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Abstract

:

Many Zintl phases exhibiting a CrB type structure form hydrides. Systematic studies of AeTtHx (Ae = Ca, Sr, Ba; Tt = Si, Ge, Sn), LnTtHx (Ln = La, Nd; Tt = Si, Ge, Sn), and LnGaHx (Ln = Nd, Gd) showed the vast structural diversity of these systems. Hydrogenation reactions on REGa (RE = Y, La, Tm) and RESi (RE = Y, Er, Tm) were performed in steel autoclaves under hydrogen pressure up to 5 MPa and temperatures up to 773 K. The products were analyzed by X-ray and neutron powder diffraction. RESi (RE = Y, Er, Tm) form hydrides in the C-LaGeD type. LaGaD1.66 is isostructural to NdGaD1.66 and shows similar electronic features. Ga-D distances (1.987(13) Å and 2.396(9) Å) are considerably longer than in polyanionic hydrides and not indicative of covalent bonding. In TmGaD0.93(2) with a distorted CrB type structure deuterium atoms exclusively occupy tetrahedral voids. Theoretical calculations on density functional theory (DFT) level confirm experimental results and suggest metallic properties for the hydrides.
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1. Introduction


Hydrogenation reactions of intermetallics yield a plethora of compounds with large variation in chemical bonding [1]. Zintl phase hydrides are particularly interesting since they combine different bonding modes. Moreover, oxidation of polyanions in Zintl phases by hydrogen is a subtle way to manipulate crystal and electronic structure and to tune physical properties. Zintl phases are polar intermetallic compounds consisting of an electropositive element M (alkali metal, alkaline earth metal, or rare earth metal) and an element X from group 13–16. The electrons of M are being formally transferred to X, which forms a polyanion with a connectivity equal to the isoelectronic element [2,3,4,5]. This simple counting scheme, known as the Zintl–Klemm rule, allows prediction of the connectivity of polyanions.



Zintl phases form various hydrides with two structural motifs highlighted [6]. The hydrogen atoms can be bound covalently to the polyanion (e.g., in KSiH3), incorporated inside a polyhedral void with strong ionic interactions (e.g., LaSiH, Ca3SnH2) and even show both structural motifs at the same time (e.g., BaSiH2) [7,8,9,10]. Despite the ionic or covalent bonding pattern, some of the hydrides keep their metallic character (CaSiH4/3, SrAl2H2) [11,12]. Various examples showed that small deviations of the elemental combination result in the formation of different hydrides [12,13]. In this article, the family of Zintl phase hydrides will be extended by hydrides of REGa (RE = Y, La, Tm) and RESi (RE = Y, Er, Tm). REGa compounds are known for all rare earth elements except Eu and Yb. They crystallize in the CrB type structure (Figure 1), where gallium atoms are located in a trigonal prismatic void of RE6 and are arranged as zig-zag chain [14]. The CrB type structure exhibits tetrahedral RE4 voids, which are suitable for hydrogen incorporation (Figure 1). Rare earth gallides show some covalence in bonding between the RE and Ga ions and metallic conductivity. An ionic formula RE3+ Ga3− with complete charge transfer is thus misleading [15]. Nevertheless, we will use the term Zintl phase, because main structural features can be easily explained with this concept.



There are many examples for the hydrogenation of compounds with a CrB type structure, e.g., ZrNi or TbNi forming the metallic hydrides ZrNiHx (x = 1–3) and TbNiH3.3 and the Zintl phases AeTt (Ae = Ca, Sr, Ba; Tt = Si, Ge, Sn), LnTt (Ln = La, Nd; Tt = Si, Ge, Sn), and LnGa (Ln = Nd, Gd) [8,10,16,17,18,19,20,21]. AeTt (Ae = Ca, Sr, Ba; Tt = Si, Ge, Sn) form polyanionic hydrides with different hydrogen content and polyanions with different degrees of condensation (chains, ribbons) determined by the atomic radius ratio rAe/rTt. A smaller rAe/rTt value favors the formation of covalent bonds between the chains to higher condensed ribbons. On the other hand, LnTt only incorporates hydrogen in tetrahedral voids, independent from the elemental combination (Ln = La, Nd; Tt = Si, Ge, Sn).



