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Origin and properties of an unexpected exchange bias of Ta/Ni80Fe20/Ir20Mn80/Ta heterostructure in ultrathin limit: Impact of the oblique deposition and Ta/Ni80Fe20 alloying

I. Introduction

Magnetic heterostructures involved in the development of spintronics and magnetic storage media have been studied extensively over the last four decades. [START_REF] Chappert | The emergence of spin electronics in data storage[END_REF][START_REF] Ader | Spintronics[END_REF][START_REF] Hirohata | Review on spintronics: Principles and device applications[END_REF]. Within this vast research topic, it has been found that the investigation of the magnetic properties of multilayers can become very complicated by the combined effects from different magnetic anisotropy sources [START_REF] Mccord | Nonlinear exchange coupling and magnetic domain asymmetry in ferromagnetic/IrMn thin films[END_REF][START_REF] Jiménez | Emergence of noncollinear anisotropies from interfacial magnetic frustration in exchange-bias systems[END_REF]. The magnetocrystalline anisotropy (K MA ) results from the electric interaction between the non-spherical charge orbital, responsible for the orbital magnetic moment of the atom, and the crystal field created by the ions of the crystalline lattice. It favors the alignment of magnetization in specific directions of the crystal lattice due to the spin-orbit coupling [START_REF] Maryenko | Interplay of spin-orbit coupling and Coulomb interaction in ZnO-based electron system[END_REF][START_REF] Jörg | Spin-orbit coupling affecting the evolution of transverse spin[END_REF]. Another important anisotropy is the shape anisotropy (K SH ), which depends on the sample geometry. It tends to align the magnetic moments in the direction of the longest sample dimension (reduction of magnetostatic energy of the sample). For uniform thin films, the energy is simply given by:

(

) 1 
where M S is the saturation magnetization of the ferromagnet and ß is the angle between the orientation of M S and the normal to the sample plane. Therefore, when the term dominates the magnetic energy of the system, the magnetic moments lie in the film plane (

). However, in case of ultrathin magnetic films (few monolayers of Co or Fe for instance), when the magnetic energy associated with the orbital contri-bution overcomes

, the system may have a perpendicular magnetic anisotropy (K P ) that aligns the total magnetic moment perpendicularly to the sample plane ( ) [START_REF] Wu | Perpendicular magnetic anisotropy and magnetization dynamics in oxidized CoFeAl films[END_REF][START_REF] Olesnikov | Enhancement of perpendicular magnetic anisotropy and Dzyaloshinskii-Moriya interaction in thin ferromagnetic films by atomic-scale modulation of interfaces[END_REF]. Moreover, changes in the morphology of the samples, like columnar growth, elongated grains, sculptured thin films and step bunching vicinal structures (induced by the deposition methods) can also alter the shape of the samples, resulting in an addition of new energy terms to the expression, besides the ordinary term [see Eq. ( 1)] [START_REF] Barranco | Perspectives on oblique angle deposition of thin films: From fundamental to devices[END_REF]. Other sources of anisotropies can contribute to the magnetic anisotropy of a ferromagnetic layer ( ), among them, strain, surface, magnetoelastic and magnetostriction [START_REF] Sander | The correlation between mechanical stress and magnetic anisotropy in ultrathin films[END_REF][START_REF] Sander | The magnetic anisotropy and spin reorientation of nanostructures and nanoscale films[END_REF]. In addition, considering a magnetically coupled ferromagnetic (FM)/antiferromagnetic (AF) bilayer system, a unidirectional anisotropy (K EB ) may emerge at the interface due to the exchange bias effect (E B ), which is characterized by a shift of the magnetic hysteresis loop along the magnetic field axis often denoted by exchange bias field (H EB ) [START_REF] Blachowicz | Exchange Bias in Thin Films-An Update[END_REF]. Generally, E B can be tuned in the FM/AF system by either field cooling (FC) (temperature effects) or by depositing the system under an external applied magnetic field (H). In case of the FC protocol, ideally the temperature setting is between the Curie temperature (T C ) of the FM and the Néel temperature (T N ) of the AF layer. In principle, E B is generally induced by FC protocol from temperatures near below T N [START_REF] Ernandez-Outon | Setting temperature effect in polycrystalline exchange-biased IrMn/CoFe bilayers[END_REF]. However, E B may also emerge even in the absence of an applied deposition field, as already observed in as-prepared systems where there is a preferentially oriented spontaneous FM magnetization that favors the exchange bias at the FM/AF interface [START_REF] Offi | Local exchange bias observed by photoemission microscopy[END_REF][START_REF] Rohling | Spin valve heterostructures built using the shadowing effect: Setting NiFe and Co magnetization directions for non-collinear couplings[END_REF]. Thus, independent on how the exchange bias was set (stimulated by an external field or not), it is possible to consider that E B is always set by the FM magnetization. In addition, E B is also strongly influenced by structural and chemical disorder parameters of the FM/AF interface, like roughness and atomic diffusion [START_REF] Nascimento | Bottom and top AF/FM interfaces of NiFe/FeMn/NiFe trilayers[END_REF][START_REF] Nascimento | Influence of the roughness on the exchange bias effect of NiFe/ FeMn/NiFe trilayers[END_REF][START_REF] Nascimento | Clarifying roughness and atomic diffusion contributions to the interface broadening in exchange-biased NiFe/FeMn/NiFe heterostructures[END_REF]. Furthermore, the axis can be redirected when an AF material is magnetically coupled, and its direction can differ from the K EB axis due to the competition between these two anisotropies, revealing an unusual picture of the exchange bias phenomena [START_REF] Mccord | Nonlinear exchange coupling and magnetic domain asymmetry in ferromagnetic/IrMn thin films[END_REF][START_REF] Jiménez | Emergence of noncollinear anisotropies from interfacial magnetic frustration in exchange-bias systems[END_REF]. In addition, the temperature where the E B effect vanishes is called blocking temperature (T B ). Thus, depending on the types of anisotropy present in the system and the direction of the applied field during the measurement, the shape of hysteresis loops may be distorted or take on anomalous forms, which complicates the magnetic analysis.

In previous work [START_REF] Astro | The role of the (111) texture on the exchange bias and interlayer coupling effects observed in sputtered NiFe/IrMn/Co trilayers[END_REF], it has been shown that the Cu (Ta) buffer layer induced a low (high) degree of [111] fiber-texture in the Si(100)/ Cu or Ta(10 nm)/Ni 80 Fe 20 (20 nm)/Ir 20 Mn 80 (4-15 nm)/Co(10 nm)/Ta or Cu(10 nm) deposited by oblique incidence in a confocal magnetron sputtering with the sample holder spinning at 0.5 Hz. The samples with high degree of [111] texture (with Ta buffer) presented a strong planar magnetic anisotropy, opposite to what happened to the samples with Cu. In addition, the degree of [111] texture also influenced the E B and the interlayer magnetic coupling. There is no doubt that the buffer materials (Cu and Ta) which induced different degrees of [111] texture in the heterostructures influenced the magnetic anisotropy of this system [START_REF] Astro | The role of the (111) texture on the exchange bias and interlayer coupling effects observed in sputtered NiFe/IrMn/Co trilayers[END_REF]. However, it is important to point out that the crystalline texture is not the physical origin of the planar magnetic anisotropy. Thereby, extreme magnetic softness has been reported for Py films grown by normal incidence sputtering on Ta buffers, an effect associated with the induction of a strong [111] crystalline texture, since the magnetocrystalline anisotropy energy is isotropic in the (111) plane, i. e., K MA (111) ≈ 0, where, the higher is the degree of [111] texture, the softer is the Py layer [START_REF] Jérome | Correlation Between Magnetic and Structural Properties of Ni 80 Fe 20 Sputtered Thin Films Deposited on Cr and Ta Buffer Layers[END_REF][START_REF] Roglyado | Degree of Perfection of the <111>Texture and the Hysteresis of Magnetoresistance in MnIr-Based Top Spin Valves[END_REF]. Furthermore, in-plane K U was observed in [Cu/Py] n multilayers sputtered on 4°tilt cut Si(111), however, it has been not detected for standard Si(111) [START_REF] Song | Magnetoresistance and magnetic anisotropy of permalloy based multilayers[END_REF], suggesting the planar anisotropy was induced by the 4°tilt cut Si(111) substrate slope related to the sample holder that causes an oblique incidence on the sample surface. Later on, it has been demonstrated that the in-plane magnetic anisotropy has the form of a uniaxial anisotropy (K U ) in magnetic multilayers with Cu buffer layer (static sample holder) or Ta buffer layer (static or spinning sample holder) deposited by oblique incidence in a confocal magnetron sputtering system [START_REF] Rohling | Spin valve heterostructures built using the shadowing effect: Setting NiFe and Co magnetization directions for non-collinear couplings[END_REF][START_REF] Ertelli | Magnetic anisotropy of Co thin films: Playing with the shadowing effect, magnetic field and substrate spinning[END_REF][START_REF] Rohling | The influence of Cu spacer morphology in Cu/Py/Cu/Co/ IrMn spin valves with induced non-collinear spin structures[END_REF]. The presence of the K U energy, expressed as the form:

