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We report the discovery of a new quaternary intermetallic compound of composition Zr 3 Mn 3 Sn 4 Ga during a survey of the Zr-Mn-Sn-Ga phase diagram. Single crystal x-ray diffraction reveals that the new compound crystallizes in a hexagonal lattice (space group P 6 3 /mmc # 194). The analysis of single-crystal x-ray diffraction data indicates that the atomic arrangement is an ordered variant of the high temperature hexagonal Ti 6 Sn 5 crystal structure. From a simple geometry point of view, the unit cell consists in GaZr 3 octahedra chains and Mn chains growing along the sixfold symmetry axis c. The Mn chains are stacked within the ab basal plane in a kagome geometry, with large interatomic distances. We discuss the possible slight levels of Sn/Ga and Zr/Mn mixed occupancy based on additional results of electron microprobe analysis and single-crystal neutron diffraction. It is noteworthy that this compound is the first

quaternary intermetallic discovered in this structure, and the first Ti 6 Sn 5 derivative bearing a magnetic metal, namely Mn, in the 6g position, which may give rise to interesting physical properties.

Introduction

Exploratory works have been undertaken in the Zr-Mn-Sn-Ga quaternary system in order to synthesize ZrMn 6 (Sn, Ga) 6 single crystals by means of the self-flux method [START_REF] Canfield | [END_REF]. Indeed, this compound is one of the representatives of the HfFe 6 Ge 6 structure, which is known to hold a 3d transition metal kagome sublattice. This geometry has received increasing attention as a platform to investigate intriguing electronic transport and magnetic phenomena (Liu et al., 2020;Meier et al., 2020;Mielke III et al., 2022;Yin et al., 2020;Li et al., 2021;Ghimire et al., 2020).

ZrMn 6 (Sn, Ga) 6 compounds exhibit incommensurate magnetic structures influenced by the tin/gallium substitution (Mazet et al., 2010), which motivates their synthesis as single crystals.

To the best of our knowledge, no studies of both the Zr-Mn-Sn-Ga quaternary system and the M-Sn-Ga (M=Zr,Mn) ternary systems are reported in the literature.

Isothermal sections (T = 773 K) have been published for the Zr-Mn-Sn (Romaka et al., 2014) and the Zr-Mn-Ga (Markiv, 1981) ternary systems. The former shows ZrMn 6 Sn 6 as the only ternary compound, while the latter reveals five ternary compounds (Zr 3 Mn 2 Ga 4 , Zr 3 Mn 2 Ga 6 , ZrMn 0.5 Ga 2.5 , Zr 6 Mn 10.5 Ga 12.5 and ZrMn 3 Ga 6 ).

Unexpectedly, our experiments yielded single crystals of a new quaternary phase, derivating from the Ti 6 Sn 5 high temperature hexagonal structure, which was solved using single-crystal x-ray diffraction. Their stoichiometry is close to Zr 3 Mn 3 Sn 4 Ga, and is discussed in light of electron probe microanalysis and neutron diffraction experiments. These results are disclosed here.

Experimental details

Synthesis

The crystals were synthesized using a tin self-flux method [START_REF] Canfield | [END_REF], starting with pure metals used as received : Zr (100 mesh powder, 99.5%, Strem chemicals), Mn (100-200 mesh powder, 99.6%, Cerac speciality inorganics), Sn (3 mm shots, 99.8%, Sigma Aldrich) and Ga (pieces, 99.99%, Alfa Aesar). A 15 g batch of molar ratio Zr/Mn/Sn/Ga 1/2/6.3/0.7 was prepared and loaded in a fused silica tube, which was thoroughly rinsed and flame-sealed under a pressure of 200 mbar of pure argon. The ampoule was subsequently placed into a resistive vertical tube furnace for melting. The mixture of the constituent elements was heated up to 1100 • C and kept at this temperature for 36 h. Then the ampoule was slowly cooled down to 600 • C at a rate of 5 • C/h, and finally, centrifuged to remove the excess of flux.