The first examples for hydrides of LnGa were NdGa and GdGa, forming NdGaH1.66 and GdGaH1.66, where Ln4 tetrahedra are fully occupied by hydrogen atoms [20,21]. Furthermore, hydrogen atoms are found in two-thirds of the Ln3Ga2 trigonal-bipyramidal voids with a partial ordering, resulting in a threefold supercell. The hydrogen atom positions of NdGaD1.66 were determined by neutron powder diffraction, while GdGaD1.66 was only investigated by X-ray powder diffraction and DFT calculations.



Structural analyses revealed that hydrogen atoms are not located exactly in the center of the Nd3Ga2 void, resulting in two different Ga-D distances (2.01(6) Å and 2.12(5) Å), longer than usual covalent Ga-H distances like in RbGaH2 (1.656(4) Å) or SrGa2H2 (1.686(6) Å) [12,22]. A similar coordination was also observed in LaGa2D0.71(2) [23], where hydrogen atoms occupy La3Ga2 polyhedra. This structural motif was not seen in AeTtHx compounds, although the VEC of Tt2− is identical to Ga3− thus suggesting that cations play an important role for hydrogen bonding patterns.



Rare earth containing compounds offer the opportunity to vary the cation radius while maintaining the valence electron concentration thus enabling the investigation of the crystal chemistry as a function of the ion size.




2. Materials and Methods


2.1. Synthesis


Due to air sensitivity, all handlings were carried out in an argon-filled glove box. Intermetallic compounds with rare earth metals were synthesized from the elements in stoichiometric amounts (Y (smart-elements®, Vienna, Austria), 99.95%; La (smart-elements®, Vienna, Austria), ≥ 99.99%; Tm (smart-elements®, Vienna, Austria), 99.99%; surface cleaned mechanically and cut into small pieces; Ga (smart-elements®, Vienna, Austria), 99.99%) by fusing the starting materials in a water-cooled copper crucible of an arc furnace under 80 kPa argon atmosphere (dried over P4O10, molecular sieve, silica gel, and titanium sponge at 800 K). Ingots were turned over and remelted several times to ensure homogeneity. Gallium excess of up to 50% was used in order to avoid a secondary phase, which could not be identified as one of the known lanthanum gallium compounds. The hydrides (deuterides) were prepared from well-ground samples of the intermetallic precursors in crucibles made from hydrogen-resistant L718-V alloy (Böhler, Kapfenberg, Austria) and reacted with hydrogen (deuterium) gas (hydrogen (Air Liquide, Paris, France), 99.9%; deuterium (Air Liquide, Paris, France), 99.8%), at hydrogen gas pressures of 1.0 MPa (YGaDx), 2.0 MPa (LaGaDx), and 5.0 MPa (RESiHx). The temperature was increased with a rate of 100 K/h to 573 K for the gallides and 773 K for the silicides, held for 48 h, and cooled by switching off the furnace.




2.2. Thermal Analysis


Hydrogenation experiments were carried out in a differential scanning calorimeter (DSC) Q1000 (TA Instruments, New Castle, Delaware, USA) equipped with a gas pressure cell. Powdered samples weighing 10–30 mg were loaded into aluminum pans, which were subsequently crimped. The experiments were performed under isochoric conditions with a heating rate of 10 K/min under 1.0 MPa hydrogen at 298 K at the final temperature of 703 K.




2.3. X-ray Powder Diffraction (XRPD)


X-ray powder diffraction data on flat transmission samples were collected on a G670 camera (Huber, Rimsting, Germany) with image-plate detection system and capillary samples were measured on a STADI P diffractometer (STOE, Darmstadt, Germany), both with Cu-Kα1 radiation. Flat transmission samples were prepared by grinding and mixing the moisture sensitive powders with Apiezon grease under an argon atmosphere and placing the sample between two sheets of Kapton foil.




2.4. Neutron Powder Diffraction (NPD)


Neutron powder diffraction was carried out at the Institut Laue-Langevin in Grenoble, France, at the high flux diffractometer D20 in high-resolution mode. Powdered samples (3 g) were held in gas-tight vanadium containers with a 6-mm inner diameter, and the measurement time was 30 minutes. The wavelengths were calibrated using silicon (NIST640b) as an external standard (λ = 1.86843(2) Å). Deuterides instead of hydrides were used in order to avoid the high incoherent scattering of 1H.