(2) in these films is generally attributed to the elongated grains (shape anisotropy) formed by the shadowing effect due to the oblique incidence of the sputtering flux [START_REF] Barranco | Perspectives on oblique angle deposition of thin films: From fundamental to devices[END_REF][START_REF] Rohling | Spin valve heterostructures built using the shadowing effect: Setting NiFe and Co magnetization directions for non-collinear couplings[END_REF][START_REF] Ertelli | Magnetic anisotropy of Co thin films: Playing with the shadowing effect, magnetic field and substrate spinning[END_REF][START_REF] Rohling | The influence of Cu spacer morphology in Cu/Py/Cu/Co/ IrMn spin valves with induced non-collinear spin structures[END_REF][START_REF] Chowdhury | Controlling the anisotropy and domain structure with oblique deposition and substrate rotation[END_REF]. The formation of elongated grains due to the shadow effect that appears on thin films deposited by oblique incidence is well known in the literature and it is described in details in Ref. [START_REF] Barranco | Perspectives on oblique angle deposition of thin films: From fundamental to devices[END_REF].

is the first order uniaxial anisotropy constant, and is the angle between the M vector and the easy axis. In this case, and the higher order anisotropy constants can be neglected, because the spontaneous M points to the long length of the elongated grains (symmetry axis) where is minimum [START_REF] Jörg | Spin-orbit coupling affecting the evolution of transverse spin[END_REF]. Therefore, when the magnetization is in the sample plane, the energy can be written as [START_REF] Ullity | Introduction to Magnetic Materials[END_REF]:

(3) It should be pointed out that the value is strongly reduced when the sample is centered in a spinning sample holder. However, as already shown for the Si(100/Ta(10 nm)/Co(10 nm)/Ta(5 nm) and Si(100)/Al 2 O 3 (2 nm)/Co(10 nm)/Al 2 O 3 (2 nm) stacking, still remains with a non-zero value for spinning velocities up to 0.5 Hz. [START_REF] Ertelli | Magnetic anisotropy of Co thin films: Playing with the shadowing effect, magnetic field and substrate spinning[END_REF][START_REF] Chowdhury | Controlling the anisotropy and domain structure with oblique deposition and substrate rotation[END_REF].

In the present work, we turned the attention to the ultrathin dimension and thus, we have investigated the structural, magnetic and thermal properties of the ultrathin Si(100)/Ta(3 nm)/Ni 80 Fe 20 (3 nm)/Ir 20 Mn 80 (8 nm)/Ta(1 nm) heterostructure deposited by confocal magnetron sputtering in a spinning substrate holder. The scenario for ultrathin film (few monolayers stacked) is even more complex. The investigation of the magnetic properties of multilayers, composed of ultrathin and 2D films [START_REF] Vaz | Magnetism in ultrathin film structures[END_REF][START_REF] Gibertini | Magnetic 2D materials and heterostructures[END_REF], has emerged as a challenge for researchers basically due to three factors: (i) the small amount of material that requires the use of high sensibility measurement techniques, (ii) the interface effects that exert strong influence on the results (and are hidden in thicker samples) and (iii) the magnetism of ultrathin multilayers, in general, that differs strongly from thick film arrangements. The film thickness, below which the ultrathin limit is defined, can be obtained from anisotropy terms [START_REF] Vaz | Magnetism in ultrathin film structures[END_REF][START_REF] Gibertini | Magnetic 2D materials and heterostructures[END_REF][START_REF] Heinrich | Ultrathin metallic magnetic films: magnetic anisotropies and exchange interactions[END_REF][START_REF] Ills | Surface anisotropy and surface spin canting in the semi-infinite ferromagnet[END_REF][START_REF] Handley | Static magnetization direction under perpendicular surface anisotropy[END_REF][START_REF] Thiaville | Twisted spin configurations in thin magnetic layers with interface anisotropy[END_REF]. In the case of the N i80 Fe 20 alloy, an ultrathin limit thickness of 5 nm, at room temperature (RT), was calculated using its magnetic anisotropy parameters [START_REF] Ozorth | Ferromagnetism[END_REF][START_REF] Hashim | Structural and magnetic properties of the epitaxial Ni80Fe20 thin films on Cu/Si[END_REF][START_REF] Hashim | In situ magnetic and structural analysis of epitaxial Ni80Fe20 thin films for spin-valve heterostructures[END_REF].

The Ni 80 Fe 20 /Ir 20 Mn 80 exchange-biased system has been chosen because it has extensively been studied in the last decades, basically due to its high H EB , high T C (872 K), T N (730 K) and T B (520 to 590 K) temperatures, low H C fields, thermal and structure stability, field sensitivity and corrosion resistance, which enhance its potential for application in magnetic sensors and spin valve heads [START_REF] Hoshino | Exchange Coupling between Antiferromagnetic Mn-Ir and Ferromagnetic Ni-Fe Layers[END_REF][START_REF] Ides | Magnetic, temperature, and corrosion properties of the NiFe/IrMn exchange couple[END_REF][START_REF] Hechenin | FMR investigations of exchange biased NiFe/IrMn/NiFe trilayers with high and low Ni relative content[END_REF][START_REF] Heng | Dependence of the blocking temperature in exchange biased ferromagnetic/antiferromagnetic bilayers on the thickness of the antiferromagnetic layer[END_REF][START_REF] Kohn | The antiferromagnetic structures of IrMn3 and their influence on exchange-bias[END_REF][START_REF] Yu | Curie temperatures of fcc and bcc nickel and permalloy: Supercell and Green's function methods[END_REF]. Ta has been selected as seed layer because it reinforces the (111) crystalline orientation and favors the growth of films with low roughness values and high (low) H EB (H C ) fields [START_REF] Van Driel | Exchange biasing by Ir19Mn81: Dependence on temperature, microstructure and antiferromagnetic layer thickness[END_REF][START_REF] Queste | Microwave permeability study for antiferromagnet thickness dependence on exchange bias field in NiFe/lrMn layers[END_REF][START_REF] Pokhil | Study of exchange anisotropy in NiFe/NiMn and NiFe/IrMn exchange coupled films[END_REF]. The choices of moderate t Ir20Mn80 = 8 nm and thinner t Ni80Fe20 = 3 nm guarantee continuous layers and that t Ni80Fe20 is below the ultrathin limit [START_REF] Ozorth | Ferromagnetism[END_REF][START_REF] Hashim | Structural and magnetic properties of the epitaxial Ni80Fe20 thin films on Cu/Si[END_REF][START_REF] Hashim | In situ magnetic and structural analysis of epitaxial Ni80Fe20 thin films for spin-valve heterostructures[END_REF]. An interesting aspect of the use of ultrathin FM layers in exchange biased multilayer structures is the fact that they favor higher H EB due to the inverse proportionality with the ferromagnetic layer thickness (FM), i.e., H EB ∝ 1/t FM [START_REF] Blachowicz | Exchange Bias in Thin Films-An Update[END_REF][START_REF] Van Driel | Exchange biasing by Ir19Mn81: Dependence on temperature, microstructure and antiferromagnetic layer thickness[END_REF][START_REF] Yoo | Angular and NiFe thickness dependence of exchange bias in IrMn/NiFe/IrMn thin film[END_REF] . In addition, ultrathin Ni 80 Fe 20 films have often been indicated to be used in spintronic devices that operate with spin pumping into nonmagnetic normal metals [START_REF] Tserkovnyak | Spin pumping and magnetization dynamics in metallic multilayers[END_REF][START_REF] Tserkovnyak | Enhanced Gilbert Damping in Thin Ferromagnetic Films[END_REF], but they are also being used to pump spins into antiferromagnetic Ir 20 Mn 80 sinks [START_REF] Frangou | Enhanced Spin Pumping Efficiency in Antiferromagnetic IrMn Thin Films around the Magnetic Phase Transition[END_REF][START_REF] Gladii | Unraveling the influence of electronic and magnonic spin-current injection near the magnetic ordering transition of IrMn metallic antiferromagnets[END_REF] allowed the detection of an alloy at the Ta/Ni 80 Fe 20 interface, the presence of which has an important role to set and is essential to elucidate the total magnetic response of the heterostucture. Such an effect is imperceptible in thicker samples. The thermal stability of was also investigated from RT to 600 K. An increase of the amount of the NiFeTa alloy at the Ta/Ni 80 Fe 20 interface was detected at room temperature after a heat treatment at elevated temperatures (500 K -600 K). This study reveals important details that can contribute for further applications of the NiFe/IrMn heterostructures in spin valve sensors or spintronic devices.

