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Introduction

Kossel interferences, evidenced by Walther Kossel in 1935 [START_REF] Kossel | Die Richtungsverteilung der in einem Kristall entstandenen charakteristischen Röntgenstrahlung[END_REF], are the typical diffraction patterns of the characteristic X-rays emitted within a crystalline structure and sensitive to the structure itself. Since 1970s, it has been applied as a tool to investigate the crystallographic orientations and lattice parameters [START_REF] Tixier | Kossel patterns[END_REF][START_REF] Martínez-González | Directed self-assembly of liquid crystalline blue-phases into ideal single-crystals[END_REF][START_REF] Langer | Lattice constant determination from Kossel patterns observed by CCD camera[END_REF]. The observation of Kossel interferences requires two steps. Firstly, to produce the characteristic X-ray emissions, an ionization source is necessary to generate the electron transitions. Then the produced X-ray emissions are diffracted by the periodic structure itself.

The ionization source can be energetic electrons [START_REF] Jonnard | Soft-x-ray Kossel structures from W/C multilayers under various electron ionization conditions[END_REF][START_REF] Aiken | Elemental analysis of organic species with electron ionization high-resolution mass spectrometry[END_REF][START_REF] Goldstein | Scanning electron microscopy and X-ray microanalysis[END_REF], X-ray photons [START_REF] Rousse | Production of a keV X-ray beam from synchrotron radiation in relativistic laser-plasma interaction[END_REF][START_REF] Jonnard | Spontaneous soft x-ray fluorescence from a superlattice under Kossel diffraction conditions[END_REF], charged particles including protons or ions [START_REF] Lucarelli | The upgraded external-beam PIXE/PIGE set-up at LABEC for very fast measurements on aerosol samples[END_REF][START_REF] Subercaze | High energy PIXE: A tool to characterize multi-layer thick samples[END_REF]. Kossel diffraction associated to X-rays is related to the grazing exit X-ray fluorescence (GEXRF) technique [START_REF] Tixier | Kossel patterns[END_REF][START_REF] Guen | Kossel Effect in Periodic Multilayers[END_REF].

GEXRF measurement representing the angular resolved X-ray fluorescence technique, is sensitive to the elemental depth distributions in the nanometer range [START_REF] Baumann | Laboratory Setup for Scanning-Free Grazing Emission X-ray Fluorescence[END_REF][START_REF] Szwedowski-Rammert | Laboratory based GIXRF and GEXRF spectrometers for multilayer structure investigations[END_REF]. It can be used as a complementary characterization method of X-ray reflectometry (XRR).

In XRR measurements, the spectra are acquired by varying the incident angle in the grazing incidence regime while detecting the specular reflected X-ray beam. This technique uses the average electron density of a layer and thus cannot provide information on the elemental composition. By the combination of XRR and XRF analysis, we could overcome the limitations of XRR when dealing with elemental distributions and lateral inhomogeneities of multilayers [START_REF] Gil | Limitations of X-ray reflectometry in the presence of surface contamination[END_REF][START_REF] Spear | Advances in X-ray Reflectivity (XRR) and X-ray Fluorescence (XRF) Measurements Provide Unique Advantages for Semiconductor Applications[END_REF][START_REF] Ingerle | Combination of grazing incidence x-ray fluorescence with x-ray reflectivity in one table-top spectrometer for improved characterization of thin layer and implants on/in silicon wafers[END_REF][START_REF] Yang | Structural characterization of multilayer using the analysis combining GIXRF with GIXRR method[END_REF][START_REF] Hönicke | Characterization of ultra-shallow aluminum implants in silicon by grazing incidence and grazing emission X-ray fluorescence spectroscopy[END_REF]. For example, P.

Hönicke et al. characterized the ultra-shallow Al-implanted silicon wafers by the combination of XRR and GIXRF [START_REF] Hönicke | Characterization of ultra-shallow aluminum implants in silicon by grazing incidence and grazing emission X-ray fluorescence spectroscopy[END_REF].

