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Fine grained Cu substituted melt-spun Sm(Co0.9Cu0.1)4.8 ribbons prepared with a
wheel speed of 50 m/s exhibit a high coercivity of 52.7 kOe. Detailed magnetic
studies like I and II quadrant magnetization-demagnetization characteristics, minorloop measurement with increasing field and recoil behaviour have been carried out
in combination with TEM studies. Fine spots of size ∼3 nm having different crystallographic orientations within the grains have been observed, and the high coercivity
of the sample is attributed to complex domain wall interactions with the fine grain
(∼55 nm) microstructure containing nanoscale heterogeneities. C 2015 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4926600]

I. INTRODUCTION

Hard magnets based on SmCo5 (1:5) have been extensively studied on account of the largest
magneto-crystalline anisotropy exhibited by the 1:5 phase among the known rare earth transition
metal (RE-TM) intermetallic compounds.1 The highly anisotropic (HA = 300-400 kOe) 1:5 phase
is stable at temperatures above 805 oC, below which it decomposes into low anisotropic Sm2Co7
(HA ≥ 200 kOe) and Sm2Co17 (HA = 60 − 110 kOe) phases.2,3 The experimentally realized coercivity of the 1:5 phase is only 10-20% of HA,2 and is due to the presence of unavoidable secondary
2:7 and 2:17 phases at the micro level. Addition of suitable alloying elements, like Cu and processes
involving fast cooling help in obtaining stabilised 1:5 phase by suppressing undesirable 2:7 and
2:17 phases. In this context melt-spinning technique provides an alternate approach to develop high
coercive single phase magnets.4–7 It was also reported that the Cu stabilises 1:7 phase.8,9
For high coercivity in SmCo5 magnets, the following structure-property correlations have been
understood through detailed studies: i) the presence of high anisotropic SmCo5 single phase as the
matrix,10 ii) availability of a thin layer of nonmagnetic grain boundary phase to reduce inter-grain
magnetic exchange coupling between the neighbouring grains,11,12 iii) fine grain structure with
average grain size in the range of a single domain size (750 nm) to suppress the nucleation of
domain walls within the grains,13,14 and iv) evenly distributed domain wall pinning centres (defects,
precipitates and low or high anisotropic secondary phases) within the matrix where the pinning
center size is in the range of domain wall thickness of SmCo5 phase (∼3-4 nm).15
Suresh et al.6,7 have studied Sm(Co0.9Cu0.1)4.8 melt-spun ribbons using 55 kOe SQUID magnetometer and reported a coercivity of 42.6 kOe in ribbons with wheel speed (WS) of 50 m/s, and the
reasons for such high coercivity have been attributed to i) the formation of fine grain size, ii) the
absence of unwanted phases, and iii) the presence of more fraction of 1:5 grains. As it is well known
that the coercivity in SmCo5 magnet is strongly dependent on the applied magnetizing field,10,13,16,17
an attempt has been made to re-evaluate the magnetic properties of these Sm(Co0.9Cu0.1)4.8 ribbon
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samples melt spun with various wheel speeds (5, 15, 30, 40 and 50 m/s) in higher fields of 115 kOe.
The sample with the WS of 50 m/s exhibited an enhanced coercivity of 52.7 kOe on account of very
high field characterization. Results of the magnetic properties are discussed with microstructure in
this investigation.

II. EXPERIMENTAL

The alloy composition and sample preparation methodology have already been presented in our
earlier work.6,7 In the present work, the magnetic measurements of all samples were carried out
using the high field vibrating sample magnetometer (VSM) with a maximum field of 115 kOe (M/s
Oxford, UK). In addition to routine magnetic measurements, minor loop and recoil measurements
were also carried out. Microstructural evaluation through TEM has been carried out for 50 m/s WS
sample, which exhibited high coercivity.

