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The synthesis of Co-doped or Fe-doped La(Ga,Al)O3 perovskite from Pechini process aims at obtaining a color change induced by temperature and associated to Spin Crossover (SCO). In the Fe-doped samples, the iron is shown to be in the high spin state whereas a SCO from low spin to high spin configuration is detected on the Co-doped compounds when temperature increases. The Fe-doped compounds clearly adopt high spin configuration, even down to 4K, on the basis of Mossbauer spectroscopy analysis. The original SCO phenomenon on the Co-doped compounds LaGa1-xCoxO3 (0<x<0.1) is evidenced and discussed on the basis of in situ X-ray diffraction analysis and UV-vis spectroscopy. This SCO versus temperature is progressive and occurs in a broad range of temperature roughly between 300°C and 600°C. The determination of the crystal field about 2 eV and the Racah parameter B around 500 cm -1 for Co 3+ (3d 6 ) ions show that these values allow the SCO occurrence. Hence, this study shows the possibility to use LaGa1-xCoxO3 compounds as thermal sensor for low Co content (x=0.02). The competition between steric and electronic effects in LaGaO3 where Co 3+ is stabilized in the LS state, shows that electronic effects with the creation of M-O covalent bonds are predominant and contribute to stabilize a high crystal field around Co 3+ (LS) despite its smaller ionic radius compared to the one of Ga 3+ .

 In particular, the crucial but intricate role of the

structural-properties relationship in SCO solids has been evidenced. [START_REF] Guionneau | [END_REF][26][27][28][29] From the X-chromic point of view, let us already note that one weak point of molecular based SCO materials is the relatively small panel of colors available so far. Figure 1: Top side-Thermo-switch in a molecular complex showing a progressive transition with a large hysteresis centered on room temperature and piezo-switch showing a very smooth conversion. 7 Bottom side-Example of the thermo-and piezoinduced phase transition between -and -phases for CuMo1-xWxO4 oxides (bottom side). 51 Then, two classes of X-chromic materials based on oxide are studied in parallel. The first one is based on a chemical reaction associated with a redox reaction (for illustration see the V2O5 oxide for electrochromism, [30][31][32][33][34][35][36] or WO3 oxide for electrochromic, [37][38][39][40] or photochromic, [41][42][43][44] properties for the smart windows concept). The second class of material for which the change of optical properties is associated with a phase transition allowing piezo-& thermo-chromic properties (see Fig. 1, bottom side). This field associated with a phase transition is of growing interest. There are numerous recent works dealing with thermochromic properties of vanadium oxide thin films linked to monoclinic-rutile structural transition. [45][46][47] To date, mainly developed in our institute in the past decade, X-chromic properties of AMoO4 compounds were explored with the aim to tune the thermochromic phase transition temperature or the piezochromic phase transition pressure of these molybdates via the composition -through the control of the ionic-covalent character of the chemical bonding, [48][49] or via their crystallite sizes. 50 A large pallet of desirable properties for various requirements is now accessible thanks to this past research. Especially, oxide materials offer a large panel of colors.

Considering the two X-chromic material families stated above, mixing the SCO and inorganic oxides fields can offer a good opportunity to get a synergy between their specific properties. In particular, it is proposed for the first time to explore X-chromic effects associated to SCO in oxides that should allow overcoming the poor cyclability shown by X-chromic oxides and the inadequate low working temperatures shown by molecular complexes.

Pressure or temperature induced SCO oxides are already known. However, the main examples available on pressure induced SCO oxides are admittedly dealing with reversible transition but at very high pressure in the GPa range, 52,53 limiting drastically the industrial interest of the observation. Regarding the temperatureinduced SCO in oxides, it seems nearly limited to some cobalt oxides, and especially on RECoO3 perovskite-type structure (RE = Rare Earth metal) 54 where the transition metal is located in a relatively intense octahedral field with a 10Dq/B ratio corresponding to the Low Spin state (LS) evolving versus temperature to Intermediate (IS), [55][56][57] or High Spin (HS) [58][59][60] . The reported temperature transition occurs over a broad range from 200K for LaCoO3 up to 800K for YCoO3 respectively. 54 Interestingly, this range of temperature appears already much wider than the one known for molecular SCO materials but oxides are unfortunately black-colored and so without any interesting chromatic properties. Regarding the Co 3+ diluted approaches, one can pointed out LaCo1-xAlxO3 solid solution studies which proposed to tune the SCO temperature up to 245K in LaCo0.5Al0.5O3. 61 And when diamagnetic matrices were considered as for example in LaCo0.02Al0.98Co0.02O3 and LaNi0.01Al0.99O3 oxides, the thermo-chromic effects have not been studied yet since the magnetic and optical characterizations were only carried out up to room temperature. 62 That is why we explore the thermochromic properties of Fe-doped and Co-doped La(Al/Ga)O3 diamagnetic matrix derived from the cubic perovskite structure aiming to propose a new generation of SCO oxides. Indeed, the original compounds obtained with low cobalt or iron concentration in LaGaO3 matrices can open new windows for thermochromic phenomena, as useful as in situ thermal sensors for illustration. No observation of an eventual Fe 3+ spin crossover in similar perovskite has been reported so far contrary to Co 3+ that might be in relation with thermochromic properties. In this paper, Fe-doped and Co-doped La(Al/Ga)O3 are synthesized using a Pechini route. To study their ability to be used as thermal sensors thanks to a SCO phenomenon, the spin state of the paramagnetic ions is studied versus temperature using in situ optical spectroscopy and X-ray diffraction.