II. Experimental details

Ta(3 nm)/Py(3 nm)/Ta(3 nm) (Sample A) and Ta(3 nm)/Py (3 nm)/IrMn(8 nm)/Ta(1 nm) (Sample B) ultrathin film multilayers, as wells as thicker samples [Ta (50 nm), Py (50 nm), IrMn (50 nm), Ta (20 nm) and Ta(10 nm)/Py(20 nm)/IrMn(15 nm)/Ta(5 nm)], were deposited onto naturally oxidized Si (100) substrates at RT by DC magnetron sputtering in a confocal AJA-Orion 8 setup (for more details, see Bertelli et al. [START_REF] Ertelli | Magnetic anisotropy of Co thin films: Playing with the shadowing effect, magnetic field and substrate spinning[END_REF]). Py and IrMn denote, respectively, the permalloy (Ni 80 Fe 20 ) and the Ir 20 Mn 80 alloy with the aim of simplifying the notation in the manuscript. Rectangular Si(100) substrates (15 × 10 × 0.5 mm 3 ) were preliminarily cleaned in a sequential bath of neutral detergent, acetone, isopropyl alcohol and dried with a ionized dry N 2 flux. The substrates were mounted at the center of the water-cooled sample holder (291 K) and inserted in the high vacuum deposition chamber with a pressure of about 2.7 × 10 -6 Pa. A sputtering working pressure of 2.7 × 10 -1 Pa of high purity argon gas (5 N) was used to create the plasma. The incident sputtering flux makes an angle of 32°with the normal of the sample. The sample holder spun at 0.5 Hz to favor lateral film homogeneity. DC currents of 304 mA, 300 mA and 210 mA were used to start the plasma of the two-inch Ta, Ni 80 Fe 20 and Ir 20 Mn 80 at.% high purity (4 N) targets, respectively. Their deposition rates were determined using two steps after applying a pre-sputtering process to clean the target surface. First, the 50 nm thick Ta, Py and IrMn single layers were deposited considering the individual deposition rates measured by a moveable quartz crystal microbalance installed in the sputtering deposition chamber (the microbalance is also used to check the stabilization of the deposition rate). Then, X-ray reflectivity (XRR) measurements were performed on these single layers. We used thick monolayer samples (50 nm) for the thickness calibration in order to collect a large number of oscillations to get a thickness calibration as accurate as possible. Finally, the single layer thicknesses, previously determined by the fitting of the XRR measurements, were divided by the respective deposition time to obtain the refined deposition rates of the targets (about 0.07 nm/s). The application of pre-sputtering process and the confirmation of the deposition rate stable condition (displayed by the quartz microbalance) always precede the deposition of the sample layers. It turns out that, with the exception of the Ta cover layer exposed to oxidation, the actual thickness values of the samples are very close to the nominal values, which validates the protocol. In order to have an inplane crystallographic reference, a mark on the non-polished backside of the substrate was done aligned to the primary flat 〈110〉 direction of the Si(100) wafer. The samples were kept in vacuum immediately after the preparation and during the intervals between the measurements.

X-ray diffraction (XRD), in a Bragg-Bretano Geometry (divergence slit = 3 mm, scattering slit = 3 mm and receiving slit = 0.3 mm), and grazing incidence X-ray diffraction (GIXRD), in a Parallel Beam Geometry with a parallel slit analyzer (divergence slit = 0.1 mm, scattering slit = receiving slit = 7 mm), patterns were recorded using an Ultima IV Rigaku diffractometer. X-ray reflectivity (XRR) patterns were recorded using a Discovery D8 Bruker diffractometer (θ/2θ goniometer, divergence slit = 0.06 mm, receiving slit = 7 mm). Both the diffractometers operated at RT with the Cu-K α radiation (λ = 1.5418 Å). The XRR patterns were fitted using the Dyna code in the Parrat's formalism mode [START_REF] Elzo | X-ray resonant magnetic reflectivity of stratified magnetic structures:Eigenwave formalism and application to a W/Fe/W trilayer[END_REF]. Magnetization measurements as a function of the applied field M(H) were recorded using Quantum Design SQUID MPMS XL (for most the measures) or Quantum Design SQUID-VSM (for measures at the thermal analysis subsection) magnetometers. Three different type of thermal protocols have been applied during the magnetization experiments: 1) zero field heating (ZFH) -heating the sample without an applied magnetic field, 2) field cooling (FC) -cooling the sample down to RT under a of 0.05 T applied along the in-plane direction making a desired φ angle with the reference mark and 3) zero field cooling (ZFC) -cooling the sample without an applied magnetic field (remnant mode). It is important to emphasize that before a ZFH or ZFC protocol, an oscillating field process was applied to remove remnant fields from the superconductor coil. No substantial changes were observed in the RT M (H) loops for virgin and FC (from 400 K to 300 K) Samples A and B with the field aligned to the primary flat 〈110〉 direction of the substrate (this orientation was chosen for the test) taken after more than one year. This experimental observation informs that no substantial training or aging effects are present in our samples.

