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Received 7 October 2008, in final form 5 February 2009 Published 1 April 2009 Online at stacks.iop.org/Nano/20/165707 Abstract In this paper, a systematic investigation of the microstructure, high performance magnetic hardness as well as novel magnetic memory effect of the Pr4 Fe76 Co10B6 Nb3 Cu1 nanocomposite magnet fabricated by conventional melt-spinning followed by annealing at temperatures ranging from 600 to 700 ◦ C in Ar gas for nanocrystallization are presented and discussed. Transmission electron microscopy (TEM) observation confirms an ultrafine structure of bcc-Fe(Co) as a magnetically soft phase and Pr2 Fe14 B as a hard magnetic phase with a spring-exchange coupling in order to form the nanocomposite state. Electron diffraction analysis also indicates that the Co atoms together with Fe atoms form the Fe70 Co30 phase with a very high magnetic moment (2.5 μB ), leading to a high saturation magnetization of the system. High magnetic hardness is obtained in the optimally heat-treated specimen with coercivity Hc = 3.8 kOe, remanence Br = 12.0 kG, Mr /Ms = 0.81 and maximum energy product (B H )max = 17.8 MG Oe, which is about a 25% improvement in comparison with recent results for similar compositions. High remanence and reduced remanence are the key factors in obtaining the high performance with low rare-earth concentration (only 4 at.%). High-resolution TEM analysis shows that there is a small amount of residual amorphous phase in the grain boundary, which plays a role of interphase to improve the exchange coupling. Otherwise, in terms of magnetic after-effect measurement, a magnetic memory effect was observed for the first time in an exchange-coupled hard magnet. (Some figures in this article are in colour only in the electronic version)



Hawig [1], exchange-spring magnets consist of a unique structure of two magnetically interacting phases in which the hard phase (i.e. Nd2 Fe14 B, SmCo) provides a large coercivity because of large magnetocrystalline anisotropy whereas the soft phase such as bcc-Fe or Fe3 B makes a high saturation magnetization. On the nanosize, the exchange coupling between these phases allows the properties of soft and hard magnetically phases to combine, leading to a high performance



1. Introduction Since their proposal in 1989, exchange-spring magnets have drawn much attention because of their potential to make high performance permanent magnets with low cost and high chemical stability. In the model established by Kneller and 3 Author to whom any correspondence should be addressed.
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magnetic energy up to 120 MG Oe [2], which is at least two times larger than the maximum energy provided by the best conventional permanent magnet Nd2 Fe14 B. Such exchange-coupled hard magnets were first demonstrated in 1989 by Coehoorn et al [3] in Nd4.5 Fe77 B18.5. A (B H )max value of 11.9 MG Oe was reached with just 4.5 at.% of Nd. Since then, exchange-spring magnets have become a promising solution for ultra-strong permanent magnet challenges in the new century [4]. However, over 10 years, exchange-spring magnets have not yet reached the predicted achievements because of many challenges, both scientific and technological, e.g. difficulty in obtaining an ideal microstructure (a uniform structure of two magnetically interacted phases on the nanoscale with appropriate fraction) or too complicated a synthetic process. Recently, some authors have obtained high performance exchange-spring magnets with self-assembly FePt/Fe3 O4 nanoparticles [5] ((B H )max up to 26 MG Oe), FePt/Fe3 B melt-spun ribbons [6] ( Br = 9.4 kG, Hc = 7.5 kOe, (B H )max = 14.0 MG Oe in FeB/FePt-type nanocomposite ribbons), hot-deformed α -Fe/Nd2 Fe14 B [7] (31 MG Oe in (Nd, Pr, Dy)2 Fe14 B/α -Fe nanocomposite magnets), (Nd, Dy)(Fe, Co, Nb, B)/Fe(Co) multilayer films [8] ( Hc = 7.3 kOe, (B H )max = 13.4 MGOe) . . ., which again caused an upsurge in the research on nanocomposite magnets. Actually, these systems, however, had a number of disadvantages such as the expense of using a high content of rare-earth metals or noble metal Pt, and complicated preparation techniques. In previous studies [9, 10], we have presented our achievements on high performance nanocomposite magnets with low rare-earth content. Moreover, the preparation is the simple rapid-quenched technique, which easily produces the materials on a large scale. In this paper, we again report our results of exchange-spring nanocomposite magnets in which high magnetic hardness (17.8 MG Oe (B H )max magnetic energy product) is obtained with very low rareearth content (only 4 at.% Pr), which is desirably better (25% improvement) than results of similar systems published by other authors [11, 12] (using over 6 at.% Pr). Moreover, the magnetic viscosity of the materials has been measured. This is a classic phenomenon: however, it is useful to investigate the reversal and magnetization processes of the magnetic materials. The magnetic viscosity, which is normally determined by the decay of the magnetization with time at a constant reversed magnetic field, is explained by the thermal activation of a metastable state over the energy barrier of the energy landscape. By means of magnetic viscosity measurements, we also illustrate a new phenomenon in the exchange-spring magnet, the magnetic memory effect, which is previously proposed to only exist in a superparamagnetic system.