III. RESULTS AND DISCUSSION

Initial magnetization curves of the ribbons measured at room temperature are shown in
Figure 1(a). It can be seen from the figure that the magnetization curves of all the samples increases
sharply up to 8 kOe, and thereafter the magnetization behaviour for 5 and 15 m/s is different from
the rest of the samples up to 115 kOe. The 5 and 15 m/s samples show linearly increasing magnetization with field, whereas rest of the samples show a nonlinear behaviour. Interestingly, the magnetization behaviour of these ribbons at high magnetic fields (above 50 kOe) differs from that at lower
applied magnetic fields. Initial magnetization curves of the ribbons with WS of 30, 40 and 50 m/s
show a second step increase of magnetization with applied field of 50 kOe and above, whereas the
ribbon with 5 m/s shows single step magnetization behaviour with applied field till 115 kOe. This
nonlinear behaviour may be attributed to fine grain structure in the sample and also more magnetic
contributions on account of rotation of the magnetic vector from easy axis to the field direction.
In order to understand further, the differential magnetization (dM/dH) of the initial magnetization
was calculated and plotted (inset to Figure 1(a)). The differential magnetization curve of the 5 and
15 m/s ribbon shows a sharp peak at a very low applied magnetic field of 5 kOe, whereas the 30, 40
and 50 m/s ribbons show two peaks, the first peak at low applied magnetic field and the other peak
above 47 kOe. From the figure, it can also be observed that the position of the second peak is shifted
to higher applied magnetic fields with increasing WS from 30 to 50 m/s. It is interesting to note that
there is an increase in area under the second peak with WS. It is known that the area qualitatively
represent the number of grains contributing to magnetization and therefore as mentioned earlier,
in finer grain structured samples the magnetization behaviour is influenced by microstructure of
the samples and is observed to be nonlinear. This behaviour of magnetization is further understood
from Figure 1(b), where the magnetization Vs WS is plotted at various applied fields. It can be
clearly seen that above 30 m/s WS, an increasing trend with field has been observed. It is known13,15
that in samples with equiaxed fine grains and with single phase microstructure, the magnetization
is expected to increase gradually with the field and not sharply as observed. On the other hand,
in the present study, it has been observed that the magnetization rises sharply with the field at
initial stages (upto ∼10 kOe) irrespective of the WS. The sharp rise in magnetization is found to be
independent of isotropic nature of the microstructure and suggests the presence of magnetic texture
at the microlevel, which may be due to high anisotropy in Sm(Co0.9Cu0.1)4.8 system.
The demagnetization curves for all the samples are presented in Figure 2(a). The observed
variation in residual magnetization (Mr) can be easily correlated to the magnetization behaviour
(Figure 1(a)). When the coercivity values between our6,7 earlier observation and current once are
compared, it can be see that similar values of coercivity are obtained in samples with WS of 15,
30 and 40 m/s, whereas, in 5 m/s sample a reduced coercivity was observed which may be due
to microstructural inhomogeneities in the samples spun at low wheel speed. On the other hand, a
high coercivity of 52.7 kOe in the WS of 50 m/s sample – an enhancement of ∼10 kOe from our
earlier measurement6,7 - has been observed. This enhancement is obviously due to the effect of very
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FIG. 1. (a) Initial magnetization curves, and (b) magnetization values at different applied magnetic fields and Mr/Ms for the
Sm(Co0.9Cu0.1)4.8 ribbons at different wheel speeds 5, 15, 40 and 50 m/s. Inset (a) differential magnetization curves (dM/dH)
with applied magnetic field.

high field (115 kOe) characterization.16 Such a high coercivity of 52.7 kOe at the room temperature
in the ribbon sample of Sm(Co0.9Cu0.1)4.8 is much higher than those reported earlier in Sm-Co
magnets.18–20 However, the observed results are comparable with those in epitaxially grown Sm-Co
thin films on different substrates as well as buffer metallic layers and powders viz (i) 41 kOe in
Sm-Co films grown on MgO substrates with Cr layer as a buffer,21 (ii) 42 kOe in Cu doped SmCo5
films,22 (iii) 49.6 kOe in Sm rich SmCo5 films,23 (iv) 56 kOe in SmCox (x=3.5-4.75) films,24 and
(v) 47 kOe in the SmCo5 powders.25
In Figure 2(b), the dM/dH curves evaluated from the demagnetization curves (Figure 2(a)) are
presented. It can be seen from Figure 2(b) that the ribbons with low WS of 5 and 15 m/s exhibit
sharp peaks attributable to the nucleation type of reversal mechanism.13 On the other hand dM/dH
curve of the 30 m/s ribbon exhibits a sharp peak followed by two wider peaks with weak intensity,
suggesting that the magnetization reversal is due to a composite effect of nucleation followed by
domain wall pinning. It is interesting to note that the dM/dH curves of ribbons with 40 and 50 m/s
show very broad peaks revealing continuous pinning of the domain walls with the heterogeneities in
the matrix.26 These points can be further understood from Figure 3 where Hk, Hc, Hk/Hc (squareness
ratio), and Hk/4πMr (magnetization stability)10 are plotted against WS. It can be observed that
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FIG. 2. (a) The room temperature demagnetization curves, and (b) dM/dH curves of Sm(Co0.9Cu0.1)4.8 ribbons as a function
of wheel speed.

there is a systematic increase in the value of (Hc-Hk) with the WS indicating the increase in the
complexities of the domain wall interaction with the microstructure. Accordingly, the squareness
ratio decreases from 0.65 to 0.54, and the magnetization stability increases from 0.91 to 5.8 with
WS. The very high stable magnetization of sample 50 m/s WS is noteworthy an account of its
practical importance.
The microstructure of samples with WS of 15 and 30 m/s has already been presented in our
earlier paper.6,7 The TEM micrograph of the high coercive 50 m/s WS sample is presented in
Figure 3. The bright field (BF) micrograph (Figure 4(a)) shows equiaxed fine grains as expected,
with a grain size ranging from 40 to 100 nm, whereas the average grain (coherent diffracted domain
size from XRD) size was found to be 55 nm.6,7 It can also be seen from Figure 4(a) that there exist
fine spots distributed within the grains (indicated by arrows). At higher magnification (Figure 4(b)),
it can be seen that these fine spots have different crystallographic orientations with size of ∼3 nm,
which is comparable to the domain wall width in SmCo5 magnets (∼3.6 nm). 13 These features add
complexities to the domain wall interactions with the microstructure leading to the observed high
coercivity.
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FIG. 3. (a) variation of coercivity (Hc), knee field (iHk), squareness ratio (Hk/iHc) and magnetization stability (Hk/4πMr) of
Sm(Co0.9Cu0.1)4.8 ribbons as a function of wheel speed.