In our previous works [START_REF] Guen | Kossel Effect in Periodic Multilayers[END_REF][START_REF] Wu | Kossel interferences of proton-induced X-ray emission lines in periodic multilayers[END_REF][START_REF] Wu | Kossel diffraction observed with X-ray color camera during PIXE of nano-scale periodic multilayer[END_REF], we develop a methodology, that is particle-induced X-ray emission (PIXE) combined with Kossel diffraction, to study the structure of nano-scale Cr/Sc and Pd/Y periodic multilayers. PIXE analysis possesses a good sensitivity to measure the radiations emitted by electron state changes and distinguishes the elements of the sample in a wide range of atomic numbers, without destruction of the sample [START_REF] Subercaze | High energy PIXE: A tool to characterize multi-layer thick samples[END_REF][START_REF] Midy | Application of a new algorithm to depth profiling by PIXE[END_REF]. In Ref. [START_REF] Guen | Kossel Effect in Periodic Multilayers[END_REF][START_REF] Wu | Kossel interferences of proton-induced X-ray emission lines in periodic multilayers[END_REF][START_REF] Wu | Kossel diffraction observed with X-ray color camera during PIXE of nano-scale periodic multilayer[END_REF], the generated X-ray emission is recorded in Kossel geometry to obtain the so-called Kossel curve, which is the intensity of characteristic X-ray emission as a function of the detection angle. Kossel curves are convenient to study the interfacial environment in multilayers made of a periodic alternation of nanometer-thick films.

Compared with other ionization excitation sources, electron excitation for example, the main advantage of proton excitation is the enhanced sensitivity due to substantial reduction of the primary beam bremsstrahlung [START_REF] Johansson | Particle-induced X-ray emission spectrometry (PIXE)[END_REF]. This makes it possible to obtain reliable Kossel curves from small amounts of material: either very thin layers or from elements present in low concentrations. A second advantage is that, within the thickness of typical structures investigated by PIXE-Kossel, proton trajectories within the structure are rectilinear/straight. The target atoms may be assumed to be uniformly ionized throughout the thickness of the films, which could possess well-known ionization cross sections and x-ray emission probabilities. The sensitivity of the Kossel curve to sample structure (depth resolution) depends only on the X-ray transport properties of the structure: there is no intrinsic influence of the excitation source here. However, according to the comparison of measured/simulated Kossel curves, the noisiness of the observed curve will influence the confidence with which different possible sample structures can be differentiated/discriminated. In this case, compared with electron excitation, the lower primary beam bremsstrahlung and the "cleaner" X-ray spectra obtained upon proton irradiation are also clear advantages.

The above merits significantly contribute to simplify the analysis of Kossel curves.

Let us note that X-rays can also be used as a source with an excitation depth that can be up to 1 mm. Such an excitation also produces a low bremsstrahlung radiation. Moreover, as in this case the technique is photon-in photon-out, it can be applied on insulating sample, for example on multilayers deposited on silica substrates. Instead of multilayers, generally made of a few tens of layers, the aim of this study is to check the feasibility of this method when used in non-periodic stacks consisting in only a few layers. To observe well-contrasted Kossel curves, the stack is an x-ray planar waveguide formed of three layers. Waveguides are designed to locate and concentrate the electric field of the emitted radiation in a specific layer of the stack, thus being sensitive to the depth distribution of the emitting atoms. Here, Pt/Fe/Pt and Ta/Cr/Pt samples are designed, deposited on Si and then investigated by the PIXE-Kossel method. By comparing the experimental and simulated Kossel curves in order to obtain the description of the actual stack, the possible application of the PIXE-Kossel method is discussed.

Experimental

Design and fabrication of the thin film waveguides

Planar X-ray waveguides can be used as a focusing tool to produce nanometer-sized X-ray beams [START_REF] Jarre | Two-dimensional hard x-ray beam compression by combined focusing and waveguide optics[END_REF][START_REF] Salditt | Compound focusing mirror and X-ray waveguide optics for coherent imaging and nano-diffraction[END_REF][START_REF] Hoffmann-Urlaub | Advances in fabrication of X-ray waveguides[END_REF]. The structure generally consists of a low-Z layer sandwiched between two high-Z layers [START_REF] Hayashi | Monochromatization of characteristic X-rays using stepped X-ray waveguide[END_REF]. In the waveguide, the X-rays propagate with total internal reflection at the interfaces between the high-and low-Z layers. So, it is promising to study the feasibility of PIXE-Kossel for the structural characterization of planar X-ray waveguides.

