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This paper reports that the SmCo6.8Zr0.2 nanocrystalline permanent magnets and SmCo6.8Zr0.2/α-(Fe,Co)

nanocomposite permanent magnets are successfully produced by mechanical alloying and subsequently annealing at

700 ◦C for 10 minutes. The x-ray diffraction results show that the phase structure of SmCo6.8Zr0.2 nanocrystalline

permanent magnets is composed of SmCo7 phase and SmCo6.8Zr0.2/α-(Fe,Co) nanocomposite permanent magnets is

composed of SmCo7 and α-(Fe,Co) phases. The mechanism of magnetization reversal is mainly controlled by inhomoge-

neous domain wall pinning in SmCo6.8Zr0.2 and SmCo6.8Zr0.2/α-(Fe,Co) magnets. The inter-grain exchange interaction

at low temperature is investigated, which shows that the inter-grain exchange interaction of SmCo6.8Zr0.2/α-(Fe,Co)

magnets increases greatly by the decrease of the measured temperature. According to ∆mirr–H/Hcj, ∆mrev–H/Hcj

and χirr–H/Hcj curves at room temperature and 100 K, the changes of irreversible and reversible magnetization be-

haviours of SmCo6.8Zr0.2 and SmCo6.8Zr0.2/α-(Fe,Co) magnets with the decreasing temperature are analysed in detail.

The magnetic viscosity and the activation volume of SmCo6.8Zr0.2 and SmCo6.8Zr0.2/α-(Fe,Co) magnets at different

temperatures are also studied.
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1. Introduction

Nanocomposite magnets have attracted much in-

terests from researchers for the possible highest max-

imum magnetic energy (BH)max. Remanence en-

hancement has been observed in the nanocrystalline

magnets due to the inter-grain exchange interaction

(IGEI) of the nanograins. Many attempts have been

made to investigate physical essentials in a single-

phase nanocrystalline permanent magnet (PM) and

the nanocomposite PM.[1−4] Although a single-phase

demagnetization behaviour with high remanence and

coercivity has been realized in the simulations for

isotropic nanocomposite PM, the calculated rema-

nence and coercivity are much larger than those in

experiments.[5−7] The huge difference between the ex-

perimental results and the theoretical results indicates

that the theory about nanocomposite magnets is un-

certain and the magnetic reversal behaviour should be

studied in detail.

In a single-phase nanocrystalline PM, the co-

ercivity is usually larger than the remanence.[1,8,9]

However, for most isotropic nanocomposite perma-

nent magnets (PMs),[10,11] the value of coercivity

(< 0.56 MA/m) is lower than that of remanence

(> 1.0 T), which results in a low value of (BH)max.

Thus, enhancing coercivity becomes the key to ob-

taining high prominence PMs. The SmCo7 alloys

have excellent permanent magnetic properties, which

is a requirement for a high coercivity of nanocompos-

ite PMs. Considering the difference of temperature

dependence of magnetic properties between soft and

hard phases, we recognize that the research of magne-

tization behaviours at different temperatures should

give more information about the magnetization mech-
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anism of nanocrystalline PMs. In this work, we pre-

pared the single-phase nanocrystalline PM SmCo7 and

the nanocomposite PM SmCo7/α-(Fe,Co) by mechan-

ically alloying and subsequently annealing and com-

paratively studying their magnetization behaviours at

different temperatures.

2. Experiment

The SmCo6.8Zr0.2 alloy was prepared by arc melt-

ing with an excess Sm of 10 wt% to compensate the

weight loss due to Sm evaporation. The alloy was

melted four times to ensure homogeneity. The as-cast

alloy was crushed into coarse powder with typical sizes

less than 180 µm and the powder was mechanically

milled for 10 hours under argon atmosphere by using

a high-energy Spex 8000 mill with a ratio of powder

to ball of 1:2. The as-milled powder was subsequently

annealed at 700 ◦C for 10 minutes and nanocrystalline

magnets SmCo6.8Zr0.2 (SZ) were obtained. In order

to produce the SmCo6.8Zr0.2/α-(Fe,Co) nanocompos-

ite PM (SZ/F), 5 wt% α–Fe powder with particle sizes

less than 10 µm was mixed with the crushed powder

of SmCo6.8Zr0.2 and then the mixture was milled and

subsequently annealed under the same condition as

the sample SZ. The magnetic properties were mea-

sured with the resin-bonded magnets made with the

nanocrystalline powder.

The crystal structures were determined by Bruker

AXS x-ray diffraction (XRD) with Co Kα radiation.