III. Results and discussion

A. Magnetization

RT normalized M(H) loops of the as-prepared Sample A (prior any application of a thermal protocol) were obtained for different orientations depending on the angle φ (0°, 30°, 45°, 60°, 90°, 120°, 135°, 150°and 180°) between the direction of the in-plane applied magnetic field and the reference mark of the substrate. Two representative loops (φ = 0°and 90°) are plotted in Fig. 1. The maximum amplitude for the magnetic field was 0.5 T. The M(H) loops are composed of two distinct regions presenting different characteristics. The central part of the M(H) loop shows an abrupt magnetic reversal for very small magnetic fields, with a maximum ratio of susceptibility (namely max ) and low coercivity, as expected for the Py (≈ 8 x 10 -4 T). This reversal is more pronounced for φ = 0°r ather than φ = 90°[see the insert of Fig. 1]. The other regions on each side is characterized by a slow increase of the magnetization at high fields 0.2-0.3 T. The saturation field µ 0 H sat (defined here as the magnetic field leading to 95% of the saturation magnetization) increased from 217.8 mT to 262.5 mT when the φ-parameter goes from φ = 0°t o φ = 90°. In addition, the magnetization at remanence (M R ) is lowered from 49.4% to 33.2% when φ parameter varies from 0°to 90°. The observation of the two regions in the M(H) loops of Sample A are linked to the presence of two magnetic phases with different chemical compositions along the growth axis, as will be proved later by the XRR results. From the magnetic characteristics, and in particular from the maximum of susceptibility: [START_REF] Mccord | Nonlinear exchange coupling and magnetic domain asymmetry in ferromagnetic/IrMn thin films[END_REF] the axis defined by φ = 0°is an easier axis of magnetization than that corresponding to φ = 90°. Fig. 2 shows the φ angle dependence of the magnetic parameters for Sample A: M R , max and µ 0 H sat , derived from the M(H) loops. Here, these values are estimated from the average of descending and ascending branches. An oscillation of these magnetic parameters is observed, and the hard and easy axes are out-of-phase by 90°, indicating that the magnetic system has a K U anisotropy. As expected, µ 0 H sat and (M R, max ) are in antiphase with φ. Based on Eq. ( 2), a simple uniaxial law: a + b.sin²(φ+c) with 3 constants (a,b,c) is used for fitting the M R (φ), µ 0 H sat (φ) and max (φ) curves [START_REF] Ullity | Introduction to Magnetic Materials[END_REF]. The full lines in Fig. 2 are the best obtained fits, where the fitted laws are indicated in Fig. 2. From the fits, the difference of phases between µ 0 H sat and M R (or max ) is close to 90°, as expected. The average values extracted from the fits for the easy and hard axes of the magnetization are, respectively, φ=3 ± 7°and 93 ± 7°Thus, the M(H) loops presented in Fig. 1 can be considered, within the experimental error, as obtained along the easy (black loop) or hard (red loop) axes of the magnetization.

The in-plane effective anisotropy constant of the FM layer being defined as: [START_REF] Jiménez | Emergence of noncollinear anisotropies from interfacial magnetic frustration in exchange-bias systems[END_REF] is estimated from the M(H) loops in Fig. 1. µ 0 H max = 0.5 T was considered sufficient for the integration since µ 0 H sat ranges from 217.75 mT to 262.54 mT. By averaging the descending and ascending branches of the magnetic hysteresis for the two geometries of measurements (dashed lines in Fig. 1) and by using the previous formula, the value of the effective anisotropy constant = (1.1 ± 0.5) x 10 4 J/m 3 is calculated. Since the in-plane effective anisotropy energy has the uniaxial form and the magnetization is in the sample plane, the following relation is valid: [START_REF] Maryenko | Interplay of spin-orbit coupling and Coulomb interaction in ZnO-based electron system[END_REF] where is defined in the introduction part. The contribution of the fcc K MA anisotropy (≈ -2.7 × 10 2 J/m 3 for Py) [START_REF] Vaz | Magnetism in ultrathin film structures[END_REF][START_REF] Handley | Static magnetization direction under perpendicular surface anisotropy[END_REF][START_REF] Thiaville | Twisted spin configurations in thin magnetic layers with interface anisotropy[END_REF] and other minority terms to are too low and are not considered in Eq. ( 6). Therefore: [START_REF] Jörg | Spin-orbit coupling affecting the evolution of transverse spin[END_REF] This result indicates that the FM moments are in the film plane and along K U for H = 0. In addition, is attributed to the elongated FM grains formed by the shadowing effect due to the oblique incidence of the sputtering flux, even though the growth was performed in the 0.5 Hz spin deposition mode, as already detected for thicker Co layers [START_REF] Ertelli | Magnetic anisotropy of Co thin films: Playing with the shadowing effect, magnetic field and substrate spinning[END_REF][START_REF] Chowdhury | Controlling the anisotropy and domain structure with oblique deposition and substrate rotation[END_REF]. It is important to point out that different parts of the asprepared Sample B were used to record the M(H) loops for each φ in order to prevent undesirable magnetic memory effects. Otherwise, the spin configuration stabilized after the ZFH/FC protocols for φ=0°, for example, would severely affect the measurements under other subsequent magnetic field orientations. Thus, the M(H) loops were obtained after each piece of sample B has been subjected to the same protocol. A maximum µ 0 H field was 0.3 T was used. The shape and the φdependent variations of the M(H) loops exhibit more features for Sample B than for Sample A, which result from the interplay between the IrMn AF film and the Py film.

Regarding the as-prepared samples, the M(H) loops are not centered along the field axis (the inset of Fig. 3 provides a zoom of the area around zero field). This scenario is quite unusual for ultrathin unbiased FM films with in-plane magnetization. No M(H) loops shifts (no exchange bias) should be observed in absence of field cooling process or deposition in zero applied magnetic field. This indicates the presence of an unexpected anisotropy (

). It should be remembered that, due to the rotation of the sample during the deposition, the action of any undesirable magnetic field from the magnetrons could effectively be disregarded. In addition, the amplitude of the M(H) loop shift depends on φ. These hysteresis loops for the as-prepared Sample B were obtained starting from positive to negative fields. In this case, the initial shift to the right or left along the field axis depends on the sample orientation regarding the field direction of the magnetometer. Even when the sample is oriented out of the easy axis, we can assume its positive or negative component (except for perpendicular alignment when negligible shifts are expected). In addition, positive or negative signal for com- ponent of the as-prepared effective anisotropy can be previewed by checking the remnant magnetization of the virgin sample (before to initiate the measurement at zero field achieved by oscillating the field from high fields). Thus, if two virgin pieces of the same sample is inserted with the same orientation regarding the field direction of the magnetometer, and if we start from negative or positive fields, the resultant loops are very similar with no systematic change. In addition, it should be kept in mind that ZFH/FC measurements are always performed after measuring the as-prepared sample and under positive fields. After the ZFH/FC protocol, the magnetic loops were shifted to the left relatively to the loops obtained for the as-prepared samples.

U N C O R R E C T E D P R O O F
That is generally expected for positive magnetic fields applied during the FC protocol. The amplitude and uniformity of the loops were also dependent on φ.

The coercive and the displacing fields, extracted from the RT M(H) loops in Fig. 3, are presented in Table I spectively, the coercive fields for the ascending and descending branches of the M(H) loops. The lowest (highest) coercivity for the asprepared procedure is recorded for φ=0°(φ=90°), whereas it remains relatively constant for the FC procedure, within their uncertainties, whatever the φ value. Concerning the displacing field, its modulus is larger (smaller) for φ = -20°(φ = 70°) for the as-prepared sample. In the last case, we have chosen to discuss only the amplitude of the shifts since the negative sign for φ = 45°and φ= 90°originates from the orientation of the sample when inserted in the SQUID magnetometer as explained in the last paragraph.

In order to show quantitatively the effect of the application of the ZFH/FC protocol on the displacing field, we introduce the Δµ 0 H d para-meter [defined as Its value is always negative, reflecting the negative EB effect where the M(H) loops shift to the left-hand side along the field axis as expected. In addition, the largest value of |Δµ 0 H d | is reached for φ = -20°and it tends to decrease as φ increases. Therefore, it is possible to infer that the ZFH/FC protocol is able to change partially the anisotropy, since it induces a modification on the configuration of the pinned FM interfacial moments.

The analysis of the max and H sat quantities was also done similarly to that performed for Sample A. Thus, the max [in (mT) -1 ] values are simultaneously (0.031-0.031-0.023-0.018-0.016-0.017) and (0.040-0.043-0.037-0.020-0.022-0.020), while the H sat (in mT) parameter reaches (35.8-130.0-174.0-180.4-187.0-159.6) and (90.0-140.0-200.2-178.6-185.8-161.2) when the φ angle is varied in the from -20 to 90°for the as-prepared and FC samples, respectively.