The quaternary nature of the crystals was assessed using energy dispersive x-ray spectroscopy on a Jeol JSM-6010LA scanning electron microscope. No traces of oxidation were detected on the crystals.

The main product is single crystals of the title compound, in the form of dark gray metallic luster prismatic crystals that were mechanically extracted from the bulk.

The flux remains sticking to the crystals were mechanically removed. A typical raw specimen is shown in figure 1.

Electron probe microanalysis

Quantitative elemental analysis was carried out using wavelength dispersive xray spectroscopy on a Jeol JXA-8530F Castaing Microprobe. Several crystals were removed from the bulk, coated in epoxy resin and polished. Quantitative analysis was performed on multiple locations of various single crystals, using pure metals as standards for zirconium, manganese and tin, while GaP was used for gallium.

X-ray diffraction

Single crystal x-ray diffraction data were collected at room temperature and at 100 K using a Bruker Kappa APEX-II diffractometer equipped with a molybdenum x-ray source (Mo K α = 0.71073 Å). Acquisition and further treatment of raw data were performed using the APEX2 program package [START_REF] Bruker | Bruker advanced X-ray solutions[END_REF]. The structure was solved and refined using SHELXS (Sheldrick, 2008) and SHELXL 2018/3 (Sheldrick, 2015), respectively. Unit cell drawings were produced with Vesta (Momma & Izumi, 2011).

Details on the data collection and refinement are available in the supporting information.

Neutron diffraction

Single-crystal neutron diffraction data were collected at 10 K using the Zebra instrument at the Swiss Spallation Neutron Source SINQ in Villigen PSI, Switzerland. The sample was cooled down using a helium closed-cycle refrigerator mounted inside a Eulerian cradle. The beam of thermal neutrons was monochromatized using the (220) reflection of germanium crystals, yielding a neutron wavelength of 1.383 Å with less than 1% of λ/2 contamination. A small dataset of about 300 reflections (50 independent), covering reciprocal space up to sin(θ)/λ ≃ 0.4 Å-1 , was measured using a single 3 He-tube detector in front of which slits were appropriately adjusted. Reflections were collected using ω-scans (step size 0.1 • ) and then numerically integrated above the variable linear flat background of fits to a Gaussian peak shape. The Lorentz correction was applied and the data reduction using the Fullprof Suite software (Rodríguez-Carvajal, 2001) indicated a satisfactory R internal for equivalent reflections of 0.0749.

Results and discussion

The crystal structure has been solved using only x-ray diffraction data, and is described in section 3.2. Neutron diffraction data have been refined on the basis of this strctural model. The corresponding results are consistent with the x-ray data, and are available in the supplementary information.

Phase stoichiometry

The averaged stoichiometry of the crystals deduced of the electron probe microanalysis is Zr 2.84(4) Mn 3.12(3) Sn 3.81(4) Ga 1.23( 5) . These results are close to Zr 3 Mn 3 Sn 4 Ga, with possible Zr/Mn and Sn/Ga substitutions.

Given the big difference of atomic numbers of Zr and Mn on one hand, and Sn and Ga on the other, we hoped the chemical substitution would be confirmed by the refinement of the x-ray diffraction data using the structural model described in section 3.2. Unfortunately, attempts to account for this eventual disorder led to unsatisfactory R factors, or occupancies of shared sites within the error bars. These data were therefore refined with constrained full occupancy of all crystallographic sites, and bring no additional information about the phase stoichiometry.

Manganese and zirconium also have very distinct neutron scattering lengths, respectively -3.75 fm and 7.16 fm, which led us to further test an eventual substitution of Zr for Mn in the corresponding data refinement. The refinement of the single-crystal neutron diffraction data using the fully ordered model deduced from the x-ray diffraction data refinement is shown in figure 2. A total of 7 intensity-dependent parameters was used : the 2 free atomic coordinates for Zr and Sn on their respective 6h Wyckoff positions, and 1 isotropic displacement factors for each atom. This model leads to an excellent agreement with a R F of 0.0642. Adding Zr/Mn disorder leads to only a slight improvement, with R F = 0.0589, corresponding to a substitution of Zr for Mn of 0.065 per Zr atom and estimated standard deviation of 0.012. Sn and Ga sites being kept constrained to full occupancy, the stoichiometry of the crystal deduced from the refinement of the neutron data is Zr 2.80(4) Mn 3.20(4) Sn 4 Ga, which agrees with the Zr and Mn contents derived from the electron microprobe analysis.

