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Introduction

The multi-structural properties of Ni-containing AB2 Laves phase (A = rare earth or alkaline earth element, B = transition metals) give rise to lot of interest, especially for their large magnetocaloric effects [START_REF] Shoemaker | Concerning the relative numbers of atomic coordination types in tetrahedrally close packed metal structures[END_REF][START_REF] Gratz | Temperature-and pressure-induced structural transitions in rare-earth-deficient (R = Y, Sm, Gd, Tb) Laves phases[END_REF][START_REF] Gratz | New magnetic phenomena in TbNi2[END_REF] and ability to absorb hydrogen [START_REF] Latroche | Percheron-Guégan, Structural instability in R1-xNi2 compounds and their hydrides (R = Y, Rare Earth)[END_REF][START_REF] Percheron-Guégan | Structure of Y0.95Ni2 and its hydride[END_REF][START_REF] Paul-Boncour | Structural characterization of RNi2 (R = La, Ce) intermetallic compounds and their hydrides[END_REF]. ANi2 compounds crystallize in either a tetragonal La7Ni16-type (A = La) structure or a cubic TmNi2-type (A = from Ce to Lu and Y) structure [START_REF] Paul-Boncour | Homogeneity range and order-disorder transitions in R1-xNi2 Laves phase compounds[END_REF][START_REF] Paul-Boncour | Ab initio calculations on the formation of La1-xNi2 compounds[END_REF][START_REF] Lindbaum | Ab initiostudies of the formation of a Y1-xNi2superstructure with ordered Y vacancies[END_REF]. Both structures can be described as C15 superstructures with ordered A vacancies, which allow relaxing the micro strain caused by the large atomic radius ratio far to the ideal value of 1.225 (𝑟 𝐿𝑎 /𝑟 𝑁𝑖 = 1.51, 𝑟 𝑌 /𝑟 𝑁𝑖 = 1.45). Compounds crystallizing in TmNi2type superstructure have a lattice parameter a that is twice that of the parent C15 cubic lattice, and a lower symmetry space group F 4 ̅ 3m [START_REF] Deutz | Superstructure in the intermetallic compound TmNi2[END_REF]. Latroche et al. [START_REF] Latroche | Percheron-Guégan, Structural instability in R1-xNi2 compounds and their hydrides (R = Y, Rare Earth)[END_REF] indicated that such superstructure is widely observed in ANi2 compounds with A = Pr -Lu. However, with decreasing the radius of A atoms, the quantity of ordered A vacancies on the 4a site diminish until reaching the 1:2 stoichiometry for LuNi2. This confirms the importance of size effects in ANi2 compounds.

Ti, Zr based AB2 Laves type alloys are largely studied for hydrogen storage [START_REF] Yartys | Laves type intermetallic compounds as hydrogen storage materials: A review[END_REF][START_REF] Maeda | Cyclic stability test of AB2 type (Ti, Zr)(Ni, Mn, V, Fe)2.18 for stationary hydrogen storage in water contaminated hydrogen[END_REF][START_REF] Ulmer | Study of the structural, thermodynamic and cyclic effects of vanadium and titanium substitution in laves-phase AB2 hydrogen storage alloys[END_REF][START_REF] Kandavel | Improvement of hydrogen storage properties of the AB2 Laves phase alloys for automotive application[END_REF]. Rare earth based ANi2 (A = rare earth) intermetallic absorb big amount of hydrogen, but currently suffers from hydrogen-induced amorphization (HIA). The mains cause of the HIA is its high atomic radius ratio 𝑟 𝐴 𝑟 𝐵 ⁄ and the low structure stability [START_REF] Aoki | Factors controlling hydrogen-induced amorphization of C15 Laves compounds[END_REF][START_REF] Chung | General features of hydrogen-induced amorphization in RM2 (R = rare earth, M = transition element) Laves phases[END_REF]. It is generally known that the structural stability of AB2 compounds can be enhanced by chemical substitution on either the A or B site. It is interesting to observe that when selected transition metals (B = Cu, Fe, Al) are substituted for Ni in YzNi2-yBy (i.e. on the B site) [START_REF] Paul-Boncour | Percheron-Guégan, Structural study of the pseudobinary Y(Ni, Cu)2 system[END_REF][START_REF] Myakush | electrical resistivity of YNi3 and Y0.95Ni2[END_REF][START_REF] Shen | Investigation of the phase occurrence and H sorption properties in the Y33.33Ni66.67-xAlx (0 ≤ x ≤ 33.33) system[END_REF], the resulting compounds favour a phase transition from superstructure to the C15 Laves phase structure with a disordered arrangement of Y vacancies. Similarly, Sc substitution for Y in Y0.95-xScxNi2 (i.e. on the A site) leads to the same structural transformation as x ≥ 0.5. Furthermore, the Sc substitution for Y on the A site leads to a suppression of A-sites vacancies [START_REF] Zhao | Exploring the Hydrogen-Induced Amorphization and Hydrogen Storage Reversibility of Y(Sc)0.95Ni2 Laves Phase Compounds[END_REF]. It is worth noting that Cu (1.28 Å), Fe (1.27 Å) and Al (1.43 Å) exhibit larger atomic radius than Ni (1.24 Å), whereas Sc (1.62 Å) exhibits smaller atomic radii than Y (1.80 Å). This suggests that modifying the average 𝑟 𝐴 𝑟 𝐵 ⁄ ratio towards the ideal value of 1.225, leads to a stabilized C15 structure with or without disordered Y vacancies.

