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Introduction

Constraining the thermal profile of planetary cores is mandatory to model their dynamics, from the generation of the magnetic field to the mechanism of differentiation.

Melting curves of materials constituting their interior provide a first constrain on their thermal profile. For instance, in the Earth, the crystallization temperature of liquid iron alloys, forming the solid inner core, represents an anchoring point for the geotherm through the Earth's core.

Nickel is the second most abundant element in planetary cores, after iron. However, as these two metals have a similar atomic number, the effects of nickel on the properties of iron are often assumed to be small in comparison to those of light elements (i.e. C, O, S, Si, H) [START_REF] Poirier | Light elements in the Earth's outer core : A critical review[END_REF]. Based on cosmochemical models and studies on iron meteorites, the Earth's core is believed to be composed by iron alloyed with 5-15 wt% of Ni (and other light elements) [START_REF] Birch | Elasticity and constitution of the Earth's interior[END_REF][START_REF] Hirose | Composition and State of the Core[END_REF], while iron meteorites have been found to contain up to 35 wt% of Ni [START_REF] Buchwald | Handbook of iron meteorites. Their history, distribution, composition and structure[END_REF].

While numerous investigations on pure Fe phase diagram under extreme conditions of pressure and temperature have been conducted, only few have been dedicated to Fe-Ni alloys. In particular, measurements of their melting curves are very scarce. To the best of our knowledge, there is only one study dedicated to the melting curve of the Fe-Ni alloy with 10 wt% of nickel, using Synchrotron Mössbauer Spectroscopy (SMS) in the LH-DAC [START_REF] Zhang | Temperature of Earth's core constrained from melting of Fe and Fe 0.9 Ni 0.1 at high pressures[END_REF]. In this study, no obvious effect of Ni was observed on the melting temperature of Fe up to 125 GPa.

Solid phase relations for Fe-Ni alloys at concentrations between 5 and 50 wt% of Ni have been previously investigated [START_REF] Huang | Phase relationships in Fe-Ni alloys at high pressures and temperatures[END_REF][START_REF] Huang | Phase diagram and elastic properties of Fe 30% Ni alloy by synchrotron radiation[END_REF][START_REF] Lin | Iron-nickel alloy in the earth's core[END_REF][START_REF] Mao | Phase relations of Fe-Ni alloys at high pressure and temperature[END_REF][START_REF] Kuwayama | Phase relations of iron and iron-nickel alloys up to 300 GPa: Implications for composition and structure of the Earth's inner core[END_REF][START_REF] Komabayashi | In situ X-ray diffraction measurements of the fcc -hcp phase transition boundary of an Fe -Ni alloy in an internally heated diamond anvil cell[END_REF][START_REF] Dubrovinsky | Body-Centered Cubic Iron-Nickel Alloy in Earth's Core[END_REF] up to 300 GPa and 3000 K showing that Ni alloying enlarges the fcc phase stability to higher pressures (P) and lower temperatures (T) with increasing Ni content. Ni alloy-ing has also proved to dramatically increase the strength of pure Fe [START_REF] Reagan | The effect of nickel on the strength of iron nickel alloys: Implications for the earth's inner core[END_REF].

On the other hand, the Fe equation of state (H. [START_REF] Mao | Static compression of iron to 300 GPa and Fe 0.8 Ni 0.2 alloy to 260 GPa: implications for composition of the core[END_REF] and c/a ratio of the hcp phase at high-P and high-T [START_REF] Lin | Iron-nickel alloy in the earth's core[END_REF][START_REF] Sakai | Equation of state of pure iron and Fe 0.9 Ni 0.1 alloy up to 3 Mbar[END_REF][START_REF] Komabayashi | In situ X-ray diffraction measurements of the fcc -hcp phase transition boundary of an Fe -Ni alloy in an internally heated diamond anvil cell[END_REF] have shown to remain practically unaffected. These studies have contributed to the formulation of hypotesis regarding the properties and structure of the Earth's inner core that include several extrapolations and assumption, one of those being the effect of Ni addition on the melting curve of Fe.

The purpose of this study is to clarify how Ni alloying affects the Fe phase diagram and in particular its melting curve. The melting temperature of this end-member is mandatory to constrain the liquidus shape.

Experimental methods

Fe-Ni samples with 20 wt% and 36 wt% of Ni were compressed and heated in Diamond Anvil Cells (DACs) equipped with nanocrystalline diamond anvils [START_REF] Rosa | Nano-polycrystalline diamond anvils: key devices for xas at extreme conditions: their use, scientific impact, present status and future needs[END_REF] in order to avoid diamond Bragg peaks. The cullet sizes range was from 150 to 400 microns in diameter. The sample chamber was made of pre-indented rhenium gaskets with holes of 70-150 microns in diameter and the sample was placed between two KCl disks, previously dried in vacuum oven, used both as thermal insulator and pressure transmitting medium. The samples were polycrystalline foils by Goodfellow with initial thickness of 6µm (Fe-20wt%Ni) and 8µm (Fe-36wt%Ni).