As for the Sample A, max is progressively decreased, whereas the H sat parameter is progressively enhanced. By fitting the experimental data of the quantities max and H sat with the same law used to fit the results from Sample A, it was found for the as-prepared sample B that the easy axis of the total anisotropy forms an angle φ = -24 ± 9°with H and that the hard axis forms an angle φ = 66 ± 9°, about 90°a part as for the Py layer alone. This is consistent with the φ dependence of the H C , and |Δ H d | parameters. As a consequence, the particular uniaxial magnetic anisotropic characteristic persists when an IrMn layer is added in the stack. The uniaxial anisotropy is also detected after the ZFH/FC protocols. In this case, the easy axis is are different specimens, there are two possible explanations for the difference between the angular positions of their easy anisotropy axes: (i) the mean orientations of the elongated grains respect to the reference mark in the substrates are different, an extrinsic effect arising from the deposition process and/or (ii) there is a redirection of the FM moments due to a magnetic coupling emerging at the FM/AF interface (intrinsic effect). Now, it is possible to discuss the origin of the H d field and in the as-prepared Sample B. Actually, the spontaneous magnetization of the FM Py film, pointing in its (K U ) easy axis direction, pins the IrMn moments to the Py ones, as soon as the AF order is established. Consequently, a K EB is set at the interface. Based on this assumption, the shift and shape of the M(H) loops of the Sample B depends on the relative orientation between the H field direction and the easy axis.

B. Structural investigation

In order to provide a better insight into the interpretation of the magnetic results of Samples A and B, we examined their structure in detail by XRD, GIXRD or XRR and compared these results to a control sample.

The GIXRD pattern of Sample A [Fig. 4(a)] taken for an incident angle of α = 0.5°(very close to the critical angle) revealed reflections relative to the β-Ta body centered tetragonal (bct) structure and (111) preferentially oriented fcc Py planes. The β-Ta phase was initially stabilized as islands on the Si wafer due to interface energy minimization before the columnar growth with a strong [001] fiber-texture [START_REF] Colin | On the origin of the metastableb-Ta phase stabilization in tantalum sputtered thin films[END_REF]. No reflection was found related to Ta or Py layer after 2θ = 50°in this GIXRD pattern. For α = 2°and 3°, the background from the substrate suppressed the weak and broad lines related to the ultrathin first Ta layer and Py layer. In addition, Ta and Py reflections are absent in the conventional (θ-2θ) XRD pattern. The diffraction lines become broader and weaker, as the layer thickness decreases, making the structural analysis more difficult in ultrathin films. However, we tried to discuss our results by making comparison with those obtained for thicker reference samples. The XRD pattern of a Si(100)/Ta(20 nm) sample [Fig. 4 (b)] reveals that the β-Ta structure grows with a [001] preferential orientation on the silicon substrate in order to match the lattice parameters (a = 5.543 Å for Si and a = b = 10.194 Å and c = 5.313 Å for Ta). Thicker Py layers tend to grow on Si(100)/Ta with a [111] preferential orientation, as will be discussed later. Since the Py (111) reflection is also seen in the GIXRD (α = 0.5°) pattern (very low intensity) of Sample A, we can infer that although a thicker Py layer has a tendency to grow with a [111] preferential orientation, the analysis on the ultrathin Py layer in Sample A cannot rule out that the Py {111} planes also aligned in other directions.

The XRR pattern of Sample A [Fig. 4(c)] has been fit with two different models: Fit-A (green line), which considers a Si/Ta/Py/Ta/Ta 29 O 71 stack which includes the partial oxidation of the Ta capping layer, and Fit-B (red line), which, in addition assumes a NiFeTa layer formed by the atomic diffusion at the bottom Ta/Py interface. The tantalum pentoxide (Ta 29 O 71 ) is the most stable Ta oxide [START_REF] Khanuja | XPS depth-profile of the suboxide distribution at the native oxide/Ta interface[END_REF][START_REF] Wang | Situ Spectroscopic Observation of Activation and Transformation of Tantalum Suboxides[END_REF] and it was included on the top of the stack to account for the oxidized part of the capping layer, since the XRR experiments were performed ex-situ. Indeed, the consideration of its existence improved the fittings (A and B).

In addition, we have to emphasize that the Ta surface passivation, by ultrathin native Ta oxides, has been detected in nanoparticles, thin films, wires and bulk materials [55 -58]. More specifically, results from the literature [START_REF] Lecuyer | Composition of natural oxide films on polycrystalline tantalum using XPS electron take-off angle experiments[END_REF][START_REF] Moskaltsova | Impact of the magnetic proximity effect in Pt on the total magnetic moment of Pt/Co/Ta trilayers studied by x-ray resonant magnetic reflectivity[END_REF] have shown that the X-ray photoelectron spectroscopy provided a sublayer resolution for the natural oxidation of the polycrystalline Ta surface [Ta/TaO clusters in Ta matrix (2 nm)/Ta 29 O 71 (3 nm)] [56], while two sublayers of different oxides has been found in ultrathin Si/SiO 2 /Pt/Co/Ta/MgO/TaO x by X-ray reflectivity techniques [START_REF] Moskaltsova | Impact of the magnetic proximity effect in Pt on the total magnetic moment of Pt/Co/Ta trilayers studied by x-ray resonant magnetic reflectivity[END_REF]. They have also shown that the oxidation process increased the original metallic Ta lattice parameter, resulting in a thicker oxide layer (from 2 nm thick Ta to 3.8 nm thick Ta 29 O 71 ) [START_REF] Moskaltsova | Impact of the magnetic proximity effect in Pt on the total magnetic moment of Pt/Co/Ta trilayers studied by x-ray resonant magnetic reflectivity[END_REF]. This observation fully agrees with our results obtained from the XRR data fitting. Although the simpler model (Fit-Agreen line) fits relatively well the experimental data, some features are not reproduced as the high angle side of the oscillation at 2q = 5°In addition, the best function value (χ Best ) for the Nelder-Mead Simplex algorithm [START_REF] Chang | Stochastic Nelder-Mead simplex method -A new globally convergent direct search method for simulation optimization[END_REF] used as an optimization method for the FIT-A was χ Best ≈ 8.5. When the interlayer phase at the bottom Ta/Py interface was inserted (Fit-B), the fit became much better and the χ Best value decreased to 3.2.

Tables II show the structural parameters derived from the XRR pattern of Sample A [Fig. 4(c)] using Fit-B. The real (f') and imaginary (f") energy dependent corrective terms to the scattering factors have been obtained from literature [START_REF] Hantler | Detailed Tabulation of Atomic Form Factors, Photoelectric Absorption and Scattering Cross Section, and Mass Attenuation Coefficients in the Vicinity of Absorption Edges in the Soft X-Ray (Z = 30-36[END_REF]61]. The t n parameter denotes the nominal thickness, t is the thickness value obtained from the fit, σ is the root-mean-square roughness and ρ is the material density. The densities were compatible with the nominal values within the error bar, considering that the densities in ultrathin films can vary about 10-15% from the bulk standard values. The interface roughness varied from 0.2 to 0.5 nm (values characteristics of flat interfaces). The thicknesses are in agreement with the nominal values within error, except for the capping layer. However, it is necessary also to consider that the capping layer thickness tends to increase its value when the oxygen reacts with Ta to form the Ta 29 O 71 oxide. A NiFeTa sub-layer, due to an atomic diffusion at the bottom Ta/Py interface, should be inserted in the structural model in order to significantly improve the fit. It should be pointed out that considering the insertion of an alloy layer at the upper Py/Ta interface did not improve the fit and the adjustment procedure tends always to decrease the NiFeTa thickness towards zero. Therefore, the existence of a NiFeTa alloy layer only develops at the lower interface and the possibility of interdiffusion at the upper interface is limited and properly accounted for by the roughness.