The magnetic properties of resin-boned magnets pro-

duced from the powder were measured by using a

Quantum Design model 9 Physical Property Measure-

ment System (PPMS-9) with a maximum field of 9 T

at room temperature. No correction was made for the

demagnetization field effect.

3. Results and discussion

The XRD patterns of SmCo6.8Zr0.2 (SZ) and

SmCo6.8Zr0.2/α-(Fe,Co) nanocomposite PM (SZ/F)

with 5 wt% α-Fe are shown in Fig. 1. According to

Fig. 1, the phase structure of sample SZ mainly con-

sisted of TbCu7 type SmCo7 phase while sample SZ/F

consisted of SmCo7 and α-(Fe,Co) phase. From the

analysis of XRD patterns, the single-phase nanocrys-

talline PM and the two-phase nanocomposite PM are

successfully produced by mechanical milling.

Fig. 1. The XRD pattern of SmCo6.8Zr0.2 and

SmCo6.8Zr0.2/α-(Fe,Co) nanomagnets.

The minor hysteresis loops of SZ and SZ/F are

measured. Figure 2 shows the field dependence of the

reduced remanence (mr(H) = Mr(H)/Ms) and coer-

civity (Hc(H)/Hcj) which are obtained from the mi-

nor hysteresis loops. Here the remanence Mr(H) and

coercivity Hc(H) are acquired after application and

subsequently turn to −H, Ms and Hcj are the satu-

rated magnetization and coercivity determined by the

major demagnetization curve. According to Fig. 2,

the mr(H) and Hc(H)/Hcj of SZ and SZ/F are low

at Hmax/Hcj < 0.9. However, they grow rapidly after

a critical field (Hmax/Hcj ≈ 0.9), which are the typ-

ical features of domain wall pinning.[12,13] Moreover,

the low values of mr (< 0.5) even at Hmax/Hcj ≈ 1.3

suggest the coercivity mechanism of SZ and SZ/F is

different from the ordinary model of domain wall pin-

ning, for which the value of mr > 0.5 will be soon

reached after Hmax/Hcj > 0.9.[14] So it indicates that

the mechanism of magnetic reversal is mainly con-

trolled by inhomogeneous domain wall pinning in SZ

and SZ/F, which could come from the imperfections

at the hard–hard and the hard–soft interface.

Fig. 2. The field dependence of the reduced remanence

mr (Mr(H)/Ms) and coercivity (Hc/Hcj) obtained from

the minor hysteresis loops of SZ and SZ/F powders.
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As can also be seen from Fig. 2, the field depen-

dence of mr(H) and Hc(H)/Hcj of SZ and SZ/F are

the same as those at the field H/Hcj less than 0.6, but

the values of mr(H) and Hc(H)/Hcj of SZ are greater

than those of SZ/F as further increase of the field.

This indicates that the single phase nanocrystalline

PM SZ is magnetized more easily than nanocompos-

ite PM SZ/F, which is due to the difference between

soft and hard phases results in an enhancement of do-

main wall pinning in the sample SZ/F.

Figure 3 shows the dependence of reduced rema-

nence mr(Mr/Ms) of SZ and SZ/F on temperature. It

can be seen that all the mr values of SZ and SZ/F are

larger than 0.5, i.e. the enhancement of remanence,

which indicates a strong exchange interaction in SZ

and SZ/F nanocrystalline magnets.[8] It also can be

seen that the mr decreases with the drop in temper-

ature. And the decreasing rate of mr for SZ/F is a

little smaller than that for SZ, which is due to the

competition of anisotropy energy and exchange cou-

pling energy. This is consistent with the results of

Pr2Fe14B and Pr2Fe14B/α-Fe ribbons.[15]

Fig. 3. The dependence of reduced remanence mr of SZ

and SZ/F nanocrystalline magnets on temperature.

The Henkel–Plot curve is usually used to analyse

the IGEI in nanocrystalline PMs. The expression of

a Henkel plot is as follows:[16] δm(H) = [Md(H) −
Mr + 2Mr(H)]/Mr. Positive values of δm(H) are due

to exchange coupling interaction promoting the mag-

netization state, while negative values of δm(H) are

caused by magnetic dipole interaction tending to assist

magnetization reversal. As shown in Fig. 4, positive

δm(H) values indicate a strong IGEI in the SZ and

SZ/F samples, and the peak value of δm(H) for SZ

is higher than that of SZ/F, which indicates that the

IGEI of SZ is stronger than SZ/F. Furthermore, it also

can be seen that the maximum positive δm(H) value

for SZ at room temperature (RT) and 100 K is almost

the same while it increases a lot for SZ/F, implying

that the IGEI is not only related to the microstruc-

ture of hard and soft phase but also the magnetocrys-

talline anisotropy constant K and exchange constant

A of hard and soft phase. In order to improve the co-

ercivity of nanocomposite PM, an appropriate K and

A of hard and soft phase is necessary to achieve the

strongest IGEI.

