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I. INTRODUCTION

Transition metal oxides (TMOs), with their numerous and interconnected degrees of freedom, are at the heart of great expectations in the context of ever increasing needs of speed and density for electronic devices [1], and are, in that context, importantly cited in electronics roadmaps [2][3][4]. Among the most promising TMOs, one finds the magnetoelectric multiferroic ones, in which the intertwining of the magnetic and electric properties opens opportunities for low energy manipulation of magnetic properties by an electric field in spintronic devices [5]. New paradigms involving the spin-orbit coupling (SOC) have recently been proposed to further enhance the logic performance of the devices [START_REF] Manipatruni | Scalable Energy-Efficient Magnetoelectric Spin-Orbit Logic[END_REF]. SOC in TMOs is definitely perceived as the ultimate tool for new spintronics strategies based upon charge and spin interconversion processes [START_REF] Manchon | Current-Induced Spin-Orbit Torques in Ferromagnetic and Antiferromagnetic Systems[END_REF]. Unveiling how SOC operates in multiferroic TMOs is essential to its exploitation in future ultralow switching energy spintronic devices.

A strong orbital-lattice interaction was recently evidenced in the room temperature magnetoelectric multiferroic gallium ferrite, Ga1-xFexO3 (GFOx) with a non-zero magnetic orbital moment ( 𝑚 𝐿 ) unexpectedly opposite to the spin one [START_REF] Preziosi | Unusual Anisotropic Magnetic Orbital Moment Obtained from X-Ray Magnetic Circular Dichroism in a Multiferroic Oxide System[END_REF]. GFOx crystallizes in the orthorhombic Pc21n [START_REF] Homkar | Spin Current Transport in Hybrid Pt/Multifunctional Magnetoelectric Ga0.6Fe1.4O3 Bilayers[END_REF] space group and the cations are distributed over four different cationic sites, the tetrahedral Ga1 and the three octahedral Ga2, Fe1 and Fe2. Magnetism in this compound results from antiferromagnetic superexchange interactions between the Fe 3+ cations in the four non-equivalent sites [START_REF] Ohkoshi | The Origin of Ferromagnetism in ε-Fe2O3 and ε-GaxFe2-xO3 Nanomagnets[END_REF][START_REF] Atanelov | Electronic and Magnetic Properties of GaFeO3 : Ab Initio Calculations for Varying Fe/Ga Ratio, Inner Cationic Site Disorder, and Epitaxial Strain[END_REF], which globally yield an antiparallel ordering between the (Ga1, Fe1) and (Ga2, Fe2) sites. In such a competition context, slight modifications of the Fe-O-Fe exchange pathways, in either angles or distances, can induce important modifications of the exchange interactions. Temperature dependent structural instabilities were indeed observed to induce important modifications of the orbital moment for Ga-free isostructural compound -Fe2O3 (EFO) [START_REF] Tseng | Nonzero Orbital Moment in High Coercivity ε-Fe2O3 and Low-Temperature Collapse of the Magnetocrystalline Anisotropy[END_REF], in the form of a strong reduction of 𝑚 𝐿 around 110 K. This atomic level feature was accompanied with changes in the macroscopic magnetic measurements, in the form of a collapse of the coercivity [START_REF] Gich | Large Coercivity and Low-Temperature Magnetic Reorientation in ε-Fe2O3 Nanoparticles[END_REF][START_REF] Sakurai | Reorientation Phenomenon in a Magnetic Phase of ϵ-Fe2O3 Nanocrystal[END_REF]. Since GFOx presents a much higher resulting magnetization (ca. 100 emu/cm 3 at room temperature for GFO1.4) [START_REF] Trassin | Room Temperature Ferrimagnetic Thin Films of the Magnetoelectric Ga2-xFexO3[END_REF] than the almost completely compensated antiferromagnet EFO, the investigation of the temperature behaviour of its orbital moment and SOC are of high interest with regard to applications.

Here, we report a temperature study of the magnetic orbital moment and SOC in Ga0.6Fe1.4O3 (GFO1.4) thin films through temperature dependent X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) experiments performed in normal incidence at the Fe L2,3-edges. The orbital and spin moments were determined from the XMCD data using the sum rules [START_REF] Chen | Experimental Confirmation of the X-Ray Magnetic Circular Dichroism Sum Rules for Iron and Cobalt[END_REF][START_REF] Thole | X-Ray Circular Dichroism as a Probe of Orbital Magnetization[END_REF]. We show that, despite the absence of any macroscopic signature such as a collapse of the coercivity, 𝑚 𝐿 does present a minimum value at 120 K, as well as the spin-orbit coupling. REsonant PhotoEmission Spectroscopy (RESPES) was used to get further details in the electronic structure at the Fe L2,3-edges. It allowed evidencing changes in the crystal field configuration with temperature, with an important increase of the trigonal distortion of the Fe octahedra for temperatures above 140 K. The system thus shows signatures of a transition driven by spin-orbital-lattice interactions, emblematic of highly correlated systems.