Experimental. The Fe-doped and Co-doped La(Al/Ga)O3 compounds were synthesized using the Pechini route. 63 This chemical process is based on cations chelation by citric acid (CA) and on polyesterification between CA and ethylene glycol (EG) which leads to the formation of a polycationic resin. Aqueous solutions of citrate were prepared by dissolving CA in a minimal volume of water. Then, cationic salts: La(NO3)3 6H2O, Fe(NO3)3 6H2O or Co(NO3)2 6H2O, Ga(NO3)3 xH2O (with x calculated to 4.0 by thermogravimetric titration), were added after dissolution in a minimum of water to the citric acid solution. A CA/cations molar ratio equal to 3/1 was used. After complete dissolution of the metallic salts, EG was added with a 4/1 EG/CA molar ratio. EG-CA polymerization was promoted by removing water with continuous heating on a hot plate. Then, a two-step thermal treatment was apply to the highly viscous mixtures: first, a calcination at 400°C for 10 h and then, an annealing dwell for 20h at the final temperature of 800°C. For the annealing step the heating and cooling rates are fixed at 4°C/min. Powder X-Ray Diffraction (PXRD) measurements were carried out on a PANalytical X'PERT PRO diffractometer equipped with an X-celerator detector, using Cu-K1 radiation. The unit cell parameters were refined by structural pattern matching using the Fullprof® program package. All the patterns were analyzed using the Caglioti function, i.e. the isotropic peak profile function for which the u, v, w and shape parameters are refined. For the in situ high temperature characterizations, the experiments were made on a PANalytical X'pert, with Bragg-Bentano, geometry, equipped with a back monochromator (Kα =1,5418 Å and an Anton-Paar HTK16 chamber. The chosen heating thermal sequence has allowed the recording of the LaGa0.9Co0.1O3 diffractograms (Space group: R-3c) between room temperature and 800°C. Mössbauer spectra were recorded in transmission geometry using a constant acceleration Halder-type spectrometer with a room temperature 57 Co source (Rh matrix). The velocity scale was calibrated using a pure metal iron foil. The polycrystalline absorbers containing about 10 mg/cm 2 of iron were placed into a cryostat (liquid He) in order to collect 57 Fe Mössbauer spectra at 4.2 K. Refinement of the Mössbauer hyperfine parameters (δ isomer shift, Δ quadrupole splitting, ε quadrupole shift, H hyperfine field, Γ signal linewidth and relative areas) was performed using homemade programs and the WinNormos® software.

Diffuse absorption spectra were recorded at room temperature from 200 to 800 nm on a Cary 17 spectrophotometer using an integration sphere (spectral resolution: 1 nm and band length: 2 nm). Halon was used as white reference. RGB space colorimetric parameters were determined from the spectra using a two-step mathematic treatment. The first step consists in extracting the XYZ tri-stimulus values (defined by the CIE, 1964) from the integration (over the visible range, i.e. from  = 380 nm up to 780 nm) of the product of x(), y() or z() functions (CIE -1964) with the diffuse reflectance spectra function X = ∫ x().R()d. Then, we used the transfer equations defined by the CIE, 1976, to transform the XYZ space to the L*, a* and b* common three-color space parameters. The in situ measurement versus temperature are obtained using visible spectra in the 400 -800 nm range between room temperature and 600°C recorded on a setup equipped with a photomultiplicator linked to a multichannel fiber. The sample is heated and cooled thanks to a Linkam TS1000 (room T°-1000°C) cell device. A first fiber directs a white light source on the sample; a second fiber transmits the diffuse reflectivity of the sample to a BWTek (BTC112E) spectrophotometer. The reflectivity of the sample (RS%) was estimated using a white reference (BaCO3 with RW% of reflectivity) and a black one (Mn2O3 with RB% of reflectivity) from the equation: RS% = (RS%-RB%)/(RW%-RB%).