The RT XRD pattern of the Sample B [Fig. 5(a)] shows the reflection line of the [111] preferentially oriented fcc IrMn film. The (111) reflection peak of the IrMn (green line) is positioned at 2θ = 41.18(0.02)°a nd shows a diffuse intensity, mainly on the wide angle side, which can be attributed to Pendellösung fringes, obeying the following relation: [START_REF] Wu | Perpendicular magnetic anisotropy and magnetization dynamics in oxidized CoFeAl films[END_REF] where , d 111 is the (111) interplane distance of the IrMn phase and n is the number of planes, nd being the product equal to the IrMn thickness (t IrMn ). The presence of Pendellösung fringes in the first order reflection indicates that the atomic planes within the IrMn layer are well stacked along the (111) direction, normal to the film plane, and exhibits relatively flat interfaces. This fact is corroborated by the presence of the second order reflection (222) peak at 2θ = 89.38(0.04)°( not shown). The fit of the Pendellösung fringes leads to the following structural parameters: d = 0.2193(0.0001) nm, n = 35 and t Ir20Mn80 = 7.7(0.2) nm; a thickness value that agrees with the nominal one (8 nm). Moreover, the fringes appearing in Sample B also emerges very clear in a Si(100)/Ta(3 nm)/Py(3 nm)/IrMn(7 nm)/Co(2 nm)/Ta (1 nm) multilayer, which is outside the scope of this study, but will be published elsewhere. The peaks from the Ta and Py layers have not been observed in the pattern illustrated in Fig. 4(a).

In order to understand how Ta and Py grew in the stacking, the RT XRD pattern of a thicker Si(100)/Ta(10 nm)/Py(20 nm)/IrMn(15 nm)/ Ta(5 nm) has also been measured and is shown in Fig. 5 entation [(002) reflection line in the XRD pattern], as already discussed for Sample A, the (202) and (333) reflections lines can be associated with the Ta capping layer. Certainly, the analysis from thicker samples did not show the details existent in the first stacked monolayers, as can be detected in case of ultrathin films, however, it illustrates the growth tendency.

The GIXRD pattern of Sample B, taken at α = 0.5°[(Fig. 5(d)], also presents the Ta (330) and (202) reflections, but there is no reflection from the NiFe layer. As the angle of incidence α is very close to the critical angle, we assume that these Ta reflections originate mainly from the capping layer. In addition, the (220) reflection line from the IrMn layer [2θ =70.51(0.02)°] appeared in the GIXRD patterns from α = 0.5°to α = 3°This is expected for the well stacked (111) preferentially oriented fcc-IrMn layer since the angles between the (220) and ( 111) planes (face centered cubic structure) is about 35.3°, the θ Bragg angle for the IrMn (220) reflection is about 35.25°and the (111) planes are preferentially parallel to the sample surface.

The GIXRD results of Samples A and B clearly show that the [111] orientation distribution for the Py layer (around the normal to the sample surface) is wider than that for the IrMn one. This conclusion is based on the following points: 1) Py and IrMn layers tend to grown with a [111] preferential orientation as observed in the thick sample and in Sample B for IrMn (seen by θ-2θ XRD diffraction) and 2) the (111) Py (IrMn) line is present (absent) in the Sample A (Sample B) GIXRD pattern. In other words, the results indicate that the Py layer shows a wide dispersion of the crystalline orientation for the first stacked monolayers (ultrathin limit), probably due to interface effects, such as: lattice parameters mismatch, atomic diffusion, and also the ultrathin thickness of the Ta seed layer (3 nm). The detection of these details was possible because the Ta and Py films are in the ultrathin regime. Certainly, the Py (111) texture will become higher for thicker Ta and Py layers, but the presented detail would be hidden. Some of us have demonstrated that the (111) Py texture is strongly enhanced for Ta buffer layers and for Py layers thicker or equal than 10 nm and 20 nm, respectively [START_REF] Astro | The role of the (111) texture on the exchange bias and interlayer coupling effects observed in sputtered NiFe/IrMn/Co trilayers[END_REF]. The role of the interface effects will become clearer during the XRR discussion. In addition, it is important to point out that the structural order of the ultrathin Py layer in Sample B is good enough to allow the growth of an IrMn layer with relatively very well stacked (111) planes, indicating that the Py layer is better organized at the upper interface than at the lower interface with the Ta layer, which is consistent with a NiFeTa layer essentially present at the lower interface in sample A.

The RT reflectivity curve (XRR) for Sample B and the respective fit derived from the same model B used to fit Sample A are displayed in Fig. 5(c). The parameters extracted for the best Fit-B model, are presented in Table III.

The thicknesses of the layers correspond to the expected values within the error bar. The 7% reduction of the mean thickness of the Py layer is due to the need to take into account an intermixed Ni 40 Fe 10 Ta 50 Based on the structural analysis, it can be deduced that the atomic diffusion between Py and Ta, which occurred during deposition, formed an intermediate layer of NiFeTa alloy at the lower Ta/Py interface. Although it is very likely that the NiFeTa alloy has not a constant composition along the growth axis within the 0.9 nm, we supposed it does not have a substantial change along 2 or 3 monolayers. For the fit, we used an average composition with Ni 40 Fe 10 Ta 50 . Therefore, the Py layer can be considered as composed of bottom (NiFeTa alloy) and top (Py sublayer) regions, being responsible for the peculiar M(H) loop shape of the Samples A and B, where there are abrupt magnetization reversions at the central part of the loops (top Py sublayer) and other region harder to saturate with an unusual saturation field intensity as a response to the bottom Ta/Py interface (Fig. 1 and Fig. 3). The detection of this alloyed NiFeTa layer at the Ta/Py interface was only possible because the film is in the ultrathin limit. It is reported in the literature [62] that a co-sputtered thin NiFeTa layer has a constant much higher than the one for the uniform Py layer. Both the samples were deposited under an external magnetic field. The authors show that the small anisotropy of the uniform Py layer was only induced by the magnetic field applied during the deposition while the increase of anisotropy for the laterally composition-graded NiFeTa layer was attributed to a stress-induced effect, although the compositional gradient is very small along the hard axis, where the Ni, Fe and Ta contents varied only from 72.5% to 71.1%, from 15.5% to 14.9% and from 12.0% to 14.0% (within the error bar of ± 0.5%) over 1 cm, respectively. Nevertheless, they did not discuss the influence of the oblique deposition of the sputtering flux coming from the lateral region of the solid angle sputtered by the Ta target during the co-deposition, where the shadow effect can play an important role. In our case, the anisotropy was set along the elongated grains of the laterally uniform (Py + NiFeTa) layer formed by the shadow effect, and besides that, we can affirm the constant of the (bottom NiFeTa alloy + top Py sublayer) ferromagnetic system is higher than that for a pure Py layer. In other words, we can say that the presence of the NiFeTa alloy hardens the ferromagnetic anisotropy. It can also be recalled that the offset of the hysteresis loops (anomalous shift) in Fig. 3 set without any field applied during the multilayer growth or any FC protocol applied posteriorly after the sample preparation may have its origin in this hardening of the FM layer, as it was observed in literature [63] where an exchange bias was set by only the stress-induced effect in a NiFeTa/IrMn system with a laterally composition-graded 150 nm ticker NiFeTa layer. From the magnetic behavior of the top Py sublayer observed in Fig. 1 (for Sample A), it can be predicted that the uniform layer of pure Py (in Sample B) would not have a sufficiently strong constant to set an in this system when the substrate holder is rotated at 0.5 Hz and no magnetic field is applied during the deposition.

