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Properties of half-metallic manganite thin films depend on the composition and structure in the atomic scale, and consequently, their potential functional behaviour can only be based on fine structure characterization. By combining advanced transmission electron microscopy methods, electron energy loss spectroscopy, density functional theory (DFT) calculations, and multislice image simulations, we obtained evidence of a 7 nm-thick interface layer in La0.7Sr0.3MnO3 (LSMO) thin films, compatible with the formation of well-known dead layers in manganites, with an elongated out-of-plane lattice parameter, and structural and electronic properties well distinguished from the bulk of the film. We observed, for the first time, a structural shift of Mn ions coupled with oxygen vacancies and a reduced Mn valence state within such layer.

Understanding the correlation between oxygen vacancies, the Mn oxidation state, and Mn ions displacements is a prerequisite to engineer the magneto-transport properties of LSMO thin films.

INTRODUCTION

Transition metal oxides with perovskite structures (ABO3) are fascinating systems that host a vast array of unique phenomena, such as high-temperature (and unconventional) superconductivity, colossal magnetoresistance, [START_REF] Urushibara | Insulator-Metal Transition and Giant Magnetoresistance in La1-XSrxMnO3[END_REF][START_REF] Tokura | Colossal Magnetoresistive Manganites[END_REF] all forms of magnetic, and ferroelectric order parameters, and the interplay between these phases. The recent years have witnessed an increasing ability to grow thin-film heterostructures of these materials with atomic precision.

With this level of control, the electrostatic boundary conditions at oxide surfaces and interfaces can be used to form new electronic configurations as a consequence of epitaxial strain, orbital hybridization, and reduced dimensionality. Notably, colossal magnetoresistive manganite films with the composition La0.7Sr0.3MnO3 (LSMO) are of great interest because of their halfmetallicity, room-temperature ferromagnetism, and competition between lattice, spin, and charge degrees of freedom [START_REF] Schiffer | Low Temperature Magnetoresistance and the Magnetic Phase Diagram of La1-XCaxMnO3[END_REF][START_REF] Mitchell | Charge, and Lattice States in Layered Magnetoresistive Oxides[END_REF][START_REF] Salamon | The Physics of Manganites: Structure and Transport[END_REF][START_REF] Israel | The Current Spin on Manganites[END_REF][START_REF] Li | Reentrant Orbital Order and the True Ground State of LaSr2Mn2O7[END_REF][START_REF] Bonn | Are High-Temperature Superconductors Exotic?[END_REF][START_REF] Zheng | Charge and Orbital Ordered Phases of La2-2xSr1+2xMn2O7-δ[END_REF] that create an ideal platform for exploring oxide spintronic applications.

