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Hard magnetic Fe–Pt alloys prepared by cold-deformation N.H. Haia,b,*, N.M. Dempseya, D. Givorda b
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Abstract Tetragonal FePt is a ferromagnet with large magnetocrystalline anisotropy. The renewed interest in this system arises from possible applications, in particular for recording media and magnetic microsystems. FePt magnetic foils have been prepared by cyclic co-rolling of Fe and Pt foils down to the nm scale (total thickness of multilayer E100 mm), followed by heat-treatment in the temperature range 300 C to 700 C. The formation of the high anisotropy L10 FePt phase results from controlled diffusion and ordering. Coercivities of above 1 T are reached at room temperature following annealing at 450 C for 48 h. This is the highest value reported for bulk FePt. The differences between in-plane and outof-plane magnetisation processes reveal that demagnetising ﬁelds are not simply proportional to the mean magnetisation. In Fe-rich FePt alloys, the hard FePt phase and the soft Fe3Pt phase coexist. Out-of-plane magnetization reversal is described in terms of the dipolar-spring concept. r 2003 Elsevier Science B.V. All rights reserved. PACS: 75.50.Ww; 81.40.Ef; 68.35.Fx Keywords: FePt magnets; cold rolling; Nanostructured magnetic materials; Bulk multilayers



1. Introduction Intermetallic alloys in the Fe–Pt phase diagram exist around the Fe3Pt, FePt and FePt3 compositions [1]. We are more speciﬁcally interested in Fe3Pt and FePt in this study. These intermetallics have an fcc structure at room temperature when the Fe and Pt atoms are randomly arranged [2]. Fe3Pt may crystallise in an ordered cubic L12 structure in which the Fe atoms occupy the face centres and the Pt atoms the cube corners. Ordering of the stoichiometric FePt system into *Corresponding author. Laboratoire Louis N!eel, C.N.R.S., B.P. 166, 3842-Grenoble-Cedex 9 (France). E-mail address: [email protected] (N.H. Hai).



the L10 structure, in which the Fe and Pt atoms form alternate layers along the c-axis, results in a tetragonal distortion of the crystal structure (i.e. it becomes face centred tetragonal with c/aE0.96). Fe3Pt is ferromagnetic with the Curie temperature being higher in the ordered phase than in the disordered one [2]. FePt is ferromagnetic in both the ordered and disordered states, but the ordered state has a much higher magnetocrystalline anisotropy owing to the tetragonal distortion of its crystallographic structure [2]. The excellent intrinsic magnetic properties of the ordered L10 phase (TC ¼ 750 K; m0Ms=1.43 T and K1 ¼ 6:6 MJm3 at 300 K) makes it a very suitable candidate for hard magnet applications. Bulk FePt magnets have typical room temperature coercive ﬁeld
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values in the range 0.2–0.5 T [4]. In thin ﬁlm samples, room temperature coercive ﬁeld values of typically 1–2 T are achieved [5–8] and there has been a recent report of m0Hc=4 T [9]. These large coercivity values have been ascribed to the nanostructured character of FePt prepared in thin ﬁlm form [3]. Cold mechanical deformation may be used to prepare high quality nanostructured materials. The ﬁnal sample shape may be tailored to allow integration in magnetic microsystems. Cold rolling is described in Section 2 of this article. The technique is then applied to the preparation of hard Fe–Pt alloys (Section 3). Structural characterisation of the materials prepared is described in Section 3.2 and material optimisation is described in Section 3.3. Speciﬁc magnetisation processes observed in these systems are discussed in Section 3.4.



2. Preparation of nanocomposites by mechanical deformation Full optimisation of nanocomposite materials requires very good control of structural parameters such as grain size, individual layer thickness in multilayers and stacking sequences. Though thin ﬁlm processing techniques (sputtering, MBE, pulsed laser deposition, etc) are very well adapted to these needs, standard bulk processing techniques used to prepare magnetic composites (e.g. melt spinning, mechanical alloying, etc.) offer much less control. It has been shown that classical mechanical deformation techniques (cold-drawing, rolling and extrusion) which were originally developed to simply reduce one or two of the macroscopic dimensions of materials, can be used to prepare composites by cyclic processing involving sample re-assembly of composite materials [10–12]. In a series of recent studies, we prepared Fe/Cu and Fe/Ag magnetoresistive systems and SmFe2 magnetostrictive systems [13–15]. The starting sample used for cyclic ‘‘sheathrolling’’ consists of an alternate stacking of foils of two different materials, with individual foil thickness of the order of 100 mm. The total stack has a thickness X1 mm. It is placed in a sheath (e.g. a



