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Two types of Sm共Co, Fe, Cu, Zr兲Z ribbons with different temperature dependence of coercivity are
investigated in comparison at different temperatures. It is found that their magnetization behaviors
and magnetic viscosity are distinctly different. The magnetization of sample A 共with abnormal
temperature dependence of coercivity兲 behaves as a single phase permanent magnet at room
temperature, and then becomes similar to a nanocomposite magnet with the increase of temperature.
However, sample B 共with negative temperature coefficient of coercivity兲 is similar to a
nanocomposite magnet at the whole temperature range. The magnetic viscosity is mainly
determined by the irreversible magnetization for both ribbons, while there emerges an extra small
peak of magnetic viscosity coefficient S共H兲 at low field and high temperature for sample B. The
different content and distribution of Cu in the cell boundary phase are proposed to be responsible for
the differences of temperature dependence of coercivity, magnetization, and magnetic viscosity
behaviors of these two types of Sm共Co, Fe, Cu, Zr兲Z ribbons. © 2010 American Institute of Physics.
关doi:10.1063/1.3334540兴
magnetization behaviors were studied using the DC demagnetization 共DCD兲 method,8,9 and the schematic illustration of
measurements is shown in Fig. 1. The magnetic properties
were investigated by a high temperature vibrating sample
magnetometer 共LakeShore 7410, maximum field 24 kOe兲.
The measurements were performed along the longitudinal
direction of ribbons and no demagnetization correction was
done. The test time for investigations of magnetic viscosity
was 100 s.
The experimental results indicate that the abnormal and
normal temperature dependences of coercivity are obtained
in samples A and B, respectively.7 Figures 2共a兲 and 2共b兲 give
the major demagnetization curves and recoils loops at room
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Sm共Co, Fe, Cu, Zr兲Z permanent magnets 共PMs兲, with a
complex cellular microstructure consisting of 2:17 type cells
surrounded by a Cu-rich 1:5 cell boundary phase, have been
always the ideal candidates for high-temperature magnetic
applications because of their excellent permanent magnetic
properties at high temperatures.1–3 Since the 1990s, the
Sm共Co, Fe, Cu, Zr兲Z PMs have attracted intensive attention
again because of the observed abnormal temperature dependence of coercivity.4 Due to the complexity of microstructure
and element distribution, the physics of magnetization in
Sm共Co, Fe, Cu, Zr兲Z has been controversial. However, it is
generally accepted that it is closely related to the characteristics of the cell boundary phase.2,4–6 In our previous study,
we have found that the Cu content in the boundary phase
determines the intensity of the intergrain exchange coupling
共IGEC兲 in Sm共Co, Fe, Cu, Zr兲Z ribbons.7 In this paper, the
magnetization behaviors and magnetic viscosity are studied
to provide a further comprehension on the temperature dependence
of
magnetization
mechanism
in
Sm共Co, Fe, Cu, Zr兲Z PMs.
The ribbons of Sm共CobalFe0.1Cu0.1Zr0.03兲7.0 共sample A兲
and Sm共CobalFe0.1Cu0.1Zr0.03兲7.5 共sample B兲 were prepared by
a melt-spinning technique and a subsequent heat treatment.
The detailed experimental process was given in Ref. 7. The

FIG. 1. Schematic illustration of magnetic measurements.
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FIG. 2. Major demagnetization curves and recoil loops.

temperature 共RT兲. It can be seen that the magnetization in
sample A is almost irreversible, which contrasts significantly
with that in sample B. Many experimental results indicate
that the magnets of Sm共Co, Fe, Cu, Zr兲z with different temperature dependence of coercivity possess the same
microstructure.3,8 And the coercivity dependence on temperature is closely related to the Cu content in the cell
boundary phase.3,8,9 Considering the larger ratio z and the Cu
concentration at the cell boundaries, there is a relatively
smaller content of 1:5 phase with a higher content of Cu in
sample B 共see our previous work in Ref. 7兲.5 Therefore, the
TC 共1:5兲 can be used to characterize the Cu content of the cell
boundary phase.10 To verify this expectation, the temperature
dependences of magnetization of the two samples are analyzed, as shown in Fig. 3. One can find that TC 共2:17兲 is
almost constant but TC 共1:5兲 is quite different, ⬃645 and
505 ° C for samples A and B, respectively. This indicates that
the Cu content in the cell boundary phase of sample B is
higher than that of sample A. Therefore, the boundary phase
in sample B is magnetically softer, which results in its magnetization behaviors similar to nanocomposite PMs.
Figure 4 shows the reversible and irreversible magnetization 关mrev共H兲 and D共H兲兴 at different temperatures. The
mrev共H兲 for sample B is higher than that for sample A due to
a stronger exchange-spring interaction. Moreover, the
maxima of mrev共H兲 are obtained in the vicinity of Hci for
sample B, which is similar to that found in nanocomposite
PMs.11–14 It is resulted from the competition between the
external field and IGEC. At high temperatures 共⬎500 ° C兲,
the mrev-H curves of sample A are similar to those of sample
B. However, at lower temperatures, the mrev共H兲 value of
sample A increases monotonously with the increase of external field. The cell boundary phase of sample A is magneti-