II. EXPERIMENTAL DETAILS

We studied 64 nm thick GFO1.4 thin films epitaxially grown onto (111) oriented SrTiO3 (STO) single crystals by pulsed-laser deposition. Details on the growth conditions and structural characterizations are reported in Ref. [START_REF] Homkar | Ultrathin Regime Growth of Atomically Flat Multiferroic Gallium Ferrite Films with Perpendicular Magnetic Anisotropy[END_REF]. The deposited GFO1.4 thin films crystallize in the Pc21n space group, with the b-axis normal to the sample surface (Fig. 1a) and are fully relaxed. Soft XAS and XMCD spectra were acquired at the Fe2,3-edge on the DEIMOS beamline of the French Synchrotron Facility SOLEIL in normal incidence geometry and in total electron yield mode with an energy resolution of ca. 0.15 eV, at temperatures varying in the 20-300 K range. Each XAS and XMCD spectrum results from the average of 16 absorption spectra alternating opposite magnetic field directions (H = ±6.5 T) and photonhelicities (left/right) (Fig. 1b). The magnetic field was applied perpendicular to the sample surface, i.e.

along the b-axis of the GFO lattice. The magnetic properties of the films were also studied with a superconducting quantum interference device vibrating sample magnetometer (SQUID VSM MPMS 3, Quantum Design) in the perpendicular configuration (magnetic field along the b-axis). Hysteresis loops were measured for magnetic fields up to 7 T, in the 20-300 K temperature range. RESPES experiments were performed at the soft X-ray TEMPO beamline of the French Synchrotron Facility SOLEIL. [START_REF] Polack | TEMPO: A New Insertion Device Beamline at SOLEIL for Time Resolved Photoelectron Spectroscopy Experiments on Solids and Interfaces[END_REF] Linearly polarized light was delivered by an HU44 Apple II undulator installed in a medium straight section of the storage ring. Resonant valence band photoemission spectra were measured using a MBS A-1 photoelectron analyzer. The instrumental work function was calibrated using the Au 4f7/2 line and Fermi level of a clean gold surface. Simultaneously to the RESPES measurements, the drain sample current was recorded and normalized to a gold mesh signal to provide X-ray absorption spectra. The studied films were unmounted from the deposition sample holder in air and quickly placed in a vessel under primary vacuum for transport.

III. RESULTS AND DISCUSSION

FIG. 2. Fe L2,3-edges total XAS and XMCD spectra of a 64 nm thick Ga0.6Fe1.4O3 film at 20, 120 and 200 K under a field of 6.5 T applied along the GFO b-axis. Dotted lines (blue) correspond to the signal integration used for the sum-rules calculations. The XAS spectra have been processed by subtracting a step-function as described in Ref. [START_REF] Chen | Experimental Confirmation of the X-Ray Magnetic Circular Dichroism Sum Rules for Iron and Cobalt[END_REF].

Figure 2 shows the GFO Fe L2,3-edges XAS and XMCD spectra recorded at three different temperatures, 20, 120 and 200 K. The total XAS spectra were obtained by averaging the absorption for left and right circularly polarized light and corrected from saturation effects [START_REF] Nakajima | Electron-Yield Saturation Effects in L-Edge x-Ray Magnetic Circular Dichroism Spectra of Fe, Co, and Ni[END_REF] following the procedure described in details in [START_REF] Preziosi | Unusual Anisotropic Magnetic Orbital Moment Obtained from X-Ray Magnetic Circular Dichroism in a Multiferroic Oxide System[END_REF] for similar films. The XAS and XMCD spectra show features associated to Fe 3+ in an octahedral environment, with no evidence of either Fe 2+ or Fe 4+ (see calculation in Fig. S1 of Supporting Information [20]). The XMCD spectra show important variations with temperature, especially when considering the two negative peaks of the L3 edge (at 705.7 and 707.5 eV), which are commonly ascribed to Oh sites [START_REF] Jones | Temperature and Field Evolution of Site-Dependent Magnetism in ε-Fe2O3 Nanoparticles[END_REF]. The intensity ratio between these two peaks at the L3 edge is about 2 for T=20 and 200 K, while it is only about 1 for T=120 K, pointing at a non-monotonous temperature dependence of the GFO1.4 magnetic properties.