1



2



4



3



Fig. 1. Sheath rolling process: (1) cutting and stacking of starting foils, (2) stack insertion in a stainless steel tube followed by compaction in a press, (3) rolling and (4) cutting of the deformed stack for re-assembly following sheath removal.



stainless steel tube) as schematised in Fig. 1. The thickness of the ensemble is then progressively reduced by multiple-pass cold rolling, the intercylinder spacing being slightly reduced for each new pass. In a given rolling cycle, involving about 100 passes, the total thickness is reduced by a factor 10 (i.e. tinit/tﬁnalE10). The low deformation rate per pass, typical of cold rolling, allows progressive deformation without stress-relief heat-treatment, a very important factor for multilayers consisting of metals which are miscible at the temperatures required for stress-relief heattreatment. The sample is then removed from the stainless steel sheath by cutting off the edges of the sheath and simply lifting off the upper and lower steel layers. Following this, the multilayer sample is cut into short lengths, piled up to form a stack and inserted in a new sheath. The sample is submitted to typically 4–5 such rolling cycles (accumulative reduction factor E104). At the ﬁnal stage, the individual layer thickness is around 10– 50 nm. A heat treatment may then be applied either for stress relief or for interlayer mixing (see below). Mechanical deformation favours material texturing [16] which may be very signiﬁcant for materials with anisotropic magnetic properties. However, texturing may be affected by the ﬁnal heat treatment [16].
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3. Hard magnetic FePt-based foils 3.1. Sample preparation For the preparation of equiatomic FePt, the starting foil thicknesses were 75 mm for Fe and 100 mm for Pt. The foils were initially annealed for 1 h at 700 C. A composite stack of 12 bi-layers was formed and submitted to the cyclic rolling procedure described above. It is to be noted that temperatures required for stress relief in Fe and Pt (B450 C) are above the temperature at which diffusion occurs between Fe and Pt in mechanically deformed multilayers. For this reason, no heat treatment was applied at any stage during the entire deformation process. After the ﬁnal deformation step, the multilayer samples were sealed under vacuum (105 mbar) in quartz tubes, annealed in a mufﬂe furnace at temperatures (Tann ) in the range 300–600 C for times (tann) in the range 30 s—48 h, and water quenched. All samples prepared in this series of experiments are noted as FePt in the rest of this article. A detailed description of this series can be found in Ref. [17], and certain results are recalled here. Another series of samples were prepared with starting architecture Fe(50 mm)/Ag(20 mm)/ Fe(25 mm)/Pt(100 mm). Ag, which is immiscible with Fe and alloys with Pt above 700 C, was interleaved between Fe foils with the intention of limiting grain growth of the FePt formed during heat treatment. The preparation procedure was identical to the one used for the preparation of equiatomic FePt. The annealed samples from this series are noted FePt/Ag. A third series of samples, with starting architecture Fe(120 mm)/Pt(100 mm), were prepared with the aim of producing hard/soft nanocomposites. The mean sample composition was Fe66Pt34. Samples from this series are noted FePt/Fe-rich.
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An SEM image of the Fe-rich Fe/Pt multilayer after 4 rolling cycles and before any heat treatment is shown in Fig. 2. The individual layer thickness is of the order of some tens of nm which is in agreement with the bulk reduction factor. The multilayer structure is well preserved down to the nm scale. Similar images were obtained for the other samples. The y  2y XRD spectrum of an as-rolled Fe/ Ag/Fe/Pt foil is shown in Fig. 3a. The main XRD peaks are characteristic of fcc Pt, the reﬂections from both Fe and Ag are very weak due to the fact that their atomic weight is much less than that of Pt. It can be seen that the Pt layers are (1 1 0) inplane textured, as expected for rolled fcc metals [16]. This texture was also observed in the other series of samples. Upon annealing Fe/Pt and Fe/Ag/Fe/Pt at 300 C for 1 h, no signiﬁcant structural change was found. At Tann ¼ 350 C; the XRD patterns revealed the coexistence of elemental Fe and Pt as well as fct FePt. For Tann between 400 C and 600 C, the ordered fct phase formed almost immediately. This is evidenced by the presence of superstructure reﬂections and the absence of fcc peak even for annealing time as short as 5 min [17].



3.2. Structural characterisation SEM images of the samples were taken with a LEO 1530 electron microscope equipped with a ﬁeld emission gun and operated at 20 kV. X-ray diffraction analysis was made with Cu Ka radiation.