Fe K-edge (7.112 KeV) and Ni K-edge (8.333 KeV) EXAFS (Extended X-ray Absorption Fine Structure) measurements were performed at the energy dispersive beamline ID24 at the European Synchrotron Radiation Facility (ESRF) [START_REF] Pascarelli | The Time-resolved and Extreme-conditions XAS (TEXAS) facility at the European Synchrotron Radiation Facility: the energy-dispersive X-ray absorption spectroscopy beamline ID24[END_REF].

The X-ray spot size on the sample was 4x5 µm 2 FWHM.

The laser heating facility at ID24 [START_REF] Kantor | A laser heating facility for energy-dispersive X-ray absorption spectroscopy[END_REF] allows to measure EXAFS spectra of a compressed sample while it is heated from both sides of the DAC. The temperature is measured by spectral-radiometry also from both sides. The heating lasers are two infrared (IR) CW Nd:YAG fiber lasers (IPG photonics) with λ = 1064 nm, focused to a spot size of around 20 µm diameter on the sample. Once the sample is compressed to the desired pressure, a triggering system allows to launch the laser heating, the temperature measurement and the X-ray acquisition simultaneously, according to the scheme described in [START_REF] Boccato | The Melting Curve of Nickel Up to 100 GPa Explored by XAS[END_REF]. The error over the measured temperature is chosen as the maximum between the error obtained from the sliding two-colors fit [START_REF] Benedetti | Temperature gradients, wavelength-dependent emissivity, and accuracy of high and very-high temperatures measured in the laser-heated diamond cell[END_REF][START_REF] Giampaoli | Measurement of temperature in the laser heated diamond anvil cell: comparison between reflective and refractive optics[END_REF] and the difference in the temperature measurements from the two sides of the DAC. Temperature uncertainties are typically within 10% of the measured temperature but can reach 14% at low temperature because of low signal-to-noise ratio of the emission signal. The pressure was measured using the ruby fluorescence [START_REF] Dewaele | [END_REF] before and after the heating run, the pressure uncertainty typically accounts for around 10 % of the measured pressure. Thermal pressure was estimated as described in [START_REF] Morard | Solving controversies on the iron phase diagram under high pressure[END_REF]. Further details on the experimental procedure can be found in the supporting information.

Results and Discussion

Solid-solid and solid-liquid relations were investigated for Fe-Ni with Ni at 20 wt% and 36 wt% in the 0-120 GPa and 300-3500 K range.

At ambient conditions, Fe-20wt%Ni is stable with bcc structure, like pure iron. Up to 12 GPa all EXAFS oscillations shift to higher energies as a consequence of the interatomic distance compression (see Fig. sition is completed at 17 GPa and above this pressure only the energy shift due to compression is observed. The transition pressure and width are similar to that of pure iron, reported to occur around 13 GPa, with width variations depending on the transmitting medium [START_REF] Barge | Effect of non-hydrostaticity on the α-transition of iron[END_REF].

Upon heating, hcp Fe-20wt%Ni transforms into the fcc structure. The hcp to fcc transition is hard to observe in the EXAFS region because the oscillations are very similar for the two phases (see Fig. 1 right panel). This is not surprising since the hcp and fcc structures differ only in their stacking sequence of the planes. However significant modifications occur in the XANES region as it is shown in the left panel of Fig. 2. Temperature slightly modifies the XANES of the hcp structure. The subsequent transition to the fcc structure shows up in the appearance of a two peaks structure (B) and flattening of the post shoulder slope (A). The same transformation was observed at different pressures from 15 to 100 GPa. However below 40 GPa it is not possible to measure the transition temperature as the emission is too low for spectro-radiometry. At 70 GPa, the example shown in Fig. 2, the transition starts at 1990 K and is completed at 2210 K. A similar behaviour has been observed in pure iron for the T-induced hcp-fcc transition [START_REF] Morard | Solving controversies on the iron phase diagram under high pressure[END_REF]. Fe-36wt%Ni was found in the fcc structure at ambient conditions and in all the explored P/T range before melting.

