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Nuclear Magnetic Resonance in ferromagnetic multilayers and nanocomposites : Structure magnetic properties and magnetic interactions

Nuclear Magnetic Resonance in Ferromagnets (also called Ferromagnetic Nuclear Resonance, FNR) is a rather unknown technique. However it can give very unique information in the study of ferromagnetic films, multilayers, and nanocomposites. The yield of FNR experiments is twofold. On one hand the FNR spectrum, reflects the distribution of hyperfine fields in the sample and thus gives information about the different chemical configurations and site symmetries in the sample, the different phases, their structure and their defects. On the other hand the evolution of the spectral shape against an external field strength and orientation or against the radio frequency field strength probes the magnetic anisotropy or the magnetic stiffness of the electronic moments around the nucleus site thus providing information comparable to that given by ferromagnetic resonance measurements. Therefore, combining both yields makes it possible to correlate the inhomogeneous magnetic properties of a composite sample to its different structural components. The structural aspects of FNR studies are summarized in the first part of the paper. Most of the paper is devoted to the analysis of FNR data in terms of local magnetic properties. In the last part of the paper the most recent methodological developments are presented. This new method is devoted to the analyses of assemblies of nano-objects with wide size distribution and allows sampling the structure and of the chemical composition of the nano-objects within their size distribution.

I. Introduction

Nuclear Magnetic Resonance studies in ferrimagnets have proved useful for structural investigations of magnetic multilayers in the direct space and at the atomic scale, complementing standard structural investigations [START_REF] Panissod | NMR analysis of buried metallic interfaces[END_REF]. Actually NMR provides with an original insight into the structural and magnetic characterization of composite nanostructured materials. Indeed the yield of NMR experiments is twofold. On one hand the NMR spectrum, usually acquired in zero external field, reflects the distribution of hyperfine fields in the sample and thus gives information about the different chemical configurations and site symmetries in the sample, the different phases, their structure, their defects. On the other hand the evolution of the spectral shape against an additional external field strength and orientation or against the radio frequency field strength probes the magnetic anisotropy or the magnetic stiffness of the electronic moments around the nucleus site thus providing information comparable to that given by ferromagnetic resonance (FMR) measurements. Therefore, combining both yields makes it possible to correlate the inhomogeneous magnetic properties of a composite sample to its different structural components [START_REF] Panissod | Magnetic properties and structure of metallic multilayers investigated by NMR[END_REF]. The structural aspects of NMR studies are summarized in the first part of the paper. Most of the paper is devoted, though, to the analysis of NMR data in terms of local magnetic properties. In the last part of the paper the most recent developments that have been performed are presented. This new method is devoted to the analyses of assemblies of nano-objects with wide size distribution and allows the sampling of the structure and of the chemical composition of the nano-objects within their size distribution. Because of the particularities of NMR in ferromagnets compared to other NMR techniques some specific name can be found in the literature like Internal Field NMR (IFNMR) or Ferromagnetic Nuclear Resonance (FNR). It is the latter acronym that I will favor in the rest of the paper.

