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Introduction

Nanocrystalline exchange-spring "hard-soft" magnets are composite magnetic materials consisting of two magnetic phases, one soft and one hard, mixed in a nanostructure in order to combine the high coercivity of the hard magnetic phase with the high magnetisation of the soft magnetic phase. These composite materials exhibit magnetic properties which are interesting both from a fundamental point of view and for applications [1][2][3][4][5]. The exchange-spring behaviour can be understood on the basis of the intrinsic parameters of the hard and soft magnetic phases which are coupled by exchange [6,7]. However, the role of the microstructure in the spring mechanism is not well understood [7][8][9][START_REF] Skomski | Permanent Magnetism[END_REF]. In previous investigations, we established the determinant influence of the microstructure on the hardsoft exchange coupling in SmCo 5 /α-Fe powders obtained by mechanical alloying [START_REF] Pop | [END_REF][12][13][14]. Mechanical alloying is a widely used preparation technique to obtain nanocrystalline structures exhibiting original magnetic properties including exchange spring [1,[15][16][17][18][19][20][21][22][23][24]. It involves the synthesis of materials by high-energy ball milling, in which pure or pre-alloyed elements are milled to achieve alloys or composite materials formation. We concentrate here on the mechanical milling technique to blend two different magnetic phases. We applied mechanical milling to synthesize SmCo 5 /α-Fe nanocomposites starting from a mixture of SmCo 5 powder (milled for two hours) and 20 wt% of elemental iron. The coercivity and the remanence were found to be dependent upon the process conditions and they could be improved by adjusting the milling and/or heat treatment conditions (time and temperature) [START_REF] Pop | [END_REF][12][13][14]. Microstructural investigations of as-milled and annealed powders showed that the initial magnetic phases are destroyed upon milling, and that annealing the as-milled samples permit recovering the initial phases [START_REF] Pop | [END_REF]13,14]. However, our previous Mössbauer investigations suggested that Fe/Co interdiffusion occur during the process [START_REF] Pop | [END_REF]. Since then, this result has been confirmed by other authors [25][26][27].

In the present study, we proceed to a systematic study of the microstructure of SmCo 5 /α-Fe alloys by Mössbauer spectrometry with the aim to follow accurately the evolution of the Fe-containing phases upon milling and subsequent annealing. The results are conforted by tomographic atom probe analysis and interpreted in relation with the magnetic properties of the materials, by considering the influence of the Fe/Co interdiffusion on the exchange coupling phenomenon.

Experimental

An alloy ingot with the SmCo 5 nominal composition was prepared by induction melting under argon atmosphere. The purity of the elements was 99.9%. The ingot was crushed into small pieces and it was subsequently mechanically milled for two hours in a high energy planetary mill under argon atmosphere. The SmCo 5 powder thus obtained was mixed with an iron powder (grain size below 40 µm) in a ratio of 80 (SmCo 5 )/ 20 (Fe) weight percent, corresponding to a ratio of 75 (SmCo 5 )/ 25 (Fe) atomic percent. The mixture was mechanically milled under argon atmosphere using the high-energy planetary mill. Because the rare earths are very sensitive to oxygen, for the preparation of rare-earth permanent magnetic materials it is necessary to mill in inert atmosphere in order to avoid rare earth oxidation. Several milling times were used ranging from 2 to 8 hours.

In order to investigate the influence of the annealing on the evolution of the SmCo 5 /α-Fe exchange coupling, samples made of the as-milled powder were sealed inside evacuated silica tubes for further heat treatments. These treatments were performed at temperatures ranging from 450 to 650 °C for 0.5 to 10 hours. The maximum annealing temperature of 650 °C had been chosen in order to avoid the crystallite growth. 57 Fe Mössbauer spectrometry experiments were performed at room temperature in transmission geometry, using a 57 Co source in a rhodium matrix. The Mössbauer spectra were fitted according to a least squares method [28]. The isomer shift (relative to metallic α-Fe at room temperature) and hyperfine field are denoted δ and B respectively. Estimated errors for the hyperfine parameters originate from the statistical errors σ given by the fitting program, taking 3σ. X-ray diffraction (XRD) patterns were recorded in the angular range 2θ = 25 -100°. For these experiments a Brucker D8 powder diffractometer with the Co(Kα 1 ) radiation ( = 0,1788970 nm), was used.