In this study, in the process for designing planar X-ray waveguide, we first performed electric field depth distribution simulations to optimize the structural parameters (including elements and thickness) using IMD software [START_REF] Windt | IMD-Software for modeling the optical properties of multilayer films[END_REF]. Interfacial and substrate roughness were assumed to be zero for the simulations. Two thin films waveguides were designed: Pt(4 nm)/Fe(6 nm)/Pt(10 nm)/Si and Ta(4 nm)/Cr(10 nm)/Pt(12 nm)/Si, noted PFP and TCP, respectively. As an example, Fig. 1 The designed thin films were deposited at room temperature on a Si (100) substrate by magnetron sputtering. The power applied on the sputtering targets was 10 W, the base pressure was 10 -8 mbar, and the sputtering gas was argon at the working pressure of 5×10 -2 mbar. The sputtering rates of Pt, Fe, Cr and Ta were 0.066, 0.024, 0.024 and 0.035 nm/s, respectively, as measured by a quartz microbalance.

Proton-induced X-ray emission

The schematic diagram of the PIXE-Kossel experiment is shown in Fig. 2. A 1.6 MeV proton beam generated by the Van de Graaff accelerator of the Système d'Analyse par Faisceaux d'Ions Rapides (SAFIR) platform, incident normal to the sample surface, was used to analyse the sample. An ANDOR iKon-M energy dispersive CCD camera equipped with a 1024×1024 sensor array and 13×13 µm pixels, was used to record the generated X-ray emissions. This CCD camera produces an X-ray spectrum for each of its pixels. Each column of pixels corresponds to a detection angle. To facilitate the data acquisition and subsequent data processing, a 4×4 binning is selected to obtain 256×256 pixel images (as shown in Fig. 2). The angular acceptance of the camera is 2.71°, as determined in Ref. [START_REF] Wu | Kossel diffraction observed with X-ray color camera during PIXE of nano-scale periodic multilayer[END_REF]. The measurement time is 2 h with 24 collected frames. Each frame acquisition time was 5 min.

As shown in Fig. 2, when the proton beam irradiates the sample, we first obtain a picture on the CCD camera, where the intensity of a pixel depends on the total number of X-rays collected in this pixel. After the energy calibration of the spectrum, a region of interest (ROI) is selected around a characteristic line, to obtain a 256×256 filtered spectral image. Then, this image is integrated in the vertical direction so as to obtain a 256 channel scan, representing the intensity of the given line as a function of the detection angle (grazing exit angle θ), i.e. the Kossel curve. Fig. 2. Scheme of the experimental setup for the PIXE-Kossel experiment. The angular acceptance of the camera is 2.71°.

X-ray reflectivity

To know the actual thickness and roughness of the deposited stacks, X-ray reflectivity (XRR) measurement is conducted. XRR is widely employed to study thin films and multilayers. In this study, the XRR measurements were performed at the 0.154 nm wavelength on a Rigaku five-circle diffractometer. Each measurement time was about 40 min. Then with the help of the IMD software [START_REF] Windt | IMD-Software for modeling the optical properties of multilayer films[END_REF] and the optical constants of Ref. [START_REF] Henke | CXRO database for x-ray attenuation length[END_REF], the measured XRR curves were fitted to determine the thickness, roughness and density of the various layers.