II. FNR and atomic structure

FNR (NMR in ferromagnets) probes primarily the hyperfine field HF, arising from ordered local magnetic moments around the observed nuclei. HF determines the FNR resonance frequency. Since the moments depend on the local structure and chemical environment, specific structural regions correspond to specific frequency ranges in the FNR spectrum. The relationship between the hyperfine field and the local structure is usually inferred from studies of structurally well known standard alloys and compounds [START_REF] Mény | Satellite structure of Co NMR spectra in some Co alloys[END_REF] but theoretical calculations (although difficult) can be undertaken as well [START_REF] Akai | Theory of Hyperfine Interactions in Metals[END_REF]. The analysis of the FNR lines yields the fractions of atoms involved in the various atomic configurations or structural components in a sample. For example, in a perfect Co/X multilayer, the spectrum should exhibit two narrow lines only, one for the bulk part of the Co layers (close to the frequency of bulk ferromagnetic Co) and one for Co atoms at the interfaces. An example Co FNR spectrum observed in a Co/Cu multilayer is shown in Fig. 1. The layered structure is obviously far from perfect here. The spectrum can be coarsely separated into three parts: a main line at 215 MHz corresponding to the Co atoms inside the layers with an fcc structure (bulk frequency: 217 MHz), a set of shoulders at higher frequencies corresponding to Co in hcp-like environments (bulk hcp Co at 225-228 MHz, stacking faults at 220-225 MHz), and a set of lines below 200 MHz corresponding to Co atoms with at least 1 Cu among their 12 nearest neighbors (Co atoms at the Co/Cu interfaces). The main line frequency is slightly lower than that of pure fcc Co (217 MHz), which is due to the expansive strains resulting from the difference between Co and Cu lattice constants [START_REF] Van Alphen | NMR study of the strain in Cobased multilayers[END_REF]. The extended tail observed in the low frequency range is typical of diffuse interfaces but a small fraction of sharp interface areas is evidenced by the well defined peak at 165 MHz which corresponds to Co with 3 Cu nearest neighbors at perfect <111> interfaces [START_REF] Panissod | NMR analysis of buried metallic interfaces[END_REF]. In samples with interface spectra extending over a spectral range corresponding to a spread of nearest neighbor (NN) configurations AnBZ-n around the probed nuclei (say B), modeling the spectral shape does provide more quantitative information about intermixing at the interfaces (short-range admixture). Simulated spectra consist of a sum of Z+1 lines (Z=12 NN in compact structures), arising from B nuclei surrounded by (Z-n) B atoms and (n) A atoms. The different lines are, in most cases, equally spaced [START_REF] Mény | Satellite structure of Co NMR spectra in some Co alloys[END_REF]. Considering a model (topological and chemical) of the interface structure, configuration probabilities (line intensities) can be calculated, which are used to reconstruct the spectrum. The refined parameters obtained from the fitting procedure give a direct insight into the short-range order at the interfaces. Fig. 2 illustrates some models that have been successfully used to describe the interface spectra of Co/X multilayers [START_REF] Panissod | NMR analysis of buried metallic interfaces[END_REF]. Note that the expected spectral shapes are quite different between the different models, which show that the different types of interface structure can be easily discriminated (see Fig. 2 legend for more details about the model parameters). For example the interface spectrum of the sample in fig. 1 can be fitted with model C-mostly alloyed. The use of interface models can even allow evidencing asymmetric Co layer interfaces [START_REF] Guen | Observation of an asymmetrical effect when introducing Zr in Mg/Co multilayers[END_REF].

III Local magnetic moments -Hyperfine field and magnetization profiles

The direct yield of an FNR experiment in magnetic materials is the hyperfine field produced by the spontaneous electron spin polarization at the observed nuclei. As such the measurement provides a direct insight, element and site specific, onto the electronic moment values and, possibly, the magnetic structure. This rather standard aspect is not developed here. Let us only mention that, in multilayers where there are several mixed planes at interfaces, the analysis of the interface concentration profile yields also the average HF for each atomic plane, which reflects the magnetization profile at the interfaces [START_REF] Panissod | Magnetic properties and structure of metallic multilayers investigated by NMR[END_REF].