FIG. 4. Reversible magnetization mrev共H兲 and irreversible magnetization
D共H兲 at different temperatures.

cally harder at low temperatures, due to the relatively less
content of Cu. With temperature increasing, it starts softening, which makes the field dependence of mrev similar to that
of sample B and nanocomposite PMs. The field at the derivative dD共H兲 / dH peak corresponds to the reversal field Hn of
irreversible magnetization, and the full width at half height
suggests the Hn distribution of grains in magnets. According
to Fig. 4, the Hn distribution of sample A is obviously narrower than that of sample B. This indicates that the distribution of magnetic intrinsic properties of sample A is more
homogeneous than that of sample B. The magnitudes of Hn
for samples A and B at RT are 2.6 and 5.4 kOe, respectively,
which are slightly lower than their coercivities. Moreover,
the temperature dependences of Hn are similar to those of
Hci.
The magnetic viscosity coefficient S is obtained from the
time dependent magnetization databased on the relation
M共t兲 = M 0 − S ln共t + t0兲. Figure 5 shows S and the irreversible
susceptibility irr as functions of external field. It is found
that the field dependences of S and irr are quite similar for
both samples, which indicates that the magnetic viscosity is
mainly determined by the irreversible magnetization. However, the values of S and irr of sample A are much higher
than those of sample B. According to the study of Feutrill et
al.,12 the S value of a two-phase material is smaller than that
of a single phase material because of the absence of magnetic
relaxation in the soft phase. As for sample B, the “soft” 1:5
cell boundary phase makes the magnetic viscosity behave
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FIG. 3. 共Color online兲 Temperature dependences of magnetization M.

FIG. 5. Field dependences of magnetic viscosity coefficient S共H兲 and irreversible susceptibility irr at different temperatures.
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FIG. 6. Field dependence of fluctuation field ⌳ at RT.

like a two-phase magnet. Otherwise, the magnetic viscosity
is determined by the distribution f共E兲 of thermal activation
energies and there is a relationship S ⬀ f共E兲. As shown in Fig.
5, the sharper S peak in sample A at RT suggests that there is
a narrower distribution of thermal activation energy than in
sample B. It might be resulted from the homogeneity difference of magnetic properties between sample A and B. The
same reason results in a stronger domain wall pinning and a
higher coercivity for sample B at RT. With increasing temperature, the S共H兲 peak position of sample A exhibits a nonmonotonous temperature dependence, which is similar to the
temperature dependence of coercivity and is possibly due to
the distribution change of thermal activation energy by
IGEC. It is interesting that an extra small S共H兲 peak emerges
at low field and high temperature in sample B. It is possibly
due to the different responding rates of thermal activation
energy for the cell and cell boundary phases against the temperature variation.
The fluctuation field ⌳ can be expressed as ⌳ = S / irr
= kBT / v M S,15 where v is the activation volume of the magnetic relaxation process. Figure 6 gives the field dependences
of ⌳ for sample A and B at RT. According to the research
results of El-Hilo et al.16 and Crew et al.,17 ⌳ increases
linearly with increasing external field in a system of isotropic
Stoner–Wohlfarth particles. Although the ribbons are magnetically isotropic in our work, the IGEC makes the relation
between ⌳ and H deviate from linearity. This is particularly

significant in sample A due to a stronger IGEC. The activation volume v decreases with increasing field, which is similar to the results of Sm2Fe14Ga3C2 / ␣-Fe system.12 Moreover,
v of sample B is larger than that of sample A at RT. As
mentioned above, the magnetic crystalline anisotropy of the
cell boundary phase in sample B is weaker than that in
sample A, and thus the irreversible magnetization occurs easily, which therefore results in a larger activation volume.
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