By using the sum-rules [START_REF] Chen | Experimental Confirmation of the X-Ray Magnetic Circular Dichroism Sum Rules for Iron and Cobalt[END_REF], we could determine the magnetic orbital moment 𝑚 𝐿 and the effective magnetic spin moment 𝑚 𝑆,𝑒𝑓𝑓. = 𝑚 𝑆 + 𝑚 𝐷 , 𝑚 𝑆 being the isotropic spin moment and 𝑚 𝐷 reflecting the quadrupole contributions of the spin distribution in the atomic sphere [START_REF] Stöhr | Exploring the Microscopic Origin of Magnetic Anisotropies with X-Ray Magnetic Circular Dichroism (XMCD) Spectroscopy[END_REF]. The use of sum-rules is usually restricted to materials for which the magnetic ions are in one single valence state and geometrical environment. Typically, GFO, with its four cationic sites and, more importantly, with its two different coordination and symmetry Td and Oh sites (see the GFO structure in Fig. 1), is not the archetypal case for the use of the sum-rules. However, despite the presence of a non-negligible amount of Fe cations in a Td environment (10 % of the total Fe cations, see the cationic distribution given in Table S1 in the Supplementary Information [20,[START_REF] Lefevre | Magnetic and Polar Properties' Optimization in the Magnetoelectric Ga2-xFexO3 Compounds[END_REF]), no significant contribution to the overall XMCD signal is expected, because no distortion is accompanying such Td sites, unlike for the much more distorted Oh sites. Finally, one can still confidently apply the sum rules as already done in Ref. [START_REF] Preziosi | Unusual Anisotropic Magnetic Orbital Moment Obtained from X-Ray Magnetic Circular Dichroism in a Multiferroic Oxide System[END_REF] for GFO thin films and Ref. [START_REF] Tseng | Nonzero Orbital Moment in High Coercivity ε-Fe2O3 and Low-Temperature Collapse of the Magnetocrystalline Anisotropy[END_REF] for -Fe2O3 (EFO, which is isostructural to GFO) nanoparticles. Figures 3a,b show the temperature dependence of 𝑚 𝐿 and 𝑚 𝑆,𝑒𝑓𝑓. . For the application of the sum-rules we used the nominal number of holes (n = 5) expected for Fe 3+ ions in a 3d 5 configuration, without taking into account possible Fe-O charge-transfer effects. The effective spin moment, 𝑚 𝑆,𝑒𝑓𝑓. , decreases with increasing temperatures in a ferromagnetic-like behavior (Fig. 3a), with a slight anomaly around 120 K which is concomitant to a large minimum observed for the orbital magnetic moment, 𝑚 𝐿 (Fig. 3b). One may be surprised by the non-zero value observed for 𝑚 𝐿 in such a 3d 5 high spin system, and by the fact that it is largely negative. The origin of this negative orbital moment in Ga0.4Fe1.6O3 thin films has been addressed in a previous study [START_REF] Preziosi | Unusual Anisotropic Magnetic Orbital Moment Obtained from X-Ray Magnetic Circular Dichroism in a Multiferroic Oxide System[END_REF]. In this structure, both the orbital and spin moments result from a sum of contributions of the four cationic sites. The orbital moment originates from off-centerings of the Fe 3+ cations in their polyhedral site and is dominated by the contribution from the most distorted Fe1 site [START_REF] Zhang | Temperature-Dependent Orbital Moment Anisotropy in Dilute Magnetic Oxides[END_REF][START_REF] Kim | Orbital and Bonding Anisotropy in a Half-Filled GaFeO3 Magnetoelectric Ferrimagnet[END_REF][START_REF] Arima | Structural and Magnetoelectric Properties of Ga2-xFexO3 Single Crystals Grown by a Floating-Zone Method[END_REF]. The spin moment results from the antiferromagnetic alignment between the spins of the Fe 3+ cations in the (Fe1, Ga1) and (Fe2, Ga2) sites. Due to unbalanced occupation of the cationic sites in GFO1.4 (Ga1 is mostly occupied with Ga), the resulting spin moment is imposed by the (Fe2, Ga2) component. The resulting orbital moment, being related to the Fe1 site, will thus be opposed to this resulting spin moment, and this explains the negative sign of 𝑚 𝐿 . In Fig. 3c we also show the 𝑚 𝐿 /𝑚 𝑆,𝑒𝑓𝑓 ratio as a function of the temperature which holds the same behavior as 𝑚 𝐿 , offering a clear indication that Fe-O charge transfer effects, which are expected to modulate the number of holes in the 3d orbitals, do not play a major role in the mechanism underneath the origin of the 𝑚 𝐿 minimum. This temperature dependence of 𝑚 𝐿 is also observed for GFO1. We have sought to extract some quantitative information from our XAS data and have resorted to the so-called branching ratio (B.R.). The XAS spectra show well separated L2 and L3 edges (Fig. 2), with an area ratio L2:L3 globally close to 1:5 instead of the 1:2 expected for 3d elements. Thole and Van der Laan have established that such a non-statistical ratio was related to the existence of SOC [START_REF] Thole | Branching Ratio in X-Ray Absorption Spectroscopy[END_REF][START_REF] Thole | Linear Relation between X-Ray Absorption Branching Ratio and Valence-Band Spin-Orbit Expectation Value[END_REF]. The B.R., as defined in Equation ( 2), established for p to d transitions, is related to both SOC and occupancy of the 3d shell (page 84 of Ref. [START_REF] Haverkort | Spin and Orbital Degrees of Freedom in Transition Metal Oxides and Oxide Thin Films Studied by Soft X-Ray Absorption Spectroscopy[END_REF]):