Results and Discussions

Analysis of Pt (4 nm)/Fe (6 nm)/Pt (10 nm) film waveguide

The XRR curve of the PFP sample is shown in Fig. 3. It displays the scattered X-ray intensity (in logarithmic scale) as a function of the glancing angle. For the fitting procedure, no interfacial compound is firstly considered. The values of thickness and roughness of each layer obtained from the fitting results are listed in Table 1. The densities, determined with an uncertainty of 10%, are close to those of the bulks. The above structural parameters (density, thickness and roughness of the layers) are then applied to the calculation of Kossel curves. The simulation is performed with the FLUORT code [START_REF] Chauvineau | Analyse angulaire de la fluorescence du fer dans une multicouche périodique Fe/C[END_REF]. Details of the Kossel curve simulation have been described in Ref. [START_REF] Wu | Kossel diffraction observed with X-ray color camera during PIXE of nano-scale periodic multilayer[END_REF]. The simulation method is originally designed for X-ray fluorescence calculation under Kossel effect. It calculates the electric field generated within the stack by the emitted radiation according to the reciprocity theorem. In the calculation, all parameters (thicknesses of the layers and roughness of each interface) determined from XRR fitting are applied. The simulation results will then be compared with the experimental results. We then carry out the PIXE experiment and obtain the overall X-ray emission spectrum (intensity in logarithmic scale), as shown in Fig. 4. The spectrum is the sum of the spectra obtained over all the pixels of the CCD camera. The energy calibration of the spectrum is performed from the position of the Fe Kα, Fe Kβ, Pt Lα and Pt Lβ emissions. Only Fe Kα and Pt Lα Kossel curves are discussed here. To extract the Fe Kα and Pt Lα Kossel curves, we select ROI on the overall spectrum (shown in Fig. 5).

The ROI range is chosen to minimize the influence of neighboring lines. The data processing is conducted using the PyMCA software [START_REF] Solé | A multiplatform code for the analysis of energy-dispersive X-ray fluorescence spectra[END_REF]. As an angular calibration is missing, we shift one experimental Kossel curve so that its main peak is at the same angle as the simulated one. The same shift is applied for all the Kossel curves. The simulated Kossel curves of the as-designed structure Pt(4 nm)/Fe(6 nm)/Pt(10 nm), and of that having the structure given in Table 1 are compared in Fig. 6. For Fe Kα, the curves (Fig. 6 appear at about 0.6° and 0.4° respectively, which are corresponding to the waveguide modes (in agreement with the results of Fig. 1). Small shifts of the main peaks are observed between the two simulations. We find that the main experimental features are almost reproduced by the simulated XRR curves. However, for the Fe Kα Kossel curve, the intensity toward higher angles has obvious difference, indicating that the description of the stack should be modified. The above results demonstrate that it is not enough to characterize the stack only according to the XRR fitting result.

Fig. 6. Comparison of the experimental (blue line) and simulated Fe Kα (a) and Pt Lα (b) Kossel curves of the PFP stack. Simulated curves are obtained with the parameters both from the as-designed structure and from the structure fitting the XRR measurements (Table 1).

Composition variation of the stack is then considered to improve the fit. In

Ref. [START_REF] Sato | Magnetooptical Spectra in Pt/Co and Pt/Fe Multilayers[END_REF], magneto-optical spectra of Pt/Fe multilayers were investigated. The 2).

Analysis of Ta(4 nm)/Cr(10 nm)/Pt (12 nm) waveguide

Fig. 9 shows the measured and fitted XRR curves of the TCP stack. It is difficult to obtain a reliable fitting result if no oxidation of the designed structure (Ta/Cr/Pt) is considered. Owing to the protective ability of Ta 2 O 5 compound against oxidization [START_REF] Díaz | Chromium and tantalum oxide nanocoatings prepared by filtered cathodic arc deposition for corrosion protection of carbon steel[END_REF]34], the Ta 2 O 5 /Cr/Pt structure is firstly considered. Again, fitting remains difficult if no oxidation of Cr is considered. It is reported that Cr 2 O 3 (the oxidation product of Cr) also possesses good corrosion resistance, which is usually used for the protection of components operating in harsh chemical environments [START_REF] Asteman | A comparison of the oxidation behaviours of Al 2 O 3 formers and Cr 2 O 3 formers at 700 °C-Oxide solid solutions acting as a template for nucleation[END_REF].