2.5. In Situ Neutron Powder Diffraction


In situ neutron powder diffraction (NPD) was done at the high-intensity two-axis diffractometer D20 [24] at the Institute Laue-Langevin (ILL), Grenoble, France. The wavelength λ = 1.86563(5) Å was calibrated using an external silicon NIST640b standard sample in a 5 mm vanadium container. Time resolved neutron diffraction were collected under deuterium pressure and heating. These in situ experiments were carried out in (leuco-)sapphire single-crystal cells with 6 mm inner diameter connected to a gas supply system. Details are given elsewhere [25]. The sample cell was filled with TmGa within a glove box and attached to the gas supply system, which was subsequently flushed with D2 gas (deuterium (Air Liquide, Paris, France), 99.8% isotope purity). The reaction chamber was opened to the D2 line at 0.1 MPa D2 and ambient temperature which already allowed gas diffusion into the cell. Heating was realized using two laser beams. The sample was heated up to 500 K under 1 MPa deuterium pressure, cooled down to room temperature, heated under dynamic vacuum up to 500 K and cooled down to room temperature again.



Data sets were obtained with 2 min time resolution. They are presented with an additional internal raw label (NUMOR), referring to proposal 5-24-616 [26]. For the Rietveld refinement of TmGaD0.93(2) the NUMORs 132440 to 132447 were merged.




2.6. Rietveld Refinement


Rietveld refinements [27,28] were performed using TOPAS [29] and FULLPROF [30,31]. Deuterium atoms were located by difference Fourier analysis. Crystal structures were visualized with VESTA [32,33]. Further details of the crystal structure investigations may be obtained from FIZ Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: (+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de), on quoting the deposition number CSD-1918940 (LaGaD1.63), 1918944 (YSiHx), 1952988 (TmGaD0.93) 1918941 (YGaHx), 1918943 (ErSiHx), and 1918945 (TmSiHx).




2.7. Density Functional Theory (DFT) Calculations


DFT calculations were performed with the Abinit software package [34,35,36,37,38] using generalized gradient approximation (GGA) and the Perdew-Burke-Ernzerhof (PBE) functional [39]. Projector augmented wave (PAW) [40] atomic data were taken from the JTH PAW atomic dataset table [41,42]. The convergence of calculations was tested regarding kinetic energy cutoff, k-point grid, and smearing of metallic occupation levels with an accuracy of 0.1 mHartree. The kinetic energy cutoff (ecut) was set to 35 Hartree (pawecutdg = 70 Hartree). The compounds were treated metallic with 1 mHartree Gaussian smearing (occopt = 7, tsmear = 0.001). The smearing contribution of the total energy was lower than 0.1 mHartree. The hydrogen-containing structures were treated similarly. The used Monkhorst-Pack grids [43] are shown in the supplementary material. Lattice parameters reproduce experimental data with less than 1% deviation. The integration of the DOS was performed using the tetrahedron method.





3. Results


3.1. Hydrogenation Reactions


The hydrogenation of RESi (RE = Y, Er, Tm) yielded compounds with CrB type structure with a reduced a and an expanded b lattice parameter, while c shows almost no change (Supplementary Materials Figures S1–S3, Tables S1–S3). These results are similar to those in LnTtHx [8] and comparable to LaGa. Thermal analysis (DSC) of TmGa under hydrogen gas pressure shows an exothermic signal at 430 K (Figure S4). The hydrogenation products of YGa and TmGa show at least two hydride phases (Figure 2).



XRPD patterns from hydrogenation products of the DSC experiments exhibit superstructure reflections which can be indexed to a 3a supercell with respect to the intermetallic parent material, while products gained by autoclave synthesis show somewhat broader and asymmetric reflections. After storage under argon (glove box) for one week the XRPD patterns change and are comparable to those of hydrogenation products from the DSC experiments (Figure 2). This finding points at the existence of hydrogen-rich and hydrogen-poor phases of YGaHx and TmGaHx and a sluggish hydrogen loss at room temperature.




