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The typical magnetic domains of Sm(CobalFe0.25Cu0.07Zr0.02)7.4 magnets quenched through various heat-

treatment steps have been revealed by using magnetic force microscopy (MFM). For the specimens in which the nominal

c-axis is perpendicular to the imaging plane, the domain configurations change from plate-like for the as-sintered mag-

net to corrugation and spike-like for the homogenized one, and then to a coarse and finally to a finer domain structure

when isothermally aged at 830◦C and then annealed at 400◦C. However, only plate-like domains can be detected on

the surfaces with the nominal c-axis parallel to the imaging plane. The finer domain (so-called interaction domain) is

a characteristic magnetic domain pattern of the Sm–Co 2:17-type magnets with high coercivities. Domain walls in a

zigzag shape are revealed by means of MFM in final bulk Sm–Co 2:17-type sintered magnets.

Keywords: Sm–Co permanent magnets, magnetic domains, heat-treatment, magnetic force mi-
croscopy
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1. Introduction

The Sm(Co,Fe,Cu,Zr)z (z = 7.0 − 8.5) perma-
nent magnets have been reported to be able to oper-
ate at temperatures above 500◦C, and they are pos-
sessed of high coercivity and high Curie temperature
(about 820◦C).[1−3] Very complex production pro-
cesses, which involve sintering, homogenizing, isother-
mal aging and slow cooling, result in the formation of
a cellular precipitation structure which acts as pinning
centres for magnetic domain wall motion.[4] The cel-
lular microstructure has been investigated widely,[5−7]

and it consists of the Sm2(Co, Fe)17-cell matrix phase,
the Sm(Co, Cu)5-cell boundary phase and the Zr-rich
lamella phase. The average size is about 100–200 nm
for 2:17 main phase and 10 nm for 1:5 boundary phase.

Although there have been numerous publications
on SmCo 2:17-type magnets, only few magnetic do-
main characterizations on SmCo 2:17-type sintered
magnets have been investigated.[8−10] Zhang et al [8]

studied the domain structure of the precipitation
hardened 2:17-type Sm–Co magnets using Lorentz mi-
croscopy, revealing the pinning effect of domain walls.
Xia et al [9] studied the magnetic microstructures of
Sm–Co magnets with Sm volatilization at a relatively
high temperature, indicating that the Sm volatiliza-
tion could be suppressed by Ta plating layer of about
20 nm in thickness. However, these studies focused
on Sm–Co magnets in a high coercivity state. Re-
cently, Gutfleisch et al [10] have reported the domain
of SmCo 2:17-type magnets in the course of slowing
cooling process, and pointed out that the domain of
final magnets is a kind of coupling interaction one.
Nevertheless, the reports on magnetic domain con-
figurations of SmCo 2:17-type magnets during the
complex heat treatments are limited. Magnetic force
microscopy (MFM) with high lateral resolutions of
10–50 nm and easy manipulation is a powerful tool
for detecting magnetic domains of permanent mag-
netic materials.[11,12] In this paper, magnetic domain
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structures of Sm(Co,Fe,Cu,Zr)7.4 sintered magnets are
characterized by using MFM after the magnets have
been quenched through the four steps of heat treat-
ment, i.e. sintering, solid-solution, isothermal aging
and slow cooling, sequentially.

2. Experiment

The SmCo 2:17-type sintered magnets were
prepared by powder metallurgy procedures. The
alloy ingot with the nominal composition of
Sm(CobalFe0.25Cu0.07Zr0.02)7.4 was prepared by vac-
uum induction melting with an excess 5 wt.% Sm
added, and then it underwent a series of processes,

such as pulverizing, magnetic powders alignment and
subsequent heat treatments, finally the sintered SmCo
2:17-type magnets were obtained. Especially, the heat
treatments were sequentially performed through the
following four steps: sintering at about 1200◦C for 0.5
h, solid-solution treatment at about 1180◦C for 5 h,
isothermal aging at 830◦C for 24 h, and finally slow-
cooling at a rate of 0.7◦C /min to 400◦C, and then
soaking for 10 h. In order to reveal the influence of
the heat treatment on magnetic domain structures, we
gradually quenched specimens from 1200, 1180, 830
and 400◦C to room temperature, sequentially. Four
groups of corresponding specimens were obtained and
labelled as A, B, C and D, respectively. The heat
treatment conditions for the specimens A–D are listed
in Table 1 in detail.

Table 1. Heat treatment conditions of specimens A–D.