The powder milled for 8h was analysed by Laser Assisted Wide Angle Tomographic Atom Probe (LAWATAP). The LAWATAP is a 3D analytical high resolution microscope which provides the spatial distribution of atoms of the analysed specimen . The principle of atom probe is based on the field evaporation of surface atoms as ions and their identification by time of-flight mass spectrometry. The high electric field required (a few tens V/nm) is obtained by applying a high voltage to the specimen prepared in the form of a sharply pointed needle (tip radius less than 50 nm). The specimen preparation involves a two-step procedure [29]. In the first step, a single powder particle between ~1 and ~50µm is mounted onto a stainless steel support tip using an ex-situ micro-manipulator and an optical microscope. In the second step, the particle is annularly milled into a very sharp tip by Focused Ion Beam. The tip is biased at a high positive DC voltage V o in the range 2-10 kV and cooled to low temperatures (20-80 K). The vacuum in the analysis chamber is usually in the range 10 -8 Pa. Surface atoms are then field-evaporated by means of high-frequency (100 kHz) laser pulses superimposed on the DC voltage V o [30]. The evaporated atoms are collected by a time-resolved position detector placed in front of the specimen. This allows measuring the time of flight of each ion and recording its impact position. Both informations allow the chemical nature of the evaporated ions to be determined and the position from which the atoms originate at the tip surface to be derived. The atom lateral positions at the surface of the tip sample are obtained from a reverse projection of ion impacts coordinates on the position sensitive detector. The depth position is deduced from the order of detection of atoms [31]. The sample is field-evaporated atomic layer by atomic layer, and a typical volume of analysis of 10 4 nm 3 is collected in a few hours. After 3D reconstruction of the analysed volume, the spatial distribution of atoms is observable at the atomic scale in the real space. From the data set of the 3D reconstruction, the chemical composition or the concentration depth profiles can be calculated everywhere in the analysed volume. More details about tomographic atom probe can be found in references 32 and 33.

Results

Structural analysis of annealed powders

The XRD patterns of the powder milled for 8 h and subsequently annealed are shown in figure 1. The pattern of the as-milled powder shows only a broad and low intense peak corresponding to α-Fe. As the annealing temperature increases, the width of the α-Fe peak decreases, and the intensity of the peaks corresponding to the Sm-Co phase increases. This is in agreement with the recrystallization process of the hard and soft phases induced by the annealing treatment and reported before [START_REF] Pop | [END_REF]13,14]. Additionally, the main peaks of the Sm 2 O 3 oxide are observed, indicating that some oxidation occured during the annealing treatment. In the pattern of the powder annealed 30' at 650°C, the position of the most intense α-Fe peak corresponds to a lattice parameter a = 0.2857 ± 0.0005 nm. This value is lower than that of the pure α-Fe phase (0.2866 nm). Considering that the Co atomic radius is lower than the Fe atomic radius, this reveals the presence of Co in the α-Fe phase.

The Sm-Co peaks can be indexed in the hexagonal P6/mmm system with lattice parameters a = 0.4900 ± 0.0005 nm and c = 0.4100 ± 0.0005 nm. These lattice parameters are respectively lower and higher, than those of the pure SmCo 5 phase (0.4995 nm, 0.3978 nm). Such variations in the lattice parameters are typical of the introduction of transition metal dumbbells in the structure [34,35]. This classically occurs when Fe atoms are introduced in the SmCo 5 phase, in agreement with the fact that the pure SmFe 5 phase does not exist [START_REF] Burzo | Magnetic properties of metals[END_REF]. Note that in the following we refer to the formation of the Sm(Co-Fe) 5 alloy whereas, as Fe enters into the phase, the stochiometry is expected to become enriched in transition metal as a result of dumbbell formation.