So the Ta 2 O 5 /Cr 2 O 3 /Cr/Pt structure is then taken into consideration. It is observed that although there exist some intensity discrepancies, the fit is well aligned with the measured XRR data. The obtained structural parameters of the stack are listed in Table 3. The fitted thickness of Ta 2 O 5 layer is almost two times higher than that of the original Ta layer. This could be explained by its lower density (bulk densities of Ta and Ta 2 O 5 are 16.65 [START_REF] Henke | CXRO database for x-ray attenuation length[END_REF] and 8.2 g/cm 3 [36] respectively). Compared with Cr (bulk density of 7.19 g/cm 3 ), the bulk density Cr 2 O 3 (5.21 g/cm 3 [START_REF] Henke | CXRO database for x-ray attenuation length[END_REF]) does not change too much. As a result, the sum of the fitted thicknesses of Cr 2 O 3 and Cr layers is almost equal to the designed Cr layer thickness. From the fitted results, we note that the oxidation of the stack is major (total for Ta and partial for Cr), so that the studied stack differs substantially from the designed structure. Based on the structure obtained from XRR (Table 3), Kossel curve simulations are performed (shown in Fig. 11), which are also compared with the as-designed structure and the experiment for the Cr Kα, Pt Lα and Ta Lα emissions. It is clearly seen that the as-designed structure cannot reproduce the experiment since large angular shifts and intensity discrepancies exist. Whereas the experimental Pt Lα curve (Fig. 11b) shows a reasonable agreement with the simulated one deduced from the XRR fit including oxidization effect, for the Cr Kα and Ta Lα curves (Fig. 11a andc) the relative intensities of the main features still exhibit obvious differences.

As a partial conclusion, since only introducing the oxidation of the stack does not allow fitting the experimental Kossel curves, we now study the possibility of compound formation. Due to the negative standard Gibbs energy of the reaction calculated with the HSC software [START_REF] Roine | HSC Chemistry® for Windows, Chemical Reaction and Equilibrium Software with Extensive Thermochemical Database[END_REF] (Ta (s) + 2Cr (s) = TaCr 2 (s), ΔG = -26.83 kJ/mol at 25°C [START_REF] Chase | NIST-JANAF thermochemical tables[END_REF][START_REF] Europe | Thermodynamic properties of inorganic materials, Landolt-Boernstein New Series, Group IV[END_REF]), we then assume that TaCr 2 is possibly formed between the Ta and Cr layers during the deposition process. Oxidation of the stack is then assumed when the sample is transferred in air. It has been reported that CrTaO 4 possesses good protective ability, which could decrease the oxidation rate of the underlying alloys [START_REF] Li | Oxidation behavior of a single-crystal Ni-base superalloy in air. I: at 800 and 900 °C[END_REF][START_REF] Ren | The influence of CrTaO 4 layer on the oxidation behavior of a directionally-solidified nickel-based superalloy at 850-900° C[END_REF]. So the new stack description, CrTaO 4 /TaCr 2 /Cr/Pt, is applied in the XRR fitting process. The corresponding reflectivity curve and its fit are displayed in Fig. 12 while the structural parameters of the stack extracted from the fit are collected in Table 4. The obtained structure differs greatly from the as-designed structure and also from the previously considered oxidized stack (Table 3). Compared with the as-designed structure, the stack thickness change (Table 4) can be explained by the density variation of the layers. Based on the conservation of mass, when the designed Ta layer is consumed totally for the TaCr 2 formation, the thickness of the TaCr 2 layer will be 13.1 nm and the residual thickness of the Cr layer will be 4.7 nm.

So the total thickness of TaCr 2 and Cr will be 17.8 nm (if no oxidation is considered).

When oxidation occurs, as the fitted density difference of CrTaO 4 and TaCr 2 is small, the sum of the fitted thickness of CrTaO 4 , TaCr 2 and Cr only changes a little, which is 18.73 nm. 13 shows the revised PIXE-Kossel simulations, which improve significantly.

Compared with the simulation curves in Fig. 11, especially for the Cr Kα, the relative intensities are much closer to the experimental ones. Hence, according to the XRR (Fig. 12) and the Kossel (Fig. 13) results, it is anticipated that the new designed structure is close to the real structure of the TCP stack. However, a refinement of this structure is still in need to reach an even better fit of the Kossel curves. Particularly the large discrepancy for the Ta curve (Fig. 13b) probably originates from a wrong number and depth distribution of the Ta atoms. The non-uniform Ta depth distribution makes it more difficult to improve the result. The uncertainty could be reduced if the optical constants used in simulation were better known. In addition, precise definition of the angular calibration would be also helpful to decrease the difference. 