𝐵. 𝑅. = ∫ 𝐿 3 -2 ∫ 𝐿 2 ∫ 𝐿 3 +∫ 𝐿 2 = ∑ 〈𝑙 𝑖 .𝑠 𝑖 〉 𝑖 𝑛 , ( 2 
)
where 𝑛 is the number of holes in the 3d shell, and li and si are the orbital and spin angular momenta in the shell for each of the i 3d electrons, respectively.

Figure 4 shows the temperature dependence of the branching ratio, calculated from the experimental L2 and L3 areas. A minimum is observed at 120 K, mimicking the temperature dependence reported for the 𝑚 𝐿 /𝑚 𝑆,𝑒𝑓𝑓. ratio. There are very few works in the literature reporting the temperature evolution of the branching ratio for a transition metal. They all report a decrease of the B.R. with increasing temperatures (page 84 of Ref. [START_REF] Haverkort | Spin and Orbital Degrees of Freedom in Transition Metal Oxides and Oxide Thin Films Studied by Soft X-Ray Absorption Spectroscopy[END_REF], [START_REF] Honolka | Spin-Spiral State of a Mn Monolayer on W(110) Studied by Soft x-Ray Absorption Spectroscopy at Variable Temperature[END_REF]) and none of them shows such a non-monotonous behavior.

According to Equation (2), the minimum observed at 120 K could be attributed to either a decrease of the ∑ 〈𝑙 𝑖 . 𝑠 𝑖 〉 𝑖 term, or to an increase of the number of holes (for instance, by modifying the amplitude of the O 2p to Fe 3d charge transfer). In the case where only a variation of 𝑛 is considered, this would imply that Fe 3+ is fully reduced to Fe 2+ , which is unlikely regarding the absence of Fe 2+ fingerprint in the XAS spectra (Fig. S1 [20]). The minimum value of the non-statistical branching ratio thus points out at a plausible modification of the spin-orbit coupling around 120 K. A linear relationship between the L2 intensity ratio and the magnitude of the exchange interaction has even been shown by Alders et al. [START_REF] Alders | Temperature and Thickness Dependence of Magnetic Moments in NiO Epitaxial Films[END_REF]. In our case, this would indicate an increase of the total magnitude of the exchange interaction for temperatures decreasing below 120 K. The results obtained by XAS and XMCD all point to the existence of some magnetic transition at 120 K, similar to the one observed in the isostructural compound EFO, despite the difference in cationic sites occupations.

The temperature variation of the orbital moment is indeed similar to what was reported by Tseng et al. for EFO nanoparticles in [START_REF] Tseng | Nonzero Orbital Moment in High Coercivity ε-Fe2O3 and Low-Temperature Collapse of the Magnetocrystalline Anisotropy[END_REF], where they also observed a minimum in the orbital moment at 120 K.

