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Introduction

The discovery of a quasi-two-dimensional electron gas (q2DEG) at the (001) interface between LaAlO3 (LAO) and SrTiO3 (STO) band insulators 1,2 generated a widespread interest due to the remarkable and sometimes unexpected properties, [START_REF] Brinkman | Magnetic Effects at the Interface between Non-Magnetic Oxides[END_REF] alike gate tunable (unconventional) superconductivity, [START_REF] Caviglia | Electric Field Control of the LaAlO3/SrTiO3 Interface Ground State[END_REF][START_REF] Richter | Interface Superconductor with Gap Behaviour like a High-Temperature Superconductor[END_REF][START_REF] Stornaiuolo | Signatures of Unconventional Superconductivity in the LaAlO3 / SrTiO3 Two-Dimensional System[END_REF][START_REF] Ben Shalom | Tuning Spin-Orbit Coupling and Superconductivity at the SrTiO3/LaAlO3 Interface: A Magnetotransport Study[END_REF] arising from the interplay between a rather strong Rashba-like spin-orbit coupling [START_REF] Caviglia | Tunable Rashba Spin-Orbit Interaction at Oxide Interfaces[END_REF][START_REF] Stornaiuolo | Weak Localization and Spin-Orbit Interaction in Side-Gate Field Effect Devices at the LaAlO3/ SrTiO3 Interface[END_REF] and an intrinsic multi-band transport associated to non-degenerate Ti-3d t2g bands.

Moreover, two-dimensional magnetism, coexisting with superconductivity, can be induced by opportune atomic engineering of the heterostructures. [START_REF] Stornaiuolo | Tunable Spin Polarization and Superconductivity in Engineered Oxide Interfaces[END_REF] All these phenomena are related to interfacial orbital reconstructions which dominate the oxide q2DEGs physics. [START_REF] Salluzzo | Orbital Reconstruction and the Two-Dimensional Electron Gas at the LaAlO3/SrTiO3 Interface[END_REF][START_REF] Salluzzo | Origin of Interface Magnetism in BiMnO3/SrTiO3 and LaAlO3/SrTiO3 Heterostructures[END_REF] Recently, (111) LAO/STO interfaces attracted substantial interest due to the reconstruction of the bulk quasi-octahedral crystal field into a trigonal one [START_REF] De Luca | Symmetry Breaking at the (111) Interfaces of SrTiO3 Hosting a Two-Dimensional Electron System[END_REF] and to the possible role of electronic correlations, which need to be further studied to explain their intriguing electronic properties. [START_REF] Monteiro | Band Inversion Driven by Electronic Correlations at the (111) LaAlO3/SrTiO3 Interface[END_REF][START_REF] Rout | Link between the Superconducting Dome and Spin-Orbit Interaction in the (111) LaAlO3/SrTi O3 Interface[END_REF] At the (111) interface, the octahedral (Oh) and quasi-octahedral (D4h) symmetry of bulk STO and of (001) or (110) STO 2DEGs, respectively, turn into a D3d symmetry, where the crystal field is trigonal (Fig. 1a) owing to the hexagonal surface lattice. [START_REF] De Luca | Symmetry Breaking at the (111) Interfaces of SrTiO3 Hosting a Two-Dimensional Electron System[END_REF] Within the D3d symmetry, the t2g orbitals (3dxy, 3dyz, 3dzx) mix and transform into a1g and eg  states (Fig. 1b). The latter can be further split through distortion along the (111) axis and by the spin-orbit coupling. [START_REF] Trama | Strain-Induced Topological Phase Transition at (111) SrTiO3-Based Heterostructures[END_REF] Consequently, the band structure of (111) oxide heterostructures is susceptible to being more significantly altered at the interfaces with respect to the (001) and (110) cases. Indeed, (111) LAO/STO q2DEGs exhibit some intriguing properties, like a reduced superconducting critical temperature and intrinsic anomalous Hall effect related to the topology of the band structure and their Berry curvature. [START_REF] Lesne | Designing Berry Curvature Dipoles and the Quantum Nonlinear Hall Effect at Oxide Interfaces[END_REF][START_REF] Trama | Gate Tunable Anomalous Hall Effect at (111) LaAlO3/SrTiO3 Interface[END_REF] In this manuscript we report on the electronic properties and the magnetism in the artificial spinpolarized q2DEG realized by introducing few unit cells (uc) of EuTiO3, an antiferromagnetic insulator isostructural to STO, between a LAO epitaxial film and a Ti-terminated (111) STO single crystal.