In this work, we will investigate the influence of Ni for Mn substitution in YNi2, which is expected to lower the average 𝑟 𝐴 𝑟 𝐵 ⁄ value due to larger Mn radius (1.35 Å). However, some previous works reported that the Mn atoms can substitute on both A and B sites in C15 Laves structure of the A-Ni-Mn compounds (A = Tb, Dy, Ho, Er or Zr) [START_REF] Wang | Structure and magnetic properties of RNi2Mn compounds ( R = Tb , Dy , Ho , and Er )[END_REF][START_REF] Houvert | Diagramme d'equilibre zirconium-manganese-Nickel à 1173 K, Fixation d'hydrogène sur especes métalliques de ce systeme[END_REF] and in Zr-Mn compounds with C14 Laves Structure [START_REF] Van Essen | Composition and hydrogen absorption of C14 type Zr-Mn compounds[END_REF][START_REF] Bobet | Relationship between hydrogen sorption properties and crystallography for TiMn2 based alloys[END_REF], which may reduce the 𝑟 𝐴 𝑟 𝐵 ⁄ value more drastically. For this purpose, a combination of experimental methods (EPMA, XRD, NPD, magnetics measurement) and DFT simulations is adopted to investigate the structure and phase stability of YzNi2-yMny (0.75 ≤ z ≤ 1, 0.1 ≤ y ≤ 0.5) compounds.

Experimental methods

Intermetallic compounds with nominal composition YzNi2-yMny (0 ≤ y ≤ 0.5, 0.75 ≤ z ≤ 1)

were prepared by induction melting of high-purity metals (Y:99.9%, Ni:99.99%, Mn: 99.95% from Alfa Aesar) in purified argon atmosphere (5N) under a pressure of 0.04 MPa in a cooled copper crucible. The ingots were turned over and re-melted three times to ensure homogeneity.

The as-cast ingots were subsequently annealed 3 days at 1123 K. The phase compositions and microstructure of the compounds were examined by electron probe micro-analysis (EPMA), using a CAMECA SX100.

Then, the prepared samples were mechanically crushed and ground into powder for various measurements and analysis. The samples (36 μm crushed powder) were characterized by X-ray diffraction (XRD), using a D8 DAVINCI diffractometer from Bruker with Cu-Kα radiation in the 2 range of 10º -100º with a step size of 0.02º. Diffraction patterns were collected at 40 kV, 40 mA for the anode of the X-ray tube. The neutron diffraction patterns were collected at room temperature on the general-purpose powder diffractometer (GPPD) at China Spallation Neutron Source (CSNS). The XRD and NPD patterns were analyzed via joint Rietveld method by using the package TOPAS [START_REF] Topas | General Profile and Structure Analysis Software for Powder Diffraction Data, version 4.2[END_REF].