The positive sign of their orbital moment is probably due to the fact that the material was in a disoriented polycrystalline form, and not an oriented thin film as it is the case here. The orbital moment of GFO1.4 was indeed observed to be strongly anisotropic, with negative values for measurements performed in the normal incidence configuration and positive ones in grazing incidence [START_REF] Preziosi | Unusual Anisotropic Magnetic Orbital Moment Obtained from X-Ray Magnetic Circular Dichroism in a Multiferroic Oxide System[END_REF]. The modification of the orbital moment observed at 120 K in EFO was ascribed to a structural instability, mainly related to modifications of the Fe-O bonds lengths. In the context of the strong competition of antiferromagnetic superexchange interactions between the cationic sites in this structure, a structural instability, with Fe-O-Fe exchange paths modifications, would indeed explain the instability evidenced for the exchange interaction (Fig. 5). For EFO, the bond length variations were shown to lead to an important deviation from the ideal ionic model, where Fe(O) would no longer have the nominal 3+(2-) charge, through Fe 3d-O 2p intermixing and charge transfer. This was supported by a Mössbauer study which showed important modification in the quadrupolar splitting, related to the electric field gradient, for the Fe ions in some of the cationic sites [START_REF] Tseng | Nonzero Orbital Moment in High Coercivity ε-Fe2O3 and Low-Temperature Collapse of the Magnetocrystalline Anisotropy[END_REF]. A partial charge transfer in our GFO1.4 thin film would not be detectable on the XAS spectra profile, but the anomaly at 120 K in the temperature variation of 𝑚 𝑆,𝑒𝑓𝑓. is certainly an indicator of such a charge related phenomenon. Indeed, the spin moment accessed by XMCD through the sum rules, 𝑚 𝑆,𝑒𝑓𝑓. , contains an additional intra-atomic magnetic dipole moment term, 𝑚 𝐷 [START_REF] Schmitz | The Dipole Moment of the Spin Density as a Local Indicator for Phase Transitions[END_REF]. To be more precise, 𝑚 𝐷 is defined as 𝑚 𝐷 𝛼 = -7〈𝑇 𝛼 〉µ 𝐵 ℏ , (𝛼 = 𝑥, 𝑦, 𝑧), with 𝑻 the intra-atomic magnetic dipole operator, which may also be written as a coupled operator involving spin and charge components [START_REF] Stöhr | Exploring the Microscopic Origin of Magnetic Anisotropies with X-Ray Magnetic Circular Dichroism (XMCD) Spectroscopy[END_REF]. This instability of the electric field gradient at around 120 K is to be related with the strong variation in the SOC as extracted from the temperature variation of the B.R. (Fig. 4).

For EFO, the minimum of the orbital moment is accompanied with a collapse of the anisotropy of the material, which manifests itself as a collapse of the coercive fields. We have therefore also sought to compare the values of the spin and orbital moments of the GFO1.4 thin film determined by x-ray atomic absorption spectroscopy with the macroscopic perception one may have of the magnetism of the system from SQUID measurements. M vs. H hysteresis curves were measured in the perpendicular configuration (magnetic field applied perpendicular to the film) at various temperatures ranging between 20 and 300 K for the GFO1.4 film. The inset of Fig. 6a shows the cycle measured at 120 K as representative of the cycles measured for all temperatures, after the subtraction of the diamagnetic component due to the STO substrate. The temperature evolution of the magnetic moment measured at a 6.5 T magnetic field (magnetic field used for the XMCD experiments) shows a typical behavior for a ferromagnetic material, i.e. a constant decrease with increasing temperature, with no detectable anomaly at 120 K. SQUID measurements are however only sensitive to the monopole distribution of the spin moment 𝑚 𝑆 , while, as explained above, the spin moment accessed by XMCD through the sum rules, 𝑚 𝑆,𝑒𝑓𝑓. ., contains an additional intra-atomic magnetic dipole moment term, 𝑚 𝐷 . This explains the difference between the two temperature evolutions. There is no anomaly present in the temperature evolution of the coercive field either (Fig. 6b), which also shows a constant decrease with increasing temperature. The anomaly observed for the orbital moment does not therefore seem to result in any feature for the macroscopic observations of magnetism of the compound, as it is the case for EFO [START_REF] Gich | Large Coercivity and Low-Temperature Magnetic Reorientation in ε-Fe2O3 Nanoparticles[END_REF]. This might be due to the fact that the macroscopic behavior of GFO1.4 results from a less balanced competition between cationic sites, since one of them is almost entirely occupied by the nonmagnetic Ga atoms. Despite its lack of impact on the macroscopic magnetism, the atomic-level magnetic feature is of high importance for applications in spin-orbitronics. GFO1.4 was recently proven a material of interest for the electric-field control of the spin current generation in non-magnetic / ferromagnetic oxide-based heterostructures through spin Hall magnetoresistance (SMR). The minimum in SOC we evidence at 120 K in the present paper was indeed shown to induce a signature in the SMR [START_REF] Homkar | Spin Current Transport in Hybrid Pt/Multifunctional Magnetoelectric Ga0.6Fe1.4O3 Bilayers[END_REF].