A Zr 3 Mn 3 Sn 4 Ga formula is therefore suggested for the quaternary phase, which will be used in the following discussion for simplicity. Electron probe microanalysis leans toward some levels of substitution of Ga for Sn and Mn for Zr, the latter being supported by neutron diffraction data refinement. This substitution suggests the existence of an homogeneity domain, in accordance with the well-known chemical affinity of Zr and Mn, as well as Sn and Ga. However, the inability to achieve a compatible result with the x-ray diffraction data, as well as the limited amount of data used in the neutron refinement and the only slight improvement of the corresponding fit quality make it difficult to fully argue against the ordered model. Further synthesis and experiments will therefore be required to explore this matter.

Structure description

Zr 3 Mn 3 Sn 4 Ga crystallizes in a quaternary ordered variant of the high tempreature hexagonal Ti 6 Sn 5 -type crystal structure (space group P 6 3 /mmc # 194) (Schubert et al., 1963). The room temperature cell parameters, deduced from the x-ray diffraction experiment, are a = 9.2073(4) Å and c = 5.6287(2) Å. The fractional atomic coordinates and atomic displacement parameters are given in the supporting information. No signature of a temperature-induced structural phase transition was perceived down to the lowest temperature of the x-ray diffraction experiment (100 K). The crystal symmetry is preserved down to 100 K, i.e., the hexagonal symmetry of the atomic arrangement remains unaltered. It is worth noting that an orthorhombic allotrope has been reported for Ti 6 Sn 5 at temperatures below 943 K (Okamoto, 2010;Wang et al., 2014).

The crystal structure of Zr 3 Mn 3 Sn 4 Ga derives from the hexagonal Ti 6 Sn 5 unit cell by splitting the two titanium positions between Zr (Wyckoff site 6h) and Mn (Wyckoff site 6g), while Ga occupies the Wyckoff 2a tin position, and tin remains on their original 6h and 2c crystallographic sites.

The unit cell is depicted down the [001] direction and in perspective in figure 3 and4 respectively. The coordination polyhedra are listed in table 1, and depicted in figure 5.

Most of them are distorted due to the variability of elements on their vertexes. The Sn atoms (2c Wyckoff position) have an axial symmetry ( 6m2) and a local environment which is made of 15 near neighbours, 3 of which are Zr ones, 6 Sn(6h) type and 6 are Mn ones. The Zr(6h) position is also surrounded by 15 atoms, here one finds only one Sn(2c) neighbour, 4 Sn located at 6h, 2 Ga neighbours, 4 Mn atoms and 4 Zr neighbours. The local environment of Mn(6g) atoms consists of 4 Sn(6h) neighbours, 2 Sn(2c) neighbours, 4 Zr neighbours and 2 Mn neighbours. The Ga(2a) atoms have an axial symmetry ( 3m) and 8 near neighbours: 6 Zr and 2 Ga atoms. The Sn(6h) position is surrounded by 12 near neighbours: 2 Sn located at 2c, 2 Sn(6h) type, 4 Zr neighbours and 4 Mn atoms.

A simplified description of the structure can be made from the Ga and Mn polyhedra. Indeed, the Mn centered icosahedra are packed in a kagome geometry in the ab basal plane with shared faces. This packing generates gaps around the 2a Wyckoff position, which host the Ga centered dodecahedra. This layout is depicted in figure 6. This polyhedra association generates slabs that are stacked along the sixfold symmetry axis c, with shared Ga (respectively Mn) vertexes between the Ga (respectively Mn) polyhedra. This stacking is depicted in figure 7.