IV. Zero Field FNR -Local restoring field and magnetic stiffness

In magnetic materials, a DC external field is not necessary because the spontaneous magnetic moment creates a large internal field, the hyperfine field HF, at the nuclei. In addition, the nuclei are not directly excited by the external radiofrequency field H1 but by the oscillation of HF following the electronic moment response to H1. The radio-frequency field experienced by the nuclei (B ⊥ ) is therefore strongly enhanced compared to the external one (H1). This enhancement, related to the transverse susceptibility of the samples (and therefore sample dependant), is often characterized by the so-called enhancement factor η = B ⊥ /H 1 = HF/Hr where Hr is the effective field that restores the equilibrium position of the electronic moments. When the FNR signal is recovered the reverse process occurs: the precessing transverse nuclear magnetization exerts a torque on the electronic magnetization, which is thus driven into rotation (or oscillation). Since the actual signal in the probe coil is mostly induced by the electronic magnetization it is thus enhanced by the same factor η. Actually there is a spread of enhancement factor values within a sample, which results from the distribution of magnetization orientation, of demagnetizing field, etc. [START_REF] Stearns | Spin-Echo and Free-Induction-Decay Measurements in Pure Fe and Fe-Rich Ferromagnetic Alloys: Domain-Wall Dynamics[END_REF]. The resulting enhancement factor distribution is the convolution product of these distributions and tends to a lognormal distribution. Therefore the spin echo intensity in a single phased magnetic material has a gaussian dependence upon log(H 1 ) and can be expressed as a function of the external r.f. field amplitude H 1 and frequency ω according to [START_REF] Panissod | Nuclear Magnetic Resonance investigations of the structure and magnetic properties of metallic multilayers and nanocomposites[END_REF]:

S (H 1 , ω) ∝ <η>exp[-log 2 (H 1 /H opt )/2σ 2 ]ω 2 N(ω)γI(I+1)/T ( 1 
)
where <η> is the average enhancement factor N(ω) is the nucleus density (the "true" FNR intensity), σ is the width of the gaussian distribution in log(H 1 ) and H opt is the r.f. field value for which the signal is maximum. In a pulsed FNR experiment the signal is maximum when the nuclear spins experience an effective r.f. field strength such that, after the pulse sequence, the nuclear magnetization is perpendicular to HF: γ<η>Hoptτ =π/2. Therefore the r.f. field strength for which the FNR signal is maximum measures directly the average sample enhancement factor. More recently, rather than using a dimensionless factor to characterize the sample stiffness, we have chosen to use the restoring field Hr=HF/<η>. This restoring field is directly proportional to H opt i.e. Hr=βΗ opt with β depending only on the probed nucleus (γ) and on the experimental set-up. The restoring field has the advantage to be quantitatively comparable to macroscopic magnetic data (magnetic anisotropy field, coercive field or exchange bias field) [START_REF] Panissod | Magnetic properties and structure of metallic multilayers investigated by NMR[END_REF][START_REF] Thomson | Field dependence of nuclear magnetic resonance in molecular beam epitaxy grown Co(111)/Cu multilayers[END_REF]; it is also the field that defines the resonance frequency in FMR experiments. In order to measure Hr, one has to record a set of spectra for several values of the r.f. power. If the r.f. field strength is scaled as βH1, then Hr is directly read as the position of the maximum signal intensity on the βH1 axis of the 2D FNR spectrum (Fig. 3). Considering that each frequency range is associated with a specific region of a composite sample, such 3D plot images directly the structural inhomogeneities, along the frequency axis (FNR), and the magnetic inhomogeneities, along the r.f. field axis. Therefore the projection of the line of crest on the base plane yields the frequency, i.e. structural, dependence of the restoring field.

As an example, Fig. 1 displays the 1D FNR spectrum N(ω) of a typical Co/Cu multilayer and the frequency dependence of the restoring field strength acting on Co moments. It can be observed that the interface moments (below 210 MHz) are magnetically softer than the bulk moments (210-230 MHz). This is a rather general observation in multilayers and shows that the magnetic moments rotate more easily in the interface planes than in bulk planes. This is a consequence of the lower number of magnetic neighbors and the reduction of the moment in the mixed interfaces. It is often observed that the coercive field of the layer corresponds to the value of Hr measured by FNR at the interfaces. As first noticed by Thomson et al [START_REF] Thomson | Field dependence of nuclear magnetic resonance in molecular beam epitaxy grown Co(111)/Cu multilayers[END_REF], this is a strong indication that the magnetization reversal is initiated at interfaces.