was chosen to ensure the amorphous structure of the ribbons. The nanocomposite magnet was obtained by annealing amorphous ribbons in Ar at various temperatures ranging from 600 to 700 ◦ C in Ar gas followed by quenching in cooled water. The microstructure of the material was determined by an FEI Tecnai TF20 transmission electron microscope with a field emission gun (FEG) and an acceleration voltage of 200 kV. The images were recorded using a Gatan CCD camera. Crystal structure of the materials was examined by x-ray diffraction and selected-area electron diffraction (in TEM). Magnetic characterization was carried out on a DMS 880 vibrating sample magnetometer (VSM) with a maximum magnetic field of 13.5 kOe and operating temperature ranging from 100 to 1000 K. The demagnetized factors of the specimens were approximately corrected.



3. Results and discussion The fully amorphous state in the as-spun ribbons is definitely confirmed by x-ray diffraction and selected-area electron diffraction in the TEM (not shown here). Figures 1(a) and (b) show the bright-field and dark-field TEM micrographs of a representative specimen (annealed at 680 ◦ C for 15 min). The sample consists of a homogeneous structure of nanograins with a narrow distribution of grain size. Over 100 measurements of the grain diameter were made using the particle sizing feature in the imaging software package Digital Micrograph, and it is shown that the mean grain size was found to be approximately 20.0 nm with a standard deviation of 2.5 nm. This result is consistent with x-ray diffraction analysis by Scherrer’s formula to calculate the average grain size (performed on a Bruker D5005 with Cu Kα radiation). Selected-area electron diffraction (SAED) patterns (figure 1(c)) indicate that the sample is polycrystalline with a multi-phase structure of nanograins. The SAED pattern reveals the diffraction rings of bcc-FeCo ((110), (200) · · ·) and Pr2 Fe14 B ((110), (210) · · ·). The diffraction pattern is well indexed with the overlapping of the patterns of FeCo in body-centered cubic symmetry (a = 0.28 ± 0.02 nm) and Pr2 Fe14 B in tetragonal symmetry (a = 0.88 ± 0.06 nm, c = 1.22 ± 0.09 nm). The presence of Co (10 at.%) leads to formation of a high magnetic moment FeCo phase. In this case, the lattice constant of a = 0.28 ± 0.02 nm (body-centered cubic symmetry) corresponds to the lattice parameter of Fe70 Co30 phase. The bcc-Fe70 Co30 phase, which has a magnetic moment up to 2.5 μB [13], is the origin of high saturation magnetization (presented later) of our sample. The bright-field high-resolution TEM (HRTEM) micrograph in figure 2 reveals the details of grain structure in the material with tetragonal-Pr2 Fe14 B particles embedded in bcc-FeCo particles. The HRTEM micrographs also indicate the presence of a small amount of remaining amorphous phase located at the grain boundary (figure 2), which is helpful for improving the exchange interaction between hard and soft magnetic nanograins [14]. A recoil-loop demagnetizing curve shown in figure 3 confirms the exchange coupling properties in the material at which the reversibility and irreversibility are gradually transformed at the critical nucleation field, Hn. It is



2. Experimental details An amorphous alloy ribbon with nominal composition of Pr4 Fe76 Co10 B6 Nb3 Cu1 was produced by the rapid-quenching technique in an Ar atmosphere using an Edmund Bueller meltspinner. A 30 m s−1 longitudinal speed of the copper wheel 2
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Figure 1. Bright-field (a) and dark-field (b) TEM micrographs of optimally annealed specimen (680 ◦ C—15 min), selected-area diffraction pattern (c) and grain size distribution (d).