In fact, this magnetic instability observed here for GFO1.4, and which was also observed for the isostructural EFO, is certainly to be put in a broader perspective with a transition featured by another iron oxide, the Verwey transition [START_REF] Verwey | Electronic Conduction of Magnetite Fe3O4 and Its Transition Point at Low Temperatures[END_REF] observed in a similar temperature range (TV=125 K) for the Fe3O4 spinel-type magnetite. The Verwey transition is described as a structural transition accompanied with a spin reorientation and a drastic modification of numerous physical properties, including spontaneous magnetization, magnetocrystalline anisotropy and electrical conductivity [START_REF] Walz | The Verwey Transition -a Topical Review[END_REF][START_REF] Muxworthy | Review of the Low-Temperature Magnetic Properties of Magnetite from a Rock Magnetic Perspective[END_REF][START_REF] Imada | Metal-Insulator Transitions[END_REF]. This transition, although discovered in 1939, is still not fully understood. However a complex charge-order pattern in relation with structural distortions inducing substantial off-centre atomic displacements was recently highlighted as a possible cause [START_REF] Senn | Charge Order and Three-Site Distortions in the Verwey Structure of Magnetite[END_REF][START_REF] Attfield | Magnetism and the Trimeron Bond[END_REF]. As written earlier, no charge transfer could be experimentally evidenced by XAS for GFO1.4. We have thus undertaken a resonant photoelectron spectroscopy (RESPES) study in order to further investigate this issue and, more generally, the electronic structure of GFO1.4 and its evolution across the transition observed for the orbital moment and spin-orbit coupling. While XAS and XMCD probe the unoccupied electronic states, photoelectron spectroscopies, which are also element and site selective, probe the occupied states and are perfectly adapted to study the electronic structure of the compounds. Resonant photoemission spectroscopy (RESPES) has for example successfully been used to quantitatively extract the amount of the various valences present in mixed valence compounds [START_REF] Silly | The Electronic Properties of Mixed Valence Hydrated Europium Chloride Thin Film[END_REF] and bring information onto charge transfer processes. [START_REF] Szade | Resonance Induced Divalent Eu States in EuF3 Ultrathin Layer[END_REF] It consists in scanning the photon energy of a soft-X ray beam in the range of a specific absorption edge and measuring the valence band spectra for these scanned energies. The advantage of this technique is to selectively enhance the valence band signal of a specific element. Here we have recorded the resonant soft X-ray 2p →3d transition of iron (Fe L2,3 edge) on GFO1.4 thin films. A complete description of the excitation and de-excitation processes occurring in this condition is depicted in the S.I. (Fig S3) [20,[START_REF] Silly | The Electronic Properties of Mixed Valence Hydrated Europium Chloride Thin Film[END_REF]. One can briefly summarize them as follows: the absorption of an X-ray photon results in the transition of a core 2p-electron to the excited valence 3d-state (Fe 2p 6 3d n + h → (Fe 2p 5 3d n+1 )*), the relaxation and auto-ionization of the system then occurs through the emission of an Auger electron ((Fe 2p 5 3d n+1 )* → Fe 2p 6 3d n-1 + e -). Figure 8 presents the temperature dependence of the RESPES spectra. At first sight, spectra recorded at E1 and E2 photon energies (Fig. 8a and8b, respectively) are heavily temperature-dependent while those at E3 (Fig. 8c) remain practically unchanged. We only notice a broadening of the E3 spectra with temperature, possibly due to the increase of the phononic contribution at high temperature. As previously discussed, it is not surprising to find out that the signal arising from the Td site in E2 is mostly screened by those from Oh (both t2g and eg). E2 will therefore not allow to conclude regarding the temperature dependence of the Td site. Concerning the spectra recorded at E1, the three characteristic peaks we have previously discussed at room temperature tend to merge to form a wide single peak at low temperature. According to the multiplet theory, such a less dispersed distribution of states indicates a higher degree of symmetry of the crystal field. That information, combined to the fact that E3 (related to eg states) is unaffected by the temperature variation indicates that the distortion of the Oh sites is of a trigonal nature, confirming our previous observations, [START_REF] Preziosi | Unusual Anisotropic Magnetic Orbital Moment Obtained from X-Ray Magnetic Circular Dichroism in a Multiferroic Oxide System[END_REF] and provides the important new information that the distortion varies with temperature and is smaller for lower temperatures. A sketch of the symmetry transition is shown in Fig. 8d. The green arrows in Fig. 8 mark the signal originating from final unhybridized states, and which becomes more pronounced for temperatures lower than 140 K. This is an indication that the overlap between the O 2p and Fe 3d orbitals is lower for lower temperatures, as schematized also in Fig. 8d. The RESPES study thus completes the picture delineated by our temperature-dependent XAS and XMCD about the modification of the electronic properties occurring in our GFO1.4 thin films. It is now clear at an atomic-level magnetism of iron in the system, namely the minima of the orbital moment and spin-orbit coupling and variation of the magnetic stiffness, occur simultaneously with a structural distortion which induces important modifications of the symmetry of the electronic structure. These are the ingredients involved in the Verwey transition and this reinforces the parallel which can be drawn. Indeed, the Verwey transition is now understood as due to complex relations between the electronic and structural degrees of freedom [START_REF] Hoesch | Anharmonicity Due to Electron-Phonon Coupling in Magnetite[END_REF]. In this understanding of the phenomenon, important ingredients are the electron-phonon coupling and strong electronic correlations. In such a correlated state, the coupling between electrons and lattice enhances and stabilizes the charge-orbital order, effectively reducing the total energy. This in turn modifies the interatomic interactions and generates the anharmonic potential. This mechanism leads to the Verwey transition with the static structural distortion and frozen charge-orbital order below TV. In contrast, above TV the charge-orbital degrees of freedom are dynamic and couple strongly to phonons reducing their lifetimes. In the orthorhombic Pc21n structure of GFO and EFO, it seems that the instability does not crystallize into a complete transition and one cannot be conclusive concerning the existence of a spin reorientation in GFO1.4 since it was not evidenced by macroscopic SQUID measurements. One can still note that a kind of spin reorientation has indeed already been described in the form of a spin-glass transition in GaFeO3 by Mukherjee et al. [START_REF] Mukherjee | Spin Glass-like Phase below Similar to 210 K in Magnetoelectric Gallium Ferrite[END_REF]. It is most likely that such Verwey-like instabilities are to be observed in other iron oxides at their atomic level, even if they do not result into macroscopically observable effects, provided high electronic correlation is present in the system.

