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Abstract 

Reported is the accurate refinement of the structure of the ternary bismuthide BaLiBi, based on 

single-crystal X-ray diffraction data. This compound crystallizes with the ZrBeSi structure type 

with the space group P63/mmc (no. 194), a = 4.9917(6) Å, c = 9.079(2) Å, V = 195.92(7) Å3 with 

two formula units per unit cell. In addition to being a colored ternary variant of the AlB2 type, 

the crystal structure of BaLiBi can be also viewed as a “stuffed” variant of the NiAs structure, 

where the Bi atoms form a hexagonal close packing, the Ba atoms occupy the octahedral voids in 

this packing, and the Li atoms are located between adjacent tetrahedral voids on their common 

triangular faces. In the absence of direct Bi–Bi interactions, the BaLiBi crystal structure 

rationalized according to the notation [Ba2+][Li+][Bi3–], suggesting an electron-balanced 

composition, i.e., a Zintl phase. In line with this notation, first-principle calculations with the 

LMTO code reveal a semiconducting ground state, with a bandgap of about 0.6 eV. Electronic 

structure calculations on the scalar-relativistic level also indicate a semiconducting ground state. 
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Introduction 

Since the discovery of high thermoelectric performance in Yb14MnSb11,
[1] Zintl phases have 

established themselves as promising materials for thermoelectric applications. Numerous studies 

have been devoted to crystal-chemical design of new Zintl compounds with enhanced 

thermoelectric figure of merit.[2–7] Thanks to their narrow bandgaps, these materials exhibit high 

electrical conductivity, while their complex crystal structures and/or presence of heavy elements 

in the composition yield low thermal conductivity, thereby providing a favorable combination of 

transport properties. High crystal symmetries and presence of low-dimensional crystal structural 

units, such as polyanionic chains or layers, often result in high band degeneracies and formation 

of bands with low dispersion, which can ultimately lead to steep electronic density of states and 

high Seebeck coefficients, beneficial for thermoelectric performance.[8] 

More recently, the peculiar band structures of Zintl phases, featuring narrow bandgaps or 

pseudogaps, have evoked renewed interest in this class of compounds as potential candidates for 

topological materials.[9] In an idealized charge-balanced Zintl phase, the valence and conduction 

bands are expected to be separated by a well-defined bandgap. In reality, the incomplete electron 

transfer between the cationic and anionic parts of a crystal structure may result in a gapless state 

where only a small number of bands cross or “touch” the Fermi level.[10] Such an electronic 

situation is characteristic of semimetals. In certain instances, non-trivial electronic band topology 

is realized, as in the case of Na3Bi – a structurally simple Zintl phase, which was found to be one 

of the first three-dimensional topological Dirac semimetals.[11] 

In the presence of heavy elements, a small electronic bandgap can open due to strong spin-orbit 

coupling (SOC). This may be accompanied by band inversion, giving rise to a topological 

insulator (TI). SOC-induced topological bandgaps have been observed in several narrow-gap 

materials, with many of them containing the heavy element Bi.  Examples include Bi2Te3,
[12] one 

of the textbook TIs, its magnetic derivative MnBi2Te4,
[13,14] and the complex layered phase 

Bi14Rh3I9.
[15] Among Zintl phases, a number of TIs have been identified, including the magnetic 

representatives Eu5Ga2Sb6, Eu5Tl2Sb6, and Eu5In2Bi6.
[16]  

Recently, non-trivial electronic band topologies have been proposed in some equiatomic Zintl 

phases with the general composition AEAPn (AE = alkaline-earth metal, A = alkali metal, Pn = 

pnictogen, i.e., a group 15 element).[17,18] These materials crystallize in several different structure 
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types and typically exhibit narrow electronic bandgaps. Although many of the AEAPn 

compositions have been experimentally realized, more than half of the hypothetically possible 

element combinations have not been reported, while for some of the known compounds, accurate 

crystal structure determination is lacking. In this contribution, we present the crystal and 

electronic structure of the bismuthide BaLiBi, previously mentioned in several studies,[19,20] but 

not crystallographically characterized in detail so far. 

Results and discussion 

We will start our discussion with the overview of the available crystal structural data on the 

AEAPn compounds, where AE is an alkaline-earth metal, A is an alkali metal, and Pn is a 

pnictogen (group 15 element, excluding N). For consistency with the title compound, BaLiBi, we 

will use the AE–A–Pn order of the elements in the chemical formula for all compositions. Since 

Zintl pnictides with divalent Eu and Yb often crystallize isotypically to Sr- and Ca-containing 

compounds, respectively, owing to the close atomic radii in the pairs Eu–Sr and Yb–Ca,[21] it is 

instructive to treat Eu and Yb as alkaline-earth metals and include the AEAPn compositions (AE 

= Eu, Yb) in the discussion. 