Although bulk LSMO is a metallic ferromagnet, it is well known that LSMO ultrathin films become insulators with a greatly reduced magnetization when their thickness is less than a critical value of 4 unit cells. [START_REF] Huijben | Critical Thickness and Orbital Ordering in Ultrathin La0.7Sr0.3MnO3 Films[END_REF][START_REF] Sun | Thickness Dependent Magnetotransport in Ultra-Thin Manganite Films[END_REF] The layer characterized by suppressed magnetization and metallicity is commonly called the "dead layer". [START_REF] Borges | Magnetic and Electric "Dead" Layers in (La0.7Sr0.3)MnO3 Thin Films[END_REF][START_REF] Liao | Origin of the Metal-Insulator Transition in Ultrathin Films of La2/3Sr1/3MnO3[END_REF] Many mechanisms have been proposed to explain the formation of magnetic dead layers at interfaces, including cation intermixing [START_REF] Kourkoutis | Microscopic Origins for Stabilizing Room-Temperature Ferromagnetism in Ultrathin Manganite Layers[END_REF] straininduced spin canting [START_REF] Izumi | Interface Effect and Its Doping Dependence in La1-XSrXMnO3/SrTiO3 Superlattices[END_REF] interfacial orbital reconstruction [START_REF] Tebano | Evidence of Orbital Reconstruction at Interfaces in Ultrathin La0.7Sr0.3MnO3 Films[END_REF] oxygen octahedral rotation [START_REF] Li | Impact of Interfacial Coupling of Oxygen Octahedra on Ferromagnetic Order in La0.7Sr0.3MnO3/SrTiO3[END_REF][START_REF] Liao | Controlled Lateral Anisotropy in Correlated Manganite Heterostructures by Interface-Engineered Oxygen Octahedral Coupling[END_REF] and polar discontinuity across the interfaces. [START_REF] Ishii | Improved Tunneling Magnetoresistance in Interface Engineered (La,Sr)MnO3 Junctions[END_REF][START_REF] Matou | Reduction of the Magnetic Dead Layer and Observation of Tunneling Magnetoresistance in La0.67 Sr0.33MnO3 -Based Heterostructures with a LaMnO3 Layer[END_REF][START_REF] Boschker | Preventing the Reconstruction of the Polar Discontinuity at Oxide Heterointerfaces[END_REF][START_REF] Peng | Tuning the Dead-Layer Behavior of La0.67Sr0.33MnO3/SrTiO3 via Interfacial Engineering[END_REF][START_REF] Huijben | Enhanced Local Magnetization by Interface Engineering in Perovskite-Type Correlated Oxide Heterostructures[END_REF] The latter yields an uncompensated extra charge that can drive a potential divergence, i.e., polar catastrophe, which affects the stoichiometry of manganites at the interface. In spite of abundant investigation, the origin of a magnetic dead layer at the LSMO/substrate interface is still not well understood. From the structural point of view, bulk LSMO (A site: La and Sr, B site: Mn) has rhombohedral symmetry with the space group 𝑅3 ̅ 𝐶 and the a -a -a -Glazer notation, [START_REF] Glazer | The Classification of Tilted Octahedra in Perovskites[END_REF] revealing equal and out-of-plane BO6 octahedral tilting in all three directions. Several studies have evidenced that not only the dead layer thickness but also the magnetic properties of epitaxially grown LSMO oxides can be tuned by controlling the oxygen coordination, [START_REF] Kan | Tuning Magnetic Anisotropy by Interfacially Engineering the Oxygen Coordination Environment in a Transition Metal Oxide[END_REF] interfacial oxygen octahedral rotation, [START_REF] Liao | Controlled Lateral Anisotropy in Correlated Manganite Heterostructures by Interface-Engineered Oxygen Octahedral Coupling[END_REF] interfacial strain, [START_REF] Adamo | Effect of Biaxial Strain on the Electrical and Magnetic Properties of (001) La0.7Sr0.3MnO3 Thin Films[END_REF][START_REF] Boschker | Strong Uniaxial In-Plane Magnetic Anisotropy of (001)-and (011)-Oriented La0.67Sr0.33MnO3 Thin Films on NdGaO3 Substrates[END_REF] and concentration of oxygen defects. [START_REF] Boschker | Strong Uniaxial In-Plane Magnetic Anisotropy of (001)-and (011)-Oriented La0.67Sr0.33MnO3 Thin Films on NdGaO3 Substrates[END_REF] In previous studies scanning transmission electron microscopy (STEM) and electron energy-loss spectroscopy (EELS) have proven effective in examining structures and cation charge states in thin films. For EELS, fine spectral features from the cation and oxygen edges, energy onset, and intensity ratio of the core-loss edges can be used to quantify B-site charge states as well as to determine the film stoichiometry. [START_REF] Kourkoutis | Microscopic Origins for Stabilizing Room-Temperature Ferromagnetism in Ultrathin Manganite Layers[END_REF][START_REF] Cao | Reversible Control of Physical Properties via an Oxygen-Vacancy-Driven Topotactic Transition in Epitaxial La0.7Sr0.3MnO3δ Thin Films[END_REF][START_REF] Tan | Oxidation State and Chemical Shift Investigation in Transition Metal Oxides by EELS[END_REF][START_REF] Varela | Atomic-Resolution Imaging of Oxidation States in Manganites[END_REF][START_REF] Li | Interface and Surface Cation Stoichiometry Modified by Oxygen Vacancies in Epitaxial Manganite Films[END_REF][START_REF] Kurata | Electron-Energy-Loss Core-Edge Structures in Manganese Oxides[END_REF][START_REF] Wang | Studies of Mn Valence Conversion and Oxygen Vacancies in La1-XCaxMnO3-y Using Electron Energy-Loss Spectroscopy[END_REF][START_REF] Krivanek | Electron Energy Loss Spectroscopy as a Probe of the Local Atomic Environment[END_REF][START_REF] Jin | Direct Demonstration of a Magnetic Dead Layer Resulting from A-Site Cation Inhomogeneity in a (La,Sr)MnO3 Epitaxial Film System[END_REF] Here, we provide the first evidence of Mn-ion (B-site) displacement correlated with the reduction of the Mn valence state in the neighborhood of the film/substrate interface in LSMO thin films as grown on (001) oriented (LaAlO3)0.3-(Sr2AlTaO6)0.7 (henceforth LSAT) substrates by means of pulsed laser deposition (PLD). First, we assess the quality and strain properties of the LSMO/LSAT heterostructure by high-resolution TEM (HRTEM) and geometrical phase analysis (GPA). [START_REF] Hÿtch | Quantitative Measurement of Displacement and Strain Fields from HREM Micrographs[END_REF] By using aberration-corrected STEM imaging with a high-angle annular darkfield (HAADF) detector and a low-angle annular dark-field (ADF) detector, EELS, atomistic calculations, and STEM image simulations, we could correlate the observed Mn displacements with the changes in the valence state of Mn ions from its optimal value of 3.3, as well as with oxygen vacancies, throughout the film. In particular, STEM-ADF imaging shows enhanced defect contrast in the presence of oxygen vacancies, providing direct evidence of the formation of a 7 nm-thick interfacial region in the LSMO film that is structurally different from the bulk of the film and can be associated with the magnetic dead-layer of manganites. EELS analysis indicates a preferential formation of oxygen vacancies in LSMO at the interfacial region with the substrate with respect to the rest of the film which is accompanied by an out-of-plane lattice expansion. By comparing the STEM results and multislice simulations based on test structures as obtained from DFT calculations, we probe the formation of an oxygen-deficient structure with displaced Mn ions and discuss the origin of the dead layer as consequent to the lattice strain and Mn-ion displacements.

