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Abstract
The magnetic behaviour of Sm(Co,Fe,Cu,Zr)z ribbons with z = 7.0 and 7.5
is investigated. The Henkel plots indicate that there is a strong intergrain
exchange coupling (IGEC) effect in these ribbons. It is the IGEC that results
in the phenomena of the interaction domains and remanence enhancement in
the ribbons at room temperature. The contributions of IGEC and dipolar
interaction to irreversible magnetization have been analysed to explain the
phenomenon of open recoil loops. Due to the difference of the intensity of
the IGEC, the magnetization changes with the component of the
Sm(Co,Fe,Cu,Zr)z ribbons.

1. Introduction
Sm–Co based permanent magnets (PMs) have attracted much
attention since the 1990s because of the abnormal temperature
dependence of coercivity Hc found in Sm(Co,Fe,Cu,Zr)z
alloys [1–4]. These kinds of magnets have been named
high temperature magnets or modern Sm(Co,Fe,Cu,Zr)z
magnets with positive temperature coefficients of Hc in a
certain temperature range [5, 6]. The experimental results
indicate that these kinds of magnets have the same cellular
microstructure as the traditional Sm(Co,Fe,Cu,Zr)z magnets
in which the value of Hc reduces rapidly with the increase
temperature. The microstructure of precipitation-hardened
Sm2 Co17 -based PMs consists of a 2 : 17 type cell (∼100 nm)
surrounded by a 1 : 5 type cell wall (∼10 nm) [2–4,7–9]. It
is generally accepted that the coercivity mechanism of these
precipitation-hardened magnets is controlled by the domain
wall pinning due to the difference of domain wall energy
density between two phases. Up to now, much attention
has been paid to the modern Sm(Co,Fe,Cu,Zr)z magnets
to understand the mechanism of the abnormal temperature
dependence of coercivity and to obtain high performance
at high temperatures [2, 3, 5, 8, 10–12], while the effect of
intergrain exchanging coupling (IGEC) on the magnetization
process has hardly been noticed. Considering the ultrafine
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microstructure, IGEC should play an important role in
this cellular type PMs as observed in the nanocomposite
PMs [13, 14].
In nanocomposite exchanging coupled magnets, such as
melt-spun Nd2 Fe14 B-typed ribbons, the exchange coupling
between magnetically hard and soft phases determines the
magnetic moments of the soft phase to align with those
of the hard phase resulting in the remanence enhancement
for isotropic magnets. Therefore, a high (BH)max could be
obtained in exchange coupled magnets due to IGEC. Some
interesting phenomena in many nanocomposite magnets have
been observed, such as the high degree of reversibility in
the demagnetization behaviour and the relatively open recoil
loops [7,13–15]. This indicates that IGEC visibly affects
the demagnetization process in nanocomposite magnets. In
this paper, IGEC has been studied in modern and traditional
Sm(Co,Fe,Cu,Zr)z ribbons by experimental investigations in
terms of the magnetic domains structure, the magnetization
and demagnetization processes at different temperatures.

2. Experiments
The alloys with a nominal composition of Sm(Cobal Fe0.1 Cu0.1
Zr0.03 )7.0 (sample A) and Sm(Cobal Fe0.1 Cu0.1 Zr0.03 )7.5
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Figure 1 shows the XRD patterns of the ribbons. Both Th2 Zn17
and CaCu5 structure phases are detected in the two ribbons.
But the diffraction peaks of the 1 : 5 phase in sample A are
obviously stronger than in sample B, which indicates that the
relative content of the 1 : 5 phase is smaller in the ribbons with
z = 7.5. According to the Scherrer method the 2 : 17 cell
sizes of samples A and B are about 28 and 36 nm, respectively,
which is similar to the report in [16]. Figure 2 shows the
temperature dependence of the coercivity of samples A and
B. The coercivity of sample A reduces with the temperature
increase from RT to 200 ◦ C and then increases when the
temperature is further increased from 200 to 500 ◦ C. The value
of Hc is about 3.2 kOe at 500 ◦ C. Therefore, the abnormal
temperature dependence of coercivity is obtained in sample
A, indicative of the modern Sm(Co,Fe,Cu,Zr)z magnets. In
contrast, the coercivity of sample B monotonously decreases
with the temperature increase, which is similar to that in
traditional Sm(Co,Fe,Cu,Zr)z magnets [17]. According to
the experimental results [2–5, 7, 18], both types of magnets
possess the same microstructure. The different behaviour
of the temperature dependence of coercivity between A and
B results from the composition discrepancy. It was verified
experimentally that the abnormal temperature dependence of
coercivity in modern Sm(Co,Fe,Cu,Zr)z magnets is closely
related to the Cu content in the cell boundary phase [5,18,19].
With increasing Cu content in the cell boundary phase, the
value of coercivity increases and the behaviour of the abnormal
temperature dependence of coercivity disappears. Because the
Sm content in sample B is less than that in sample A, there
is relatively more content of the 1 : 5 cell boundary phase in
sample A than that in sample B, as shown on the XRD patterns
of samples A and B (figure 1). Therefore, more Cu content
exists in the 1 : 5 cell boundary phase in sample B.
Figure 3 shows the MFM images with a scan size of
5 µm × 5µm for the two samples at room temperature. The
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Figure 1. The XRD patterns of Sm(Co,Fe,Cu,Zr)z ribbons with
z = 7.0 (A) and 7.5 (B).
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3. Results and discussion