By using x-ray magnetic circular dichroism (XMCD) at the Ti-3d L2,3 and Eu-4f M4,5 edges, complemented by quantum interference device (SQUID) magnetometry, we provide evidence of a ferromagnetic (FM) order originating from the correlation between Ti-and Eu-magnetic moments in this system. Furthermore, we show a sizeable Ti-orbital moment oriented primarily along the in-plane direction that, together with an anisotropic magnetization, suggests an intriguing spin-orbit texture stemming from the interplay between the trigonal crystal field splitting of the low lying a1g and eg  bands, the spin-orbit coupling and the magnetism in this oxide q2DEG.

Experimental Results

LAO/ETO/STO heterostructures were prepared by pulsed laser deposition (PLD) assisted by specular reflection high energy electron diffraction (RHEED). In a background oxygen pressure of 0.8 10 -5 mbar at 720 °C and laser fluence of 1.3 J/cm 2 , 3 uc-thick ETO film and 10 uc-thick LAO film were sequentially grown epitaxially on Ti-terminated (111) STO single crystals preprocessed by buffered hydrofluoric acid etching and oxygen annealing. [START_REF] Torrelles | Electronic and Structural Reconstructions of the Polar (111) SrTiO3 Surface[END_REF] The average number of layers along the [111] direction was monitored by the oscillations of the specular RHEED intensity (see Figure 2a). Each oscillation corresponds to a thickness equal to the distance (d=a/√3, a is the lattice constant) between two Ti/Eu (for ETO, d ~ 0.23 nm) and Al/La (for LAO, d ~ 0.22 nm) layers along [111] direction. Real time RHEED oscillations (Fig. 2a) show that the film growth proceeds layer-by-layer, while Atomic Force Microscopy (AFM, Fig. 2b) confirms that the LAO/ETO/STO surface is composed of step-terraces with a height of ~0.22 nm, similar to the pristine STO (see Supporting Information, SI, Note 1 and SI Figure S1).

High resolution aberration corrected electron microscopy and spectroscopy revealed the high structural quality of the LAO/ETO/STO heterostructures. Fig. 2c displays an annular dark field (ADF) image of a (111) LAO/ETO/STO sample. The layers look homogeneous with no sign of mismatch dislocations, evidencing the epitaxial growth of the heterostructure. The images reveal a sharp interface between ETO and STO, while the LAO/ETO interface is less defined due to similar (atomic number) Z-contrast of La and Eu.

On the other hand, both interfaces are clearly discerned in the right panel of Fig. 2c, which shows false colour La, Eu and Ti elemental maps obtained by electron energy loss spectroscopy (EELS) at Ti L2,3, La M4,5 and Eu M4,5 absorption edges. Composition profiles and EELS show some La/Eu intermixing at the LAO/ETO interface, and a negligible Ti interdiffusion into the LAO film, as shown in SI Figures S2 andS3. The effective average thickness of the ETO layer estimated from the Eu-EELS line scans is about 3-4 Eu rows, thus comparable to the average number of layers as expected from the deposition rate and RHEED analysis (See Fig. 2a). At the LAO/ETO interface, we do see an intermixed unit cell where Eu and La are partially exchanged. Some Eu migrate also in the LAO layer, which can be clearly distinguished from ETO in the line scans by the abrupt reduction of the titanium signal in the EELS maps (SI Figures S2 andS3). The Eu-fraction replacing La, from the EELS line scan, is roughly 20% in the first nm at the interface.