EXPERIMENTAL AND CALCULATION DETAILS

Thin-film fabrication

Epitaxial LSMO thin films were grown on cubic LSAT (001) substrates by PLD using a KrF excimer laser (248 nm, repetition rate 3Hz, fluence of 1.4-2 J/cm 2 ). The choice of LSAT substrate is that the substrate is driven by its thermal stability and low lattice mismatch with the film (0.2 %). The substrate temperature and oxygen partial pressure (PO2) during deposition were maintained at 720 °C and 0.35 mbar, respectively. After deposition, films were cooled down to room temperature at a rate of 15 °C/min in 700 mbar O2 pressure [START_REF] Chaluvadi | Epitaxial Strain and Thickness Dependent Structural, Electrical and Magnetic Properties of La0.67Sr0.33MnO3 Films[END_REF] . Detailed structural characterizations (θ-2θ, reciprocal space maps, ω, and ϕ-scans) were performed by PANalytical X'Pert four-circle X-ray diffraction (XRD) and morphological characterizations by Atomic Force Microscopy (AFM).

TEM imaging and spectroscopy

Cross-sectional TEM samples were prepared using the conventional sandwich technique. At first, the samples were mechanically ground, then dimpled, and, eventually, thinned down to electron transparency by Ar + ion beam milling.

The HRTEM investigations were performed by using the JEOL 2010 UHR field emission gun microscope operated at 200 kV with a measured spherical aberration coefficient Cs of 0.47 ± 0.01. In all cases, the sample was tilted to [010] zone axes, aligning the film growth direction of the heterostructure perpendicular to the electron beam direction.

High-resolution STEM (HRSTEM) were performed on a probe-corrected FEI Titan³ G2 60-300 operating at 300 keV with a convergence angle of 19.6 mrad. A Gatan Quantum energy filter (GIF) and a four-quadrant Super-X detector (FEI) were used for EELS and EDX spectrum acquisition, respectively. Simultaneously HAADF and ADF image acquisition was performed.

The inner and outer detection angles of the HAADF detector were 116.7 and 177 and 24.1 and 55 mrad for the ADF detector respectively. The collection semi-angle and dispersion channel width of EELS acquisition were 24.59 mrad and 0.25 eV, respectively. To correct the intrinsic shift of energy of the electron beam, the zero-loss peak was used, which was recorded simultaneously using the Dual EELS mode of the spectrometer. The sample was oriented to the [010] axis of the LSMO thin films and the fast scanning direction was oriented perpendicular to the interface.

Data Evaluation

Gatan Digital Micrograph 3.13 (GMS 3.13) was used to process EELS and EDX data. For EELS quantification, at first, the raw EELS data sets were background-corrected using a preedge power-law fit, and plural scattering was removed via zero-loss deconvolution [START_REF] Egerton | Electron Energy-Loss Spectroscopy in the Electron Microscope[END_REF] . The absolute energy onset was calibrated carefully with the simultaneously acquired zero-loss peak.

Then the valence state of Mn was determined by the energy difference between the pre-peak and the main peak of the O-K edges as described by Varela et. al [START_REF] Varela | Atomic-Resolution Imaging of Oxidation States in Manganites[END_REF] . To compare all experimental techniques reliably and quantitatively, the atomic column positions have been extracted and the displacements of the cations were quantified by using the StatSTEM software [START_REF] De Backer | StatSTEM: An Efficient Approach for Accurate and Precise Model-Based Quantification of Atomic Resolution Electron Microscopy Images[END_REF] .