apparent that the demagnetizing curve is reversible (the recoil demagnetizations are coincident together) if the demagnetized field is below the Hn value because of the exchange-spring interaction between magnetic moments in soft and hard magnetic grains. This process becomes irreversible when the demagnetized field is increased above Hn at which the demagnetized field is large enough to damage the coupling of hard and soft magnetic moments. The Hn decreases with increasing average grain size of the material. This phenomenon is due to rotation of the magnetic moments in soft magnetic grains in a small negative field. However, because of the interaction with hard-switched magnetic moments of the hard magnetic phase, these magnetic moments tended to turn back when the field was relaxed to zero, leading to a reversible process. The reversible demagnetization is only destroyed in a negative magnetic field that is high enough to break up the exchange interaction between hard and soft magnetic grains. Hence, the critical nucleation field, Hn is probably useful to estimate the strength of exchange coupling in the nanocomposite magnets. These results suggest that the reversal mechanism in the material is governed by the pinning of the nucleation field. The magnetization reversal in conventional hard magnets is well known as the rotation mechanism, but in the exchange-spring hard magnets the magnetic moments of the system are formed by two mutual systems: easy-switched soft magnetic material and hard-switched hard magnetic material. Hence, during the demagnetization process, the



reversed magnetic domains are nucleated by the switching magnetic moment of the easy-switch soft magnet which activates the reversal process [15]. Magnetic parameters of the sample are summarized in figure 4. Firstly, the coercivity and reduced remanence rise with an increasing annealing temperature. The grain size analysis in TEM indicated that, below 700 ◦ C, the average grain size of the materials increased very slightly, which suggests that the increase of the coercivity is essentially affected by the increase of hard magnetic phase volume fraction and the density of nanograins in the amorphous matrix. Furthermore, increasing the annealing temperature yields an increase in the density of the nanograins that enclose the hard and soft grains and therefore enhancing the exchange coupling between them. So, a good magnetic hardness is optimally obtained at 680 ◦ C (annealing temperature) with a coercivity of 3.8 kOe and remanence of 12.0 kG (a high reduced remanence up to 0.81), leading to a high maximum energy product, (B H )max = 17.8 MG Oe at a very low Pr content (only 4 at.%). In comparison with some recent results [11, 12] (using 6 at.% and more content of Pr), the coercivity is slightly lower but an important factor is the very high remanence and high reduced remanence obtained in an ultrafine nanostructure of highmagnetic-moment, improving the magnetic energy product by about 25%. The Fe70 Co30 phase and hard phase Pr2 Fe14 B has a small amount of remaining amorphous phase in the grain boundary which improves the exchange coupling [14]. At 3
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Figure 2. HRTEM bright-field micrographs at different areas (optimally annealed— 680 ◦ C—15 min). The inset shows the nanodiffraction in the remaining amorphous grain boundary.



and soft grains. This is identified by the fast reduction of the Mr /Ms ratio and a kink in the hysteresis loop (not shown here). Moreover, the temperature dependence of the coercivity depicted in figure 5 shows that the coercivity decreases with temperature in accordance with the law given by   2  T Hc ∼ 1 − (1) TC where TC = 1145 K is the Curie temperature of the FeCo phase. It could be said that the material exhibits a good thermal stability induced by the high Curie temperature phase FeCo. In order to understand more about the reversal process in the material, magnetic after-effects have been studied by measuring the magnetic viscosity. The magnetic viscosity, identified by the magnetic viscosity coefficient S , is determined from the decay of magnetization in the reversal process of the magnetic moment. The specimens were magnetized by applying a positive magnetic field of 13.5 kOe, followed by a negative applied field H0. The time dependence of the decayed magnetic moment was observed and a typical result with negative applied field H0 = −3.5 kOe is illustrated in the inset of figure 6. It is well known that the magnetization decays as a logarithmic function given by [16]



Figure 3. Recoil-loop demagnetizing curves of the specimen annealed at 680 ◦ C for 15 min: the minor demagnetizing curves are reversible at reversed field smaller than the nucleation field ( Hn ) and become irreversible at the field above Hn .



high annealing temperature (over 700 ◦ C), the grain develops very quickly (e.g. from 22 nm at 700 ◦ C to 50 nm at 720 ◦ C) yielding a break up of the exchange coupling between the hard



M(t) = M0 − S0 ln(t + t0 ) 4



(2)
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Figure 6. Negative field dependence of the magnetic viscosity coefficient S for some specimens annealed at 700 ◦ C.