The restoring field of each frequency region can also be compared from sample to sample. For example it is generally found in metallic multilayers that the coupling between the magnetic layers oscillates between ferromagnetic and antiferromagnetic as a function of the non magnetic spacer thickness: this results from a Ruderman-Kittel-Kasuya-Yoshida (RKKY) like mechanism [START_REF] Bruno | Theory of interlayer magnetic coupling[END_REF]. Such coupling strength oscillations are readily observed on the restoring field measured by FNR but, again, interface and bulk moments behave differently. For example, in Co/Ru multilayers, the oscillations of Hr resulting from the coupling have larger amplitude at the interfaces than in the bulk [START_REF] Panissod | Magnetic properties and structure of metallic multilayers investigated by NMR[END_REF]. The latter observation is readily explained by the fact that the antiferromagnetic coupling acts first between the two interfaces through Ru. Therefore its contribution to the restoring energy is expected to be larger at the interface planes than in the bulk of the Co layers.

The examples presented until now have pointed out the magnetic differences between different parts of the magnetic layers that are selected by their different FNR frequency range. Beside that, the variation of the FNR signal with the RF field strength may evidence a more global magnetic inhomogeneity. Such inhomogeneity is revealed by the observation of very broad S(H1) curves with several peaks. The usefulness of the observation is illustrated by the example (Fig. 3) of two Co/Cu multilayers. The magnetization loops of the two samples are similar (a rapid increase at low field followed by a slow saturation). Such curves can be interpreted as resulting from the inhomogeneity of the coupling strength, parts of layers being antiferromagnetically coupled, others being ferromagnetically coupled. Alternatively one can interpret them in terms of homogeneous non-collinear coupling [START_REF] Slonczewski | Fluctuation mechanism for biquadratic exchange coupling in magnetic multilayers[END_REF]. The FNR observation in the first multilayer shows a very broad distribution of restoring field in its 3D curve S(ω,H1) which proves the inhomogeneous nature of the magnetization process (coupling inhomogeneities). On the contrary, the second multilayer exhibits a quite narrower distribution of Hr, which is consistent with a homogeneous magnetization process (non-collinear coupling).

V. Magnetic phase separation

If a material consists of several phases, more than one gaussian distribution of log(η) is needed to describe the signal intensity as a function of the excitation field. In favorable cases, i.e. when the different phases in a sample have largely different structure and magnetic stiffness (by a factor of 3 at least), it is possible to separate the spectra arising from each of the phases and to determine their average restoring field and enhancement factor. The example shown in Fig. 4 is that of a granular CoCu alloy [START_REF] Malinowska | Identification of magnetic phases in granular Co10Cu90 alloy using 59Co NMR method[END_REF]. Fig. 4a shows the βH1 dependence of the spin echo intensity at two exemplary frequencies : 200 MHz and 215 MHz. At both frequencies two gaussian distributions had to be used : a soft one : Hr ~ 0.9 kOe and a hard one : Hr ~ 6.4 kOe. Fig. 4b displays the FNR spectrum recorded for βΗ1 = 2 kOe as well as its hard and soft components that are deduced by fitting S(H1) with two η distributions at each frequency. The spectrum corresponding to the softer component is typical of a CoCu alloy (smooth and broad frequency spread of the FNR intensity) while the hard phase is dominated by a sharp pure fcc Co peak. The low frequency tail of this line is strikingly similar to the spectrum observed in Co/Cu multilayers with rough interfaces but limited interdiffusion. The interfacial intensity amounts to about 50 % of the total intensity indicating that these Co clusters have a large surface to volume ratio, which can be understood if they are flat or needle like.

VI. In field FNR -Local magnetic anisotropy

Beside zero-field measurements, an external DC field is applied sometimes in order to saturate the magnetization. This is mostly used to remove domain walls or to perform standard, field swept, spectrum recording. In the experiments that are reported in this section, the external field dependence is used in a similar way as in standard magnetometric methods i.e. in order to follow the magnetization process. However all these measurements are, of course, analyzed at selected frequencies and, therefore, they probe the local magnetization process.