Computational methods

YzNi2-yMny structures were generated by substituting 1-5 Mn on the Ni and Y sites, and 1-3 vacancies on the Y site, of a perfect 2×1×1 supercell of YNi2 with C15 Laves structure. To account for configurational entropy, which is expected to play a dominant role in a system that undergoes order/disorder transitions, all possible permutations of Mn and vacancy defects configurations were considered within our supercell, and the configurational entropy was obtained using ensemble averaging techniques [START_REF] Dudarev | Electron-energyloss spectra and the structural stability of nickel oxide: An LSDA+U study[END_REF]. The site-occupancy disorder (SOD)

program [START_REF] Grau-Crespo | Symmetry-adapted configurational modelling of fractional site occupancy in solids[END_REF] was used to obtain all symmetrically-unique permutations of defects ( Mn Ni , Mn Y and  Y ). The resulting 3374 structures were relaxed using density functional theory (DFT) as implemented in the Vienna Ab Initio simulation program (VASP) [START_REF] Kresse | Ab initio molecular dynamics for liquid metals[END_REF][START_REF] Kresse | Ab initio molecular-dynamics simulation of the liquid-metal-amorphous-semiconductor transition in germanium[END_REF][START_REF] Kresse | Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis set[END_REF]. All DFT simulations used the PBE exchange-correlation functional [START_REF] Blöchl | Projector augmented-wave method[END_REF][START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF], with a plane-wave cutoff of 350 eV and k-point grid of 2×4×4 [START_REF] Monkhorst | Special points for Brillouin-zone integrations[END_REF]. A first-order Methfessel-Paxton smearing function [START_REF] Methfessel | High-precision sampling for Brillouin-zone integration in metals[END_REF] of width 0.1 eV was applied to treat partial occupancies of bands. All simulations were energy minimized at constant pressure, with convergence criteria of 10 -6 eV and 10 -5 eV for electronic and ionic minimization, respectively.

The effective enthalpy and effective lattice parameter of an ensemble containing N configurations are:

𝐸 𝑓 = ∑ 𝑃 𝑛 𝐸 𝑛 𝑁 𝑛=1 (1) 
𝑎 = ∑ 𝑃 𝑛 𝑎 𝑁 𝑛=1 (2) 
where 𝑃 𝑛 is the ensemble probability of occupying a particular configuration with degeneracy of Ω 𝑛 and formation enthalpy of 𝐸 𝑛 , calculated as [START_REF] Shoemaker | Concerning the relative numbers of atomic coordination types in tetrahedrally close packed metal structures[END_REF] 𝑃 𝑛 = Ω 𝑛 exp (-

𝐸 𝑛 𝑘 𝐵 𝑇 ) ∑ Ω 𝑛 exp (- 𝐸 𝑛 𝑘 𝐵 𝑇 ) 𝑁 𝑛=1 (3) 
Enthalpy of formation from standard state was calculated as

𝐸 𝑛 = 𝜇(Comp.)-(𝑥)𝜇(Y)-(𝑦)𝜇(Ni)-(𝑧)𝜇(Mn) 𝑥+𝑦+𝑧 ( 4 
)
where 𝜇 is the chemical potentials of the compound and reference phases, taken as the DFT total energy of a unit cell of the reference metals in their elemental ground state (hcp-Y, bcc-Ni and α-Mn.

The Gibbs free energy of formation at any given temperature T was calculated as:

𝐺 𝑓 = 𝐸 𝑓 -𝑇𝑆 𝑐𝑜𝑛𝑓.
(

where 𝑆 𝑐𝑜𝑛𝑓. is configurational entropy calculated as:

𝑆 𝑐𝑜𝑛𝑓. = 𝑘 𝐵 ∑ 𝑃 𝑛 ln 𝑃 𝑛 𝑁 𝑛=1 (6) 
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Experimental and computational results

Synthesis and phase occurrence

As shown in Figure 1, we initially prepared two series of compounds: Y0.9Ni2-yMny (0.1 ≤ y ≤ 0.5) and YzNi1.7Mn0.3 (0.75 ≤ z ≤ 1.00), then Y0.95Ni2, Y0.86Ni1.8Mn0.2 and Y0.79Ni1.61Mn0.39. S