3.2. Crystal Structures of the Hydrides


The neutron powder diffraction data of LaGaD1.63(1) exhibit reflections which cannot be indexed with a simple CrB type model, indicating a further superstructure (Figure 3). Using a 3a supercell and LaGa2Dx as side phase allows matching all reflections and a Rietveld refinement leads to a good correspondence of measured and calculated diffraction pattern. LaGaD1.63(1) is isotypic to NdGaD1.66, whose crystal structure can be described as a deuterium filled CrB type superstructure (Figure 3, Table 1). Deuterium atoms in DLa4 tetrahedra exhibit La-D distances ranging from 2.386(12) Å to 2.613(5) Å, comparable to other ionic lanthanum containing hydrides [44]. DLa4 tetrahedra layers are slightly corrugated. Deuterium atoms inside La3Ga2 voids are off-center with two different Ga-D distances (1.987(11) Å and 2.396(8) Å), which show an even larger difference than those in NdGaD1.66 (2.01(6) Å and 2.12(5) Å). The D-La distances are 2.347(4) Å and 2.469(9) Å. La3Ga2 voids in 8c Wyckoff position are nearly completely occupied, while the corresponding 4a void remains empty (Table 1). Two bipyramids are connected via a common corner with long Ga-D distances (Figure 4).



The structure of the non-hydrogen atoms of TmGaHx was solved by X-ray powder diffraction. Hydrogen atoms were localized by neutron powder diffraction on deuterides, derived by the in situ experiment (see Section 3.1).



TmGaD0.93(2) also exhibits a 3a superstructure of the CrB type. In contrast to LaGaD1.63(1), only tetrahedral voids are filled (Figure 5, Table 2). The DTm4 containing layers are corrugated. D-Tm distances of 2.259(4) Å and 2.271(6) Å are in accordance with other Tm containing ionic hydrides [45]. The distances between gallium chains alternate (2.950(7) Å, 4.017(4) Å), caused by the deformation of the tetrahedral layer. XRPD data suggest YGaHx to be isostructural to TmGaD0.93(2). Structure distortions due to lanthanide contraction are also known for other systems [46].




3.3. Density Functional Theory (DFT) Calculations


The crystal structure of LaGa, LaGaH (a hypothetical intermediate product), and LaGaH1.66 as well as YGa and YGaH in two different modifications (one hypothetical simple filled CrB type structure and one distorted) were optimized by DFT methods. The experimental crystal structures were used as a starting model and the total energies were minimized by structure relaxation. Lattice parameters are in good accordance to the experimental values (Table 3). The lattice parameter a decreases from 4.57 Å (LaGa) over 4.35 Å (LaGaH) to 4.27 Å (LaGaH1.66), while b increases and c stays nearly unchanged. The Ga–Ga distance decreases during the oxidation from LaGa (2.63 Å) to LaGaH (2.54 Å) and increases again by further oxidation to LaGaH1.66 (2.59 Å). A hydrogen atom in the center of the La3Ga2 void of the structure model for LaGaH1.66 moved away to an off-center position during the optimization. The Ga–H distances (1.88 Å and 2.55 Å) fit qualitatively the experimental results. DFT calculations on NdGaH1.66 lead to the same results, with a similar discrepancy between theory and experiment [20]. All three compounds show density of states at the Fermi level and can be considered metallic. The main contribution at the Fermi Level are La-d and Ga-p states, which are shifted to higher energy by the oxidation with hydrogen. The Ga–Ga distance first shrinks (LaGaH), mainly by the depopulation of π* states, and expands by further hydrogen incorporation (LaGaH1.66). The lattice parameter of YGa and YGaH (distorted modification) could also be reproduced. The lattice parameter of hypothetical YGaH (C-LaGeH type) differ tremendously from the distorted variant, even though the lattice parameter changes have the same quality (a shrinks, b expands). Again, the Ga–Ga bond lengths become smaller (2.64 Å → 2.49 Å and 2.52 Å), upon the depopulation of π* states. The alternating Ga–Ga interchain distances could also be reproduced by the theoretical calculation (2.88 Å and 4.13 Å).