Conclusions

We have studied the feasibility of observing and exploiting proton-induced X-ray emission in Kossel geometry in stacks consisting of only a few layers, many less than the number in periodic multilayers designed for X-ray optics. Pt/Fe/Pt and Ta/Cr/Pt nano-scale tri-layers were designed to be used as X-ray planar waveguides. In the waveguide configuration, owing to the high sensitivity of the electric field versus the detection direction of the emitted radiation, PIXE-Kossel curves are sensitive to the depth distribution of the emitting atoms. In addition, the prepared stacks were also investigated by grazing incident X-ray reflectometry.

For all systems, the as-designed parameters (thickness, roughness and density of the layers) fail to generate both XRR and PIXE-Kossel simulated curves reproducing the experimental ones. It is always possible to find a structure able to reproduce the XRR curve, by considering some oxidation or the formation of some interfacial compound for example, but then the PIXE-Kossel curve simulations still differ markedly from the experimental ones. To get a satisfying agreement between experiment and simulation for both XRR and PIXE-Kossel curves, we had to consider that interlayers form at the interfaces of the Pt/Fe/Pt waveguide, while in the Ta/Cr/Pt system, some intermixing takes place between the Ta and Cr layers to form a compound, which is subsequently partly oxidized. This work demonstrates the ability of the PIXE-Kossel methodology to characterize the stacks of nano-scale thin films.

  (a) and (b) show the simulated depth and angular distribution of the electric field in the PFP stack at the photon energies of the Fe Kα and Pt Lα emissions, respectively. It is clearly seen that waveguide modes are formed in the Fe layer (guiding layer) at glancing angles close to 0.6° and 0.4° for the Fe Kα and Pt Lα emissions, respectively. This means that when the angle of detection is equal to these angles, an intensity maximum is expected for the corresponding emission. Any shift of the positions of the Fe or Pt atoms from the designed layers should give different position and amplitude of their features in the PIXE-Kossel curve.

Fig. 1 .

 1 Fig. 1. Simulated depth and angular distribution of the electric field in the planar PFP X-ray waveguide at the photon energy corresponding to (a) the Fe Kα emission (6403 eV) and (b) the Pt Lα emission (9442 eV). The vertical color bar gives the intensity scale of the electric field.

Fig. 3 .

 3 Fig. 3. Measured (black line) and fitted (red line) XRR curves of the PFP stack.

Fig. 4 .

 4 Fig. 4. X-ray emission spectrum of the PFP stack summed over all the pixels of the CCD camera.

Fig. 5 .

 5 Fig. 5. Fe Kα (a) and Pt Lα (b) ROI selected on the X-ray emission spectrum of the PFP stack.

  (a)) present one main peak while the simulated curves of Pt Lα (Fig. 6(b)) show two main peaks. Due to the current fluctuation of PIXE apparatus (no current regulation), the generated Kossel curves are in part noisy. It is noticed that the main peaks of Fe Kα and Pt Lα Kossel curves

  comparison of the simulation and the experiment confirmed the formation of Pt 69 Fe 31 alloy layer at the Pt-Fe interface. As a result, to improve the fitting result for the PFP stack, the presence of the interfacial compound Pt 69 Fe 31 is taken into account at both Pt-on-Fe and Fe-on-Pt interfaces. The reflectivity curve and corresponding fit are presented in Fig.7. After the consideration of Pt 69 Fe 31 interlayers, the χ² value decreases, indicating the fitting result improves. The geometrical information of the stack obtained from the modified fit is listed in Table2. It is also noticed that the thickness and roughness of Pt 69 Fe 31 at the Pt-on-Fe interface are different to those at the Fe-on-Pt interface, indicating that the interfaces are asymmetrical. Based on the obtained structure information (Table2), the Fe Kα and Pt Lα Kossel lines are simulated and then compared with the experimental ones. Fig.8shows the revised PIXE-Kossel simulations. The simulated XRR curves with introduction of Pt 69 Fe 31 interlayers show a better agreement with the experimental ones than the previous simulations (Fig.6). The difference between Fe Kα experimental and simulated Kossel curves at higher angles derives from the density and composition of Pt x Fe y intermixing layer. In this study, Pt 69 Fe 31 interlayers are considered at both interfaces, which could efficiently reduce the discrepancy between experiment and simulation curve at higher angle. It is difficult to define the exact composition and density of the formed Pt x Fe y intermixing layer. But by the combination of XRR and PIXE-Kossel, it is convenient to know whether intermixing occurs.