Purely geometric considerations lead to the following description. From that point of view, gallium atoms (Wyckoff site 2a) lie at the center of zirconium octahedra (Wyckoff site 6h). These octahedra are stacked with shared faces along the highsymmetry direction c, building GaZr 3 octahedra chains. Three of these chains are bridged by a tin atom (Wyckoff site 2d). Manganese (Wyckoff site 6g) chains grow along the c-axis between the octahedra chains. They generate two families of trigonal prisms. Every other prism is centered by a tin atom (Wyckoff site 2c), while the empty trigonal prisms are capped by tin atoms (Wyckoff site 6h) on their rectangular faces.

Figures 8 and9 illustrate the unit cell on that description basis.

Structure discussion

The Ti 6 Sn 5 hexagonal structure consists of five sites, which will be referred as titanium and tin sites in the upcoming discussion, eventhough they may be occupied by other elements.

Only a few intermetallics share isotypism with Ti 6 Sn 5 . Ordered binary compounds are V 6 Ga 5 (Schubert et al., 1963), Ta 6 Ga 5 (Popova & Putro, 1978), Ti 6 Pb 4.8 (Kleinke, 2001). Some ternary variants have been reported. They correspond to solid solutions derivating from the previously mentionned binaries, with mixed occupancies on the titanium sites.

Ordered ternary compounds have also been identified, with a RE 3 RuMg 7 formula, where RE = Sm, Gd, Tb (Linsinger & Pöttgen, 2011). Mixed occupancy has been reported in this structure, with the 2c tin site shared between samarium and magnesium. The RE 3 RuMg 7 compounds are also special since one element -the magnesium -occupies both a titanium and a tin site. Zr 3 Mn 3 Sn 4 Ga is the first quaternary ordered isostructural compound. It is remarkable that this structure occurs in that quaternary system, while none of the associated binaries or ternaries include a Ti 6 Sn 5 isotype. In this compound, zirconium and manganese occupy the titanium positions, while tin and gallium atoms reside on the tin positions. It is noteworthy that this is the first example of a splitting of the tin site between two elements in this structure.

The magnetic properties of the compound might be of significant interest thanks to the manganese in the structure. Indeed, Zr 3 Mn 3 Sn 4 Ga is the only Ti 6 Sn 5 compound bearing a 3d magnetic metal on the 6g position, i.e., the site forming a kagome lattice.

The room temperature intra and interplanar Mn-Mn distances in Zr 3 Mn 3 Sn 4 Ga are summarized in table 2. For comparison purposes, the interatomic distances for ZrMn 6 Sn 6 , which is a kagome compound with the same elements (Mazet et al., 1999) are also given in table 2. In Zr 3 Mn 3 Sn 4 Ga, the in-plane Mn-Mn distances are far greater than along the [001] direction. The Mn sublattice should therefore be described as Mn chains stacked in a kagome geometry, rather than kagome planes stacked in the [001] direction as in ZrMn 6 Sn 6 . This contrast might however not be an obstacle to kagome driven physics. Indeed, hints of an interesting correlated electron behavior in Ti 6 Sn 5 were reported, based on first-principle calculations (Jeong, 2007) and experimental results (Drymiotis et al., 2003).

The low dimensionnality of the Mn sublattice, the possible strong electronic correlations, or the kagome driven physics might make of Zr 3 Mn 3 Sn 4 Ga an interesting subject for solid state physics, and demand further examination. Magnetic and electronic properties are currently undergoing studies by means of bulk magnetization and specific heat measurements, neutron scattering, and 119 Sn Mössbauer spectroscopy.

Conclusion

Attempts to synthesize ZrMn 6 Sn 6 -x Ga x single crystals in a tin self-flux unexpectedly led to a new quaternary phase with a stoichiometry close to Zr 3 Mn 3 Sn 4 Ga.

X-ray diffraction experiments show that it is a quaternary variant of high tempera-

IUCr macros version 2.1.15: 2021/03/05 ture hexagonal Ti 6 Sn 5 . A simple geometric description of the cell consists in GaZr 3 octahedra chains and manganese chains growing along the c-axis. The latter chains are stacked in the ab-planes in a kagome geometry. A homogeneity range could exist for the quaternary phase, as suggested by electronic microprobe measurements as well as by structural refinement of the neutron diffraction data.