C. Thermal analysis

Magnetic measurements were carried out at high temperature to investigate the effect of heat treatment on the anomalous shift effect, in particular to try to minimize it. The effect of temperature on the structure of the system and in particular on changes at the interfaces was also studied. The ZFH and ZFC protocols were applied to a virgin piece of the Sample B between RT and 600 K. The higher limit temperature of 600 K was chosen because it is above T B of the γ-IrMn phase (520 K to 590 K depending on the preparation method) [START_REF] Van Driel | Exchange biasing by Ir19Mn81: Dependence on temperature, microstructure and antiferromagnetic layer thickness[END_REF]. The sample was rotated around its normal axis so that the [110] direction of the substrate forms an angle of 70°with the direction of the H-field applied in the SQUID magnetometer. tocol, the M(H) loop at 600 K is still off-center and opened but more obviously shows a strong reduction in saturation magnetization (60%). Furthermore, an additional decrease of ≈ 35% of the magnetization is recorded between the beginning and the end of the M(H) loop at 600 K.

The reduction in magnetization is probably related to the increase of the Ta content in the NiFe layer as previously reported [64]. This assumption will be corroborated by RT XRR measurements of Sample B after it has been heated up to 600 K (discussed hereafter) . Along the same line, the presence of a time irreversibility effect in the hysteresis loop can be attributed to the continuation of the Ta diffusion phenomenon during the measurement. The M(H) loop, collected at 300 K after the ZFH/ZFC protocols, is completely centered, indicating that K EB set in the as prepared sample by vanished and the anomalous shift has been removed. Also, a 40% reduction in the M S value is observed when compared to the as-prepared sample measured at 300 K (black filled squares). This is in agreement with the previously discussed in- crease of the intermixing. Moreover, the third M(H) loop (green triangles) exhibits an 80% increase of the M S value when compared with the loop obtained at 600 K (red open circles), as expected by the Brillouin curve behavior. Besides this effect, the slope of the M(H) loop has changed, turning harder to reach magnetization saturation, compared with the first 300 K M(H) loop recorded for the as-prepared Sample B (black squares). Indeed, the couple [ max (mT) -1 , µ 0 H sat (mT)] reaches [2.2 × 10 -2 ,318.0] and [9.5 × 10 -3 ,539.6] for the as-prepared and after the ZFC procedure, respectively. The M(T) analysis revealed that the maximum temperature of setting, which does not result in damage of the interfaces, is 460 K. In order to follow the degradation of the sample produced by the annealing process, XRR measurements were applied on the Sample B annealed at 600 K. Fig. 6(b) shows the RT XRR pattern of Sample B after annealing at 600 K. A very good fit (red line) of the experimental reflectivity curve (black open circle) has been obtained and the derived parameters are given in Table IV. We checked that the sum of nominal thicknesses [t(Ta) + t(NiFe) + t(IrMn) = 3 + 3 + 8 = 14 nm] is close to fitted thicknesses [t(Ta) + t(NiFeTa) + t(NiFe) + t(IrMn) = 2.3 + 1.8 + 2.0 + 7.7 = 13.8 nm].

The XRR results confirm the extension of the alloy layer at the interface of the Ta and Ni 80 Fe 20 layers because while the thickness of the NiFeTa layer increases by 0.9 nm, that of the NiFe layer decreases by the same amount. This can explain the 40% reduction of M S after the application of the ZFH/ZFC protocols between 300 K and 600 K, since as already discussed NiFeTa has a M S value lower than that for NiFe [64]. The alloying process had already been observed for thicker EB systems with 3d elements thermally annealed in this temperature range [65], however, this systematic work also brings a full comprehension of how the thermal annealing can influence the structural and magnetic properties of the Ta/NiFe interface which, consequently, intrinsically affects the global properties of this type of multilayer.

IV. Conclusion

Anomalous magnetic hysteresis loop shifts emerged in an ultrathin Si(100)/Ta/NiFe/IrMn/Ta heterostructures that were deposited in zero magnetic field using oblique incidence in a confocal magnetron sputtering setup, with the sample holder rotating at 0.5 Hz. This uncommon exchange bias field is set at the NiFe/IrMn interface by the spontaneous magnetization of the NiFe layer along an easy uniaxial anisotropy axis, which was induced by the combination of the shadowing effect due to the oblique incidence of the sputtering flux and the atomic diffusion at the Ta/Ni 80 Fe 20 interface. Therefore, we conclude that the shift and features of the hysteresis loops depends strongly on the orientation of the applied magnetic field with respect to the direction of the easy axis of the effective anisotropy of the multilayer (the effective anisotropy includes uniaxial and unidirectional terms). The structural analysis of the as-prepared sample suggests that the NiFe/IrMn stacking has a [111] preferential orientation and confirms the existence of a NiFeTa alloy formed by the atomic diffusion at the bottom Ta/Ni 80 Fe 20 interface as initially observed for a Ta/NiFe/Ta reference heterostructure. Thus, the ferromagnetic layer is formed by the top Ni 80 Fe 20 sublayer (soft) and the bottom NiFeTa alloy (hard). This explains why the M(H) loops only saturate for fields reaching 0.2-0.3 T and also the higher calculated value for the uniaxial anisotropy constant of the ferromagnetic layer which favors a preferentially oriented spontaneous magnetization. The harder NiFeTa alloy makes this spontaneous magnetization sufficiently intense to pin the AF moments to the FM ones during the IrMn deposition, as soon as the AF order is established and, consequently, setting the exchange bias. The presence of such a harder NiFeTa alloy at the bottom of the NiFe layer and its impact on the exchange bias properties could only be revealed in the ultrathin dimension and would be imperceptible in thicker samples. The anomalous shift can also be removed by a thermal annealing up to about 600 K, however, a degradation of the samples occurs in this temperature range due to an enhancement of atomic diffusion at the interfaces (mostly at the bottom Ta/NiFe interface), provoking a 40% reduction of the M S quantity. The knowledge of the structural, magnetic and thermal properties and the control of the magnetic anisotropy of this type of ultrathin films is a fundamental issue, since soft magnetic NiFe ultrathin films have often been suggested to be applied in several nanodevices.
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FIG. 1 .

 1 FIG. 1. (a) RT normalized M(H) magnetic loops of the as-prepared Sample A for two different geometries of measurements (φ=0°and φ=90°). The magnetization at remanence M R and the saturation field H sat taken at M/M S =-95% indicate an easy axis more pronounced for φ=0°The dashed lines are the mean magnetization between decreasing and increasing branches leading to the calculation of the anisotropy constant (see text). (b) Zoom of the derivative of M/M S as a function of H [with a maximum susceptibility χ max stronger for φ=0°also indicating this easy axis].

Fig. 3

 3 Fig. 3 displays the RT normalized M(H) loops of the as-prepared Sample B (black open symbols) and of Sample B after a FC process (red filled circles), performed following a ZFH treatment from 300 K to 400 K. These set of M(H) loops were measured for different orientations of the applied field φ=0°[Fig. 3(a)], φ=30°[Fig. 3(b)], φ=45°[ Fig. 3(c)], and φ=70°[Fig. 3(d)]. The -20°-M(H) [Fig. 3(e)] and 90°-M(H) [Fig. 3(f)] loops are also added in inset of Fig. 3(a) and Fig. 3(d), respectively.It is important to point out that different parts of the asprepared Sample B were used to record the M(H) loops for each φ in order to prevent undesirable magnetic memory effects. Otherwise, the spin configuration stabilized after the ZFH/FC protocols for φ=0°, for example, would severely affect the measurements under other subsequent magnetic field orientations. Thus, the M(H) loops were obtained after each piece of sample B has been subjected to the same protocol. A maximum µ 0 H field was 0.3 T was used. The shape and the φdependent variations of the M(H) loops exhibit more features for Sample B than for Sample A, which result from the interplay between the IrMn AF film and the Py film.Regarding the as-prepared samples, the M(H) loops are not centered along the field axis (the inset of Fig.3provides a zoom of the area around zero field). This scenario is quite unusual for ultrathin unbiased FM films with in-plane magnetization. No M(H) loops shifts (no exchange bias) should be observed in absence of field cooling process or deposition in zero applied magnetic field. This indicates the presence of

FIG.. 2 .