The grain size has been estimated for both soft and hard magnetic phases, according to Scherrer's formula. A size less than 30 nm is obtained for the samples milled for 6h or more. For the samples milled for 8h, the α-Fe grain size is derived to be of about 18 nm.

Mössbauer analysis: Fitting procedure

All the Mössbauer spectra were recorded at room temperature. They were fitted consistently throughout the whole series of samples, with the following contributions:

-a magnetic contribution with a hyperfine field equal or close to that of α-Fe (33.0 T), -a second magnetic contribution with a hyperfine field of about 27.5 T, -a paramagnetic contribution, to account for the excess of absorption at the centre of the spectra, when detected. The magnetic contribution of the α-Fe phase has been systematically considered. To take into account its large width in different spectra, this contribution has been fitted with several components, that is a distribution of magnetic sextets. The second magnetic contribution is characterized by an hyperfine field of about 27.5 ± 0.3 T, which is typical of a rare-earth / iron compound. This value is in agreement with the room temperature mean hyperfine field of dilute 57 Fe nuclei in SmCo 5 compound [START_REF] Forker | [END_REF]. Consequently, this magnetic component has been attributed to Fe atoms present in Sm-Co-rich regions. This is in agreement with the XRD analysis, thus confirming that the Sm-Co regions destroyed upon milling recrystallize as Sm(Co,Fe) 5 In the following, the second magnetic contribution will be denoted as a Sm(Co,Fe) 5 . Preliminary fittings were performed on the spectra where the relative intensity of this contribution is the most important of the series (figure 2). They showed that the Sm(Co,Fe) 5 contribution can be fitted with three components, with hyperfine fields in the range 26.2-29.5 T (these three components are displayed in figure 2, with the resultant contribution). This has been used for all the spectra. In some spectra, a paramagnetic contribution has been fitted with a weak relative intensity, which is attributed to Fe-containing paramagnetic phases such as oxides or nanoparticles which are superparamagnetic at room temperature.

As-milled powders

The Mössbauer spectra of the as-milled powders are shown in figure 3. The Mössbauer spectrum of the sample before milling consists uniquely in a magnetic sextet typical for α-Fe. In the spectra of the as-milled powders, an asymmetric broadening of the lines is observed, as revealed by the shoulders on the external lines of the sextet (see figure 3). In the analysis, this broadening is taken in account by considering magnetic sextets with hyperfine fields between 34 and 36 T, higher than the hyperfine field of pure α-Fe (33.0 T). The fact that both the mean hyperfine field <B Fe > and the mean isomer shift <δ Fe > of this magnetic contribution are larger than α-Fe associated values (see figures 4a and4b) is characteristic of the presence of Co atoms in the α-Fe regions, with a proportion that increases with the milling time [38]. It is worth to note that similar observations were reported for Fe 50 Co 50 mechanically milled powders [39]. As the milling time is increased, another magnetic component develops (displayed in figure 3), with a mean hyperfine field of 27.5 ± 0.3 T, characterising Fe atoms having entered in the SmCo 5 phase. The relative intensity of this contribution increases with milling time (figure 4c). The relative intensity of this contribution being proportional to the Fe content in the Sm(Co,Fe) 5 regions, its increase is in agreement with an increase in the proportion of Fe atoms in the Sm-Co-rich regions. 
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(2) The presence of Co in Fe and that of Fe in Sm-Co-rich regions is confirmed by LAWATAP analysis of the powder milled for 8h. A slice taken from the 3D reconstruction is shown in figure 5 and presents the spatial distribution of Sm, Co and Fe atoms. The figure evidences the nanostructure of the sample and reveals that the distribution of Sm is not uniform. Sm atoms are only detected in Sm-Corich regions. The regions where Sm atoms are not detected correspond to the Fe-rich regions, which are initially occupied by the α-Fe phase. Co atoms are detected in both the Sm-rich and the Fe-rich regions, with a concentration that is higher in the Sm-rich regions. Finally, Fe atoms are detected in all regions, i.e. they are also present in the Sm-rich regions. These results clearly show that Co/Fe interdiffusion occurred during milling. A more detailed LAWATAP analysis will be published elsewhere [40]. These results clearly show that high energy ball milling of SmCo 5 and α-Fe leads to a partial mixing down to the atomic scale, leading to the diffusion of Fe atoms in Sm-Co-rich regions and to the diffusion of Co atoms in Fe-rich regions. The Co/Fe interdiffusion increases with the milling time. 