In order to determine magnetic properties of these compounds, measurements at low temperature were made with a superconducting quantum interference device Quantum Design MPMS-7XL magnetometer from 2 K to 300 K at applied fields of up to ±5 T. The measurements presented here were performed typically at 2 K. A large amount of powder (typically 200 mg) was introduced into a capsule to obtain immobilized and randomly oriented powder particles for the measurements. The diamagnetic contributions from the core electrons and from the sample holder were subtracted to the raw signal. Herein, the results obtained on the 2 mol% Fe-doped LaGaO3 and LaAlO3 are especially selected and commented for comparison. Indeed, the results obtained on 5 and 10 mol%-doped compounds did not evidence any change of behavior versus the doping concentration. X-ray diffraction patterns of the 2 mol% Fe-doped LaGaO3 and Fe-doped LaAlO3 compounds are reported in Figure 2. The two compounds crystallize into a pure perovskite phase with a submicronic crystallinity. An average isotropic crystallite size of about 50 nm can be extracted using Scherrer law from the X-ray peak widths, with LaB6 used to calibrate the apparatus enlargement. The gallate phase crystallizes into the Pbmn orthorhombic space group whereas the aluminate phase crystallizes into the R-3c trigonal space group. The orthorhombic and rhombohedral distortions observed for the LaGaO3 and the LaAlO3 matrix compositions, respectively are in good agreement with the tolerance factor t value: t = (rLa +rO)/[2×(rGa/Al+rO)]with rO, rGa, rAl and rLa ionic radius of O 2-, Ga 3 +, Al 3+ and La 3+

Results and discussion

ions, respectively, leading to t = 0.96 for LaGaO3 and t near 1 for LaAlO3 -and the literature. 64,65 Absorption spectra of the two LaM0.98Fe0.02O3 compounds (with M = Al or Ga) compounds are reported in Figure 3. From the Tanabe-Sugano diagram of d 5 electronic configuration metal, the High-Spin state (HS state) does not exhibit allowed electronic transitions in octahedral field. Indeed, in the HS state all the electronic transitions from the fundamental level state are associated with a spin flipping (S ≠ 0). On the contrary, 4 authorized electronic transitions are expected for the Low-Spin state configuration (LS state): 2 T1 2 T2; 2 A2 2 T2, 2 E 2 T2, 2 A1 2 T2. The two absorption spectra are predominantly marked by high energy charge transfers (CTB) with an onset which can be located at about 625 and 500 nm, for aluminate and gallate compounds, respectively. The CTB onset being in the visible range, it produces a pale yellowish coloration for the two compounds together with a more saturated yellow color for the aluminate than for the gallate. Taking into account the Pauling electronegativity, the ionic radii of various ions (Ga 3+ : rionic = 0.62 ) collected at T=2K for Fe-doped LaGaO3 and LaAlO3 compounds.
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The two fits correctly match the experimental curve, with obviously a better correlation factor for the second model. For the first fit, the eff that can be extracted is found equal to 4.2 B; for the second fit, the paramagnetic concentration n that is extracted is equal to 0.0133 with an extracted eff equal to 5.72 B. The discrepancy between the total number of paramagnetic ions suggested by this second fit and the targeted 2 mol% Fe is in the order of 33%. Interestingly such discrepancy is on the same range of magnitude when the data obtained for LaAl0.98Fe0.02O3 compound are fitted. It is quite high to be only due to stoichiometric problem. That is why, in Figure 6 is reported the evolution of the effective moment extracted from fits using the first model, i.e. fixing the paramagnetic ions concentration n to 0.02, from various magnetization curves recorded between 2K and 300K even with the slight discrepancy with respect to the experimental curve. It is important to note that it is possible to plot the evolution of the n paramagnetic ions concentration from a similar procedure but using the second model. Indeed both approaches lead to the same tendency of the n parameter and/or the eff effective paramagnetic moment versus temperature. Thus it can be said that, at high temperature, the awaited paramagnetic magnetization is not fully reached: some missing paramagnetic ions and/or a lower effective moment than the theoretical one for the Fe 3+ ions can both explain the phenomenon. Further, at low temperature, the deviation between the extracted eff effective paramagnetic moment and the theoretical one is all the more important as the temperature decreases, with a "threshold" temperature about 60K. Different explanations can be put forward: (i) the effective moment is lower than the theoretical one due to zero field splitting phenomenon, the effect on the effective moment becoming quite significant for temperatures below 60 K;