.1-Table S.2.
From XRD patterns, no superstructure was observed for all Mn-containing samples. Figure 2 shows the phase abundance from Rietveld refinement as the function of the Y content 0.75 ≤ z ≤ 1.00 (y = 0.3) and nominal Mn content for 0.1 ≤ y ≤ 0.5 (z = 0.9). The XRD patterns of Y0.95Ni2, Y0.9Ni1.9Mn0.1, Y0.86Ni1.8Mn0.2; Y0.825Ni1.7Mn0.3, Y0.79Ni1.6Mn0.4 alloys are presented in Figure 3. The four first compounds are single phase and the last one contains a small amount of AB3 phase. Y0.95Ni2 presents a single TmNi2-type phase with the previously described superstructure (space group F4 ̅ 3m, No. 216) [START_REF] Percheron-Guégan | Structure of Y0.95Ni2 and its hydride[END_REF][START_REF] Latroche | Structure determination of Y0.95Ni2 by X-ray powder diffraction[END_REF]. The Mnsubstituted compounds with nominal compositions Y0.9Ni1.9Mn0.1, Y0.86Ni1.8Mn0.2 and Y0.825Ni1.7Mn0.3 all crystallize in the C15 Laves phase structure without any superstructure peaks (Figure 4). Then a mixture of C15 and AB3-type Y(Ni, Mn)3 phase was observed for Y0.79Ni1.61Mn0.39, which further indicates the solubility of Mn in AB2 phase should be around y = 0.4. Assuming that the Mn atoms substitute only Ni atoms, and the vacancies are on the Y-site, the XRD patterns are refined with Rietveld method. The relevant crystallographic data, composition and the calculated density and chemical compositions measured by EPMA are summarized in Table 1. Rietveld refinement reveals that the lattice parameter increases with Mn content. With the assumption that Mn and vacancies occupy different sublattices (Ni and Y, respectively), the refined vacancy content is not regular: it first increases, then decreases and increase again with Mn content, which does not coincide with the nominal Y content. This may indicate that the above assumptions are not exact and that Mn and/or vacancies can occupy both sublattices to some degree. This cannot be achieved reliably on the XRD patterns due to limited scattering contrast between Mn, Ni and Y. Thus, an unconstrained Rietveld refinement was performed on the NPD patterns presented below. 

Cell parameter

Figure 5 shows cell parameter variation versus Mn content, obtained via DFT simulation (Figure 5a) and experiment (Figure 5b). In panel (a), each data point corresponds to the ensemble average of cell parameters of all configurations at that composition, calculated via eqn. 2, at 500 K. Noting that each average value is the results of hundreds of DFT simulations, where the cell parameters of lowest energy configurations have relatively larger weight in the ensemble average. An increasing trend is observed in the cell dimension with increasing the content of Mn from 0.1 to 0.3. The smaller lattice constant obtained for (Y0.940.06) (Ni1.88Mn0.12) (will be discussed later) relative to YNi2 is partly owed to the existence of more vacancies in this structure. Further increase of Mn content increases the lattice parameter slowly, with a rate that deviates strongly from the Vegard's low applied to the end members YNi2 and YMn2. Experimentally, the same tendance is observed: the lattice parameter of Y0.9Ni1.9Mn0.1 is smaller than the binary compound Y0.95Ni2 and then it increases with further Mn additions. For comparison, the lattice parameter of YMn2 and the Ni substituted compound YMn1.8Ni0.2 with C15 structure reported in the literature [START_REF] Fujiwara | Effect of Hydrogen Absorption on the Magnetic Properties of Pseudobinary Intermetallics Y(Mn1-xTx)2 (T=Al, Co and Ni)[END_REF] are also plotted. Clearly, the slope of the lattice parameter change with Mn content is very low for Y0.9Ni2-yMny in comparison with that of YMn2-xNix. Figure 6 shows ternary diagram of cell parameter as function of composition obtained by EPMA, indicating the domain of C15 phase formation. It increases with Mn content before decreasing again and reaches the limit of solubility of Mn around 0.15 corresponding to the composition Y0.8Ni1.6Mn0.4. A strong correlation is observed between lattice parameter and composition along "b" direction, where the lattice parameters increase with the Mn content while the Y content is constant. The changes of lattice parameter can be interpreted as a solid solution behavior. Following the "a1" direction, within low Mn content range, the lattice parameter remains unchanged if Y content decreases tinnily accompanied with the Mn content increasing. Similarly, for the compositions with high Mn content, along "a2" direction, the Ni content is basically unchanged, while the Y content decreases significantly the lattice parameter remains unchanged. This three-dimension behavior indicates a more "complex" structure than we assumed before.