The chemical bonding of hydrogen atoms can be partially deduced from the DOS and pDOS (Figure 6 and Figure 7). The tetrahedrally coordinated hydrogen atoms of LaGaD1.66 show a small dispersion in the pDOS for H-s states and La-d states in the same energy range as well for LaGaH as well as for LaGaH1.66 and can be considered ionic. This is supported by the D–La bond length (2.44 Å–2.49 Å) which is in agreement with further ionic La containing hydride in tetrahedral coordination. The second hydrogen atom in LaGaH1.66 cannot be called ionic anymore. Even though the La–D distance is similar (2.47 Å–2.51 Å), the pDOS shows a broad dispersion. The DOS in the range between −4 eV and −3 eV show an interaction with La-d states. This is also consistent with charge distribution of the hydrogen atoms of NdGaH1.66, where hydrogen atoms inside a Nd4 tetrahedra have a higher negative Bader charge (−0.65) than the hydrogen atoms in a La3Ga2 coordination (−0.51) indicating different bonding types. The electronic structure of YGa resembles that of LaGa (Figure 7). The electrons at the Fermi level are mainly contributed from Y-d and Ga-p states and represent a metallic conductor. The hydrogenation shifts the Fermi level to lower energies by the depopulation of La-d and Ga-p states. The H-s states show a small dispersion in analogy to LaGaH and overlap with Y-d states, suggesting ionic bonding. The pDOS of the Ga atoms are showing differences regarding the dispersion of the states indicating different bonding and coordination.





4. Discussion


The different structural features of CrB type related Zintl-phase hydrides are well represented by lattice parameter ratios (Figure 8, Table 4). All hydrogenation reactions result in similar qualitative changes. One driving force of the hydrogenation is the strong ionic interaction of hydride ions inside tetrahedral voids, which causes an expansion in b and contraction in a. The b/a value is thus suitable for categorizing different Zintl phase hydrides. However, a and b are not completely independent from each other.



A condensation of the polyanion (a contracted) is always accompanied by a distortion of the tetrahedra containing layer (b expanded) as seen for TmGaD and YGaD as well as for hydrides in the system AeTt (Ae = Ca, Sr, Ba; Tt = Si, Ge, Sn) [17]. A more detailed view is possible, when a second lattice parameter ratio is considered like b/c or c/a. Since c remains nearly unchanged, c/a correlates with condensation, while b/c describes the spatial demand of tetrahedra in b direction.



Hydrides of YSi and TmSi show lattice parameter ratios similar to NdGeD and can thus be assumed to crystallize in the C-LaGeD type structure as well (Table 4). Going from group 14 to 13 (RETt–REGa) the valence electron count decreases by one and for larger cations (La3+, Nd3+) one additional hydrogen atom is observed between the Ga chains, like in LaGaH1.63(1) and NdGaH1.66, causing b/a and c/a ratio to increase. The expansion in b is due to the insertion of hydride ions in the Ln3Ga2 voids, while the shrinking of the a lattice parameter may indicate an interaction between the hydrogen and gallium atoms. A similar change in lattice parameter was observed for the hydrogenation of LaGa2 and CeGa2, where hydrogen atoms exhibit a similar coordination sphere [23,48]. Substituting one of the early lanthanides by a smaller atom—e.g., thulium or yttrium—results in stronger shrinking of the a, stronger expansion of the b lattice parameter and more pronounced puckering of HLn4 tetrahedral layers as compared to the corresponding tetrel containing compounds. This is indicated by the rising b/a value indicating the higher spatial demand along the crystallographic b direction. The puckering further results in a stronger contraction of the crystallographic a direction. Although BaSiH2 has no distorted tetrahedral layer the b/a ratio is still higher than that of TmGaD0.93(2) and YGaHx. One reason could be the size of Ba2+, demanding a larger volume. The series of AeTtHx. follows a similar trend with increasing condensation. An example with a very small b/a ratio is the Zintl phase K0.5Rb0.5GaH2, which exhibits only covalently bonded hydrogen atoms in a polyethylene like polyanion and lacks hydrogen atoms inside polyhedra. These structural features result in a small b/c ratio. Even non Zintl phase CrB type hydrides (ZrNiH, ZrNiH3, TbNiH3, BaMgD4), can be classified by this simple geometric scheme, showing different lattice parameter ratios due to different chemical bonding. This structure map enables categorization of different CrB type related hydrides and bears some predictive power for compounds where hydrogen positions have not been determined yet.