(ii) the effective moment is lower than the theoretical one due to a High-Spin/Low-Spin states mixture, the discontinuity of the eff vs T ° curve can then be interpreted as a SCO transition ; (iii) the effective moment is the theoretical one, the missing magnetization comes from antiferromagnetic interactions between iron species as already pointed out in Co doped ZnO matrix, 66-67 the strength of these antiferromagnetic interactions increasing in a standard manner with decreasing temperature. Having in mind that the present study aims to correlate thermochromic properties with SCO transition, 57 Fe Mössbauer spectroscopy (Figure 7) was performed to test the possible occurrence of SCO. At room temperature, the 57 Fe Mössbauer spectrum of LaGa0.98( 57Fe)0.02O3 can be reconstructed with a sum of quadrupole doublets with Lorentzian shape (linewidth: 0.30 mm/s), with the same isomer shift but different quadrupole splitting values (ie. with a "distribution of quadrupole splitting values"). The hyperfine parameters reported in is in a high-spin state and that the 6S ground state has a spherically symmetric distribution of electronic charge, the quadrupole splitting arises mainly from the lattice contribution to the electric field gradient (EFG) through the crystal field produced by ligands and firstneighbor cations at the 57 Fe nucleus. Then, the observed distribution of quadrupole splitting clearly reflects slight variations of the EFG due to some local disorder or heterogeneity in site distortion. At 4.2 K, the spectrum is slightly shifted towards high energies (high velocity) due to the second-order Doppler effect but more interestingly in the context of our study, neither magnetically ordered component nor SCO phenomenon was actually evidenced for this material. 

-Co-doped LaGaO3 compounds

The second part is devoted to the Co-doped LaGaO3 compounds with various Co 3+ ion concentrations between 0 and 50mol%. X-ray diffraction patterns of the various prepared compounds are reported in Figure 8. The Co-doped compounds crystallize into a pure perovskite phase, with an orthorhombic distortion observed for low cobalt concentrations (x ≤ 0.05) whereas a rhombohedral distortion is identified for high cobalt concentrations (x ≥ 0.1).