Annealed powders

The influence of the annealing time on the structure of the powders was investigated on samples initially milled for different times, upon annealing at 450°C. For example, the Mössbauer spectra of the powder milled for 6h and annealed for times up to 10 h is shown in figure 6. As compared with the spectrum of the as-milled powder, the spectra of the annealed powders reveal an increase of the relative intensity of the Sm(Co,Fe) 5 contribution with the annealing time. Moreover, the mean hyperfine field <B Fe > of the α-Fe(Co) contribution changes with the annealing time. The same observations are made for the other samples. The evolution of the Sm(Co,Fe) 5 relative intensity and that of the α-Fe(Co) mean hyperfine field are gathered in figures 7a and 7b, respectively. For all the samples, an important increase of the Sm(Co,Fe) 5 relative intensity occurs for short time annealing, followed by a plateau. This suggests that annealing promotes an increase of the Fe content in the Sm-Co-rich regions, up to a maximum value. The evolution of the mean hyperfine field of the α-Fe(Co) contribution shows a similar behaviour, except for the sample milled for 8 h, for which the annealing leads to a decrease of <B Fe > before reaching the plateau. This does not mean that the Co content in Fe-rich regions decreases, if one considers that, according to [38], in Fe 1-x Co x alloys with x > 0.30, the mean hyperfine field decreases as x increases. Accordingly, this suggests that for milling times lower than 6 h, the Co content in the α-Fe(Co) regions is lower than about 25 at.% in the asmilled samples and increases with the annealing time, while for 8 h milling, the Co content in the α-Fe(Co) regions is higher than about 25 at.% in the as-milled samples and increases with the annealing time as well. The influence of the annealing temperature on the phases involved is investigated for the powders milled for 8 h. The Mössbauer spectra of the powder before and after annealing for 0.5 h at temperatures up to 650°C are shown in figure 8. As the temperature increases, the relative intensity of the Sm(Co,Fe) 5 contribution increases noticeably to reach about 60% at 650°C. This shows that the Fe content in the Sm-Co-rich phase increases with the annealing temperature. This is accompanied by a decrease of the mean hyperfine field <B Fe > of the α-Fe(Co) contribution, related to a concomitant increase of the Co content in the α-Fe(Co) regions, and characteristic of a Co content higher than about 25 at.% as explained above [38]. These results show that annealing up to 650°C leads to an important increase of the Co/Fe interdiffusion. The relative intensity of the Sm(Co,Fe) 5 contribution after annealing at 650°C being 61 % indicates that more than 60% of the Fe atoms are present in the Sm-Co-rich regions. Thus, the tendency observed for long time annealing at 450°C is also observed for short time annealing at higher temperatures. Diffusion of Fe atoms in the Sm-Co-rich regions and diffusion of Co atoms in the α-Fe regions occur simultaneously leading to the fact that both the Fe content in Sm(Co,Fe) 5 and the Co content in α-Fe(Co) drastically increase with the annealing temperature. Such a structural modification of the phases involved is fully consistent with the evolution of the magnetic properties previously described in this type of alloys [START_REF] Pop | [END_REF][12][13][14].