Fig. 2. SEM image of an Fe-rich Fe/Pt multilayer after 4 rolling cycles.
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2θ Fig. 4. Section of the y22y (Cu Ka radiation) patterns of optimally annealed (a) FePt and (b) FePt/Fe-rich samples. The high-angle shoulder of the (1 1 1) FePt peak in the FePt/Fe-rich sample is attributed to (1 1 1) Fe3Pt.
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2θ Fig. 3. XRD patterns (Cu Ka radiation) of: (a) as-rolled Fe/ Ag/Fe/Pt multilayer after 4 deformation cycles (pdf intensities for isotropic Pt represented by ’); (b) FePt foil produced by annealing Fe/Pt multilayer at 450 C/48 h, the superstructure reﬂections of the L10 phase are denoted by the letter ‘‘s’’; (c) FePt/Ag foil produced by annealing Fe/Ag/Fe/Pt multilayer at 450 C/48 h; (d) FePt/Fe-rich foil produced by annealing Fe/Pt multilayer at 450 C/1 h; (pdf intensities for L10 FePt represented by  in (b)–(d).



The y  2y XRD spectra (Figs. 3b and c; samples optimally annealed with respect to their magnetic properties) depended very little on annealing conditions, for tann between 5 min and 48 h and Tann between 400 C and 600 C. For all samples, c/aE0.96 have been estimated from the XRD data, which is the value for ordered FePt. In all annealed samples, the relative intensities of the XRD peaks characterising the tetragonal FePt phase, differed from pdf intensities for random crystallite orientations. The intensities of the (0 0 1)



and (0 0 2) peaks were higher than those of pdf values indicating partial c-axis out-of-plane texture. In the case of FePt/Fe-rich, the presence of Fe3Pt, in addition to equiatomic FePt, was identiﬁed by the presence of a shoulder on the side of the FePt (1 1 1) peak (Fig. 4). The FePt (2 0 2) peak was higher than expected (Fig. 3d), indicating that the texture is different than in the two other series. 3.3. Optimising coercivity in FePt single magnetic phase systems The dependence of coercivity on heat treatment conditions was qualitatively similar in the FePt and FePt/Ag series of samples. We concentrate in this section on the FePt/Ag system. The coercivity of samples annealed for 1 h in the temperature range 280–600 C is plotted in Fig. 5 along with the demagnetisation curves of some representative samples (inset). When the annealing temperature is too low (280 C) the hysteresis loop is comparable to that of an as-rolled sample indicating that there is no signiﬁcant diffusion at this temperature. Following annealing at 350 C, two phase behaviour is observed, indicating that the diffusion between the Fe and Pt layers has started but is not
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Fig. 5. Variation of room temperature coercivity of FePt/Ag foils with annealing temperature for Fe/Ag/Fe/Pt multilayers (tanneal ¼ 60 min). Inset: demagnetisation curves of some representative samples.



Fig. 6. Room temperature magnetisation loops of Fe-rich FePt foils heat treated in the temperature range 300–700 C (tanneal ¼ 60 min).



complete. This is in agreement with the fact that peaks of both the ordered FePt phase and elemental Pt and Fe were observed in the XRD spectrum of this sample (see section above). The hysteresis loops for all samples annealed in the temperature range 400–600 C are very similar (curves for Tann ¼ 400 C and 450 C are shown in the inset of Fig. 5). Single-phase behaviour and coercivity of the order of m0 Hc E1 T were achieved. This indicates that the diffusion is essentially complete in this temperature range. Coercivity of samples annealed at 450 C increased slightly (m0 Hc ¼ 1:08 T) when annealing time was extended to 48 h. This is to our knowledge the highest coercive ﬁeld value reported for bulk FePt samples. Coercivity usually increases when the grain size decreases. This result suggests that grain size in cold deformed materials is very small.



occurred, indicating the presence of both hard and soft phases. Hard-phase coercivity in these systems, given by the maximum in the reversible susceptibility [19], is of the order of m0 Hc E0:7 T for optimum annealing conditions. The soft-phase magnetisation reverses in weak negative ﬁeld, which shows that exchange-spring effects are negligible. In exchange coupled hard/soft nanocomposites, the nucleation ﬁeld for soft-phase reversal varies approximately as 1/d2, where d is the crystallite size. The low coercivity observed in the present system implies that the Fe3Pt crystallite size is largely above 20 nm [18]. Efforts to develop exchange-spring behaviour by reducing grain sizes, as obtained in sputtered Fe/Pt [20], is underway. Original behaviours were observed during out-ofplane magnetisation measurements, which are discussed in Section 4 and more extensively in Ref. [21].