Specimen Sintering conditions Solid solution conditions Homogenizing treatment Slow cooling conditions

A 1200◦C×0.5h — — —

B 1200◦C×0.5h 1180◦C×5h — —

C 1200◦C×0.5h 1180◦C×5h 830◦C×24h —

D 1200◦C×0.5h 1180◦C×5h 830◦C×24h 0.7K/min, 400◦C×10h

The phase constituents of the specimens were
analysed by the X-Pert Pro-type x-ray diffractome-
ter using Cu Kα radiation (λ = 0.154 nm). Mag-
netic properties of the specimens were measured by
a VSM and NIM-2000H-type hysteresis loop tracer.
Magnetic microstructures of the specimens were de-
tected by Digital Instruments NanoScope IIIa-D3000
magnetic force microscopy (MFM) operating in Tap-
ping/Lift modes, with a Co-Pt coated high coercivity
tip (its coercivity Hc > 80 kA/m) magnetized down-
wards. The lift-height of the tip is 30nm when scan-
ning. The coercivity of the tip is high enough to ensure
that its magnetic moment direction is unperturbed
by specimens.[13] For MFM experiments, the observed
surfaces were carefully ground and polished using SiC
abrasive papers (from 400 down to 1200 grade) and
diamond powders (2.5, 1, 0.25µm in diameter) with
a water-free lubricant. In fact, during the procedures
stress was inevitably introduced in their surface layers.
However, for SmCo-type magnets, we have found that
the introduced stress has only a little influence on the
intrinsic domain structures, as reported in Refs.[9,13].
Accordingly, in this paper, MFM images are obtained
directly on the specimens that have been just polished
but not undergone by any further treatments.

3. Results and discussion

Figure 1 shows the XRD powder patterns of the
four kinds of SmCo 2:17-type specimens. The spec-
imen (specimen A) only annealed at 1200◦C for 0.5
h consists of 1:7H main phase with a TbCu7 struc-
ture and a small amount of 1:5 phase with a CaCu5

structure, as shown in Fig.1(a). After the sintered
Sm–Co magnets have been solid-solution treated at
1180◦C for 5 h, single-phase with 1:7H structure oc-
curs (Fig.1(b)) because of the transformation of 1:5
phase into 1:7H by eutectic reaction. Figures 1(c) and
1(d) show that both specimens C and D consist of
2:17R and 1:5 phases. The two phases form due to
the phase separation of the 1:7H after isothermal ag-
ing, which is consistent with the fact that the cellular
and the lamellar microstructures have formed during
the isothermal treatment.[14,15]

Hysteresis loops of specimens A–C and the de-
magnetization curve of specimen D are shown in Fig.2.
It is obvious that specimens A–C show typical soft
magnetic behaviours (the intrinsic coercivity jHc <

100 kA/m), whereas specimen D exhibits a permanent
characterization (jHc = 2205 kA/m). The behaviour
of magnetic properties of specimens A–D accords well
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Fig.1. Powder XRD patterns of the four specimens: specimen

A (a), specimen B (b), specimen C (c) and specimen D (d).

Fig.2. Hysteresis loops of the specimens A–C (upper panel)

and demagnetization curve of the specimen D (lower panel).

with that reported by Strnat.[1] It should be pointed
out that the intrinsic coercivity of specimen B is only
about 13 kA/m, indicating that specimen B is consid-
erably “soft”. It can be attributed to its single 1:7H
phase (see Fig.1(b)) with a larger average grain size
(mentioned below) and less defects in it. Therefore,
in the magnetization reversal process of specimen B,
the domain walls in the crystals move easily, resulting
in lower intrinsic coercivities.

Figure 3 shows typical magnetic domain struc-
tures of specimens A–D with the nominal c-axis per-
pendicular to the imaging plane. On the whole, the
magnetic domains of the four specimens differ from
each other significantly. For specimen A as shown
in Fig.3(a), a stripe domain pattern is present. The
average surface domain width, 〈w〉As , is measured to
be about 0.9µm by using the Bodenberger and Hu-
bert method,[16,17] and listed in Table 2. However, as
seen in Fig.3(b), specimen B takes on typical corruga-
tion and spike domains (i.e. black and white dots).
The domain width, 〈w〉Bs , is about 1.5µm. As is
well known, the corrugation and spike domain is a
typical domain configuration occurring in the strong
magnetic anisotropic crystals with the normal c-axis
(easy axis) perpendicular to the imaging plane, for
example, Nd2Fe14B single crystals, according to the
two phase branching theory.[17] In order to develop
precipitation-hardened SmCo 2:17-type sintered mag-
net, the isothermal treatment at 830◦C for a long time
(10–25 h) is needed. As shown in Fig.3(c), the typical
magnetic microstructures of specimen C are detected
by magnetic tips as coarse domains or wide stripe do-
mains with a domain width (〈w〉Cs ) of about 1.6µm.
It is noted that there is no reverse spike domain in
Fig.3(c) though the value of 〈w〉Cs is similar to that
of 〈w〉Bs . This is ascribed to the formation of cellu-
lar structure after isothermal treatment at 830◦C as
mentioned above. Figure 3(d) shows the fine domain
structures of specimen D with a high coercivity (jHc)
of 2205 kA/m and a domain width (〈w〉Ds ) of about
0.5µm. The similar fine domains have recently been
revealed in an optimally processed bulk SmCo