GPA developed by Hÿtch et al. [START_REF] Hÿtch | Quantitative Measurement of Displacement and Strain Fields from HREM Micrographs[END_REF] was used to measure the strain within the film region using an HRTEM image. Strain map calculation was carried out with scripts in the FRWR tools menu (FRWR, 2012) [START_REF] Koch | Determination of Core Structure Perodicity and Point Defect Density along Dislocations[END_REF] for Gatan Digital Micrograph software. Two [200] and [002] Bragg spots were used to calculate two-dimensional symmetric strain components. Depending on the aperture size used for the Bragg spots, the spatial sampling of strain measurement was 3 nm.

DFT calculations

In order to confirm experimental observation theoretically, the LSMO supercell was relaxed first-principles methods. The DFT calculations have been performed using the Quantum Espresso 41 code using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] and ultrasoft pseudopotentials [START_REF] Kresse | From Ultrasoft Pseudopotentials to the Projector Augmented-Wave Method[END_REF] . Semicore 3s and 3p states were included in the valence electron configuration for the Mn atom (for La, Mn and O atoms, the valence electron configuration of 5s 2 5p 6 6s 2 5d 1 , 3s 2 3p 6 3d 5 4s 2 and 2s 2 2p 4 , respectively). The cutoff for the plane-wave wave functions and the kinetic energy were set as 50 and 450 Ry respectively. The atomic positions and the free lattice parameters were relaxed using the BFGS (Broyden-Fletcher-Goldfarb-Shanno) algorithm until the forces on the atoms were below 1 meV/ Å, for the bulk and strain calculations.

STEM-HAADF image simulation

STEM-HAADF images were simulated using a multislice algorithm with Frozen Phonon approximation to allow quantitative comparison with experimental micrographs. The simulations were executed using QSTEM [START_REF] Koch | Determination of Core Structure Perodicity and Point Defect Density along Dislocations[END_REF] , with parameters as of the experiment: 300 kV acceleration voltage, 19.6 mrad convergence angle, 5 µm Cs, 0.8 eV energy spread (dE), and -3.8 nm defocus with a total of 15 phonon configurations. For simulation, the LSMO structure was oriented along the viewing direction [010] as of experiment with a thickness of 50 nm along the electron beam direction. To perform a multislice algorithm, the slice thickness of the LSMO structure was chosen 1.99 Å. The scan areas were 110 Å × 110 Å which sampled by 220×220 pixels. The probe array and resolution were kept as 400×400 pixel and 0.037×0.037 Å, respectively. The quality and the strain distribution of the film were further explored by GPA. [START_REF] Hÿtch | Quantitative Measurement of Displacement and Strain Fields from HREM Micrographs[END_REF] The in-plane strain map, εxx [where εxx = (aLSMO -aLSAT)/ aLSAT , with aLSMO and aLSAT being the in-plane lattice parameters of LSMO and LSAT, respectively] and out-of-plane strain maps εzz [where εzz = (cLSMO -cLSAT)/ cLSAT, where cLSMO and cLSAT being the out-of-plane lattice parameters of LSMO and LSAT, respectively], as calculated from Figure 1c by keeping the LSAT substrate as a reference, are presented in Figure 1d and 1e, respectively. The integrated line profile of the strain distribution shown in Figure 1f provides evidence of minor strain variations of εxx in the rest of the film (i.e., beyond 7 nm), as expected for epitaxial growth. Moreover, the film grows perfectly coherent in-plane, with almost the same lattice parameter of LSAT substrate (aLSAT = 3.868Å [START_REF] Guzmán | Polar-Graded Multiferroic SrMnO3 Thin Films[END_REF] ).

RESULTS AND DISCUSSION

Remarkably, in Figure 1f, an increase of the out-of-plane strain with a value of +2.4% ± 0.5% is measured over the first 7 nm of the film relative to LSAT, which corresponds to an out-of-plane lattice parameter 3.960 Å, that is, +2.1% compared to bulk LSMO (abulk=3.876 Å [START_REF] Radaelli | Structural Effects on the Magnetic and Transport Properties of Perovskite A1-XA'xMnO3 (X=0.25, 0.30[END_REF] ). The εzz value for the rest of the LSMO film (beyond 7 nm) is approximately +0.8% ± 0.3%, which corresponds to the out-of-plane lattice parameter of 3.898 Å.