3.4. Coercivity in FePt/Fe-rich In-plane hysteresis loops of the FePt/Fe-rich sample, heat treated for 1 h in the temperature range 300–700 C, are shown in Fig. 6. These loops indicate that diffusion occurs for temperatures of 400 C and higher. Two phase behaviour is observed for all samples in which diffusion



4. Magnetisation processes 4.1. In-plane versus out-of-plane measurements All above measurements were performed with the magnetic ﬁeld applied in the foil plane. The



N.H. Hai et al. / Journal of Magnetism and Magnetic Materials 262 (2003) 353–360



358



0.8 µ0M (T)



0 in-palne out-of-plane out-of-plane (N = 1)



-0.8 -2



0



2



µ0H (T) Fig. 7. Room temperature magnetisation loops of the optimally annealed FePt/Ag foil (450 C/48 h) measured in-plane and out-of plane (plotted with and without demagnetising ﬁeld correction).



out-of-plane hysteresis loop of an optimally annealed FePt/Ag sample (450 C/48 h) is compared in Fig. 7 to the in-plane hysteresis loop. After applying the usual demagnetising ﬁeld corrections (HD ¼ NM; with N ¼ 0 in-plane and N ¼ 1 out-of-plane), one obtained the out-ofplane hysteresis loop shown in the same ﬁgure. As compared to the in-plane loop, the thus corrected out-of-plane loop is characterised by: (i) a higher remanence, (ii) a coercive ﬁeld reduced by approximately 0.1 T and (iii) a higher susceptibility in the vicinity of H ¼ Hc : The higher out-of-plane remanence may be related to the partial (0 0 1) texture revealed by the XRD data. We suspected that the higher outof-plane susceptibility resulted from underestimating demagnetising ﬁelds. In applying the usual demagnetising ﬁeld correction, we implicitly assumed that, at a given magnetisation value, the inplane and out-of-plane internal ﬁelds are equal (for in-plane measurements the internal ﬁeld is equal to the applied ﬁeld). This holds when domain walls easily nucleate and move freely. This is not the case in hard nanostructured materials, such as FePt. As a result, when the demagnetising ﬁeld is determined by a nonsaturated magnetic conﬁguration, the resulting



internal ﬁeld is not given by the simple expression Hinit ¼ Happl 2NM: In particular, a demagnetising ﬁeld persists for M ¼ 0: All this discussion is particularly important for out-of-plane ﬁlm measurements where demagnetising ﬁelds are important. It is worth noting that this is usually neglected in the analysis of magnetisation processes in hard-magnetic thin ﬁlms. To test whether the difference observed between in-plane and out-of-plane hystersis loops are due to this sample shape effect and not to the anisotropic nature of the nanostructure, a sample was prepared with identical dimensions parallel (x) and perpendicular (z) to the rolling plane. The corresponding hysteresis loops were approximately identical. This demonstrates that the simple demagnetising ﬁeld corrections are not applicable in hard nanostructured ﬁlms. On the same basis, the difference in coercivity values measured inplane and out-of-plane can be attributed to the difference in demagnetising ﬁeld at zero magnetisation. The effect due to the angular dependence of coercivity is expected to be negligible in this sample which is only weakly textured. 4.2. Dipolar spring In-plane hysteresis loops of the heat treated FePt/Fe-rich sample foils showed a 2-step reversal behaviour as explained in Section 3.4 whereas out of plane loops revealed more continuous reversal. It is obvious that such differences between hysteresis loops may be attributed, at least partly, to differences in the bulk demagnetising ﬁelds when the ﬁeld is applied in-plane and out-of-plane, respectively. A parallepiped was cut following the same procedure as in the above section, with dimensions 1  1  0.15 mm3. The demagnetising ﬁeld coefﬁcient along the two long dimensions x and z is approximately equal to 0.15. Hysteresis loops measured along x and z differ very signiﬁcantly (Fig. 8). This shows that in this instance the differences in magnetisation processes are not uniquely associated with differences in bulk demagnetising ﬁelds. In such magnetically heterogeneous composite materials large dipolar interactions may be present. Let us consider a model system, formed
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dip cients, the dipolar interactions on soft grains, Esoft may be expressed as 1 1 dip 2 2 ¼ Ng m0 Msoft  Ng m0 aMsoft Esoft 2 2 1 2  Ng m0 ð1  aÞMsoft Mhard þ Nb m0 aMsoft 2 þ Nb m0 ð1  aÞMsoft Mhard : ð1Þ
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µ0H (T) Fig. 8. Room temperature magnetisation loops of the optimally annealed FePt/Fe-rich sample (450 C/1 h) measured inplane (x) and out-of-plane (z). The dimensions are identical along x and z; equal to 1 mm. No demagnetising correction was applied.
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In this relation, Msoft and Mhard are the soft and hard-phase magnetisation, respectively. All soft grains are assumed to be identical with an individual grain demagnetising ﬁeld coefﬁcient Ng. Nb is the bulk demagnetising ﬁeld coefﬁcient and a represents the fraction of soft phase within the sample. Under an applied magnetic ﬁeld, Happ, energy minimisation with respect to Msoft leads to:   s ðNg  Nb Þð1  aÞMhard þ Happ Msoft ¼ ð2Þ aNb þ ð1  aÞNg s is assumed, on the basis in which, Mhard Mhard that Hc bHapp : The resulting total dipolar ﬁeld acting on soft grains is s Hdip ¼ Ng ð1  aÞðMhard  Msoft Þ s  Nb ½ð1  aÞMhard þ a Msoft 



