fe'B BEfiiéa 5, 7 =74 Mgf
6,

(Permanent Magnet, Demagnetization Curve2, Soft X-ray Magnetic Circular Dichroism3, S-Co Magnet4, Nd-Fe-
B Sintered Magnet5, Ferrite Magnet6)
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Fig. 1 Demagnetization curves obtained from magnetic
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