The low dimensionnality of the manganese sublattice, as well as the existence of a kagome geometry, motivate the study of the magnetic properties of this compound. 

Synopsis

The crystal structure of Zr 3 Mn 3 Sn 4 Ga, a new quaternary intermetallic crystallizing in the high temperature hexagonal Ti 6 Sn 5 type structure, is reported.
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 12 Fig. 1. Photograph of a Zr 3 Mn 3 Sn 4 Ga single crystal, as obtained after centrifugation of the synthesis flux.

Fig. 3 .

 3 Fig. 3. Zr 3 Mn 3 Sn 4 Ga unit cell viewed down the [001] direction. Zirconium, manganese and gallium are drawn as blue, pink and orange spheres, respectively. Tin atoms are drawn in black on the 6h position, and in gray in the 2c.

Fig. 4 .

 4 Fig. 4. Perspective view of the Zr 3 Mn 3 Sn 4 Ga unit cell. Zirconium, manganese and gallium are drawn as blue, pink and orange spheres, respectively. Tin atoms are drawn in black on the 2c position, and in gray in the 6h.

Fig. 6 .

 6 Fig. 6. Zr 3 Mn 3 Sn 4 Ga unit cell viewed down the [001] direction, with apparent Ga and Mn coordination polyhedra. Zirconium, manganese and gallium are drawn as blue, pink and orange spheres respectively. Tin atoms are drawn in black on the 2c position, and in gray in the 6h. Some atoms outside the cell are drawn to complete the polyhedra.

Fig. 7 .

 7 Fig. 7. Zr 3 Mn 3 Sn 4 Ga unit cell perspective view with apparent Ga and Mn coordination polyhedra. Zirconium, manganese and gallium are drawn as blue, pink and orange spheres respectively. Tin atoms are drawn in black on the 2c position, and in gray in the 6h. Some atoms outside the cell are drawn to complete the polyhedra.

Fig. 8 .

 8 Fig. 8. Zr 3 Mn 3 Sn 4 Ga unit cell viewed down the [001] direction showing the GaZ 3 octahedra, and layout of the manganese chains in a kagome geometry. The manganese trigonal prisms, capping tin, and bridging tin atoms are emphasized. Some atoms outside the cell are drawn to complete the octahedra.

Fig. 9 .

 9 Fig. 9. Perspective view of the Zr 3 Mn 3 Sn 4 Ga unit cell showing the GaZ 3 octahedra chains, and layout of the manganese chains in a kagome geometry. The manganese trigonal prisms, capping tin, and bridging tin atoms are emphasized. Some atoms outside the cell are drawn to complete the octahedra.

Table 1 .

 1 Zr 3 Mn 3 Sn 4 Ga coordination polyhedra and nearest neighbours of each atoms in the unit cell. Atoms are considered nearest neighbours when they are closer than the sum of

		atomic radii plus 0.5 Å. Z15 : 15-vertex Frank-Kasper polyhedron.
	Central		Nearest neighbours		Polyhedron
	atom	Zr (6h) Mn (6g) Sn (6h) Sn (2c) Ga (2a)	(fig. 5)
	Zr (6h)	4	4	4	1	2	Z15
	Mn (6g)	4	2	4	2	-	Icosahedron
	Sn (2c)	3	6	6	-	-	Z15
	Sn (6h)	4	4	2	2	-	Icosahedron
	Ga (2a)	6	-	-	-	2	Dodecahedron

Table 2 .

 2 Mn -Mn room temperature interatomic lengths comparison between Zr 3 Mn 3 Sn 4 Ga and ZrMn 6 Sn 6 . d / Å Zr 3 Mn 3 Sn 4 Ga ZrMn 6 Sn 6(Mazet et al., 1999) 

	c	2.8144(1)	4.4890(5)
	⊥ c	4.6037(2)	2.7310(5)
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