The decrease of the unit-cell distortion from orthorhombic to rhombohedral network is in good agreement with a tolerance factor becoming closer and closer to the unit value (t =1) as the larger Ga 3+ ions are replaced by smaller Co 3+ ions. As illustration, from the Shannon ionic radii of 1.36 Å (La 3+ ), 0.62 Å (Ga 3+ ), 0.61 Å (HS-Co 3+ ), 0.525 Å (LS-Co 3+ ) and 1.40 Å (O 2-), the t factor for LaGaO3 is calculated to be equal to 0.952 against 0.957 for LaCoO3 considering Co 3+ in HS state. One should notice that the ionic size of HS-Co 3+ is close to that of Ga 3+ whereas the ionic radius of LS-Co 3+ is close to that of Al 3+ (0.535 Å). be indexed considering the Co 3+ chromophore in the LS state with the following 1 T2 1 A1, 1 T1 1 A1 transitions respectively. As we mentioned previously, the ionic radius of Co 3+ in the HS state is close to the one of Ga 3+ and stabilization of Co 3+ in the LS state in these compounds was not expected. Furthermore, the Co 3+ ion adopts at room temperature the HS state in LaCoO3. For the d 6 electronic configuration corresponding to low crystal field (HS), only one intense 5 E 5 T2 transition, usually occurring around 600 nm, is expected. So the occurrence of Co 3+ stabilized in the LS state in LaGa1-xCoxO3 for low Co concentrations is shown unambiguously. These two bands produce a brownish coloration whatever the low Co rate, with a darker color as the cobalt concentration increases. For the 10mol% cobalt concentration, the compound color is almost black as expected from Figure 9 and the symmetry of the crystal structure turns to trigonal. It has to be noted, additionally, that the linear increase of the absorption bands versus cobalt concentration (see Fig. S2) is a clear indication for the incorporation of the whole cobalt concentration inside the perovskite network.
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Wavelength (nm) Hence, only low cobalt concentrations with orthorhombic distortion allow colors away from grey level (moderate L* parameter) in order to study thermochromics applications related to the SCO effect when temperature increases. Furthermore, it can also be seen that the two absorption bands are red shifted when the cobalt concentration increases, particularly so for the 1 T2 1 A1 transition at higher energy. These two absorption bands being associated to an intra-atomic electron transfer from t2g to eg atomic orbitals, the red shift observed could mean in first approximation that the crystal field intensity slightly decreases while the Ga 3+ ions are substituted for Co 3+ ones. This is a paradox if we consider that the cobalt (III) ionic radius in the LS state in significantly lower than the Ga 3+ one. A careful spectroscopic calculation from the Tanabe-Sugano diagram for the d 6 electronic configuration yields a Racah parameter B varying from about 550 cm -1 to 500 cm -1 and a crystal field varying from 1.93 eV up to 2.01 eV for cobalt contents equal to 1% and 10%, respectively (see Figure S1). The red-shift observed is thus due to a decrease of the Racah parameter B versus the increase of cobalt content (increase of the covalence and decrease of the intra-atomic Coulomb repulsion), but is associated to a slight increase of the crystal field. Thus, in LaGaO3 matrix, the lowest the cobalt concentration, the more unstable the LS state is in comparison to the HS state. The magnetization versus applied field/temperature ratio at 5K for the 5 mol% Co-doped LaGaO3 compound is superimposed to the magnetization signal of the 5 mol% Fe-doped LaGaO3 compound, for comparison (Figure 10). The magnetization curves clearly show that cobalt ions are mostly diamagnetic, even if it shows a small paramagnetic residue. Hence, the main conclusion is that the cobalt is in the LS state, in good agreement with the optical properties characterization and with the previous reported magnetic and optic properties in LaCo0.02Al0.98Co0.02O3. 61 The paramagnetic trend can be simulated in a standard way using a Langevin function. The very low paramagnetic residue, with an intensity about 1/1000 of the signal intensity which was obtained on the Fe-doped compound, can be issued from multiple sources: -paramagnetic impurities (as Ce 3+ and/or Tb 3+ and/or Fe 3+ ); -occurrence of a negligible fraction of Co 2+ resulting from minor oxygen content deficiency; -Co 3+ ions in excited IS or HS state located on crystal surfaces as seen in LaCoO3 nanoparticles; 68 -or from strained ions in the matrix as seen in LaCoO3 thin films. 69 Seeing the above results on cobalt compounds in the LS state at room temperature, the last part of the study was devoted to the thermal activation of a LSHS state transition leading to temperature-induced SCO. The study was conducted coupling three in situ characterization techniques versus temperature: (i) in situ optical properties allowing the determination of the evolution of the absorption bands in wavelength and intensities; (ii) in situ powder X-ray diffraction to determine the temperaturedependence of the unit cell parameters; (iii) in situ magnetic properties allowing the evolution of the magnetization versus temperature. The optical and magnetic properties were recorded on the LaGa0.98Co0.02O3 compound for which the color is not too dark, while the structural investigation was made on the LaGa0.9Co0.1O3 composition for which the Co 3+ ionic radius effects on the unit-cell appear large enough to be determined.
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The in situ analyses of the optical properties versus temperatures under air have brought to the light a drastic modification which can be supposed to be linked to a continuous and broad temperature range LSHS spin-state modification by increasing the temperatures from room to 600°C, as illustrated Figure 11. The more important change in the absorption spectrum is detected between the applied temperatures 400°C and 500°C. The two room temperature absorption bands disappear progressively to the benefit of a new one located at an intermediate wavelength about 550 nm. From the Tanabe Sugano diagram, the phenomenon is clearly related to the SCO mechanism, the new band at intermediate wavelength could be indexed as the 5 E 5 T2 spin allowed transition. Unfortunately, the phenomenon is not fully achieved at 600°C, but the black body radiation at this temperature starts to mask the electronic transfer absorption and especially, the normalization using black and white reference samples for higher temperature would become quite loose for higher temperatures. In order to try to illustrate the color change associated to the SCO transition, photographs have been taken on the room temperature compound, and a compound just quenched from a high temperature treatment at 600°C (the temperature was estimated very roughly using a thermocouple cabled on the alumina crucible at about 500°C). It can be seen, in agreement with the recorded optical spectra that the color turns form a pale orange-brown at room temperature to a darker brown at about 500°C. After the in situ experiment versus temperature, it can be also noted that the experiment shows the reversibility of the thermochromic phenomenon, the spectrum of the pigment cooled down at room temperature being perfectly superimposed with the starting one.