IV. CONCLUSION

Temperature dependent XMCD measurements allowed to unveil variations of both the magnetic orbital moment and SOC in GFO1.4 thin films, with a minimum at approximately 120 K. This work presents the first direct monitoring of the SOC in Fe 3+ cations-based materials and the first observation of its non-monotonous temperature dependence. The minimum in both 𝑚 𝐿 and SOC is accompanied with clues indicating perturbations of the magnetic exchange and electric field dipole. All this suggests similarities with the Verwey transition observed in magnetite in the same temperature range. This assumption is corroborated by a RESPES study which evidences, within the same 120-140 K temperature range, a modification of the material's electronic structure induced by a structural distortion. The absence of any macroscopic signature of the atomic level perturbations of magnetism can be accounted for by the presence of non-magnetic cations in some of the GFO1.4 cationic sites, which disrupt the magnetic exchange paths. The perturbations of the atomic-scale magnetism are nevertheless well present and do have an impact on the physical properties of the films as already evidenced in the application wise interesting spin Hall magnetoresistance response of the films.
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 1 FIG. 1. (a) Pc21n structure of GFO with the four different cationic sites, (b) Experimental configuration used for the XAS and XMCD measurements.

  FIG. 3. Temperature dependence of (a) the effective spin moment 𝑚 𝑆,𝑒𝑓𝑓. = 𝑚 𝑆 + 𝑚 𝐷 , (b) the orbital moment 𝑚 𝐿 , and (c) the 𝑚 𝐿 /𝑚 𝑆,𝑒𝑓𝑓. ratio.
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 4 FIG. 4. Temperature dependence of the branching ratio.
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 5 FIG. 5. (a) Close-up on the L2 edge at 20 and 200 K (b) temperature evolution of the A/B ratio.

FIG. 6 .

 6 FIG. 6. Temperature evolution of (a) the magnetization of the sample at 6.5 T -the hysteresis cycle measured at 120 K is shown in insert as representative of all measured cycles, (b) the coercive field, as measured on the hysteresis cycles performed for the different temperatures (the measurements are performed in normal geometry).