We report hcp/fcc co-existence data in Fig. 3 in comparison with previous experimental works. Our results extend the hcp/fcc boundary of Fe-20wt%Ni up to 3000 K and 120 GPa. The Clapeyron slope (dT/dP) for the hcp/fcc boundary is found to be steeper with respect to previous studies at similar Ni content [START_REF] Kuwayama | Phase relations of iron and iron-nickel alloys up to 300 GPa: Implications for composition and structure of the Earth's inner core[END_REF] W. L. [START_REF] Mao | Phase relations of Fe-Ni alloys at high pressure and temperature[END_REF] and closer to previously reported boundary for Fe-10wt%Ni [START_REF] Dubrovinsky | Body-Centered Cubic Iron-Nickel Alloy in Earth's Core[END_REF]. Komabayashi and co-authors [START_REF] Komabayashi | In situ X-ray diffraction measurements of the fcc -hcp phase transition boundary of an Fe -Ni alloy in an internally heated diamond anvil cell[END_REF] claim that differences in the phase boundaries reported for Fe-10wt%Ni can be explained in terms of different evaluation or neglecting of the thermal pressure. This could also apply to the Fe-20wt%Ni case even though it does not explain all the discrepancies. In the work of [START_REF] Kuwayama | Phase relations of iron and iron-nickel alloys up to 300 GPa: Implications for composition and structure of the Earth's inner core[END_REF]) the pressure at high T was determined using the PVT equa- tion of MgO and could be overestimated by 8 GPa at most because of axial temperature gradients. In the work of (W. L. [START_REF] Mao | Phase relations of Fe-Ni alloys at high pressure and temperature[END_REF], the thermal pressure was neglected therefore a steeper slope would be expected.

The previous results on the hcp/fcc boundary in Fe rich Fe-Ni alloys shown in Fig. 3 have been used to formulate important hypothesis on the structure of the Earth's inner core (IC, 330-364 GPa and 4000-7000 K [START_REF] Anzellini | Melting of iron at Earth's inner core boundary based on fast X-ray diffraction[END_REF]), mostly proposing iron rich Fe-Ni alloys to crystallize in the hcp phase [START_REF] Lin | Iron-nickel alloy in the earth's core[END_REF]; W. L. [START_REF] Mao | Phase relations of Fe-Ni alloys at high pressure and temperature[END_REF][START_REF] Komabayashi | In situ X-ray diffraction measurements of the fcc -hcp phase transition boundary of an Fe -Ni alloy in an internally heated diamond anvil cell[END_REF][START_REF] Sakai | Equation of state of pure iron and Fe 0.9 Ni 0.1 alloy up to 3 Mbar[END_REF][START_REF] Tateno | The structure of Fe-Ni alloy in Earth's inner core[END_REF]. A simple extrapolation of our hcp/fcc boundary supports the hypothesis of the hcp structure for Fe-Ni with 20 wt% of Ni at IC conditions, and the same would apply to lower Ni contents.

The temperature-induced transition to the liquid phase can also be clearly distinguished in the XANES region. As temperature is increased the two peaks (B in Fig. 2, right panel) get suppressed while the shoulder shape flattens (A). Similar changes are observed at different pressures for the two alloys. The melting detection with XANES has been recently applied to determine the melting curves of pure Ni [START_REF] Boccato | The Melting Curve of Nickel Up to 100 GPa Explored by XAS[END_REF] and pure Fe [START_REF] Morard | Solving controversies on the iron phase diagram under high pressure[END_REF]. This method has been validated by scanning electron microscope (SEM) textural analyses, performed on exposed transverse sections of samples recovered from the in situ experiments and theoretical calculations in the case of pure Co [START_REF] Boccato | Local structure of liquid 3d metals under extreme conditions of pressure and temperature[END_REF].

In order to avoid any data misinterpretation due to modifications in the sample assembly after melting, i.e. sample diffusion and/or chemical reactions [START_REF] Boccato | The Melting Curve of Nickel Up to 100 GPa Explored by XAS[END_REF], only the first appearance of mix or full liquid phase was considered for the melting curve determination, and each heating run has been performed on a fresh portion of the sample. Chemical reactions with carbon and oxygen are clearly detectable through modifications in the XANES [START_REF] Aprilis | Comparative study of the influence of pulsed and continuous wave laser heating on the mobilization of carbon and its chemical reaction with iron in a diamond anvil cell[END_REF] and have been monitored by acquiring a quench (cold) spectrum in between each increase of laser power (see supporting information).