+

(sample B) were prepared by arc melting under high purified
argon gas atmosphere. The purity of the constituent elements
is at least 99.9%. The ingots were remelted four times to
achieve a good homogeneity. The ribbons were prepared by
the melt-spinning technique. The Cu wheel surface velocity
of 5 m s−1 has been used in this work. The ribbons were aged
at 850 ◦ C for 3 h, followed by slow cooling at 1 K min−1 to
450 ◦ C, and then quenched to room temperature. The heat
treatment is necessary to obtain the desired microstructure
and microchemistry, and this results in the excellent magnetic
property.
The magnetic measurements in the temperature range
from room temperature (RT) to 700 ◦ C were performed
using a high temperature LakeShore vibrating sample
magnetometer (VSM) with a maximum field of 24 kOe. The
demagnetization factor of the specimens has been neglected
because the magnetic measurements were performed along the
longitudinal direction of the ribbons. The structural analysis
was carried out by x-ray diffraction (XRD) with Cu Kα
radiation, and the magnetic domain structure was studied using
a Digital Instruments NanoScope IIIA D-3000 magnetic force
microscope (MFM) at RT.
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Figure 2. Temperature dependence of coercivity of Sm(Co, Fe, Cu,
Zr)z ribbons with z = 7.0 (A) and 7.5 (B).

Figure 3. The MFM images with a scan size 5 µm × 5 µm for
samples with z = 7.0 (left) and 7.5 (right) at RT. The bright and
dark areas (magnetic domains) are due to the magnetic moments out
of the plane.

black and bright areas (about 500–700nm) contrast in the
images, which result from the magnetic moments out of
the plane, denote the domains with opposite magnetization,
respectively. Obviously, the domains size of both A and B
samples are much larger than their grains size according to
the results of analysis by the Scherrer method from XRD.
The magnetic structure is so called multigrain domains or
interaction domains also found in other nanocrystalline PM
ribbons and nanocomposite ribbons [7,20,21]. The interaction
domains are considered as the result of exchange interactions
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between the spins of adjacent grains. Unfortunately, the
exchange coupling across grains cannot be identified in
the MFM images. In fact, the 2 : 17 cells are insulated by
the 1 : 5 cell boundary phase in Sm(Co,Fe,Cu,Zr)z magnets
with a cellular structure. The experimental result of chemical
analysis indicates that Cu is mostly concentrated at the 1 : 5
cell boundary [6]. Because Cu is nonmagnetic, both the
exchanging constant and the magnetocrystalline anisotropy
constant of the 1 : 5 phase in sample B are less than those in
sample A. Consequently, it is expected that IGEC in sample A
is stronger than that in sample B.
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Figure 4. The temperature dependence of remanence ratio for two
samples.

In order to compare the IGEC in sample A with that in
sample B, the temperature dependence of the remanence ratio
of samples A and B is shown in figure 4. mr = Mr /Ms > 0.5,
i.e. the remanence enhancement can be observed in both
samples at T  450 ◦ C. In nanocrystalline PMs, the magnetic
moment of a grain is parallel to that of the neighbouring grains
through IGEC, resulting in the remanence enhancement [7,22].
Thus, a strong IGEC exists in both ribbons. Although the value
of mr decreases with temperature increase in both samples A
and B, mr of sample A shows a slower decrease rate, still
being 0.62 at 500 ◦ C. The mr of sample A is larger than that of
sample B in the whole range of temperature, which is important
to achieve a high temperature performance. Thus, it can be
concluded that IGEC in modern Sm(Co,Fe,Cu,Zr)z magnets
is stronger than that in traditional ones, especially in the high
temperature range showing the abnormal coercivity increase.
Figure 5 shows the recoil loops of magnetization and
demagnetization processes at RT and 500 ◦ C. The behaviour
of magnetization and demagnetization curves for sample A
is visibly different from that of sample B. In sample A, the
processes of magnetization and demagnetization are almost
irreversible at RT, but become relatively reversible at 500 ◦ C
as shown in figure 5. In contrast, the sample B shows a high
degree of reversibility in magnetization and demagnetization
processes at both RT and high temperature. The difference in
magnetization and demagnetization between A and B results
from the characteristics of the 1 : 5 cell boundary phase. At
RT, the cell boundary phase is magnetically softer than the
cell phase in traditional Sm(Co,Fe,Cu,Zr)z magnets, which is
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Figure 5. The recoil loops in the initial magnetization and demagnetization state, respectively, at RT and 500 ◦ C.
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δm (H ) = [Jd (H ) − Jr (∞) + 2Jr (H )]/Jr (∞)