Site occupation

The contrast between Mn and Ni atoms is not sufficient by XRD, whereas neutron diffraction allows to discriminate between Ni and Mn and localize Mn on Ni site. Therefore, time of flight neutron diffraction was performed at 300 K for Y0.9Ni1.9Mn0.1, Y0.86Ni1.8Mn0.2, Y0.825Ni1.7Mn0.3 and Y0.79Ni1.61Mn0.39 single phase samples.

To better distinguish the occupations of vacancies and Mn, the neutron powder diffraction and laboratory XRD patterns are jointly analyzed and are based on the following hypotheses: the yttrium, nickel and manganese content are fixed to the value determined by EPMA, the Y atoms occupy only A-site, the Ni atoms occupy only B-sites, while the refinement allows to distribute Mn atoms within A and B sites, keeping the sum (𝑚 • 𝑀𝑛 (𝐴) + (1 -𝑚) • 𝑀𝑛 (𝐵)) equal to EPMA measured content, by fitting only the parameter m. The total occupancy of the A-site is also refined, to account for possible vacancies (). The A/B ratio is fixed to the stoichiometry 1/2 as equation [START_REF] Paul-Boncour | Homogeneity range and order-disorder transitions in R1-xNi2 Laves phase compounds[END_REF]. In the composition range of 6.25-6.52 at. %Mn, the compound (Y0.880.12)(Ni1.81Mn0. 

(𝑌 +  + 𝑚 • 𝑀𝑛) (𝑁𝑖 + (1 -𝑚) • 𝑀𝑛) = 1 2 ⁄ ⁄ (7)

DFT calculation

(b) (a) (c)

roughly around 40% of Mn atoms occupy the Y sites. Notably, compounds with no vacancies, or with too many vacancies on the Y sites are unfavourable in these composition ranges.

The distribution of Mn and Y vacancies for the three most stable compositions is shown in Figure 10. Our simulations reveal that Mn may be accommodated on both Y and Ni sites, however, the partitioning between the two sites is strongly dependent on Mn content: at low content (< 6.52 at. %Mn), Mn is preferentially accommodated on the Ni sites only. At higher Mn content (8.33-10.87 at. %Mn), Mn atoms may be accommodated on both sites.

Additionally, it is found that vacancies on Y sites are indispensable for stabilizing (Y,)(Ni,Mn)2, which is dominant at low Mn content. The magnetic measurements of the single phase samples were performed using a conventional Physical Properties Measurement System (PPMS) from Quantum Design.

Y0.95Ni2 is paramagnetic in agreement with previous work [START_REF] Ćwik | Some physical properties of YxHo1-xNi2 solid solutions[END_REF]. We have observed that the Mn for Ni substitution did not induce a significant change of the magnetic properties. This behavior proves that the magnetic consideration is not necessary for DFT calculation.

Discussion

The YzNi2-yMny have been studied by combined powder diffraction techniques (X-ray and neutron), EPMA and DFT simulations. The data analyses show that upon Mn substitution, the YzNi2-yMny compounds crystalize with a disordered C15 structure rather than the ordered superstructure of Y0.95Ni2. For z = 0.9, the Mn content y varies from 0.1 to 0.5. It was found that single-phase compound can only be obtained with y = 0.1. For each given Mn content, alloys with different z values were synthesized. It was found that with increasing of Mn content y, the stoichiometry z should be decreased to obtain single phase. For y = 0.2, 0.3 and 0.4, the C15 phase forms with large sub-stoichiometric z = 0.86, 0.825 and 0.79 respectively.