-5-manuscript submitted to Geophysical Research Letters The Fe-20wt%Ni melting curve, obtained using a Simon-Glatzel fit [START_REF] Simon | Bemerkungen zur Schmelzdruckkurve[END_REF] of the first liquid (or mixtures) data, reported in the phase diagram in Fig. 4, almost superimposes on the pure Fe one up to 100 GPa. The Fe melting curve reported by [START_REF] Morard | Solving controversies on the iron phase diagram under high pressure[END_REF] combines results of XANES, XRD [START_REF] Anzellini | Melting of iron at Earth's inner core boundary based on fast X-ray diffraction[END_REF] and results of synchrotron Mössbauer spectroscopy [START_REF] Jackson | Melting of compressed iron by monitoring atomic dynamics[END_REF][START_REF] Zhang | Temperature of Earth's core constrained from melting of Fe and Fe 0.9 Ni 0.1 at high pressures[END_REF].

The negligible effect of Ni is in agreement with a previous Fe-Ni study [START_REF] Zhang | Temperature of Earth's core constrained from melting of Fe and Fe 0.9 Ni 0.1 at high pressures[END_REF], the discrepancies of the absolute values, in fact, is given by a different estimate of the thermal pressure [START_REF] Morard | Solving controversies on the iron phase diagram under high pressure[END_REF]. A kink of the melting line of Fe-20wt%Ni can be also expected in correspondence to the triple point, as in pure Fe [START_REF] Morard | Solving controversies on the iron phase diagram under high pressure[END_REF].

Therefore, an extrapolation of this melting curve to IC boundary conditions would not be reliable and measurements above 120 GPa, where the melting occurs from the hcp phase, are needed. Three heating runs, at 30, 50 and 60 GPa were performed on the Fe-Ni alloy with 36 wt% of Ni. For sake of clarity, only the first melting signatures are reported on the phase diagram for this alloy. These three melting points nicely overlap on the Fe-20wt%Ni melting curve, indicating that even higher Ni content does not affect the melting curve of Fe, differently from the effect of light elements alloying [START_REF] Morard | Fe-FeO and Fe-Fe 3 C melting relations at Earth's core-mantle boundary conditions: Implications for a volatile-rich or oxygenrich core[END_REF].

The hcp/fcc boundary is fitted linearly. The extrapolation of the melting curve and of the hcp/fcc phase boundary from 120 GPa allows to locate the hcp/fcc/liquid triple point of Fe-20wt%Ni at 170±20 GPa and 4000±400 K. For pure Fe, the triple point has been recently found at 100 ±10 GPa and 3500±200 K [START_REF] Morard | Solving controversies on the iron phase diagram under high pressure[END_REF]. Therefore, while the melting curve of fcc Fe is substantially unaffected by the addition of 20 wt% of Ni, because of the shift of the hcp/fcc boundary, the triple point moves significantly to higher pressures and temperatures.

The position of the triple point is important for thermodynamic modeling [START_REF] Komabayashi | Internally consistent thermodynamic database for iron to the Earth's core conditions[END_REF] or to constrain entropy change upon melting related to heat flow at the coremantle boundary (CMB) [START_REF] Anderson | The high-pressure triple points of iron and their effects on the heat flow from the earth's core[END_REF]. Our results allow constraining the position of the triple point for a geophysical pertinent composition, Fe-10wt%Ni, by assuming melt- [START_REF] Morard | Solving controversies on the iron phase diagram under high pressure[END_REF] and pure Ni from [START_REF] Boccato | The Melting Curve of Nickel Up to 100 GPa Explored by XAS[END_REF] are also shown. Right: phase boundaries incertitude evaluated as described in SI Text7.

ing curve similar to pure Fe and Fe-20wt%Ni in the fcc phase, and a linear variation of the hcp/fcc boundary with Ni content, that is also in agreement with most recent measurements of the hcp/fcc boundary by (Komabayashi et al., 2012) (Fig. 5 left panel). The position of the triple point for Fe-10wt%Ni is then expected around 135 GPa and 3800 K, and indicates a reduction of the melting temperature at CMB conditions by around 400 K with respect to pure Fe. This impacts the liquidus for Fe alloys constituting the Earth's core, by shifting it toward lower temperature. As pure Fe has a melting temperature comparable to mantle silicates at CMB pressure (∼4200 K), Ni addition will reduce this to ∼3800 K.

In a previous discussion, we have shown that the presence of a notable amount of light elements is required to lower the crystallization temperature of core materials at CMB below 4150 K (Fig7 in [START_REF] Morard | Fe-FeO and Fe-Fe 3 C melting relations at Earth's core-mantle boundary conditions: Implications for a volatile-rich or oxygenrich core[END_REF]), an upper bound which corresponds to the mantle melting temperature at 136 GPa [START_REF] Fiquet | Melting of peridotite to 140 gigapascals[END_REF][START_REF] Andrault | Solidus and liquidus profiles of chondritic mantle: Implication for melting of the earth across its history[END_REF] (Fig. 5 right panel). The observation that the main constituting alloy (Fe-Ni) in the core exhibits already a reduced melting temperature, suggests that a lower fraction of light elements is required. Such a low fraction is in better agreement with the one estimated from geochemical observations and the one required to reduce the density (and seismic wave speed) of the core [START_REF] Badro | A seismologically consistent compositional model of Earth's core[END_REF].