(1)

is used to estimate the intensity of the IGEC [25]. Here the
remanent Jr (H ) can be obtained after applying and subsequent
removal of a direct field H , Jd (H ) after saturation and the
subsequent application and removal of a direct field H in the
reverse direction, and Jr (∞) is the saturated remanent and
denoted as Jr in the following for convenience. It is well
known that the positive value of δm (H ) is due to IGEC, while
the negative value of δm (H ) is the result of dipole–dipole
coupling [21,25–29]. Figure 6 shows δm versus H (Henkel
plot) at different temperatures. At RT, strong IGEC exists in
both ribbons because of the large positive value of δm . The
maximum value of δm of sample A is higher than that of
sample B at the same temperature. Therefore, IGEC in sample
A is stronger than in sample B, which is consistent with the
results shown in figure 4. With the increase in temperature,
IGEC decreases due to the steep drop in the exchange constant,
especially the exchange constant of the cell boundary phase.
For sample B at 500 ◦ C, the obtained negative values of δm
indicate the strong effect of the stray field on the magnetization
processes at high temperature.
In summary, the difference in the magnetic behaviour
between the modern and traditional Sm(Co,Fe,Cu,Zr)z ribbons
results from the variation of the structural characteristics in
the cell boundary phase. Due to strong IGEC, the interaction
domain is observed in nanocrystalline Sm(Co,Fe,Cu,Zr)z
ribbons. Because of the large Cu content in the cell
4394
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opposite to that in modern ones due to the Cu content in the
cell boundary phase [6]. Thus, the reversal of the magnetic
moments in cell boundary in sample B is easier than that of the
2 : 17 cell matrix, and these moments should turn back on the
removal of the external field due to IGEC. Therefore, sample
B shows a high degree of reversibility in its magnetization and
demagnetization processes, which is similar to the behaviour of
nanocomposite PMs [7, 13]. The same behaviour is observed
for sample A at high temperatures, which indicates that the
cell boundary phase becomes magnetically softer than the cell
phase.
As shown in figure 5, the recoil loops do not close for
both samples. According to the reports on nanocomposite
PMs in [21, 23, 24], such a behaviour is attributed to the
effect of the stray field on the irreversible behaviour of the
soft phase when the cell boundary phase is considered to be
magnetically soft. Recently, the coercivity mechanism was
found to be controlled mainly by the pinning of domain walls in
the modern Sm(Co,Fe,Cu,Zr)z PMs, but also in the traditional
ones when the temperature is below the Curie temperature of
the cell boundary phase. For the inhomogeneous domain-wall
pinning, it is noticed that IGEC can also lead to the open
recoil loops as shown in figure 5. In the cycle of a recoil
loop, the exchange coupling brings about free energy for the
neighbouring moments being parallel which is different from
that for being antiparallel, and then the magnetic moments
of the cell boundaries occur an irreversible process. In other
words, both IGEC and stray field can lead to the open recoil
loops in Sm(Co,Fe,Cu,Zr)z PMs. Unfortunately, we cannot
judge which kind of interaction has a major contribution to the
open recoil loops.
In a real system, the relation

0.00

-0.25

sample B
-0.50

0

2

4

6

H/i Hc

Figure 6. Henkel plot at various temperatures of samples with
z = 7.0 (top) and z = 7.5 (bottom).

boundary phase in traditional Sm(Co,Fe,Cu,Zr)z ribbons,
IGEC in modern Sm(Co,Fe,Cu,Zr)z ribbons is stronger. As
a result, the remanence is higher in modern Sm(Co,Fe,Cu,Zr)z
ribbons. Besides the stray field, IGEC can result in the
open recoil loops for inhomogenous domain-wall pinning in
Sm(Co,Fe,Cu,Zr)z PMs.
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