Fig. 4. Variation of δm = {Md(H) + 2Mr(H)−Mr}/Mr

with the applied magnetic field for SZ and SZ/F measured

at RT and 100 K, 1 Oe=1 Gb/cm.

In order to thoroughly understand the process

of magnetization reversal of SZ and SZ/F at RT and

low temperature, nucleation fields Hno and the re-

versible magnetization mrev are taken into account.

This quantity is defined as the difference in magne-

tization obtained when traversing the recoil curve,

starting from a point on the demagnetization curve

for a given field and terminating on the recoil curve

at zero field.[17] The reversible portion ∆mrev is de-

fined as the reversible magnetization normalized with

respect to the remanence Mr and the irreversible por-

tion is defined as ∆mirr = [Mr −Md(H)]/2Mr, where

Md(H) is the DC field demagnetization remanence

acquired after saturation magnetized in one direction

and subsequent application of a DC field H in the op-

posite direction. Figure 5(a) shows the ∆mirr–H/Hcj

curves for SZ and SZ/F at RT and 100 K. It can be

seen that little change of ∆mirr is observed for SZ

sample at RT and 100 K; while a higher irreversible

portion of SZ/F at RT by contrast with that at 100 K

is observed at lower reversal field of H/Hcj < 1.

The ∆mirr–H/Hcj curves have been explained by a

one-dimensional purely inhomogeneous magnetiza-

tion rotation model.[18] No magnetization reversal

occurs when the reversal field H increases from 0

to a certain value Hn. When H increases further

to a certain value H1 = Hn/ cos θ1, all regions with
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0 ≤ θ ≤ θ1 have reversed, where θ is the angle between

reversible magnetic field and the easy magnetization

direction of individual single-domain grain. Accord-

ing to Fig. 5(a), it can be concluded that more hard

grains switch together with the soft grains in the field

Hn with the decrease of the temperature, implying

that the IGEI of SZ/F measured at 100 K is stronger

than that of SZ/F at RT. This feature can also be

observed in the χirr (d∆mirr/dH)−H/Hcj curves for

SZ and SZ/F at RT and 100 K shown in Fig. 5(c).

Fig. 5. (a) Irreversible reduced portion ∆mirr = [Mr −
Md(H)]/2Mr, (b) reversible reduced portion ∆mrev =

[Md(H) − M(H)]/Mr, and (c) irreversible susceptibility

χirr = d∆mirr/dH vs. the reverse field divided by the

coercivity for SZ and SZ/F samples at RT and 100 K.

The peak value of the SZ/F sample at 100 K shows

a larger H/Hcj value than that of SZ/F at RT. Fur-

thermore, the derivative d∆mirr/dH = f(Hn) can be

defined as the distribution function of critical fieldsHn

for reversal of irreversible magnetization.[5] The nucle-

ation field Hno for irreversible magnetization can be

obtained from the maximum of χirr −H/Hcj. The ir-

reversible nucleation field Hno has been achieved for

SZ and SZ/F at RT and 100 K, which are all larger

than their coercivity. According to the model given

by Kneller and Hawig,[5] when the size of soft phase

bm is equal to the critical size of soft phase bcm which

will give the largest coercivity, it will make Hcj > Hno.

However, if bm ≫ bcm, it will make Hcj < Hno. It can

be concluded that the size of α-(Fe,Co) phase for SZ/F

is larger than the critical size ofthe soft phase. Thus,

decreasing the size of the α-(Fe,Co) phase is neces-

sary to further improve the coercivity of nanocompos-

ite PM. The irreversible portion at the field equal to

nucleation field for the SZ/F at 100 K is around 44%,

which is a little larger than that for SZ/F at RT (41%).

It appears that stronger IGEI should be expected for

SZ/F at 100 K by contrast with SZ/F at RT, which

is consistent with the results of the Henkel–Plot curve

(Fig. 4). The reversible portion ∆mrev as a function

of H/Hcj is given in Fig. 5(b) for comparison. The

maximum value of ∆mrev for SZ/F is a little smaller

than that for SZ at RT, which could be attributed

to the existence of the α-(Fe,Co) soft phase in the

SZ/F sample. This is similar to the results of the

Sm2Fe15Ga2Cx/α-Fe
[19] system and the Pr12Fe82B

[20]
6

ribbons. It also can be seen that a higher reversible

proportion is observed in SZ/F at 100 K than that in

SZ/F at RT for a given reverse field. It also suggests

that SZ/F at 100 K maintains a stronger exchange

coupling between interphases contrasted with SZ/F

at RT, similar to the result of ∆mirr–H/Hcj curves.