The presence of out-of-plane strain gradients in the absence of dislocations or crystal twinning indicates an interesting strain-relief mechanism. It is worth mentioning that in perovskite systems, the epitaxial strain is accommodated mainly by changes in the lattice constants or by structural distortions such as changing bond lengths or octahedral tilting. [START_REF] Vailionis | Misfit Strain Accommodation in Epitaxial ABO3 Perovskites: Lattice Rotations and Lattice Modulations[END_REF][START_REF] Vailionis | Symmetry and Lattice Mismatch Induced Strain Accommodation near and Away from Correlated Perovskite Interfaces[END_REF] Considering that STEM-HAADF experiments produce images whose contrast is approximately proportional to the square of the average atomic number, [START_REF] Howie | Image Contrast and Localized Signal Selection Techniques[END_REF][START_REF] Kirkland | Simulation of Annular Dark Field STEM Images Using a Modified Multislice Method[END_REF] in Figure 2a, La/Sr atomic columns have brighter contrast (marked with a green circle in the inset) while darker contrast is associated with Mn positions (a magnified image is shown in the inset with a red-colored box superimposed to the image with La/Sr and Mn columns labeled in green and purple, respectively). As the presence of oxygen vacancies is better emphasized by ADF [START_REF] Muller | Atomic-Scale Imaging of Nanoengineered Oxygen Vacancy Profiles in SrTiO3[END_REF][START_REF] Johnston-Peck | Oxidation-State Sensitive Imaging of Cerium Dioxide by Atomic-Resolution Low-Angle Annular Dark Field Scanning Transmission Electron Microscopy[END_REF] , we compare the HAADF and ADF signals of the same region.

Figure 2b shows a STEM-ADF image of the heterostructure acquired simultaneously with Figure 2a. Contrast variations can be appreciated within the film and observed to recur at measurable distances from the interface. In particular, a well-defined darker contrast layer of about 7 nm thickness is observed in the LSMO film at the interface with the substrate, which recalls the typical values of dead layers [START_REF] Angeloni | Suppression of the Metal-Insulator Transition Temperature in Thin La0.7Sr0.3MnO3 Films[END_REF] in LSMO thin films. Differently from HAADF, the ADF signal is known to be very sensitive to the dechanneling of the incident electron beam caused by defects such as vacancies and lattice distortion around vacancy sites, as well as strain surrounding the defects. [START_REF] Muller | Atomic-Scale Imaging of Nanoengineered Oxygen Vacancy Profiles in SrTiO3[END_REF][START_REF] Hillyard | Detector Geometry, Thermal Diffuse Scattering and Strain Effects in ADF STEM Imaging[END_REF][START_REF] Perovic | Imaging Elastic Strains in High-Angle Annular Dark Field Scanning Transmission Electron Microscopy[END_REF][START_REF] Phillips | Atomic-Resolution Defect Contrast in Low Angle Annular Dark-Field STEM[END_REF][START_REF] Plamann | Tests on the Validity of the Atomic Column Approximation for STEM Probe Propagation[END_REF][START_REF] Cowley | De-Channelling Contrast in Annular Dark-Field STEM[END_REF] Based on the experimental evidence, the presence of contrast variations throughout the film can be attributed to a different concentration of oxygen vacancies, with a distinct darker contrast in the first 7 nm interfacial region of the LSMO film where on average a higher strain value is also measured (Figure 1f). To validate this, the out-of-plane (εzz) strain was also calculated from HAADF-STEM (presented in Figure S2 in the Supporting Information) and it also confirms the presence of higher strain values at the 7 nm interfacial region. Energy-dispersive X-ray spectroscopy (EDXS) elemental mapping performed at the film/substrate interface further supports our interpretation of the STEM-HAADF results, ruling out the possibility of cation interdiffusion from the LSAT substrate to the LSMO film (see Figure S2 in the Supporting Information).