To explain this phenomena, we propose two hypothesis: i) the Y-site vacancy, which is supported by the presence of A-site vacancies in ANi2 compounds (A= rare earth elements) already reported by [START_REF] Paul-Boncour | Structural characterization of RNi2 (R = La, Ce) intermetallic compounds and their hydrides[END_REF][START_REF] Paul-Boncour | Homogeneity range and order-disorder transitions in R1-xNi2 Laves phase compounds[END_REF][START_REF] Paul-Boncour | Ab initio calculations on the formation of La1-xNi2 compounds[END_REF][START_REF] Paul-Boncour | Percheron-Guégan, Structural study of the pseudobinary Y(Ni, Cu)2 system[END_REF][START_REF] Latroche | Structure determination of Y0.95Ni2 by X-ray powder diffraction[END_REF][START_REF] Latroche | Deviations from the C15 type structure in RNi2 compounds (R = Y, Ce)[END_REF], ii) the Mn occupation of A site, which is supported by the ability of Mn to sit on the A sites in ZrMn2-type Laves phase, allowing large over-stoichiometric domains ZrMn2+x [START_REF] Houvert | Diagramme d'equilibre zirconium-manganese-Nickel à 1173 K, Fixation d'hydrogène sur especes métalliques de ce systeme[END_REF][START_REF] Van Essen | Composition and hydrogen absorption of C14 type Zr-Mn compounds[END_REF]. Moreover, ternary RNi2Mn (R = Tb, Dy, Ho, Er) compounds [START_REF] Wang | Structure and magnetic properties of RNi2Mn compounds ( R = Tb , Dy , Ho , and Er )[END_REF][START_REF] Wang | Structure and magneto-history behavior of DyNi2Mn[END_REF] crystalize in the C15 Laves phase structure, where Mn occupies both A-sites and B-sites. Experimentally, the laboratory XRD provides a good resolution of the structure to determine the lattice parameters but could not distinguish Ni and Mn occupations due to their very similar electron cloud. The neutron diffraction, specially by TOF technique gives a higher resolution of the atomic occupation. By using TOPAS package, a joint refinement of XRD and NPD allowed us to determine the Mn occupation and eventually A-site vacancies. The diffraction refinement revealed a similar trend to those predicted by DFT simulations. Noting, however, that a direct comparison of the exact same compositions was impossible due to the practical limitation of the number of atoms that can be modelled in DFT. At low Mn content, the Mn occupation of Y can be neglected as the structure is stabilized by the Y-site vacancies, 14% of the Y-sites are vacant. This high-concentration of vacancy can explain the smaller lattice parameter of Y0.9Ni1.9Mn0.1 compared to the binary compound Y0.95Ni2, which contains only 5 % Y vacancies [START_REF] Percheron-Guégan | Structure of Y0.95Ni2 and its hydride[END_REF]. Despite of the larger atomic radius of Mn compared to Ni, the larger proportion of vacancies in Y0.9Ni1.9Mn0.1 (14%) leads to a slight lattice contraction. At high Mn content, the vacancies on the A-sites decrease drastically and eventually disappear, instead 64 %, 56% and 48 % of Mn atoms occupy the A-sites in Y0.85Ni1.79Mn0.21, Y0.825Ni1.68Mn0.32 and Y0.80Ni1.59Mn0.41, respectively (see Table 2). This results to an almost constant Mn-on-Y substitution rate (10%, 13% and 14% respectively) while a significant increase of the Mn content on the B-site (5.5%, 10% and 15 % respectively) globally leads to a lattice parameter increase. The results from DFT simulations are in good agreement with experimental results: at low Mn content the C15 is stabilized by A-site vacancies. DFT calculation shows that at high Mn content, the vacancies percentage decreases and Mn atoms occupy both A and B-sites (Asites occupation of 50% and 40% for Y0.81Ni1.88Mn0.28 and Y0.81Ni1.81Mn0.32, respectively). At high Mn content, C15 phase can be formed in a wider composition domain, compensated by the partitioning of Mn substitution sites, as clearly indicated in Figure 11. Also, the constant lattice parameter of C15 phase in the direction "a2" shown in Figure 6 indicates the material's ability to adjust Mn partitioning between sites. This behavior is confirmed by the DFT calculation results: for a given concentration of Mn, several compositions with varying degree of Ni and vacancies have similar Gibs free energy (Figure 9), and these structures form with different partitioning of Mn on Ni and Y sites.

Conclusions

By combining different characterization techniques (standard X-ray diffraction, neutron diffraction, EPMA) and DFT simulations, the phase formation and site occupation for Ni substitution by Mn atoms in the systems YzNi2-yMny was clarified. YzNi2-yMny compound crystalizes in C15 with disordered Y-site vacancies at low Mn content. When Mn content increases to around 10 at.% , the C15 phase forms with Mn occupying both Y and Ni sites.