Figure 4. Hard magnetic parameters of the sample as functions of annealing temperature.



Figure 7. Magnetic memory effect in the specimen annealed at 680 ◦ C for 15 min.



Figure 5. Temperature dependence of coercivity of the optimally annealed sample (680 ◦ C—15 min).



in which M0 and M(t) are the initial magnetization and magnetization at time t , where t0 is a time constant. The magnetic viscosity coefficient was determined by obtaining the value S = d M/dt . Figure 6 displays the negative field dependence of the magnetic viscosity coefficient. It was found that the S value reaches a maximal value at a negative field of 4.0 kOe, at which the magnetization reversal begins to be irreversible (as mentioned above—critical field, Hn). In all specimens, a well-defined peak is centered at the critical field, Hn. The maximum value of S in classic hard magnets conventionally occurs at the coercivity [16] where a large number of magnetic moments switch to the negative magnetic field. In conventional materials, the magnetization reversal is irreversible because of no spring exchange coupling between magnetic moments whereas the reversal process is reversible up to a negative field higher than the coercivity (critical field Hn). Generally, the Hn ≡ Hc but in some cases (such as our material) the critical field is not unique with the coercivity.



Another magnetic after-effect is observed in our sample (a typical result shown in figure 7) concerning the memory effect of magnetic materials. This effect is first described as a decay of the magnetic moment with time under a negative field of −3.0 kOe (segment OA in figure 7) in accordance with an S1 value in equation (2). After 600 s, the negative field is changed to a smaller value of −2.5 kOe. As a result, the magnetic moment jumps to a higher value and then hardly changes after a long time—600 s (segment BC). When the field is reset to the previous value of −3.0 kOe (segment DE), the relaxation continues with the decay law that occurred previously (segment OA). This protocol is repeated in the next period of the relaxation process. This memory effect is new and belongs to the magnetic after-effect. This should be somehow addressed as that exchange-spring magnets with magnetic memory effect have a high potential for high density magnetic recording. In a recent paper, Sun et al [17] presented and discussed the memory effect in an interacting nanoparticle system with 5
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density magnetic recording. Further studies have been carried out to clarify the mechanism and origin of this effect.



specific temperature and field protocols. The authors claimed that the observed magnetic memory effects originated from spin-glass dynamics and the hierarchical picture of the spinglass phase. In [18] and [19], Sasaki et al and Zheng et al, respectively, argued that the claims of Sun et al were premature by demonstrating that all their experimental curves could be reproduced quantitatively just by a simplified model of isolated nanoparticles with the temperature dependence of the distribution of relaxation times. Regardless, this effect is a new fundamental effect that requires further study to be clarified.
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4. Conclusions A systematic study of physical microstructure, magnetic properties and magnetic after-effect of a low rare-earthcontent nanocomposite magnet Pr4 Fe76 Co10 B6 Nb3 Cu1 has been performed by means of transmission electron microscopy (TEM) and a vibrating sample magnetometer. A very high performance of magnetic hardness is obtained with a coercivity of 3.8 kOe, remanence of 12.0 kG, squareness coefficient of 0.82 and maximum energy production of 17.8 MG Oe, which could be considered as the best performance for such low rare-earth concentration (4 at.%), which is about a 25% improvement in comparison with other results of other authors [11, 12]. The good hard magnetic properties essentially originate from the ultrafine nanostructure of Pr2 Fe14 B (as the hard phase) and the Fe70 Co30 soft magnetic phase, which has a very high magnetic moment contribution to the high magnetization of the material. The HRTEM study reveals the existence of a small amount of residual amorphous phase located in the grain boundary around the soft and hard magnetic crystallites, which is suggested to improve the exchange coupling between magnetically soft and hard grains. The measurement of the magnetic viscosity coefficient shows that the magnetic viscosity reaches a maximum value at the critical magnetic field at which the magnetization reversal becomes irreversible. This differs from conventional properties of other kinds of hard magnets in which the magnetic viscosity is usually maximal at the coercivity. By measuring the magnetic moment relaxation, the magnetic memory effect, in which the relaxation process of the magnetic moment is stored, is found for the first time for exchange-coupled hard magnets. This should suggest that exchange-spring magnets with magnetic memory effect have a high potential for high
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