To obtain quantitative information on the oxygen distribution we probe the local Mn valence [START_REF] Varela | Atomic-Resolution Imaging of Oxidation States in Manganites[END_REF] changes by performing site-selective EELS across the film thickness. The EELS line scans shown in Figure 3a highlight the changes in the fine structure of the O K and Mn L2,3 edge spectra from the interface to the surface. Twelve spectra were collected from the interface to the LSMO film surface, each one averaging over 2.5 nm along the [001] direction and 4.85 nm along the [100] direction of the film. In Figure 3b, the regions from which spectra were collected are numbered from 1 to 12, while in Figure 3a, all the corresponding 12 spectra are stacked vertically for ease of visualization. To determine the valence state of the Mn atoms, electron energy-loss near-edge structures of O K-edges have been used. The fine structure of the O K edge provides information on the electronic excitation from O 1s to 2p bands. The three main peaks of the O K edges are labeled "A", "B", and "C" in Figure 3a. It can be noted that peak "A" intensities change when moving from the interface to the surface of the film. The weakening of peaks "A" and "C" in conjunction with the broadening of main peak "B" has been recognized as the signature of the presence of oxygen vacancies. [START_REF] Yao | Electron-Beam-Induced Perovskite-Brownmillerite-Perovskite Structural Phase Transitions in Epitaxial La2/3Sr1/3MnO3 Films[END_REF] Besides, the energy difference between peak "A" and peak "B" also increases steadily with distance from the interface. The change in the Mn valence state (details are in the Supporting Information) over the film region is summarized in Figure 3c. The nominal Mn valence of bulk LSMO (marked as a dashed line in Figure 3c) is 3.3. The Mn valence state increases gradually from approximately +3.1±0.05 to +3.3±0.05 toward the surface of the film which reveals that the concentration of oxygen vacancies increases (Mn valence decreases) when nearing the interface with the substrate. As a matter of fact, the term "dead layer" indicates the interfacial region with depressed electric and magnetic properties, corresponding to the Mn valence value smaller than 3.3. Such a region is not fully insulating and antiferromagnetic since, according to the well-accepted manganite phase diagrams [START_REF] Hemberger | Magnetic, and Electrical Properties of Single-Crystalline La1-XSrxMnO3 (0.4<x<0.85)[END_REF][START_REF] Liao | Metal-to-Insulator Transition in Ultrathin Manganite Heterostructures[END_REF] , LSMO turns to be metallic when the Mn valence is larger than 3.1, which occurs above 2 nm (i.e., 5 unit cells) from the interface with the substrate. Such a thickness is compatible with those reported in the literature for the insulating dead layer and with our best samples. The reduction of the Mn oxidation state has also been observed in (La, Ca)MnO3/STO6, 61 SrMnO3/LSAT, [START_REF] Guzmán | Polar-Graded Multiferroic SrMnO3 Thin Films[END_REF] and TbMnO3/STO, [START_REF] Venkatesan | Influence of Strain on the Electronic Structure of the TbMnO3/SrTiO3 Epitaxial Interface[END_REF] and it was proposed as a possible explanation of the observed magnetic dead layer in such systems. [START_REF] Borges | Magnetic and Electric "Dead" Layers in (La0.7Sr0.3)MnO3 Thin Films[END_REF] In addition, although the averaged values for the Mn valence state calculated from EELS spectra appear to slightly decrease when the film thickness reaches 20 nm, they still correspond to the optimal value of 3.3 within our experimental error, with no evidence of the presence of Mn 2+ ions at the LSMO surface. [START_REF] Orgiani | Multiple Double-Exchange Mechanism by Mn 2+ Doping in Manganite Compounds[END_REF] The slight decrease of the Mn valence state toward the surface can also be explained due to some extrinsic effects during TEM sample preparation. [START_REF] Penn | On the Redistribution of Charge in La0.7Sr0.3CrO3/La0.7Sr0.3MnO3 Multilayer Thin Films[END_REF] Differently, the reduction of the Mn valence state in the proximity of the LSMO film/LSAT substrate interface is well above our experimental sensitivity. The strain, the changes in the Mn valence state, and the variations in oxygen signal provide combined evidence of a deviation from the typical perovskite structure of LSMO in the proximity of the interface. The vacancies in ultra-thin oxide films can form due to multiple reasons such as the interlayer effect, 65 chemical potential difference, [START_REF] Lu | Electric Field Controllable High-Spin SrRuO3 Driven by a Solid Ionic Junction[END_REF] or during the growth stage of the LSMO film. [START_REF] Li | Interface and Surface Cation Stoichiometry Modified by Oxygen Vacancies in Epitaxial Manganite Films[END_REF] In our case, oxygen vacancies in the LSMO films cannot be attributed to any chemical effect since EDXS measurements do not show any cation inter-diffusion across the film/substrate interfaces (see Figure S3). On the other hand, similar to other oxide systems, [START_REF] Yang | Effects of Dopant Ionic Radius on Cerium Reduction in Epitaxial Cerium Oxide Thin Films[END_REF] the Mn-ion displacements at the interface region suggest a possible role of residual strain in promoting oxygen vacancies at specific atomic sites. When oxygen vacancies are induced in LSMO, the charge compensating electrons localize on nearby Mn-ion lowering their oxidation state (e.g., from Mn 4+ to Mn 3+ ). We observe from the STEM-HAADF images, a collective displacement of Mn ions from their centrosymmetric positions. To obtain quantitative information about the distribution and arrangement of the lattice distortions, we took a closer look at the STEM-HAADF image in Figure 4 and identified the presence of regions with different Mn displacements.