Ternary AEAPn compounds have been reported to crystallize in six structure types: Cu2Sb, or as 

more commonly referred to as PbFCl (space group P4/nmm, Pearson code tP6), TiNiSi (space 

group Pnma, Pearson code oP12), ZrBeSi (space group P63/mmc, Pearson code hP6), ZrNiAl 

(space group P62m, Pearson code hP9), MgAgAs (space group F 43m, Pearson code cF12), and 

LiGaGe (space group P63mc, Pearson code hP6). In addition, it has been suggested that Mg/Li 

occupational disorder can be present in MgLiP, which would call for its description as a 

disordered CaF2-type compound (space group Fm 3m), in contrast to the MgAgAs type (space 

group F 43m), realized in the ordered variant.[22] Since the two types can be continuously 

transformed into each other (at least, in theory) by varying the degree of the Mg/Li disorder, we 

will only consider the MgAgAs type for the sake of simplicity.  

It is also worth mentioning that the Li-containing compounds SrLiP, BaLiP, and BaLiAs were 

originally described in the SrPtSb structure type (space group P6m2, Pearson code hP3) based 

on powder X-ray diffraction data.[23] However, subsequent single-crystal X-ray diffraction 

studies on SrLiP and BaLiP revealed that these compounds crystallize in the related ZrBeSi type, 
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listed above.[24] Available high-throughput investigations within the density functional theory 

framework confirm higher stability of the ZrBeSi-type structure in comparison to the SrPtSb-

type modification for SrLiP and BaLiP and suggest that the ZrBeSi type is more energetically 

favorable for BaLiAs as well.[25,26] Thus, it is quite probable that the SrPtSb type is in fact not 

adopted by any experimentally reported AEAPn compound. 

For BeNaAs and BeNaSb, the ZrBeSi structure type was reported.[27,28] However, in contrast to 

the Li-containing AEAPn compounds with this structure, the alkaline-earth metal site (Be in this 

case) adopts trigonal-planar coordination by the Pn atoms, while the alkali metal atoms (Na) are 

located in the octahedral voids made up of the Pn atoms. The AE and A sites are therefore 

swapped with respect to their positions in the Li-bearing AEAPn phases with this structure. 

ZrBeSi-type AEAPn representatives with other alkaline metals have not been reported. Crystal 

structures of the discussed types are shown in Figure 1.  

If we consider that the following elements can constitute the discussed phases—AE = Be, Mg, 

Ca, Sr, Ba, Eu, Yb; A = Li, Na, K, Rb, Cs; Pn = P, As, Sb, Bi—there may exist 140 AEAPn 

compositions. However, only 47 of them (ca. 1/3 of all possible) have been experimentally 

confirmed and reported in the literature. Most of the known AEAPn compounds have been 

synthesized with A = Li, followed by phases with A = Na. Compounds with the heavier alkali 

metals appear to be significantly less studied, which may be related to the much higher chemical 

activities of these metals and the associated difficulties with preparation and investigation of the 

target materials. In fact, for the heaviest nonradioactive alkali metal, cesium, no ternary AE–A–

Pn compounds have been reported. Of course, it is possible that the missing compositions are not 

stable with respect to other binary or ternary phases in the respective systems, and further studies 

will be necessary to establish the corresponding phase relationships. 

The scarcity of the experimental reports on the AEAPn compounds with heavier alkali metals 

makes it difficult to establish general rules for predicting the preferred crystal structure type for a 

given composition. However, certain trends begin to emerge from the available data. As was 

mentioned above, the ZrBeSi type has been reported only for Li- and Be-bearing AEAPn 

compositions, where the atoms of these metals adopt trigonal-planar coordination environment of 

the Pn atoms. The relatively small atomic radii of Li and Be (single-bonded Pauling radii 1.225 

Å and 0.889 Å, respectively)[29] allow for the trigonal coordination, while heavier alkali and 
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alkaline-earth metals display higher coordination numbers in the AEAPn phases. Interestingly, 

BeLiSb is the only reported AEAPn compound crystallizing in the LiCaGe type, structurally 

related to ZrBeSi. In BeLiSb, the Be atoms shift away from the centers of the Sb triangles, 

thereby becoming tetrahedrally (albeit distorted) coordinated by the closest Sb atoms. 

The MgAgAs structure type has been observed only for MgLiPn compounds, which can also be 

explained by atomic size considerations. Since the AE and A atoms in the MgAgAs type occupy 

tetrahedral voids in the cubic close packing of the Pn atoms, they must have comparable atomic 

radii for the stability of the structure, which is the case for Li (r = 1.225 Å) and Mg (r = 1.364 

Å). Taking into account that the bonding in MgLiPn is expected to be rather polar, due to the 

high electronegativity differences between the Pn and metal atoms, the ionic picture 

(Mg2+)(Li+)(Pn
3–) must be more appropriate. Comparison of the ionic radii for Li+ (r = 0.59 Å) 

and Mg2+ (r = 0.57 Å) in tetrahedral coordination provides an even better illustration of the size 

similarity.[30] 

The orthorhombic TiNiSi structure is adopted exclusively by AEAPn compounds with A = Li, 

whereas the hexagonal ZrNiAl type is represented by AEAPn phases with A = Na. The 

occurrence of the tetragonal Cu2Sb/PbFCl structure type is also very high, and a wide range of 

chemical compositions adopt the latter structure. Notably, all AEAPn compositions with the 

heavier alkali metals K and Rb synthesized so far crystallize in the PbFCl structure type. 