Changes of the local Ti oxidation state across the LAO/ETO/STO interfaces have been investigated by O-K near-edge EELS fine structure (see SI Figure S3). Fig. 2d shows a laterally averaged Ti-valence profile as a function of the spatial coordinate along the interface direction (the error bars in the figure correspond to the standard deviation of the measurement). While in the STO substrate the Ti valence is near to the nominal +4 value, starting from the first two STO unit cells at the interface with ETO it is gradually reduced to a minimum of +3.8 in the first ETO layer at the interface with LAO. This reduction of the Ti oxidation state is related to the partial La/Eu intermixing, which can provide electron doping in the ultrathin ETO layer [START_REF] Katsufuji | Transport and Magnetic Properties of a Ferromagnetic Metal: Eu1-xRxTiO3[END_REF] , and to the presence of a conducting q2DEG.

The LAO/ETO/STO q2DEG exhibits a metallic temperature dependence of the sheet resistance down to 4.2 K with low temperature values in the 0.6-0.8 K range, comparable to standard (001) LAO/STO 6 and (001) LAO/ETO/STO heterostructures. [START_REF] Stornaiuolo | Tunable Spin Polarization and Superconductivity in Engineered Oxide Interfaces[END_REF][START_REF] Di Capua | Orbital Selective Switching of Ferromagnetism in an Oxide Quasi Two-Dimensional Electron Gas[END_REF] The sheet resistance of the q2DEG can be strongly modulated by back-gating using electric field effect (Fig. 3a). At zero gate voltage the resistance shows a small upturn, possibly related to weak-localization effects, like in (001) LAO/STO and LAO/ETO/STO heterostructures [START_REF] Caviglia | Tunable Rashba Spin-Orbit Interaction at Oxide Interfaces[END_REF][START_REF] Stornaiuolo | Weak Localization and Spin-Orbit Interaction in Side-Gate Field Effect Devices at the LaAlO3/ SrTiO3 Interface[END_REF][START_REF] Stornaiuolo | Tunable Spin Polarization and Superconductivity in Engineered Oxide Interfaces[END_REF] and (111) LAO/STO interfaces. [START_REF] Monteiro | Band Inversion Driven by Electronic Correlations at the (111) LaAlO3/SrTiO3 Interface[END_REF] When a positive gate voltage is applied, on the other hand, the resistance shows a metallic temperature dependence with a drop below 8-10 K, possibly related to a FM ordering (see Fig. 3b), similar to (001) LAO/ETO/STO q2DEGs. [START_REF] Stornaiuolo | Tunable Spin Polarization and Superconductivity in Engineered Oxide Interfaces[END_REF][START_REF] Di Capua | Orbital Selective Switching of Ferromagnetism in an Oxide Quasi Two-Dimensional Electron Gas[END_REF] In order to study the crystal field splitting and the magnetism in our heterostructures, we used polarization dependent x-ray absorption spectroscopy (XAS) across the Eu-M4,5 and the Ti-L2,3 edges. The experiments were performed at the beamline X-Treme of the Swiss Light Source [START_REF] Piamonteze | X-Treme Beamline at SLS: X-Ray Magnetic Circular and Linear Dichroism at High Field and Low Temperature[END_REF] and at the beamline ID32 of the European Synchrotron Research Facility (ESRF). [START_REF] Brookes | The Beamline ID32 at the ESRF for Soft X-Ray High Energy Resolution Resonant Inelastic X-Ray Scattering and Polarisation Dependent X-Ray Absorption Spectroscopy[END_REF][START_REF] Kummer | The High-Field Magnet Endstation for X-Ray Magnetic Dichroism Experiments at ESRF Soft X-Ray Beamline ID32[END_REF] XAS performed with circularly or linearly polarized photons can detect the magnetic moments and the 3d orbital crystal field splitting, respectively. The two techniques, usually known as XMCD and x-ray linear dichroism (XLD) are so sensitive that they can be used on a single interface. The samples were mounted with the (111) surface in the vertical laboratory plane, and the vertical axis parallel to the [101 ̅ ] crystallographic direction determined by x-ray diffraction, i.e., parallel to one of the three equivalent Ti-Ti bonds within the hexagonal surface lattice (Fig. 3c). The energy resolution at both beamlines was around 100 meV. XAS, XLD and XMCD spectra were compared to theoretical spectra obtained by atomic multiplet scattering calculations using the CTM4XAS code. [START_REF] Stavitski | The CTM4XAS Program for EELS and XAS Spectral Shape Analysis of Transition Metal L Edges[END_REF] The orbital crystal field symmetry and splitting, of the (111) LAO/ETO/STO q2DEG, were obtained from the analysis of XLD spectra, determined as the difference of XAS spectra acquired with linear polarizations along the horizontal (H) and vertical (V) directions in the laboratory frame, XLD = I H -I V . In Fig. 3d we present a typical XLD spectrum measured in grazing incidence conditions (GI, = degrees from the surface normal). The XLD of (111) heterostructures differ notably from the typical one measured on (001) interfaces (see SI Figure S4). [START_REF] Salluzzo | Orbital Reconstruction and the Two-Dimensional Electron Gas at the LaAlO3/SrTiO3 Interface[END_REF][START_REF] De Luca | Symmetry Breaking at the (111) Interfaces of SrTiO3 Hosting a Two-Dimensional Electron System[END_REF] It can be reproduced by atomic multiplet scattering calculations only by using a trigonal crystal field symmetry (D3d), and a splitting of 20 meV between the (lowest) a1g and eg  orbitals.