Figure

  Figure 7a presents the absorption spectrum measured at the Fe L3-edge in situ by recording the drain current from the sample together with the resonant photoemission signal. This X-ray absorption spectrum faithfully reproduces the two main features of the L3-edge we have already reported in our XMCD study. The resonant photoemission map simultaneously measured in the same energy range is presented in Figure 7b, after calibration of the binding energies on the Ga 3d core line (top border of the map). The raw data (before any calibration) are given in Fig S4 of the S.I.[20] and show the strong impact of the X-ray-absorption-dependent charging effect. The two local maxima of the RESPES map perfectly match with the maxima observed for XAS. From this map, four energies of interest are selected: EOFF corresponding to the reference out of the resonance, E1 and E3 the two absorption maxima, and E2 the valley in between. The detailed resonant spectra taken at these energies are shown in Figure7c. The contribution from the off-resonant valence band (measured at EOFF) and that of secondary electrons (using a Shirley function) have been subtracted from the three resonant spectra to remove the contribution from direct photoemission processes. The three energies correspond to three different transitions. E1 and E3, local maxima of the XAS spectra, are directly associated to the transitions occurring for cations in Oh sites, the lowest (E1) being related to the 2p → t2g transition while the other one (E3) corresponds to the 2p → eg transition. Calculations/simulations show that the absorption maximum from Td symmetry is expected to arise at an intermediate energy.[START_REF] Chen | Magnetic Circular Dichroism in Fe 2 p Resonant Photoemission of Magnetite[END_REF] E2 has been chosen at the minimum of absorption between E1 and E3 so that the contribution from the Oh symmetry is at its lowest. One still has to remember that only 1/10 of the Fe cations are localized in Td sites, which might not be sufficient to annihilate the domination of the signal by contributions from the Oh sites.

FIG. 7 .

 7 FIG. 7. (a) L3-edge absorption spectra measured in situ simultaneously with (b) the corresponding L3edge resonant photoemission map of the GFO1.4 thin film surface, and (c) from bottom to top: Offresonance (EOFF=700.0 eV) valence band, with the Ga 3d signature, taken as the reference spectrum, and resonant photoemission spectra for three different excitation energies (E1=710.0 eV, E2=710.6 eV, and E3=711.5 eV) after subtraction of the reference spectrum.

FIG. 8 .

 8 FIG. 8. Temperature-dependence of the RESPES spectra for photon energies of (a) E1=710.0 eV, (b) E2 = 710.6 eV and (c) E3 = 711.5 eV -the green arrows point out to the signal originating from unhybridized states, (d) Sketch of the energy diagram at low (LT < 140 K) and high (HT > 140 K) temperatures showing a trigonal distortion of the Oh symmetry.
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Non-monotonous temperature fluctuations of the orbital moment and spin-orbit coupling in multiferroic gallium ferrite thin films Benjamin Meunier, 1 Suvidyakumar Homkar, 1 Fadi Choueikani, 2 Mathieu G. Silly, 3 Christophe Lefèvre, 1 François Roulland, 1 Cédric Leuvrey, 1 Jérôme Robert, 1 The anomaly of 𝑚 𝑆,𝑒𝑓𝑓. which is observed at ca. 120 K is either an increase or a decrease, depending upon the thickness of the film. It is a decrease for thicknesses of 32 nm and above, and an increase for thicknesses of 11 nm and below. This is to be put in perspective with the electric polarization state of the films. As evidenced in a previous work, [1] the first ca. 5 nm of the films present a polarization pointing towards the substrate. It then abruptly reverses and points towards the surface of the film. For deposited thicknesses above 5 nm, the film is therefore composed of two oppositely polarized zones. Films with thicknesses below (above) 5 nm will therefore present an overall polarization pointing towards (outwards from) the substrate, and the ca. 10 nm thick samples will have an overall zero polarization. 𝑚 𝑆,𝑒𝑓𝑓. , which contains a charge distribution dependent term 𝑚 𝐷 (more details in the main text), is therefore indeed expected to depend upon the samples thickness for a given temperature, as observed.

The overall polarization of the films, which is accompanied with atomic displacements within the cell, will also have an impact on the 𝑚 𝐿 values. Indeed, as explained in Ref. [2,3] the orbital moment 𝑚 𝐿 in GFO originates from anisotropic displacements of the atoms in the cell. Opposite polarizations will result in displacements canceling each other out. This explains why the 𝑚 𝐿 values are very low for the nearly zero-polarization 11 nm sample, while they have similar values in samples which possess a nonzero polarization.