Fig. 7 .

 7 Fig. 7. Measured (black line) and fitted XRR curves of the PFP stack. Fitting result-1 (blue line) and Fitting result-2 (red line) represent the fitting results without and with the consideration of the presence of Pt 69 Fe 31 interlayers at both interfaces.

Fig. 8 .

 8 Fig. 8. Comparison of the experimental (blue line) and simulated Fe Kα (a) and Pt Lα (b) Kossel curves of the PFP stack. Simulated curves are obtained with the parameters both from the as-designed structure and from the structure fitting the XRR measurements (Table2).

Fig. 9 .

 9 Fig. 9. Measured (black line) and fitted (red line) XRR curves of the TCP stack.

Fig. 10 shows

 10 Fig.10shows the overall X-ray emission spectrum. The energy is calibrated from the positions of the Cr Kα, Ta Lα and Pt Lα emissions. Other peaks can be ascribed to the fluorescence of impurities inside the sample and/or of the experimental setup.Then Cr Kα, Ta Lα and Pt Lα Kossel curves are extracted similarly to those characteristic from the previous stack.

Fig. 10 .

 10 Fig. 10. X-ray emission spectrum of the TCP stack summed over all the pixels of the CCD camera.

Fig. 11 .

 11 Fig. 11. Comparison of the experimental and simulated (see Table 3) Cr Kα (a), Pt Lα (b) and Ta Lα (c) Kossel curves.

Fig. 12 .

 12 Fig. 12. Measured (black line) and fitted (red line) XRR curves of the TCP stack accounting for the compound formation and subsequent oxidation.

Fig. 13 .

 13 Fig. 13. Comparison of the experimental and revised simulated (see Table 4) Cr Kα (a), Pt Lα (b) and Ta Lα (c) Kossel curves.

Table 1 .

 1 Fitted values from XRR measurements of thickness, roughness and density of the different layers in the PFP stack (listed from the top layer to the substrate).

		Thickness/Roughness (nm)	Density
		(±0.05 nm)	
	Pt	4.62/0.60	bulk
	Fe	6.65/0.80	bulk
	Pt	11.06/0.77	bulk
	Si substrate	bulk/0.42	bulk

Table 2 .

 2 Fitted values from XRR measurements of thickness, roughness and density of the different layers in the PFP stack (listed from the top layer to the substrate) accounting for the presence of Pt 69 Fe 31 interlayers at both interfaces.

		Thickness/Roughness (nm)	Density
		(±0.05 nm)	(g/cm 3 )
	Pt	3.83/0.57	bulk
	Pt 69 Fe 31	1.62/0.90	16 ± 2
	Fe	5.19/1.20	bulk
	Pt 69 Fe 31	1.41/0.79	16 ± 2
	Pt	10.25/0.39	bulk
	Si substrate	bulk/0.50	bulk

Table 3 .

 3 

		Thickness/Roughness (nm)	Density
		(±0.05 nm)	
	Ta 2 O 5	7.87/1.09	bulk
	Cr 2 O 3	6.55/1.30	bulk
	Cr	4.54/0.80	bulk
	Pt	13.79/0.54	bulk
	Si substrate	bulk/0.67	bulk

Fitted values from XRR measurements of thickness, roughness and density of the different layers in the TCP stack (listed from the top layer to the substrate).

Table 4 .

 4 Fitted values from XRR measurements of thickness, roughness and density of the different layers in the TCP stack (listed from the top layer to the substrate) accounting for the compound formation and subsequent oxidation.

		Thickness/Roughness (nm)	Density
		(±0.05 nm)	(g/cm 3 )
	CrTaO 4	10.75/1.10	6 ± 1
	TaCr 2	3.96/1.32	8 ± 1
	Cr	4.02/0.53	bulk
	Pt	13.79/0.54	bulk
	Si substrate	bulk/0.69	bulk
	Fig.		
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