The ionic radius of Co 3+ ion in LS and HS configurations significantly differs: Shannon Co 3+ ionic radius in the LS state is rLS=0.545 Å, in the HS state rHS = 0.610 Å. Hence, the SCO should have an impact on the cell parameters. To follow the effect, in situ PXRD analyses were performed. Figure 12 shows the aR and cR trigonal unit-cell parameters temperature dependence, both expressed as apc and cpc, normalized cell parameters corresponding to the equivalent pseudo-cubic cell: aR = apc×2 and cR = cpc ×12 for LaGa0.9Co0.1O3 composition. No significant anomaly is highlighted through the spin transition. A roughly linear thermal expansion is indeed observed in the temperature range from room temperature to 700°C. This thermal expansion is about 7×10 -6 K -1 and 12×10 -6 K -1 along the c and a cell-axis respectively. These values correspond to standard thermal expansion coefficients for LaGaO3 compound, 70 and for iono-covalent cobalt based perovskites. 71 In a relatively sharp manner, at about 700°C, the cell parameters expansion stops and negative thermal expansion for both unit-cell parameters is observed in the range from 700°C to 1000°C. This anomaly in the evolution of the unit-cell parameters would occur in the temperature range corresponding roughly to the end of the SCO but it seems not coherent with the increase of the Co 3+ ionic radius during the LSHS spin crossover. At first sight, it should indeed correspond to an increase, and not a decrease, of the unit-cell volume. Furthermore, from the low concentration of cobalt ion, a steric effect of the cobalt ions cannot be the only origin of the anomaly in the evolution of the unit-cell parameters. It can be noted that this very interesting and original observation was also checked on the LaGa0.95Co0.05O3 composition, for which the same behavior is noticed but with a less drastic intensity. The thermal expansion of LaGaO3 with the orthorhombic distortion of perovskite network has already been described does show such anomaly 70,71 in contrast with the unit-cell variation vs temperature of LaCoO3 perovskite. Uhlenbruck et al. 72 and Radaelli et al. 73 described the thermal expansion of LaCoO3 crystallizing with a trigonal symmetry, highlighting spin-state anomalies of the LaCoO3 unit-cell. Both studies show thermal expansion curves becoming steeper with temperature at the beginning of the spin cross over transition and then slightly flatten when the transition is complete but keeping a monotonous behavior. S shape curves for thermal expansion are also known on various Co-based orthorhombic perovskite as in SmCoO3, NdCoO3 or PrCoO3 compounds. 54 That is why this tendency observed for LaGa0.9Co0.1O3 composition better matches the one observed for cobaltite matrix than for gallate perovskite.

Approaches related to the SCO phenomenon can be attempted to explain these observed anomalies. The first approach is to consider that SCO phenomenon should be related to an insulatormetal phase transition with the temperature. 54,70 A metal to insulator phase transition can obviously be related to bond length shortening and so abnormal thermal expansion behavior. 74,75 Sample conductivity measurements versus temperature were herein performed until 800°C, but we noticed a pure semiconductor behavior on the whole temperature range, with the conductivity following a standard Arrhenius plot (see Figure S3). The second approach is to consider that Co-O bond lengths may not be positively correlated to the unit-cell parameters since studied perovskites exhibit steric constrains with too large Ga 3+ cations besides La 3+ ionic radius from which a tolerance factor t < 1 is calculated. Furthermore, in diluted systems, i.e. for small Co 3+ (LS) cations content diluted in octahedral sub-cationic network formed by larger Ga 3+ cations, the increase of the Co-O bonds should then decrease some steric strength and surely can be negatively correlated with the unit-cell parameters evolution. It can finally be noted that the anomaly in the evolution of the unitcell parameters occurs after the SCO phenomenon end rather than during its occurrence. Whatever, the large anomaly recorded on the unit-cell parameters evolution versus temperature is without any doubt linked to SCO occurring. This original point is planned to be more deeply investigated in a near future with the help of large facilities: for illustration, temperature dependence X-ray absorption spectroscopy at the O K-edge 74 coupled with neutron powder diffraction study to better describe the rhombohedral phase and especially to determine the rotation angle and strain for the oxygen octahedron with respect to the cobalt content. It can also be noted that counterintuitive decrease of unit-cell parameters during the LSHS SCO are commonly observed in molecular based materials. In all cases, they are related to significant modifications of the crystal packing often induced by the distortion of the metal coordination sphere. [START_REF] Guionneau | [END_REF]75 Interestingly, this behaviour has been shown by studies performed under pressure to be also associated with Negative Linear Compressibility, 76 and it would certainly be of interest to probe the behaviour of the cobaltites reported herein under pressure. Finally, a relevant question must be addressed: while the Co 3+ ion in the HS state has the same ionic radius than Ga 3+ (LaGaO3) and is also stabilized at room temperature in LaCoO3, why Co 3+ adopts for low Co content a LS state in LaGa1-xCoxO3 ? In this case, electronic effects outweigh steric effects. The covalent character of Ga-O chemical bonding with the high electronegativity of Ga 3+ (3d 10 : t2 6 e 4 , 4s 0 , Pauling = 1.81) and the presence of empty 4s orbital contribute to stabilize t2 6 level of LS-Co 3+ (t2 6 e0, Pauling = 2.01). At high temperature, the SCO occurs as well as the thermal expansion of 4s and 3d orbitals.