Since the total electron yield (TEY) probing depth is between 2-3 nm at the Ti-edge, the results suggest that not only the interface layer, but also the ETO and the first STO unit cells exhibit a trigonal crystal field, in spite of the quasi-Oh symmetry in bulk STO. The trigonal crystal field reflects in the presence of at least two non-degenerate bands originating from the trigonal a1g and eg  orbitals, corresponding to J=1/2 and J=3/2 doublet and quartet respectively.

To further elucidate the effect of the trigonal symmetry on the magnetic properties of this heterostructure, we studied the magnetism of the (111) LAO/ETO/STO q2DEG by using XMCD at the Eu-M4,5 and the Ti-L2,3 edges. In Fig. 4a we show typical large field (6.5 Tesla) XMCD spectra acquired in GI conditions. Alike (001) LAO/ETO/STO q2DEG, [START_REF] Stornaiuolo | Tunable Spin Polarization and Superconductivity in Engineered Oxide Interfaces[END_REF][START_REF] Di Capua | Orbital Selective Switching of Ferromagnetism in an Oxide Quasi Two-Dimensional Electron Gas[END_REF] (111) LAO/ETO/STO shows a strong XMCD at both Eu-M4,5 and the Ti-L2,3 edges. The Eu-spin moment, obtained from the sum rules, is of the order of 4 B/Eu, lower than the 7 B/Eu value expected for Eu 2+ states, suggesting the presence of a fraction of Eu in the non-magnetic Eu 3+ configuration. This result agrees with the EELS data, which show some Eu/La substitution inside the LAO layer, where Eu get an Eu 3+ valence, explaining the reduced value of the XMCD.

The overall shape of the XMCD spectra can be reproduced by atomic multiplet simulations for Eu 2+ and Ti 4+ ions in C3 symmetry. However, while a positive exchange is needed to simulate the Eu 2+ magnetization, parallel to the magnetic field, only a negative one correctly reproduces the Ti-XMCD peaks at L3 and L2, analogous to the (001) interface (see refs. [10, 20]).

Furthermore, we also find a finite and positive Ti-XMCD integral which, according to the sum rules, [START_REF] Piamonteze | Accuracy of the Spin Sum Rule in XMCD for the Transition-Metal L Edges from Manganese to Copper[END_REF] indicates a sizeable Ti-3d orbital moment, morb, up to -0.025 B/Ti. The finite XMCD integral, unexpected for empty Ti-3d 0 orbitals, is related to a small fraction of Ti 3+ (Ti-3d 1 ) electronic states which contribute to the finite magnetic (orbital and spin) moment. The result qualitatively agrees with the Ti valence profile measured by EELS across the LAO/ETO/STO interface, suggesting the presence of Ti-3d 1 electrons within the ETO and in the first unit cells of the STO.