Conclusions

In this study we present the first experimental determination of melting curves of Fe-Ni alloys at 20 and 36 wt% of Ni by means of x-ray absorption spectroscopy in the laser heated DAC, as well as their high-pressure, high-temperature phase diagram in the CMB for a core with Fe-X (dashed areas) and FeNi-X (full colored areas) composition, where X is C, S or O. The temperature at CMB is higher than the crystallization temperature of the outer-core alloy by 400-900 K [START_REF] Anzellini | Melting of iron at Earth's inner core boundary based on fast X-ray diffraction[END_REF]Komabayashi, 2014) since across the liquid outer core (from 135 to 330 GPa) the geotherm is expected to follow an adiabat with P-T slope that is less steep than the melting curve (otherwise the outer-core would not be liquid).

Therefore, this is estimated to be 4600-5100 K for pure Fe and 4200-4700 K for Fe-Ni.

solid phase in the 0-120 GPa and 300-3500 K range. Our data allow locating the position of the hcp/fcc/liquid triple point for Fe-20wt%Ni at 170±20 GPa and 4000±400 K.

Our results indicate that while Ni alloying with Fe strongly modifies the equilibrium relations of the hcp and fcc phases, by enlarging the fcc stability domain, the Pinduced bcc/hcp transition (at ambient T) and the melting curve up to 1 Mbar are substantially unaffected. On the other hand, the shift of the hcp/fcc/liquid triple point has important consequences for Fe-Ni alloys at concentrations relevant for Earth interior (10 wt% Ni) as it implies a reduction of the melting temperature of around 400 K at CMB with respect to pure Fe, thus shifting the whole liquidus for Fe alloys constituting the Earth's core toward lower temperature. This, is turn, has important consequences on the core composition requiring a lower amount of light elements than previously predicted.

Figure 1 .

 1 Figure 1. Left: selection of EXAFS spectra of Fe-20wt%Ni acquired under pressure and room temperature. The data are shifted in vertical for clarity. The bcc to hcp structural transition starts above 12 GPa (blue lines) and it is completed from 17 GPa (red lines). Right: example of heating run performed at a starting pressure of 52 GPa. A selection of EXAFS spectra have been chosen to show the subsequent transitions from hcp (black and blue line) to fcc (pink) to the liquid phase (red). The data are shifted in vertical for clarity (the temperature increases downwards).

Figure 2 .

 2 Figure 2. Left: selection of XANES spectra showing the temperature induced hcp-fcc phase transition in Fe-20wt%Ni at 70 GPa. The black, blue and pink solid lines represent the XANES signal from the hcp phase at room temperature, the hcp phase at high temperature and the fcc phase respectively. The inset shows spectra of mixed hcp-fcc phases (violet lines) along the transition. Right: selection of XANES spectra showing the melting of Fe-20wt%Ni at 50 GPa. The two smaller panels on the right are zooms over the regions where the modifications occur.

Figure 3 .

 3 Figure 3. Hcp/fcc boundary found in this study for Fe-20wt%Ni and comparison to other experimental works at close compositions (as indicated next to the corresponding shaded area).T and P errors are around 10% of the measured values.

Figure 4 .

 4 Figure 4. Left: Phase diagram obtained from the experimental data. Black, orange and cyan rotated squares are bcc, hcp and fcc solid phases respectively. The bcc/hcp and hcp/fcc co-existence range is indicated as two colors squares. Pink circles indicate liquid phases, and two colours (pink and green) hexagons are solid-liquid mixtures. The black triangle represents the predicted position for the hcp/fcc/liquid triple point of Fe-20wt%Ni. Black hexagonal symbols represent melting points for the Fe-36wt%Ni alloy. Black crosses represent P/T errors for the melting points in different pressure regions of the phase diagram and have been shifted in vertical for clarity. The melting curves of pure Fe from[START_REF] Morard | Solving controversies on the iron phase diagram under high pressure[END_REF] and pure Ni from(Boccato 

Figure 5 .

 5 Figure 5. Left: schematic evolution of Fe-Ni phase diagram as a function of Ni content. The addition of Ni does not affect the melting curve in the fcc structure, but the triple point hcp-fccliquid is shifting toward higher pressure and temperature. Right: Expected temperature at the
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