5. Summary


Six new rare earth containing Zintl phase hydrides were synthesized and characterized. For RESiHx (RE = Y, Er, Tm) the LaGeH structure type with filled tetrahedral RE4 voids was assigned in analogy to known compounds with different RE. The crystal structures of LaGaH1.63(1) and TmGaH0.93(2) were solved from neutron diffraction on the deuterides. LaGaH1.63(1) crystallizes in the NdGaH1.66 structure type and its structural and electronical features are comparable to NdGaH1.66 and GdGaHx. The Zintl phase hydrides REGaHx (RE = Y, Tm) exhibit a distorted filled CrB structure type with triple a lattice parameter. In these compounds only tetrahedral voids are filled with hydrogen atoms and a distortion of the pristine crystal structure occur. As a consequence, the distances between polyanionic gallium chains alternate, caused by the deformation of the tetrahedral layer. A structure map of CrB type related hydrides enables categorization according to lattice parameters ratios. This is a useful tool for crystal chemical discussions and for predictions when hydrogen positions have not been determined yet.
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Figure 1. Crystal structure of LaGa; Ga zig-zag chains and tetrahedral voids are highlighted. 
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Figure 2. First row: X-ray powder diffraction patterns of TmGaHx and YGaDx after synthesis in the autoclave; second row: X-ray powder diffraction patterns of TmGaHx and YGaDx after storage under argon (glove box) for one week. All patterns were collected with Cu-Kα1 radiation. 
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Figure 3. Top: crystal structure of LaGaD1.63(1); bottom: Rietveld refinement of the crystal structure of LaGaD1.63(1) using neutron powder diffraction data, Bragg marker from top to bottom: LaGaD1.63(1) (57.7(7)%), LaGa2D0.71 (45.3(5)%), V (sample container), Rp = 4.55%, Rwp = 6.05 %, GooF = 7.16. 
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Figure 4. Two DLa3Ga2 coordination polyhedra in LaGaD1.63(1) connected via a common corner. 
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Figure 5. Top: crystal structure of TmGaD0.93(2); bottom: Rietveld refinement of the crystal structure of TmGaD0.93(2) derived from in situ neutron diffraction, 84° ≤ 2Θ ≤ 90° excluded because of a strong reflection of the sample container, Rp = 4.08%, Rwp = 5.27%, GooF = 3.08. 






Figure 5. Top: crystal structure of TmGaD0.93(2); bottom: Rietveld refinement of the crystal structure of TmGaD0.93(2) derived from in situ neutron diffraction, 84° ≤ 2Θ ≤ 90° excluded because of a strong reflection of the sample container, Rp = 4.08%, Rwp = 5.27%, GooF = 3.08.
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Figure 6. Calculated density of states of LaGa (left), LaGaH (middle), and LaGaH1.66 (right) with black dotted lines indicating the Fermi level. 
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Figure 7. Calculated density of states of YGa (left) and YGaH (right) with black dotted lines indicating the Fermi level. 
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Figure 8. Structure map of different CrB type related hydrides regarding their lattice parameter ratios with different structure families indicated by colored areas; representatives listed in Table 4. 
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Table 1. Crystal structure of LaGaD1.63(1) derived from neutron diffraction data, Cmcm, a = 12.7414(6) Å, b = 12.6178(6) Å, c = 4.2589(2) Å.
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	Atom
	Site
	x
	y
	z
	Biso/Å2
	s.o.f





	La1
	4c
	0
	0.3366(7)
	1/4
	1.07(8)
	1



	La2
	8g
	0.3333(7)
	0.3651(4)
	1/4
	Biso(La1)
	1



	Ga1
	4c
	0
	0.0484(8)
	1/4
	1.83(8)
	1



	Ga2
	8g
	0.3456(7)
	0.0487(7)
	1/4
	Biso(Ga1)
	1



	D1
	4c
	0
	0.7627(9)
	1/4
	2.32(9)
	1



	D2
	8g
	0.1689(9)
	0.2549(7)
	1/4
	Biso(D1)
	1



	D3
	8g
	0.1877(7)
	0.0596(7)
	1/4
	3.1(2)
	0.946(14)
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Table 2. Crystal structure of TmGaD0.93(2), Cmcm, a = 10.9690(5) Å, b = 12.3722 (6) Å, c = 4.0373 (1) Å.