 2 FIG.. 2. Evolution following the angle φ for the as-prepared Si(100)/Ta(3 nm)/Py(3 nm)/Ta(3 nm) multilayer (Sample A) at RT for the (a) remanence M R (leftpart) and maximum susceptibility χ max (right-part); (b) saturation magnetic field µ 0 H sat . The straight lines are corresponding to best adjustments by taking account a simple uniaxial anisotropy as the form a + b.sin²(φ+c)) with a, b and c constants (fitted laws are indicated in the graphs).
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 3 FIG.. 3. (a-b-c-d-e-f) As-prepared (black open symbols) and field cooled (red filled circles, T max =400 K and µ 0 H = 50 mT) RT normalized M(H) loops of the Si (100)/Ta(3 nm)/Py(3 nm)/IrMn(8 nm)/Ta(1 nm) multilayer (sample B) for different values of φ comprised between 0 and 90°The inset shows a zoom of central parts of the hysteresis loops (see the exchange bias effects).

  around φ = (-10 ± 10°), proving that the ZFH/FC protocol can change the orientation of the pinned FM spins. Since Sample A and Sample B U N C O R R E C T E D P R O O F A.C. Krohling et al. Thin Solid Films xxx (xxxx) 139115
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 4 FIG.. 4. (a) RT GIXRD pattern for the Sample A for an incident angle α = 0.5°(b) XRR pattern of the Sample A (black open circle) and the respective Fit -A (green line) and Fit -B (red line).
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  FIG.. 5. (a) RT XRD pattern for the Sample B. (b) RT XRD pattern for a thicker Si(100)/Ta(10 nm)/Py(20 nm)/IrMn(15 nm)/Ta(5 nm). (c) XRR pattern of the Sample B (black open circle) and the respective Fit (red line). (d) RT GIXRD pattern for the Sample B for incident angles α = 0.5°, 3°(red), 5°(blue).
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  (φ = 70°is close to the hard direction of the U N C O R R E C T E D P R O O F A.C. Krohling et al. Thin Solid Films xxx (xxxx) 139115 magnetization). Fig. 6(a) shows: (i) the M(H) loops taken before the ZFH protocol (T = 300 K, black filled squares); (ii) after the ZFH protocol (T = 600 K, red open circles) and (iii) after the ZFC (T = 300 K, green filled triangles). As discussed in Section III-A, the M(H) loop of the as-prepared Sample B (before the ZFH protocol) is not centered due to the anisotropy [see zoom in Fig. 6(a)]. After the ZFH pro-

FIG. 6 .

 6 FIG. 6.(a) M(H) hysteresis loops taken before the ZFH (1/3, 300 K, black squares), after the ZFH (2/3, 600 K, red circles) and after the ZFC (3/3, 300 K, green triangles) protocols. The maximum temperature is T max =600 K, φ=70°, and the maximum magnetic field is 1 T. The inset shows a zoom of central parts of the hysteresis loops. (b) RT XRR pattern of the Sample B after annealing at 600 K (black symbols) and the respective fitting (red line) using the Dyna code[START_REF] Tserkovnyak | Enhanced Gilbert Damping in Thin Ferromagnetic Films[END_REF].

TABLE I Coercive

 I 

	Sample B					
	Procedures	as-prepared	FC	as-prepared FC	
	Field direction φ (°)	µ 0 H C (mT) µ 0 H C (mT) µ 0 H d (mT)	µ 0 H d (mT) Δ µ 0 H d (mT)
	-20 0 30 45 70 90	3.2 2.2 3.9 4.3 3.9 5.5	3.6 3.2 3.0 3.6 3.0 3.2	32.5 30.6 20.4 -3.7 1.7 -3.7	7.4 7.0 7.1 -6.3 -5.5 -10.8	-25.1 -23.6 -13.3 -2.6 -7.2 -7.1

field µ 0 H C and displacing field µ 0 H d fields extracted from the M(H) loops of Fig.3 (as-prepared and after FC procedure) as a function of φ. Δµ 0 H d is defined by µ 0 H d (FC)-µ 0 H d (as-prepared). The uncertainties in the field values are ±0.3 mT (±0.6 mT for Δµ 0 H d ).

TABLE II

 II Model B fit parameters (thickness t, with t n as the nominal one, roughness σ and density ρ) extracted from the XRR pattern of the as-prepared Sample A. Uncertainties are in the parenthesis, and the expected density is given in square brackets.

	Sample A			
	layers t Ta(buffer) 3.0 Si(100)	3.2(0.5)	0.3(0.2) 0.3(0.1)	15.7(1.5) [16.05] 2.33(0.02) [2.33]

n (nm) t (nm) σ (nm) ρ (g/cm 3 ) Ta 29 O 71 2.4 (0.9) 1.0(0.2) 7.2(0.7) [8.37] Ta 3.0 2.8(0.2) 0.3(0.2) 14.4(1.5) [16.05] Ni 80 Fe 20 3.0 2.7(0.4) 0.4(0.1) 8.2(0.8) [8.69] Ni 40 Fe 10 Ta 50 0.8(0.4) 0.6(0.2) 13.2(1.0) [13.17]

TABLE III

 III Model B fit parameters (thickness t with t n as the nominal one, roughness σ and density ρ) extracted from the XRR pattern of the as-prepared Sample B. Uncertainties are in the parenthesis, and the expected density is given in square brackets. The asterisk indicates the nominal thickness is related to the deposited Ta layer, but the corresponding parameters obtained from the fit are associated with the completely oxidized Ta 29 O 71 layer. Nevertheless, the total thickness of Py, Ni 40 Fe 10 Ta 50 and Ta (buffer) layers differ only by 3% whether we sum the Py and Ta(buffer) nominal thicknesses. The roughness values are limited between 0.3 and 0.5 nm which indicates good layer stacking quality. The material densities are in agreement with the bulk values within the error bars.

					layer.
	As-prepared Sample B			
	layers	t n (nm)	t (nm)	σ (nm)	ρ (g/cm 3 )
	Ta* -Ta 29 O 71	1.0*	2.4 (0.2)	0.5(0.1)	8.9(1.3) [8.37]
	Ir 20 Mn 80	8.0	7.8(0.4)	0.4(0.2)	10.3(0.1) [10.28]
	Py Ni 40 Fe 10 Ta 50	3.0	2.8(0.4) 0.9(0.4)	0.4(0.1) 0.5(0.1)	8.0(0.8) [8.69] 13.7(1.0) [13.17]
	Ta(buffer) Si(100)	3.0	2.5(0.5)	0.5(0.2) 0.3(0.1)	14.4(1.6) [16.05] 2.33(0.02) [2.33]

TABLE IV

 IV Fit parameters (thickness t with t n as the nominal one, roughness σ and density ρ) extracted from the XRR pattern of the Sample B annealed at 600 K. Uncertainties are in the parenthesis, and the expected density is given in square brackets. The asterisk indicates the nominal thickness is related to the deposited Ta layer, but the corresponding parameters obtained from the fit are associated with the completely oxidized Ta 29 O 71 layer.

	Sample B annealed at 600 K			
		t n (nm)	t (nm)	σ (nm)	ρ (g/cm 3 )
	Ta* -Ta 29 O 71	1.0*	3.8(1.0)	0.9(0.2)	7.6(1.1) [8.37]
	Ir 20 Mn 80	8.0	7.7(0.5)	0.3(0.1)	10.3(0.1) [10.28]
	Ni 80 Fe 20	3.0	2.0(0.5)	0.4(0.1)	8.0(0.8) [8.69]
	Ni 40 Fe 10 Ta 50		1.8(0.4)	0.5(0.2)	12.6(1.0) [13.17]
	Ta(buffer) Si(100)	3.0	2.3(0.5)	0.5(0.2) 0.3(0.1)	15.7(1.5) [16.05] 2.33(0.02) [2.33]
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