The atomic positions are obtained precisely from the HAADF images by using a centerof-mass refinement approach with picometer resolution, as implemented with StatSTEM 39 software. The relative displacements of Mn ions (B-site) from centrosymmetric locations are measured using La ion (A-site) positions as a reference. A schematic of one projected unit cell of LSMO is provided in Figure 4l where the positions of Mn, La/Sr, and O atomic columns are labeled blue, green, and orange circles, respectively. The relative displacements of the Mn ions from the center of the pseudocubic perovskite cell along the a and c crystallographic direction are indicated by ∆x and ∆z respectively (illustrated in Figure 4l). Three regions of the film are evaluated using this method (regions are marked in Figure 4a), and the results are displayed in Figures 4b-4d. The Mn ions displacement map (Figure 4b-4d) superimposed on the STEM-HAADF image shows the major alignment of Mn-ion displacements along the a axis. The corresponding out-of-plane (∆z) component of Mn-ion displacements of each region is presented in Figure 4e-4f. Similarly, in Figures 4h-4j, the in-plane (∆x) component of Mn-ion displacements is presented. The arrows indicate the direction of Mn-ion displacement relative to the center of La ions, and the corresponding color scale indicates the magnitude of the displacements. It can be noted that Mn-ion displacements near the surface region and in the middle of the LSMO film have random distribution while an ordered displacement vector can be measured in the region close to the interface. The ∆z and ∆x average magnitude values measured over each region are plotted in Figure 4k, which shows higher ∆z and ∆x values at the interfacial region compared to the rest of the film. The measured average value of ∆z and ∆x at the near surface region of the LSMO film is 8±6 pm, which can be attributed to some image distortions, including specimen drift, scanning noise. [START_REF] Von Harrach | Instrumental Factors in High-Resolution FEG STEM[END_REF] By taking this value as a precision limit, the calculated average magnitude of the local Mn-ion displacement is Δx =26±10 pm and Δz=10±10 pm (see the Supporting Information) along the in-plane and out-of-plane directions.

Interestingly, both the mean values of ∆z and ∆x reach their maximum off-center displacements close to the interface (Figure 4d, 4k), in the so-called dead layer region. This increase in the magnitude of the displacement of Mn ions is consistent with the increase in the population of oxygen vacancies at the dead layer of the LSMO film. It can be understood that the presence of oxygen vacancies generates locally additional positive charges, and the oxygen octahedron can be extended and rotated by applying the strain tensor to the oxygen vacancy. Even though intuitively an oxygen vacancy would isotropically affect the nearest Mn ions (i.e., moving them away from the vacancy position), [START_REF] Qiao | Direct Observation of Oxygen-Vacancy-Enhanced Polarization in a SrTiO3-Buffered Ferroelectric BaTiO3 Film on GaAs[END_REF] surprisingly STEM-HAADF analyses are conclusive in detecting a coherent displacement of Mn-ion in one specific direction. The origin of unidirectional displacement will be the subject of more focused work. The structural modifications exemplified by the Mn ions displacements accompanied by the presence of localized formation of oxygen vacancies at the interface region suggest a crucial role of possible residual strain effects in promoting oxygen vacancies, as also observed in other oxide systems such as CeO2. [START_REF] Yang | Effects of Dopant Ionic Radius on Cerium Reduction in Epitaxial Cerium Oxide Thin Films[END_REF] This finding is in strong agreement with the above strain analysis which shows that the out-of-plane strain near the interface is higher than in the remaining part of the LSMO thin film. DFT modeling and multislice calculations were used to evaluate the impact of lattice distortions and atomic displacement in the presence of oxygen vacancies. Details of the calculation parameters are given in the Experimental and Calculation Details section. To this end, we examined four different test structures (are presented in Figure 5(a-d)): (i) bulk LSMO unit cell (hereafter SI), (ii) supercell with oxygen vacancies (henceforth SII) (iii) supercell with a displacement of Mn ions from B-site (hereafter SIII), and (iv) supercell with oxygen vacancies and Mn-ion (B-site) displacement (onward SIV). These oxygen vacancies were generated randomly. Structures SI, SII, and SIV were energetically relaxed by DFT calculations and structure SIII was built from SI by introducing additional displacements to the Mn ions along the demonstrate that the cumulative effect of both O vacancies (including the accompanied lattice data show the presence of a 7 nm-thick interfacial region in the LSMO film, commonly associated with the formation of a magnetic dead layer at the film/substrate interface, with structural and electronic properties that are clearly different from the rest of the film. STEM-ADF imaging and EELS analysis confirm the presence of oxygen vacancies in the LSMO film, with increasing concentration as nearing the film/substrate interface. In the same interfacial region, STEM-HAADF imaging also reveals that Mn-ion are displaced by an amount of 29 pm±10 pm from their centrosymmetric positions. The existence of oxygen vacancies within the film region concurs to determine these lattice distortions, resulting in a lattice strain gradient, as also supported by GPA strain analysis performed on HRTEM images. We have emphasized the defect contrast due to the cumulative effect of Mn-ion displacement and oxygen vacancies within the interfacial layer using STEM-ADF imaging instead of only the use of STEM-HAADF image which is most commonly used for thin-film characterization. Finally, DFT calculations and STEM image simulation support the experimental findings, enlightening that Mn-ion relocation is connected to the lowering of Mn valence state at the film/substrate interface. Our findings result from the simultaneous acquisition of STEM-ADF images and STEM-HAADF images which has the key advantage of adding sensitivity to defects connected to light elements such as oxygen. We provide unprecedented evidence that the lowering of structural symmetry due to Mn-ion displacement is linked to the Mn valence state reduction at the interfacial region thus opening new perspectives on the possibility to tune the magnetic anisotropy of LSMO thin films via a strain-driven thin-film technology.