In Fig. 4b we report Ti-XMCD spectra and XMCD-integral at 0.1 Tesla as function of the angle . The data show a sizeable XMCD also at this low magnetic field, and an orbital moment, which progressively increases with the angle  and changes sign at normal incidence (=) . In Figs. 4c,d we show the magnetic field dependence of the Eu-M5 and Ti-L3 XMCD intensity, proportional to the magnetization, measured at 2 K in normal and GI conditions. The data show that the XMCD is anisotropic, with a preferred in-plane orientation, and saturates above 2-3 Tesla. Moreover, the XMCD intensities acquired at the two edges are clearly correlated, since they have a similar magnetic field dependence, suggesting a magnetic coupling between Eu-4f and Ti-3d states.

In order to establish if the system is ferromagnetic, we show in Fig. 4e a magnetic hysteresis loop at 2 K obtained by SQUID magnetometry. The data shows the presence of a hysteresis at low field when the field is parallel to the interface, which suggests FM correlations in the plane of the q2DEG. On the other hand, no hysteresis was observed for a magnetic field perpendicular to the interface.

In Fig. 4f we show the angular dependence of the Eu (𝑚 𝑠𝑝𝑖𝑛 ) and Ti (𝑚 𝑜𝑟𝑏 ) orbital magnetic moments at 0.1 Tesla and 2 K obtained using the sum rules. The data confirm that the Ti-3d orbital moment decreases as a function of the angle , and changes sign in normal incidence, indicating that the Ti and Eu spin moment (according to the Hund's rules) are parallel (and directed along the magnetic field) in GI conditions, but antiparallel in normal incidence. One of the possible Euspin configurations, which can explain the absence of a finite out-of-plane magnetization, is shown in the inset of Fig. 4f. The idea is that Eu-spin moments are canted out-of-plane by the perpendicular magnetic field in alternating up and down sequences, so that no net out-of-plane magnetization is observed at zero field.

These results suggest that the magnetism in (111) LAO/ETO/STO is rather complex and characterized by possibly non-collinear spins, with a FM ordering of the in-plane magnetic moment component, in agreement with the presence of a clear hysteresis only for a field parallel to the interface, and a FM coupling between Ti-3d and Eu-4f moments in the plane. On the other hand, the coupling between Ti and Eu magnetic moments switches to antiferromagnetic in the outof-plane direction, where also no hysteresis is observed in the XMCD and SQUID magnetization loops, suggesting a complex spin-texture which deserves further theoretical and experimental studies.

Conclusions

We have demonstrated the formation of a ferromagnetic q2DEG at the (111) LAO/ETO/STO interface characterized by a reconstruction of the bulk quasi-octahedral crystal field into a trigonal field. Atomic resolved electron energy loss spectroscopy shows that the q2DEG is located in the EuTiO3 layers and extends into the first layers of SrTiO3. Furthermore, we found an intriguing angular dependence of the Ti-orbital moment, suggesting a sizable in-plane moment and in-plane ferromagnetic correlations. The study on the (111) LaAlO3/EuTiO3/SrTiO3 q2DEG reveals an intriguing interplay between ferromagnetism, spin-orbit coupling and trigonal crystal field.

Methods

Samples preparation

LAO(10 uc)/ETO(3 uc)/STO(111) heterostructures were fabricated by PLD assisted by RHEED from sintered Eu2Ti2O7 and crystalline LAO targets onto TiO2-terminated (111) STO substrates pre-processed by buffered hydrofluoric acid etching and oxygen annealing. The samples were deposited using an excimer laser (Lambda Physics, 248 nm wavelength) and 1.3 J/cm 2 fluence, 1 Hz of repetition, in a background O2 pressure of 8×10 -5 mbar at a temperature of 720 °C and cooled down in the same conditions to room temperature with a rate of 5 °C/min.