Then at T>700°C, we can assume hybridization between 4s(*) and eg() orbitals with delocalized electrons as well as strong overlapping between Metal and Oxygen Bands which does not allow the thermal expansion of the M-O chemical bonding. 
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 2 Figure2: X-ray diffraction patterns of 0.02 mol% Fe-doped aluminate and gallate compounds. The gallate compound with orthorhombic distortion is indexed from JCPDS 00-024-1102 and the aluminate compound with rhombohedral distortion is indexed from JCPDS 00-048-0123. The first part is devoted to the Fe-doped La(Al/Ga)O3 compounds. Herein, the results obtained on the 2 mol% Fe-doped LaGaO3 and LaAlO3 are especially selected and commented for comparison. Indeed, the results obtained on 5 and 10 mol%-doped compounds did not evidence any change of behavior versus the doping concentration. X-ray diffraction patterns of the 2 mol% Fe-doped LaGaO3 and Fe-doped LaAlO3 compounds are reported in Figure2. The two compounds crystallize into a pure perovskite phase with a submicronic crystallinity. An average isotropic crystallite size of about 50 nm can be extracted using Scherrer law from the X-ray peak widths, with LaB6 used to calibrate the apparatus enlargement. The gallate phase crystallizes into the Pbmn orthorhombic space group whereas the aluminate phase crystallizes into the R-3c trigonal space group. The orthorhombic and rhombohedral distortions observed for the LaGaO3 and the LaAlO3 matrix compositions, respectively are in good agreement with the tolerance factor t value: t = (rLa +rO)/[2×(rGa/Al+rO)]with rO, rGa, rAl and rLa ionic radius of O 2-, Ga 3 +, Al 3+ and La 3+

Figure 3 :

 3 Figure 3: UV-vis-NIR Absorption spectra, obtained after transformation of the diffuse reflectance spectra considering the absorption percentage such as: A% = 100 -Rdiff.%, of the Fe-doped La(Al/Ga)O3 compounds. Magnetization loops versus applied field/temperature ratio recorded at 2.0 K on Fe-doped La(Al/Ga)O3 compounds are superimposed for clear comparison in Figure 4. It can be clearly seen that the matrix composition does not influence the magnetization properties which are obtained. Both signals are mainly paramagnetic. The data treatment and the following discussion is then limited to LaGa0.98Fe0.02O3 compound. The data were fitted (Figure 5) considering a Langevin paramagnetic behavior following the equation:

, 3 LaAlFigure 4 :

 34 Figure 4: Magnetization curves: magnetic moment (in B) versus H/T (Oe.K -1) collected at T=2K for Fe-doped LaGaO3 and LaAlO3 compounds.
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 536 Figure 5: Magnetization curve: magnetic moment (in B) versus H/T (Oe.K -1 ) collected at T=2K for Fe-doped LaGaO3 and the two calculated curves issued from the two tested fit models. See text for definition of the fits. LaGa 0.98 Fe 0.02 O 3

Figure 7 :

 7 Figure 7: 57 Fe Mössbauer spectra of LaGa0.98( 57 Fe)0.02O3 recorded at room temperature (293 K) and 4.2 K. Both spectra were calculated using a distribution of quadrupole splitting (Δ).

Figure 8 :

 8 Figure 8: Powder X-ray diffraction patterns of xmol% Co-doped gallate compounds. Orthorhombic distortion is indexed from JCPDS 00-024-1102 and rhombohedral distortion is indexed from JCPDS 00-048-0123.Absorption spectra of the Co-doped LaGa1-xCoxO3 compounds with 0 ≤ x ≤ 0.1 are reported in Figure9. Besides the high energy Charge Transfer Bands around 4.4eV corresponding to O 2-Ga 3+ in LaGaO3 and around 2.7 eV for O 2-Co 3+ in LaGa0.99Co0.01O3, the important information is the occurrence of two absorption bands at lower energies with their intensity drastically increasing versus the cobalt concentration. These absorption phenomena can be attributed without any ambiguities to intra-atomic d-d transitions involving Co 3+ ions. From the Tanabe-Sugano diagram related to d 6 electronic configuration, the two visible absorption bands in the visible region about 450-500 nm and 750-780 nm can be indexed considering the Co 3+ chromophore in the LS state with the following 1 T2 1 A1, 1 T1 1 A1 transitions respectively. As we mentioned previously, the ionic radius of Co 3+ in the HS state is close to the one of Ga 3+ and stabilization of Co 3+ in the LS state in these compounds was not expected. Furthermore, the Co 3+ ion

Figure 9 :