Table 2. Crystal structure of TmGaD0.93(2), Cmcm, a = 10.9690(5) Å, b = 12.3722 (6) Å, c = 4.0373 (1) Å.





	Atom
	Site
	x
	y
	z
	Biso/Å2
	s.o.f





	Tm1
	4c
	0
	0.3115(5)
	1/4
	0.91(6)
	1



	Tm2
	8g
	0.3190(4)
	0.3585(4)
	1/4
	Biso(Tm1)
	1



	Ga1
	4c
	0
	0.0592(5)
	1/4
	1.32(7)
	1



	Ga2
	8g
	0.3658(4)
	0.0575(4)
	1/4
	Biso(Ga1)
	1



	D1
	4c
	0
	0.7705(5)
	1/4
	1.25(9)
	0.93(1)



	D2
	8g
	0.1751(5)
	0.2367(4)
	1/4
	Biso(D1)
	0.93(1)
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Table 3. Lattice parameter of the structure optimized compounds (superstructures are normalized to one CrB unit cell).
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	Compound
	a/Å
	b/Å
	c/Å
	dGa-Ga/Å
	V/Å3





	LaGa
	4.566
	11.606
	4.235
	2.634
	224.42



	LaGaH
	4.349
	12.461
	4.270
	2.536
	231.43



	LaGaH1.66
	12.819/4.27
	12.603
	4.276
	2.591
	690.88/230.12



	YGa
	4.339
	10.971
	4.064
	2.640
	193.44



	YGaH
	4.064
	11.514
	4.076
	2.471
	190.75



	(C-LaGeH type)
	
	
	
	
	



	YGaH
	11.146/3.71
	12.707
	4.093
	2.493
	579.76/193.25



	(α-TmGaH type)
	
	
	
	2.516
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Table 4. Lattice parameter ratios of selected hydrides with crystal structures related to the CrB type.
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	Compound
	Structure Type
	b/a
	b/c
	c/a





	ZrNiH [18]
	ZrNiH
	3.06
	2.54
	1.20



	ZrNiH3 [19]
	ZrNiH3
	2.96
	2.44
	1.22



	TbNiD3.3 [16]
	TbNiD3.3
	3.05
	2.44
	1.24



	BaMgD4 [47]
	ReBiO4
	3.27
	2.41
	1.35



	K0.5Rb0.5GaD2 [22]
	K0.5Rb0.5GaD2
	2.16
	2.6
	0.82



	NdGeD [8]
	C-LaGeD
	2.81
	2.93
	0.95



	YSiHx
	C-LaGeD
	2.90
	3.02
	0.96



	ErSiHx
	C-LaGeD
	2.86
	2.97
	0.96



	TmSiHx
	C-LaGeD
	2.85
	2.96
	0.96



	LaGaD1.66
	NdGaD1.66
	2.97
	2.96
	0.99



	NdGaD1.66 [20]
	NdGaD1.66
	2.98
	2.94
	1.01



	α-YGaH
	α-TmGaD
	3.36
	3.09
	1.08



	α-TmGaD
	α-TmGaD
	3.38
	3.06
	1.10



	BaSiH2−x [10]
	BaSiH2−x
	3.49
	3.79
	0.91



	SrSiH5/3−x [17]
	SrSiH5/3−x
	3.66
	3.80
	0.96



	BaGeH5/3−x [17]
	SrSiH5/3−x
	3.66
	3.74
	0.98



	BaSnH4/3−x [10]
	CaSiH4/3−x
	3.78
	3.58
	1.05



	SrGeH4/3−x [10]
	CaSiH4/3−x
	3.84
	3.75
	1.02



	CaSiH4/3−x [11]
	CaSiH4/3−x
	3.89
	3.81
	1.02
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