Electron microscopy

Specimens were prepared by grinding and Ar ion milling. Sample structure was characterized by STEM at Centro Nacional de Microscopia Electronica, Universidad Complutense, Madrid. Zcontrast images were obtained in a NionUltraSTEM operated at 100 kV and equipped with a 5th order corrector and a Gatan Enfina spectrometer capable of simultaneous AFD imaging and EELS at Ti L2,3, La M4,5 and Eu M4,5 absorption edges. Ti L2,3 edge XAS and XLD spectra at 5K, and simulation by atomic multiplet scattering calculations using the CTM4XAS code with a D3d crystal field. [START_REF] Stavitski | The CTM4XAS Program for EELS and XAS Spectral Shape Analysis of Transition Metal L Edges[END_REF] The crystal field parameters are reported in ref. [13]. ) corresponds to the out-of-plane magnetic field orientation. In the inset we show a sketch of a possible non-collinear arrangement of the Eu-spin moments which leads to an in-plane ferromagnetic and an out-of-plane antiferromagnetic alignment of the spin components in the two directions (blue spheres Eu ions, red spheres Ti ions, grey spheres oxygen ions). All the magnetic measurements were performed by zero field cooling the sample down to base temperature.

Figure 1 .

 1 Figure 1. Schematics of crystal symmetry and orbitals. (a) A reconstruction of octahedral crystal

Figure 2 . 20 Figure 3 .

 2203 Figure 2. (a) Oscillation of RHEED intensity during the growth of a LAO/ETO/(111)STO heterostructure(upper panel) and RHEED image along the [101 ̅ ] crystallographic direction for

21

 21 

Figure 4 .

 4 Figure 4. (a) Ti L2,3 edge (left panel) and Eu M4,5 edge (right panel) XMCD spectra acquired at 2

  

ACKNOWLEDGMENTS

This project received funding from the ERA-NET QUANTERA European Union's Horizon H2020 project QUANTOX under Grant Agreement No. 731473, from the Ministero dell'Istruzione, dell'Università e della Ricerca for the PRIN project TOP-SPIN (Grant No. PRIN 20177SL7HC). DP has benefited support from the initiative of excellence IDEX-Unistra (ANR-10-IDEX-0002-02) from the French national program Investment for the future. We acknowledge discussion with R. Citro, M. Cuoco, A. Filippetti and A. Perroni.

XAS, XLD and XMCD spectroscopy measurements

The experiments of polarization dependent x-ray absorption spectroscopy (XAS) across the Eu-M4,5 and the Ti-L2,3 edges were performed at the beamline X-Treme of the Swiss Light Source [START_REF] Piamonteze | X-Treme Beamline at SLS: X-Ray Magnetic Circular and Linear Dichroism at High Field and Low Temperature[END_REF] and at the beamline ID32 of the European Synchrotron Research Facility (ESRF). [START_REF] Brookes | The Beamline ID32 at the ESRF for Soft X-Ray High Energy Resolution Resonant Inelastic X-Ray Scattering and Polarisation Dependent X-Ray Absorption Spectroscopy[END_REF][START_REF] Kummer | The High-Field Magnet Endstation for X-Ray Magnetic Dichroism Experiments at ESRF Soft X-Ray Beamline ID32[END_REF] XAS performed with circularly or linearly polarized photons can detect the magnetic moments and the 3d orbital crystal field splitting, respectively. The samples were mounted with the (111) surface in the vertical laboratory plane, and the vertical axis parallel to the [101 ̅ ] crystallographic direction determined by x-ray diffraction, i.e., parallel to one of the three equivalent Ti-Ti bonds within the hexagonal surface lattice (Fig. 3c). The energy resolution at both beamlines was around 100 meV. XAS, XLD and XMCD spectra were compared to theoretical spectra obtained by atomic multiplet scattering calculations using the CTM4XAS code. [START_REF] Stavitski | The CTM4XAS Program for EELS and XAS Spectral Shape Analysis of Transition Metal L Edges[END_REF] 

SQUID magnetometry measurement

SQUID data were collected by using a Quantum Design MPMS3 magnetometer at the Université de Strasbourg, IPCMS. Magnetization measurements as a function of magnetic field were acquired on LAO/ETO//STO heterostructure. Data were corrected for the diamagnetism of the substrate substrating the linear contribution acquired at high magnetic fields. 
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