Furthermore, this phase can be formed over a wide composition range, enabled by a selfadjusting partitioning of Mn on the Y and Ni sites, compensated by Y vacancies. This phase, in which the average atomic radius ratio rA/rB is close to 1.37, might be a promising candidate for reversible hydrogen storage. Further works on their hydrogenation properties will be undertaken.
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 11 Figure1The experimental compositions of YzNi2-yMny compounds: the blue squares represent YzNi1.7Mn0.3 compounds; the red circles represent Y0.9Ni2-yMny compounds; the green stars represent the YzNi2-yMny compounds with single-phase C15-type structure (Y0.95Ni2: superstructure); the magenta symbol represents Y0.79Ni1.61Mn0.39 compound with C15 as main phase.

3 Figure 2

 32 Figure 2 Phase abundance of Y(Ni, Mn)2, YNi and Y(Ni, Mn)3 as function of Mn content (a) and Y content (b), in Y0.9Ni2-yMny and YzNi1.7Mn0.3 compounds respectively.

Figure 3 Figure 4

 34 Figure 3 XRD patterns of Y0.95Ni2, Y0.9Ni1.9Mn0.1, Y0.86Ni1.8Mn0.2, Y0.825Ni1.7Mn0.3, Y0.79Ni1.6Mn0.4 compounds.
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 5 Figure 5 Cell parameter variation versus Mn content, obtained via DFT simulation (a) and experiment (b).
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 6 Figure 6 Lattice parameter a of the C15 Laves phase in the ternary diagram of Y-Ni-Mn

Figure 7 Figure 7

 77 Figure 7 presents the Rietveld refinement of the neutron powder diffraction (a), and the
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 828 Figure 8 represents the composition of the compounds investigated computationally
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 9 Figure 9 represents predicted Gibbs free energy of formation of compounds (Y, , Mn)(Ni,
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 9 Figure 9. Gibbs free energy of formation of compounds of (Y,,Mn)(Ni,Mn)2 at 500 K, in the composition
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 10 Figure 10. Percentage of vacancy on Y sites (upper panel) and Mn atoms occupy Y sites (lower panel).

Figure 11

 11 Figure 11 Ternary diagram of YzNi2-yMny compounds: the opened symbols represent AB2 phase; the closed balls represent AB3 phase; the closed black boxes represent YNi phase, the homogeneity region of the (Y,Mn)(Ni,Mn)2 phase is surrounded by the red dashed line.
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Table 1

 1 Crystallographic data and chemical compositions for YzNi2-yMny compounds with single C15 phase structure.

						Y-site	
	Y	Composition	Crystal	a (Å)	V (Å 3 )	occupation	Composition
		EPMA (0.01)	structure				(diffraction)
						%	
				14.3557 (3)	2958.55 (9)		
	0	Y0.95Ni2.00	Superstructure			96(1)	Y0.96Ni2
				/7.1778 (1)	/369.81 (1)		
	0.1	Y0.86Ni1.87Mn0.13 C15	7.1733 (1)	369.11 (1)	85(1)	Y0.85Ni1.87Mn0.13
	0.2	Y0.85Ni1.79Mn0.21 C15	7.1826 (1)	370.55 (1)	83(1)	Y0.83Ni1.79Mn0.21
	0.3	Y0.825Ni1.68Mn0.32 C15	7.1912 (1)	371.88 (1)	87(1)	Y0.87Ni1.68Mn0.32
	0.4	Y0.80Ni1.59Mn0.41 C15	7.2001(1)	373.27(1)	84(1)	Y0.84Ni1.59Mn0.41
	4.2	Structural properties of the C15 Laves phase			

83 Ni 1.68 Mn 0.32 y (YNi 2-y Mn y ) Lattice parameter a of Y 0.9 Ni 2-y Mn y Lattice parameter a of YNi 2-y Mn y Lattice parameter a (Å) y (Y 0.9 Ni 2-y Mn y ) Y 0.9 Ni 1.9 Mn 0.1 7.1736 Å

  