 9 Figure 9: UV-vis-NIR Absorption spectra obtained after transformation of the diffuse reflectance spectra considering the absorption percentage such as: A% = 100 -Rdiff.%, of the Codoped LaGa1-xCoxO3 compounds with 0 ≤ x ≤0.1.Hence, only low cobalt concentrations with orthorhombic distortion allow colors away from grey level (moderate L* parameter) in order to study thermochromics applications related to the SCO effect when temperature increases. Furthermore, it can also be seen that the two absorption bands are red shifted when the cobalt concentration increases, particularly so for the 1 T2 1 A1 transition at higher energy. These two absorption bands being associated to an intra-atomic electron transfer from t2g to eg atomic orbitals, the red shift observed could mean in first approximation that the crystal field intensity slightly decreases while the Ga 3+ ions are substituted for Co 3+ ones. This is a paradox if we consider that the cobalt (III) ionic radius in the LS state in significantly lower than the Ga 3+ one. A careful spectroscopic calculation from the Tanabe-Sugano diagram for the d 6 electronic configuration yields a Racah parameter B varying from about 550 cm -1 to 500 cm -1 and a crystal field varying from 1.93 eV up to 2.01 eV for cobalt contents equal to 1% and 10%, respectively (see FigureS1). The red-shift observed is thus due to a decrease of the Racah parameter B versus the increase of cobalt content (increase of the covalence and decrease of the intra-atomic Coulomb repulsion), but is associated to a slight increase of the crystal field. Thus, in LaGaO3 matrix, the lowest the cobalt concentration, the more unstable the LS state is in comparison to the HS state. The magnetization versus applied field/temperature ratio at 5K for the 5 mol% Co-doped LaGaO3 compound is superimposed to the magnetization signal of the 5 mol% Fe-doped LaGaO3 compound, for comparison (Figure10). The magnetization curves clearly show that cobalt ions are mostly diamagnetic, even if it shows a small paramagnetic residue.

Figure 10 :

 10 Figure 10: Top side-Superimposition of the magnetization curves obtained versus H/T (Oe.K -1 ) collected at 5K for 5mol% Co-and Fe-doped LaGaO3 compounds; Bottom side-Zoom on the magnetization versus H/T of the cobalt compound.

Figure 11 :

 11 Figure 11: The Co-doped LaGaO3 thermochromic properties showed by in situ diffuse reflection recorded between room temperature and 600°C and photographs taken on the assynthesized sample and a just-quenched sample from 500°C.

Figure 12 :

 12 Figure 12: Evolution of the rhombohedral unit-cell parameters extracted from X-ray diffraction patterns versus temperature.

1 B = 550 cm - 1 Figure S2 :

 11S2 Figure S1: Extraction method of Racah parameter B and crystal field  for an attribution of 1 st allowed and 2 nd allowed transition equal respectively to 750 nm and 500 nm. The way we have extracted the Racah parameter B and the crystal field is based on a trivial graphic exploitation of the Tanabe-Sugano diagram for d7 configuration. The above Figure shows that the shoulder of absorbance observed at about 850 nm could correspond to the forbidden transition from 1 A1 to 3 T2 state.

Figure S3 : 11 ForSynopsis

 S311 Figure S3: Arrhenius-type plot of the conductance. Data are represented by the open circles and the line is a fit of the raw data considering an activation energy model for the conductance.Resistivity measurement was carried out using a standard home made four-probe dc technique
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Table 1

 1 

	, isomer

TABLE 1 .

 1 

	293 K	0.369(2)	0.70	0.30
	4.2 K	0.465(2)	0.57	0.30

57 

Fe Mössbauer parameters determined from the fitting of LaGa0.98( 57 Fe)0.02O3 spectra recorded at room temperature and at 4.2 K. T  (mm/s) <>* (mm/s)  (mm/s) *mean value of quadrupole splitting distribution.

Conclusion.

We have prepared Fe-and Co-doped La(Al/Ga)O3 oxides derived from the cubic perovskite structure. At ambient temperature, the continuous increase of the iron and/or cobalt content into the diamagnetic matrix allows us to tune the chromaticity. Thanks to Mössbauer spectroscopy analysis, the Fe-doped La(Al/Ga)O3 oxides were characterized as paramagnetic species with Fe 3+ (3d 5 ) in high spin configuration at whatever temperature down to 4K. This is in contrast with the interesting, original and unexpected SCO phenomenon observed on the Co-doped compounds discussed based on in situ X-ray diffraction, UV-vis spectroscopy and magnetic measurements up to 750°C. Because of the stabilization of HS-Co 3+ in LaCoO3 and the ionic size of HS-Co 3+ close to that of Ga 3+ ions, the occurrence of Co 3+ in the LS state in LaGa1-xCoxO3 solid solution for low Co rate was unexpected. Moreover the higher the Co rate, the higher the crystal field and the SCO phenomenon is then easily observed at lower temperature for lower Co content. Thus, mainly electronic effects and covalence of Ga-O chemical bond are key features to constrain Co 3+ ions to adopt the LS state in LaGa1-xCoxO3 solid solutions. This study shows the possibility to use LaGa1-xCoxO3 compounds as thermal sensor allowing the overcome of the poor cyclability shown by X-chromic oxides and the inadequate low working temperatures shown by molecular complexes.
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