1.4 1.2 1 0.8 0.6 0.4 0.2 -2



-1



0 µ0H (T)



1



2



359



3



Fig. 9. Calculated magnetisation m0M as a function of m0H in a s s model hard/soft composite system. m0 Msoft ¼ 1:8 T; m0 Mhard ¼ 1:4 T; Ng ¼ 1; Nb ¼ 0 and proportion of soft phase a=0.35.



by an assembly of soft and hard exchange decoupled grains (Fig. 9, inset) [21]. The hard grain magnetisation is assumed to be saturated, with coercive ﬁeld Hc bHapp : Assuming that dipolar interactions can be represented by uniform ﬁelds, through usual demagnetising ﬁeld coefﬁ-



ð3Þ



To emphasise the inﬂuence of dipolar interactions within matter, let us assume that Nb ¼ 0: Assuming ﬂat particles (Ng ¼ 1), the ﬁeld dependence of Msoft is compared in Fig. 9 to its ﬁeld dependence in the absence of interactions. The parameter s values in these calculations were m0 Mhard ¼ 1:4 T; s m0 Msoft ¼ 1:8 : T and a ¼ 0:35: These values are consistent with parameter values for our FePt/Ferich sample. Reversal starts at m0 Happ ¼ þ0:26 T; it is complete at m0 Happ ¼ 2:1 T: In negative applied ﬁeld, the dipolar ﬁeld created by the hard magnetic grains dominate over the dipolar ﬁeld of soft grains and opposes magnetisation reversal. The magnetisation variation is fully reversible, thus justifying the expression ‘‘dipolar spring’’ [18, 21]. To quantitatively model reversal in FePt/Fe-rich samples, we assumed (i) that hard-phase reversal was identical to the one observed in equiatomic FePt and (ii) that soft-phase reversal in the absence of dipolar interactions could be represented by a simple function, typical of soft-phase material with negligible coercivity (Fig. 10, inset). The in-plane
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exchange-spring behaviour to be observed. The difference between in-plane and out-of-plane reversal was then analysed within the framework of the dipolar-spring concept [21].
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Fig. 10. Comparison of experimental magnetisation loops of FePt/Fe-rich sample (taken from Fig. 8, open squares: in-plane, open circles: out-of-plane) with curves calculated assuming that the hard phase has 0.8 T coercivity and that the soft phase can be represented by the curve shown in the inset (other parameters are as in Fig. 9 caption, except Ng ¼ 0:9 and Nb ¼ 0:2).



and out-of-plane magnetisation variations were then ﬁtted by assuming that the soft-phase magnetisation variation follows expression (2). The calculated curves are compared in Fig. 10 to the experimental ones. The agreement is very good. The free parameters in this analysis were Nb and Ng. Nb ¼ 0:2 compares to 0.15 deduced from the sample dimensions. Ng ¼ 0:9 corresponds to very ﬂat Fe3Pt crystallites, suggesting that the layer shape of the initial foils is preserved in the alloy obtained by annealing.



5. Conclusions We have prepared hard FePt alloys by co-rolling of Fe/Pt multilayer and annealing. Equiatomic FePt showed excellent hard magnetic properties, with coercive ﬁeld, m0Hc, in excess of 1 T in Agcontaining samples. The comparison between inplane and out-of-plane magnetisation curves revealed that simple demagnetising ﬁeld corrections cannot be applied. In Fe-rich alloys, the FePt and Fe3Pt phases were found to coexist. The individual crystallite size was too large for
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In Fe-rich FePt alloys, the hard FePt phase and the soft Fe3Pt phase coexist. Out-of-plane .... 1 h at 700 C. A composite stack of 12 bi-layers was formed and ... 
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