	0.0	0.2	0.4	0.6	0.8	1.0	1.2	1.4	1.6	1.8	2.0
	7.7										
	7.6										
								YMn 1.8 Ni 0.2	YMn 2	
	7.5							7.66 Å Difference: 0.05 Å 7.61 Å	
	7.4										
	7.3										
	7.2						7.1778 Å Y 0.95 Ni 2	7.1951 Å Y 0.Difference: 0.02 Å
	7.1	(b)									
	0.0	0.2	0.4	0.6	0.8	1.0	1.2	1.4	1.6	1.8	2.0
						a (Ǻ)			
	0.00 0.40 0.45 Y 0.05 0.10 0.15 0.20 0.55 0.60 0.65 0.70 0.75 0.25 0.30 0.35 a 1 Mn b a 2	7.173 7.177 7.180 7.183 7.186 7.190 7.196 7.199 7.193			N i

Table 2

 2 Detailed structural information of C15 phases with the nominal composition Y0.9Ni1.9Mn0.1, Y0.86Ni1.8Mn0.2 and Y0.825Ni1.7Mn0.3 and Y0.79Ni1.61Mn0.39 from joint NPD and XRD refinement

	Nominal					
			Y0.9Ni1.9Mn0.1	Y0.86Ni1.8Mn0.2	Y0.825Ni1.7Mn0.3	Y0.79Ni1.61Mn0.39
	Composition					
	Wykoff site 8b	Y	86(1)	90(1)	88(2)	86(1)
	(3/8, 3/8, 3/8)	Mn	0	10(1)	12(1)	14(1)
	atom occ.%		14(1)			
	Wykoff site 16c	Ni	94(1)	95(1)	89(1)	85(2)
	(0, 0, 0)					
		Mn	6(1)	5(1)	11(1)	15(1)
	atom occ.%					
	Composition from diffraction Y0.860.14Ni1.87Mn0.13 Y0.9Mn0.1Ni1.89Mn0.11 Y0.88Mn0.12Ni1.78Mn0.22 Y0.86Mn0.14Ni1.7Mn0.3
	Composition EPMA	Y0.86Ni1.87Mn0.13	Y0.85Ni1.79Mn0.21	Y0.825Ni1.68Mn0.32	Y0.80Ni1.59Mn0.41
	a (Å)		7.1736 (1)	7.1813 (1)	7.1861 (1)	7.1998 (1)

880.12)(Ni1.81Mn0.19) % Mn on Y Sites %Ni Gf (eV)/atom

  

		6.25% Mn, 0% 		
		6.38% Mn, 6.25% 		
	Gf (eV)/atom	% Mn on Y Sites (Y0.8.33% 6.52% Mn, 12.5%  8.51% 8.70% 8.89% (Y0.	Mn, Mn, Mn, Mn,	0%  6.25%  12.5%  18.75% 
		%Ni		
				19)
	has the lowest formation enthalpy. This compound contains 12.5% Y vacancy, with all Mn
	atoms occupy Ni sites. At higher Mn content of 8.33-8.88 at. %, the lowest enthalpy compound
	is (Y0.81Mn0.130.06)(Ni1.88Mn0.12), which contains 6.25% Y vacancy and 50% of Mn atoms
	occupy Y sites. At even higher Mn content of 10.42-10.87 at. %, (Y0.81Mn0.130.06)(Ni1.81Mn0.19)
	possesses the lowest formation enthalpy. This compound contains 6.25% Y-site vacancy with

81Mn0.130.06)(Ni1.88Mn0.12) Gf (eV)/atom % Mn on Y Sites %Ni

  

10.42% Mn, 0%  10.64% Mn, 6.25%  10.87% Mn, 12.5%  (Y0.81Mn0.130.06)(Ni1.81Mn0.
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  1.81 Mn 0.19 ) (Y 0.81 Mn 0.13  0.06 )(Ni 1.88 Mn 0.12 )

	Vacancies			(Y 0.81 Mn 0.13  0.06 )(Ni 1.81 Mn 0.19 )
	%					
		60				
	sites	40 50		(Y 0.81 Mn 0.13  0.06 )(Ni 1.88 Mn 0.12 )
	on Y	20 30		(Y 0.81 Mn 0.13  0.06 )(Ni 1.81 Mn 0.19 )
	Mn	10	(Y 0.88  0.12 )(Ni 1.81 Mn 0.19 )		
	%	0				
		6	7	8	9	10	11
				% Mn