Table 2. Average surface width 〈w〉s and main domain

width 〈w〉m of the magnetic images, and average grain

size 〈d〉 of the Sm–Co specimens.

Specimens A B C D

〈w〉s/µm 0.9 1.5 1.6 0.5

〈w〉m/µm 1.8 10.0 3.5 1.1

〈d〉/µm 10 >40 >40 >40
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2:17-type magnet.[10] It is noted that the single do-
main critical size of the 2:17 cell of high coercivity Sm–
Co magnet is about 700 nm,[18] which is much larger
than the cell size (about 100–200 nm). Therefore, the

domain structures of specimen D are actually an ag-
gregation of many single domains, or so-called cou-
pling interaction domains,[10] which occurs usually in
the various nanocomposite magnets.[19−21]

Fig.3. Typical magnetic force microscopy images of the four specimens with the normal c-axis perpendicular

to the imaging plane. Scan area is 40 µm×40 µm for the images. Lift-height of the tips is 30 nm.

Moreover, for the specimens A–D with the c-axis
parallel to the imaging plane as shown in Fig.4, their
magnetic domains have also been revealed by MFM.
In this case, the magnetic domain configurations of
the four specimens are typically plate-like domains,
which greatly differ from those shown in Fig.3 in do-
main patterns. Actually, the magnetic domains shown
in Fig.4 are the interior domains of the corresponding
specimens studied in Fig.3. Furthermore, it is obvi-
ous that the big difference in average domain width
between the plate-like domains exists. In Fig.4, the
values of average main domain width (〈w〉m) of the
specimens A–D are measured to be about 1.8, 10.0, 3.5
and 1.1µm, respectively, and listed in Table 2. Com-
paring 〈w〉m with 〈w〉s, it is found that the 〈w〉m is two
or more times larger than 〈w〉s for the same group of

specimens (see Table 2). The reason is that in Fig.4
the magnetostatic energy of the surface layer of the
specimens is much smaller because the c-axis is paral-
lel to the imaging plane, resulting in a larger domain
width. In Fig.3, however, the c-axis of the measured
specimens is perpendicular to the imaging plane and
the narrow domain width is needed for reducing the
magnetostatic energy of the surface layer. Observ-
ing Fig.4, it is impressive that among these domain
widths the domain width of the specimen B, 〈w〉Bm, is
the largest (about 10µm), which is about 6.7 times
the surface domain width 〈w〉Bs of specimen B, indi-
cating further that the corrugation and spike domain
(Fig.3(b)) is the result of the branching of domains
from interior to surface along the c-axis.
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Fig.4. Typical magnetic force microscopy images of the four kinds of specimens with the c-axis parallel to

the imaging plane. The region marked by a square in (d) is magnified into (e). Scan area is 40 µm×40 µm

for (a)–(d) and 10 µm×10 µm for (e). Lift-height of the tips is 30 nm.
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As shown in Fig.4, the different deviations of the
plate-like domain orientation from the aligning direc-
tion (along the bottom side of the images), and the
difference in darkness and whiteness between differ-
ent crystals all indicate that the easy axes (c-axes) of
the grains are distributed on a cone with respect to the
aligning direction. In fact, the region with the same
deviations of the plate-like domain orientation belongs
to a grain due to the same directions of easy magne-
tization. Therefore, the grain size and the shape of
the specimens can be recognized from the magnetic
domain images. From the images similar to Figs.4(a)–
4(d), the average grain size 〈d〉 of the specimen A is
measured statistically to be about 10µm, and the oth-
ers are more than 40 µm, implying that the grains of
the specimens apparently grow up after the solid so-
lution has been treated at 1180◦C for a relatively long
time.