The magnetic viscosity arises from the thermal

activation of magnetization reversal for overcoming

energy barriers. Thermal activation enables magneti-

zation irreversible reversal, thus magnetic viscosity is

expected to give some information on the irreversibil-

ity of the nanocrystalline PMs. Viscosity constant S

is obtained by using the following equation:[21]

J(t) = J0 − S ln(t+ t0), (1)

where J(t) is the magnetization changing with time

at a fixed applied field, t is the time since the applied

field is held, and J0 and t0 are constants. The viscos-

ity coefficient S = −dJ/d ln t can be obtained from

Eq. (1). The RT magnetic viscosity coefficient S and

irreversible susceptibility χirr of SZ/F are shown in

Fig. 6(a) as a function of the reverse field H. Both
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the χirr and the S curves exhibit maxima at approx-

imately the same reverse field around coercivity. For

the hard–soft nanocomposite magnet, the irreversibil-

ity is primarily from the hard phase. Therefore, the

time-dependent changes of magnetization should be

primarily attributed to the SmCo7 hard phase. Fig-

ure 6(b) shows the change of magnetic viscosity coef-

ficient S with the field at different temperatures. The

value of S decreases with the drop in temperature.

And from the intensity of S at different temperatures,

it also can be seen that Smax declines with the drop

in temperature, which should be related to the weak

influence of thermal disturbance with the drop in tem-

perature. It is consistent with the result of PrFeB/α-

Fe nanocrystal ribbons.[16]

Fig. 6. (a) The magnetic viscosity coefficient S and ir-

reversible susceptibility χirr of SZ/F sample as functions

of the reverse field H at RT. (b) The magnetic viscosity

coefficient S as a function of H/Hcj at different tempera-

tures.

The activation volume can provide information

about the magnetic reversal behaviour in magnets.

According to Gaunt,[22] the activation volume can be

defined as V = KBT/HfMs for the typical domain

wall pinning controlled magnets, where Hf = S/Xirr

is known as the fluctuation field and Hf is constant

at a given temperature. Figure 7 shows the activa-

tion volume of SZ and SZ/F at different tempera-

tures. The activation volumes, V = 1.9 × 10−18 cm3

and 1.1 × 10−18 cm3 for SZ/F and SZ respectively,

have been estimated with fields around the coercivity

at RT. The activation volume of SZ/F measured at

RT is roughly consistent with the cellular microstruc-

ture of Sm(Co,Fe,Cu,Zr)z primarily consisting of the

Sm2Co17 phase and the SmCo5 phase.[23] It also can

be seen that the activation volumes of SZ and SZ/F

are decreasing with the drop in temperature. From

the decreasing rate of activation volume with temper-

ature, it can be seen that the activation volume of

SZ/F decreases more quickly than that of SZ, which

could be related to the IGEI of SZ and SZ/F. The

IGEI makes the moment of a grain parallel to the

neighbouring ones, which means stronger IGEI will

make the moment reversal by the thermal disturbance

more difficult. Thus, it could produce a smaller rever-

sal region or the activation volume at a certain field.

And from the δm(H) curves of SZ and SZ/F at RT

and 100 K, it can be seen that the IGEC of SZ/F in-

creases more quickly than that of SZ with temperature

decreasing from RT to 100 K, which could lead to the

different decreasing rate of the activation volumes for

SZ and SZ/F.

Fig. 7. The activation volumes of SZ and SZ/F at differ-

ent temperatures.

4. Conclusions

The mechanism of magnetic reversal is mainly

controlled by inhomogeneous domain wall pinning

in SZ and SZ/F. The reduced remanence decreases

with the decrease in temperature. According to the

δm(H)–H curves of SZ and SZ/F at RT and 100 K,

IGEI of SZ/F is greatly increased with temperature

decreasing from RT to 100 K while a small change

of IGEI is observed for SZ. From the analysis of the

∆mirr–H/Hcj for SZ and SZ/F, it indicates that more

hard grains switch together with the soft grains in
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the field Hn with decreasing temperature due to the

stronger IGEI for SZ/F at 100 K. Consistent results

are also obtained from the analysis of the reversible

portion ∆mrev–H/Hcj curves for SZ and SZ/F at RT

and 100 K. The irreversible nucleation fields Hno for

SZ and SZ/F at RT and 100 K are all larger than their

coercivity. Finally, the activation volumes of SZ and

SZ/F decrease with the drop in temperature. And

the activation volumes of SZ/F decrease more quickly

than that of SZ, which could be related to the IGEI.
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