Co/Fe interdiffusion and magnetic properties

It is well known that the mean hyperfine field <B Fe > of the α-Fe(Co) contribution is related to the Fe content in the α-Fe(Co) phase [38]. As the intensity of the Sm(Co,Fe) 5 contribution, denoted as % SmCoFe , is proportional to the Fe content in the Sm(Co,Fe) 5 phase, the Co/Fe interdifussion process during both milling and annealing can be represented by plotting the evolution of <B Fe > as a function of % SmCoFe (figure 9). The experimental points reveal a behaviour that is in full agreement with the known evolution of the hyperfine field of Fe 1-x Co x alloys with x, as shown by the insert to figure 9. According to the nominal volume fractions of the SmCo 5 and α-Fe phases and neglecting the slight difference in density of these phases, the parameter % SmCoFe corresponds exactly to the Co content in the α-Fe(Co) phase. This is confirmed by tomographic atom probe analysis as well. For example, in the powder annealed at 550°C for 0.5 h the measured Co content of the α-Fe(Co) phase (40±8 at.%) is fully consistent with the Mössbauer relative intensity of the Sm(Co,Fe) 5 contribution (39 %) [40]. Consequently, the evolution of <B Fe > with % SmCoFe reflects the evolution of <B Fe > with the Co content in Fe 1-x Co x alloys. Comparing the <B Fe >=f(% SmCoFe ) curve (figure 9) with the <B Fe >=f(x) curve (figure 9, insert), one can notice that the values of <B Fe > are lower than those expected for Fe 1-x Co x . Such a difference could be related to the small size of the α-Fe(Co) particles and to the presence of defects. Grouping all results, the various mechanisms involved in Fe vs Co interdiffusion can be summarized as follows: the increase of <B Fe > with % SmCoFe for low values of % SmCoFe corresponds to the diffusion of Fe atoms in the Sm-Co-rich regions. In this regime, the fact that <B Fe > increases with the milling time shows that the diffusion process is mechanically activated. Then, <B Fe > reaches a plateau for % SmCoFe values of about 20 to 30%, corresponding to a Co content in the α-Fe(Co) phase of 20-30 at.%. This is obtained for the powders milled for 6 and 8 h and annealed up to 10 h at 450°C, which are characterised by further Co/Fe interdiffusion. The decrease of <B Fe > observed for values of % SmCoFe higher than 30% corresponds to a further increase of the Co content in the α-Fe(Co) phase. This is obtained for the powders milled for 8 h and annealed at temperatures between 550 and 650°C. For complete Co/Fe mixing, not observed experimentally here, the relative proportions of transition metals in each phase would correspond to their relative proportions in the initial mixture, that is 71 at.% Co and 29 at.% Fe. Thus, % SmCoFe would be equal to 71% and, according to [38], <B Fe > = 33.2 T. The corresponding point reported in figure 9 is roughly aligned with the experimental points. It remains to be demonstrated whether increasing further the annealing temperature or the annealing time would lead to complete Co/Fe intermixing. Previous investigations of the magnetic properties of as-milled and annealed SmCo 5 /Fe powders revealed that the best magnetic properties are obtained for powders milled for 8 h and annealed at 550-600°C [START_REF] Pop | [END_REF]. This corresponds to a relative intensity of the Sm(Co,Fe) 5 contribution, and thus to a Co content in the α-Fe(Co) phase, comprised between 39 and 55 %. Annealing at such temperatures improves the exchange interactions [START_REF] Pop | [END_REF]. Considering the present investigation, such an improvement has to be related to the presence of both Co and Fe in all the magnetic phases. Strong Co/Fe interdiffusion may lead to better structural coupling between the Sm-(Co,Fe) and α-Fe(Co) phases, thus reinforcing the exchange interactions between the magnetically hard and soft phases. Such a positive effect of the Co/Fe intermixing on the exchange coupling has been reported in the case of SmCo 5 /Fe exchange spring multilayer films [41,42]. The evolution of the remanence in the present system is in rather good agreement with the evolution of the Co content in the α-Fe(Co) phase. The highest remanence is obtained for the powder milled for 8 h and annealed for 1.5 h at 500°C, which corresponds to a Co content of about 34 at.%, close to the maximum value of the magnetization of Fe 1-x Co x alloys [START_REF]Magnetism and Metallurgy[END_REF]. Annealing the powder for shorter times at the same temperature or at lower temperatures leads to lower remanence, as expected for Co contents below 28 at.%, and thus to a smaller value of the magnetization of Fe 1-x Co x phase. Annealing the powder at higher temperatures induces a remanence decrease, in relation with a decrease of the magnetization of the Fe 1-x Co x phase, its Co content being larger than 39%. The positive influence of an annealing treatment on the coercivity has to be related to structural modifications (grain size refinement and increase of the crystallinity), but it can be partly due as well to Co/Fe interdiffusion, through reinforcement of the intergranular exchange interactions. However, annealing at too high temperatures probably leads to an increase of the grain size, thus permitting soft phase magnetisation reversal independently of hard phase reversal. This explains the appearance of a shoulder on the demagnetization curves as shown in ref. [START_REF] Pop | [END_REF].