Atomic site probing of Mn-ion displacements in La0.7Sr0.3MnO3 thin films

Figure

  Figure 1a displays a representative cross-sectional HRTEM image of the LSMO/LSAT heterostructure taken in the [010] zone axis, showing that the LSMO films have a good crystalline quality as well as smooth and atomically flat interfaces with the substrate. The corresponding selected area electron diffraction (SAED) pattern shown in Figure 1b enlightens the very good crystalline matching between the LSMO film and the LSAT substrate with the LSMO (001) || LSAT (001) epitaxial relationship.

Figure 1 :

 1 Figure 1: Cross-sectional HRTEM image and corresponding strain analysis: (a) HRTEM image of [001] oriented LSMO thin film grown on LSAT substrate, (b) SAED pattern from the imaged region (c) Experimental HRTEM image used for strain analysis (d,e) symmetric strain components: in-plane (εxx), out-of-plane (εzz), respectively. A color bar for the strain map is shown. (f) Line profiles of the strain components, averaged over the width of the strain maps in the [100] direction of the film. All strain values indicated in this figure are in percentage.

Figure 2 :

 2 Figure 2: Experimental high-resolution STEM images. (a) STEM-HAADF image showing the cross-sectional geometry of the LSMO/LSAT heterostructure along the [010] zone axis. The inset in the blue box shows that the interface is atomically flat and defect free. The inset in the red box shows a close-up image of the LSMO thin film. The scale bar of the insets corresponds

Figure 3 :

 3 Figure 3: EELS analysis of the Mn oxidation state in the film region. (a) Fine structures of O-K and Mn-L edges. Three prominent peaks for O-K edges are labeled as "A", "B", and "C". Peaks "A" and "C" correspond to O 2p -Mn 3d and 4sp hybrid states, respectively, while peak "B" is characteristic of O 2p Sr 4d or La 5d hybrid states. The energy difference ΔE between peaks "A" and "B" was measured to determine the Mn valency. (b) STEM-HAADF image of the LSMO/LSAT structure and the line shows the area from where EELS line profiles have been collected. The numbers indicate the area across which the average spectra were collected. (c) Estimated Mn valence in the LSMO film as a function of distance from the interface with the substrate.

Figure 4 :

 4 Figure 4: Quantitative analysis of the Mn-ion (B-site) displacements over the LSMO film. (a) Boxes marked in a different color on the STEM-HAADF image represent the regions used to map the displacement of Mn ions (B-site). (b-d) Map of atomic displacement vectors showing the displacement of Mn atoms (arrows) from the center of the projected La atoms superposed on the STEM-HAADF images [010] zone axis. (e-g) Out-of-plane (∆z) component and (h-j) inplane (∆x) component of Mn displacements calculated from the corresponding regions. The scalebar on the images represents 1 nm. (k) Plot shows the variation in the magnitude of ∆z and ∆x from three different regions. (l) Projection of LSMO unit cell along [010] direction where Δx and Δz denote the shift of Mn-ion (B-site) (blue) atoms along the in-plane and out-of-plane direction, respectively concerning the centrosymmetric position (open circle).
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  FigureS5in the Supporting information). By careful inspection, a variation in intensity can be recognized in Figure5e, 5h. The corresponding intensity profiles across the simulated regions are plotted in Figure5i. This demonstrates that the simulated STEM-ADF image intensities of structures SI, SII, and SIII are substantially comparable. On the other hand, the intensity profile of the simulated STEM-ADF image of structures SI and SIV differs significantly.
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relaxations) and Mn-ion (B-site) displacements are contrasting in the experimental STEM-ADF image. 

CONCLUSIONS

To summarize, we provide a thorough structural characterization harnessing (S)TEM imaging, GPA, EELS, and EDX analysis, as well as DFT and multislice calculations. The experimental Supporting Information t/λ map using the EELS spectra; strain map calculated from the STEM-HAADF image; Chemical composition analysis using EDXS; Determination of Mn valence state; Quantification of Mn ion (B-site) displacements; Details of DFT calculations; STEM image simulation.
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