An area marked by a square in Fig.4(d) has
been selected and scanned again. And a typical
10 µm×10 µm magnetic image captured by MFM is
shown in Fig.4(e). Obviously, the domain walls are
formed in a zigzag shape, which has been detected
early by using the high resolution Lorentz transmis-
sion electron microscopy (TEM).[8] However, it should
be pointed out that the domain observation by TEM
has only limited the relevance concerning the do-
main structures of bulk materials and the change
of those structures in a magnetization process be-
cause domain structures are very sensitive to the sam-
ple thickness.[10,17] Therefore the domains in samples
thinned for TEM investigation can be very different
from those in the bulk samples. In our studies, the
zigzag-shaped domain walls have also been revealed
by MFM on the surface of bulk specimens with the
normal c-axis parallel to the imaging plane. It has
been accepted that the coercivity mechanism of the
SmCo 2:17-type magnet at room temperature is the
effect of domain wall pinning. The magnetic domain
structures show that the wavy domain walls follow cell
boundaries. It is presumed that these wavy domain
walls act as the pinning centres during the magneti-
zation reversal, resulting in a high intrinsic coerciv-
ity. Reasonably, the low values of intrinsic coercivity
(< 100 kA/m) of specimens A-C are ascribed to the
large grain size and the weak pinning centre.

According to the obtained magnetic images
(Figs.3 and 4) and the precipitation-hardened pro-
cess of high temperature SmCo 2:17-type magnets, the
schematic of magnetic microstructures from interior to

surface for the specimens A–D are built and illustrated
in Figs.5(a)–5(d), respectively, to show the evolution
of magnetic domains. We believe that the consider-
able change of magnetic domains (Figs.3 and 4) of the
specimens after quenched through different steps can
be ascribed to the variation of main magnetic phase
from 1:7 to 2:17 (verified by XRD results shown in
Fig.1) and crystal size during the complex heat treat-
ments (see Figs.4(a)–4(d)). As is well known, for high
performance Sm–Co magnets, the variation of phase
constituents and the corresponding intrinsic proper-
ties and the grain size as well are pronounced during
the complex heat treatments. As mentioned above,
the grain size of the specimen B is larger than that
of specimen A. Therefore, for specimen B, the occur-
rence of corrugation and reverse spike domains near
the surface results in a reduction of the magnetostatic
energy at the cost of a larger total Bloch wall area,[22]

as shown in Fig.5(b). Moreover, the development of
cellular precipitation structure of high coercivity Sm–
Co magnets is controlled by the growth of grain and
the chemical redistribution process. The cellular pre-
cipitation structure is formed during the isothermal
aging procedure, whereas the chemical redistribution
of the transition metals during the slow-cooling proce-
dure increases the coercivity of the final magnet. For
specimen C as shown in Fig.5(c), spike domains are
not needed on the balance between domain wall en-
ergy and demagnetization energy due to the formation
of cellular structure from the phase separation of 1:7-
type phase and the subsequent weakening of magnetic
anisotropy of the obtained 2:17 main phase. However,
for specimen D as shown in Fig.5(d), the fine scale
domains form due to the further diffusion of copper
from the interior of the 2:17 cells into the 1:5 bound-
ary phase during the slow cooling ramp. This dis-
tribution of elements changes the intrinsic magnetic
properties of the 1:5 phase, and then increases the
difference in domain wall energy between the interior
and the boundary of the cells.[14,15] Therefore, the sig-
nificant difference in magnetic domain between spec-
imens C and D (see Figs.3(c), 3(d), 4(c), and 4(d))
can be attributed to large fluctuations in the intrinsic
properties of the 1:5 cell boundaries though they both
exhibit cellular structures. Considering the evolution
of magnetic domains and magnetic properties of the
four specimens, it is reasonably deduced that the fine
scale domain (Figs.3(d) and 4(d)) is a characteristic
feature of SmCo 2:17-type sintered magnets with pe-
culiar cellular nanostructures.
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Fig.5. Schematic of magnetic microstructures from interior to surface for the specimens A (a), B (b), C (c)

and D (d).

4. Conclusions

The crystal structures and magnetic properties
of SmCo 2:17-type sintered magnets after quenching
through complex processing steps (such as sintering,
solid solution, isothermal and slow cooling) have been
examined. Furthermore, magnetic domain structures
of these SmCo 2:17-type magnets have been investi-

gated by using magnetic force microscopy. The large
difference in magnetic microstructure among the four
specimens originates from the variation of phase struc-
tures (or the domain wall energy of the main phases)
and the crystalline microstructures during heat treat-
ments. The fine scale domain is a characteristic fea-
ture of SmCo 2:17-type sintered magnets with peculiar
cellular nanostructures.
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