When the variation of the resonance frequency is studied versus the external field orientation it allows the investigation of the anisotropic properties of the sample. This kind of in-field FNR experiment parallels closely torque magnetometry measurements. It must be performed on a single crystal, or at least, an oriented sample. Based on the fact that the resonance frequency is proportional to the vector sum of the external field and HF, the angles between HF, the moment and the external field can be measured which yields quantitatively the magnetic anisotropy in frequency selected components of the sample. The method has been employed by de Gronckel et al [START_REF] De Gronkel | Structure and local magnetic anisotropy of MBE-grown Co films[END_REF] in order to determine the local magnetic anisotropy of the fcc and hcp components of mixed thin Co films.

When a small DC external field is applied to a multidomain ferromagnet, the resonance frequency does not shift immediately as expected. This is due to the compensation between the external field and the demagnetizing field that increases as the sample magnetizes. However in small single domain nanoparticles the resonance line starts shifting from the smallest field values. The bimodal distribution of sizes of Co clusters embedded in silica has been demonstrated this way. As seen in Fig. 5 the FNR spectrum observed in the samples consists in two main lines: at 217 MHz a standard line arising from large, multidomain, fcc Co clusters that does not shift with increasing field, and, at 223 MHz, another line that shifts exactly as -γCoHext (a minus sign because in transition metals HF is antiparallel to the magnetization). Therefore the 223 MHz line has to be attributed not to hcp Co but to small fcc Co spheres, the 6 MHz up shift being due to the 6 kOe demagnetizing field that adds to HF [START_REF] Gossard | Ferromagnetic Nuclear Resonance of Single-Domain Cobalt Particles[END_REF].

Finally, when the DC field strength is large enough to yield a single domain state, the restoring field is the vector sum of the external field Hext and the magnetic anisotropy field Han. Hence when Hext is applied along the easy magnetization axis, the enhancement factor is HF/(Hext+Han) and the signal intensity varies as 1/(Hext+Han) with the external field strength. Therefore, in a similar manner as through the measurement S(βH1), the local magnetic anisotropy can be measured through the variation of the signal intensity versus the DC field strength. This has been applied by Thomson et al [START_REF] Thomson | Field dependence of nuclear magnetic resonance in molecular beam epitaxy grown Co(111)/Cu multilayers[END_REF] on Co/Cu Multilayers for bulk and interface Co atoms.

VII. Temperature Differential Ferromagnetic Nuclear Resonance Spectra (TDFNR)

Assemblies of nano-objects are investigated in many research fields from physics to medicine. However, since it is often difficult to produce objects with mono-dispersed sizes, identifying the key parameters enhancing their efficiency is blurred by the wide size distributions. Very recently has been introduced the concept of Temperature Differential Ferromagnetic Nuclear Resonance (TDFNR) Spectra that allow sampling the crystallographic structure, the chemical composition and the chemical order of non-interacting ferromagnetic nano-objects for specific size ranges within the size distribution of the objects [START_REF] Liu | Sampling the structure and chemical order in assemblies of ferromagnetic nanoparticles by Nuclear Magnetic Resonance[END_REF]. This methodology consists in measuring the FNR spectra of the same sample for different temperatures. When performing FNR in ferromagnets, an FNR signal can only be obtained if the magnetization direction of the probed objects is fixed (blocked) during the FNR measurement time scale. In the case of a nanoparticle, for a given volume, the magnetization is not blocked anymore above a specific temperature (blocking temperature) [START_REF] Liu | Sampling the structure and chemical order in assemblies of ferromagnetic nanoparticles by Nuclear Magnetic Resonance[END_REF]. Such particle is called superparamagnetic and its contribution vanishes from the FNR signal. In consequence for a given temperature, FNR spectra only involve the objects with blocking temperatures larger than the FNR measurement temperature. In order to sample the structure and chemical order of the particles for specific size ranges, the temperature differential FNR (TDFNR) spectra consist in computing the difference of the spectra recorded for adjacent temperatures (2K FNR spectrum minus 4.2K spectrum; 4.2K spectrum minus 77K spectrum…). Therefore the TDFNR spectra correspond to the spectra of the particles for specific size ranges within their size distribution. In the example fig. 6 it has been shown that while the smallest particles are constituted by a mixture of fcc and hcp Co particles, the largest one (>10 nm) are dominated by fcc particles. In addition, the TDFNR line intensities allow estimating the size distribution of the nano-particles [START_REF] Liu | Sampling the structure and chemical order in assemblies of ferromagnetic nanoparticles by Nuclear Magnetic Resonance[END_REF]. Therefore the method provides a very complete and unique insight into the structure chemical order and size distribution in assemblies of nano-objects.