Conclusion

Milling a mixture of SmCo 5 and α-Fe magnetic phases leads to Co/Fe intermixing: Co atoms diffuse in the SmCo 5 phase and Fe atoms diffuse in the α-Fe phase. This interdiffusion process is mechanically activated. Annealing the powders at temperatures up to 650°C leads to the formation of α-Fe(Co) and Sm(Co,Fe) 5 phases. Increasing the annealing temperature leads to the increase in both the Co content in the α-Fe(Co) phase and the Fe content in the Sm(Co,Fe) 5 phase. These results help in interpreting previous magnetic measurements on this system. In particular, the strong Co/Fe interdiffusion evidenced in the present study may reinforce the exchange interactions between the magnetically hard Sm(Co,Fe) 5 and soft α-Fe(Co) phases.
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 1 Figure 1. XRD patterns of the powder as-milled for 8h and annealed at the indicated temperatures and times. The peaks of the Sm(Co,Fe) 5 phase are indexed in the hexagonal P6/mmm system. ( Co(Kα1) = 0,1788970 nm)
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 2 Figure 2. Room temperature Mössbauer spectrum of the SmCo 5 /Fe powder milled for 8h and annealed for 30 minutes at 650°C. The components of the Sm(Co,Fe) 5 contribution are displayed in blue, their hyperfine fields being 29.4, 28.5 and 26.8 T for components (1), (2) and (3) respectively. The resultant Sm(Co,Fe) 5 contribution is displayed in red.
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 34 Figure 3. Room temperature Mössbauer spectra of the SmCo 5 /Fe powder before milling and after milling for the indicated times. The contribution of the Sm(Co,Fe) 5 phase is displayed.
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 5 Figure 5. 2D projections of elemental mappings of Sm, Co and Fe atoms in an analysed volume of the powder milled for 8 h, obtained by LAWATAP.
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 6 Figure 6. Room temperature Mössbauer spectra of the SmCo 5 /Fe powder as-milled for 6 h and annealed at 450°C for the indicated times. The contribution of the Sm(Co,Fe) 5 phase is displayed.

Figure 7 .

 7 Figure 7. Evolution with the annealing time at 450°C of (a) the relative intensity of the Sm(Co,Fe) 5 contribution, and (b) the mean hyperfine field of the α-Fe(Co) contribution. The lines are guides for the eye.

Figure 8 .

 8 Figure 8. Room temperature Mössbauer spectra of the powder as-milled for 8h and annealed for 30 minutes at the indicated temperatures. The contribution of the Sm(Co,Fe) 5 phase is displayed.

Figure 9 .

 9 Figure 9. Mean hyperfine field of the α-Fe(Co) contribution as a function of the relative intensity of the Sm(Co,Fe) 5 contribution, for all the samples investigated. Insert: hyperfine field of Fe 1-x Co x alloys as a function of the Co content x in the alloy [38].