An attempt has been made to understand full loop behaviour of the high coercive 50 m/s WS
ribbon. The field has been varied on both positive and negative sides and increased from 10 to
115 kOe. The minor loops at various applied fields are presented in Figure 5(a). It can be seen that
the magnetization rises sharply with initial field of 10 kOe and increases gradually with increase
in the field as discussed previously and exhibit asymmetric minor loops up to 90 kOe. There after
the loop is symmetric, this suggests that a maximum field of 90 kOe is required to fully remagnetize the sample. This value (90 kOe) is much higher than that (60 kOe) observed by Narasimhan
et al. in sintered SmCo5 magnets.17 At fields below 40 kOe, the loop traverses between the first and
second quadrant only and at only 40 kOe the loop touches the field axis. Thereafter, third and fourth
quadrant curves also observed with increasing negative residual magnetization. The loop becomes
symmetric at the field of 115 kOe. These shapes of minor loops qualitatively signify the requirement
of very large fields to nucleate reverse domains and the existence of enormous pinning strength of
the domain walls with the microstructural features. These observations also substantiate the high
coercivity of 52.7 kOe as given in Figure 2.

FIG. 4. TEM bright field (BF) images (a) exhibits the equiaxed grains and (b) higher magnification images shows fine
precipitates of the ribbons Sm(Co0.9Cu0.1)4.8 melt-spun at wheel speed of 50 m/s.
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FIG. 5. (a) Minor hysteresis loops and (b) dependence of coercivity (Hc), magnetization (Ms) and remanent magnetization
(Mr) at 115 kOe of the Sm(Co0.9Cu0.1)4.8 ribbons with wheel speed of 50 m/s.

To have more understanding on the effect of the applied field, the saturation magnetization
(Ms), residual magnetization (Mr) and coercive fields (Hc) have been evaluated from each minor
loops and re-plotted as given Figure 4(b). From the figure, it can be seen that the sample reaches Ms
value in two stages. During the first stage the magnetization raises sharply up to 10 kOe, indicating
the first phase of easy magnetization. The second stage appears to be a complex process involving
three steps as indicated by the meeting points of the tangents. This behaviour can be attributed to
the complex interactions of the domains with the microstructure in stages based on the applied field.
Interestingly the observed value of Ms even at the field of 115 kOe is 55 emu/g, where as it is known
that the theoretical value is much higher. This means still higher applied fields may be required to
achieve the theoretical Ms value and at this stage it is difficult to predict in what manner higher Ms
values will be reached with the applied field. At such high fields more than 115 kOe, the coercivity
is expected to be still higher than the observed value of 52.7 kOe as seen from Figure 5(b), and thus
the scope for higher coercivity is still exists.
Further, in order to examine the nature of the magnetization reversal, the isothermal remanent
magnetization curves and recoil curves of the 50 m/s WS ribbon sample were measured and presented in Figure 6. It can be seen that when exposed to a field of 55 kOe, the sample recoils back
to zero magnetization. From these curves, the parameter −∆Mirr(H)/2Mr = [Mr − Md(H)]/2Mr] was
derived as a function of the reversal magnetization field, where the notations represent the quantities
as defined by Cammarano and Crew.27,28 The parameter −∆Mirr(H)/2Mr is plotted as a function
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FIG. 6. Recoil curve and inset, dependence −∆Mirerv(H)/2Mr and openness parameter (∆Mrc) on the reverse field H for the
Sm(Co0.9Cu0.1)4.8 ribbons with WS of 50 m/s.

of demagnetizing field and is shown as inset to Figure 6, from which it can be inferred that the
nucleation field (HN) is 28 kOe since the tangent at the point of inflection cuts the field axis at the
28 kOe. The high coercivity of the sample is also indicated through the linear rise in the parameter.
The openness parameter as defined by Rong29,30 has also been plotted in the same inset and the peak
is observed close to the coercivity value.
The observation of high coercivity in melt spun Sm(Co0.9Cu0.1)4.8 alloy with high stability
magnetization may have technological importance for manufacturing of high coercivity SmCo
permanent magnets.

IV. SUMMARY

Melt spun ribbon samples Sm(Co0.9Cu0.1)4.8 have been characterised for magnetic property
at fields up to 115 kOe and a high coercivity of 52.7 kOe in sample at 50 m/s wheel speed.
TEM investigation reveals presence of fine spots of size ∼3 nm having different crystallographic
orientations within the grains. TEM and magnetic studies (first and second quadrant magnetizationdemagnetization, minor-loop measurement with increasing field and recoil behaviour) support that
the high coercivity and high stability magnetization in this sample is attributed to complex domain
wall interactions with the microstructure containing nanoscale heterogeneities. The process (melt
spinning) and the properties (ultra high coercivity with high stability magnetization) suggest a
technological possibility to manufacture 1-5 type Samarium-Cobalt based magnets.
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