VIII.Conclusions

In this paper it has been shown that NMR in ferromagnets (Ferromagnetic Nuclear Resonance, FNR) is a unique tool to correlate the nanostructure of composite magnetic materials and their magnetic properties. In summary, because they contribute to the FNR spectrum at different frequencies, different regions of the samples can be selected and their magnetic properties can be separately probed.

Beside the magnetic inhomogeneity that is expected from the composite design of the nanomaterials, such as the magnetization and magnetic stiffness profiles at multilayer interfaces, FNR can also image directly large inhomogeneities of interactions and/or anisotropy between the magnetic components. This may help to discriminate between various interpretations of the magnetization process of the composite structure.

The most recent methodological developments allowed sampling the structure and chemical order within assemblies of nano-objects with wide size distributions. The method is appropriate for magnetically non interacting objects; work is under progress in order to probe also the magnetic interactions between such magnetic nano-objects.

Ultimately, such studies can help identifying the various magnetic phases that may be present in a composite sample, from both structural (topology and chemical nature) and magnetic (anisotropy and stiffness) viewpoints. 
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 1 FIG. 1Open circle: Co FNR spectrum recorded in a typical Cu/Co multilayer. The left part : interfacial components; right part: bulk components. The thick vertical bars represent the spectrum that should be observed for a perfect Co/Cu multilayer. Full line : Frequency dependence of the restoring field strength showing the magnetic softness of the interface (below 210 MHz) and the hardness of the bulk of the layers (above 210 MHz).FIG. 2Basic interface models for the simulation of buried interface spectra a) Monoatomic step defect model (d, the average distance between steps and l, the average distance between kinks are the parameters of the model, in atomic distance units). b) Diffuse interface model with a linear concentration profile. c) Pure Co and alloy patches -hybrid model consisting of clusters with sharp interfaces separated by diffuse areas. (Ca , concentration of the alloy in the atomic plane and Aa , area fraction of the alloy in the plane are the parameters of the model).FIG.3Co/Cu multilayers with a large antiferromagnetic coupling showing similar magnetization loops (top panels) but very different degrees of coherence in their magnetization process (bottom panels). a) Case of broad distribution of restoring field (inhomogeneous coupling). b) Case of homogeneous magnetization process (homogeneous non collinear coupling).FIG.4CoCu melt spun granular alloy. Top: Spin echo intensity vs. H1 strength at two exemplary frequencies showing the existence of two magnetic phases (two restoring fields). Bottom : 59 Co spectrum and its decomposition into the spectra of the soft and hard phases. FIG. 5 59 Co spectra of cobalt granules in silica showing two populations of sizes. At 217 MHz : large multidomain fcc Co clusters (do not shift under field). At 223 MHz : Small single domain fcc Co clusters (shift under field). The spacing between the two lines in 0 field is due to the demagnetizing field (6 kOe) in the single domain spheres . FIG. 6 TDFNR Spectra of an assembly of Co nanoparticles with wide size distribution. The smallest particles are constituted by a mixing of fcc and hcp Co particles while the largest particles are dominated by fcc particles.