Previous attempts to develop an empirical approach for prediction of the most probable crystal 

structure type for a given AEAPn composition were based on the analysis of the ionic radius 

ratios of the A+ and AE
2+ species in the composition.[19,31] It was suggested that for Li-bearing 

compositions without Be, small r(A
+)/r(AE

2+) values (<0.45, if Shannon radii are employed) 

favor the formation of ZrBeSi-type compounds, while larger values (0.45–1) are usually 

consistent with the TiNiSi or MgAgAs (r(A
+)/r(AE

2+)  1) type. 

For AEAPn compositions without Li or Be, small r(A
+)/r(AE

2+) values (< 1) suggest stability of 

the ZrNiAl type. At r(A
+)/r(AE

2+)  > 1, the PbFCl type is expected, whereas intermediate values 

do not allow unambiguous prediction. 
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Figure 1. Crystal structure types adopted by the AEAPn compositions. Selected bonding contacts 

are indicated. The AE, A, and Pn atoms are shown in green, orange, and blue, respectively. In the 

case of the BeNaPn compositions (Pn = As, Sb), the AE and A atoms in the ZrBeSi structure are 

swapped in comparison with the given image. 

 

Analysis of the AEAPn compositions and their respective crystal structures suggests that the 

effect of the Pn element should not be neglected. In addition, the predictive scheme described 

above explicitly excludes Be from consideration. To provide a more general approach for 

prediction of the AEAPn structure types, we mapped all the known AEAPn compositions on the 

r(A)/r(AE) – r(Pn)/[r(A) + r(AE)] coordinates (Figure 2, here Pauling single-bonded radii are 

used). This plot provides some additional insights into the realization of different AEAPn 

structures.  
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Figure 2. Distribution of the structure types for the reported AEAPn compositions (AE = Be, Mg, 

Ca, Sr, Ba, Eu, Yb; A = Li, Na, K, Rb, Cs; Pn = P, As, Sb, Bi) in the coordinates r(A)/r(AE) – 

r(Pn)/[r(A) + r(AE)], where r(A), r(AE), and r(Pn) are the Pauling radii for the respective 

species. 

 

Thus, the ZrBeSi structure appears to be favored for extreme values of r(A)/r(AE) (< 0.64 or > 

1.76): At the lower end of this scale, the AE and A atoms in the ZrBeSi structure adopt the 

octahedral and trigonal coordination by the Pn atoms, respectively, while at the upper end, the 

AE and A positions are swapped, as was discussed above for BeNaAs and BeNaSb.  

For r(A)/r(AE) = 0.64–0.72, the TiNiSi structure type is favored. Note that this region appears to 

overlap with the stability region of the ZrBeSi structure, which suggests the possibility of phase 

transitions between the two structure types at the borderline value r(A)/r(AE) = 0.64. This kind of 

transition has indeed been observed in SrLiAs, which crystallizes in the TiNiSi type, but 

transforms into a ZrBeSi-type structure in the presence of Li vacancies (SrLi1–xAs with x  

0.05).[32] The formation of Li defects in SrLiAs may be interpreted as a decrease of the 
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“efficient” atomic radius r(A), which moves the SrLi1–xAs composition in the stability domain of 

the ZrBeSi structure. In contrast to SrLiAs, SrLiP has been reported in the ZrBeSi type only. 

Whether this indicates the preferred formation of the ZrBeSi-type structure for the Li-containing 

compounds with lighter Pn (i.e., smaller r(Pn)/[r(A) + r(AE)] values) or potentially overlooked 

stabilization of the structure by Li vacancies as in the case of SrLiAs is not yet clear. 

For r(A)/r(AE) = 0.79–0.85, the ZrNiAl structure type is observed. The reported AEAPn 

materials with this structure are mainly located at the lower end of the r(Pn)/[r(A) + r(AE)] scale, 

between 0.31 and 0.41. For comparison, the known TiNiSi-type compounds with the AEAPn 

compositions display r(Pn)/[r(A) + r(AE)] values between 0.36 and 0.52. This is explained by the 

fact that all published AEAPn phases with the ZrNiAl structure contain Na, an element with a 

relatively large atomic size, while all the TiNiSi-type compounds are Li-bearing. 

As was mentioned above, the MgAgAs structure is only realized for MgLiPn compounds 

(r(Li)/r(Mg) = 0.90) and is characterized by the r(Pn)/[r(A) + r(AE)] values in the range 0.42–

0.55. 

In the wide region with r(A)/r(AE) = 0.91–1.49 and r(Pn)/[r(A) + r(AE)] = 0.31–0.57, the PbFCl 

structure type is stabilized. The smallest r(A)/r(AE) value of 0.91 appears to lie in the close 

vicinity of the MgAgAs-type stability region and corresponds to the CaNaBi composition, which 

was identified as a PbFCl-type compound based on a powder X-ray diffraction pattern of a 

multiphase sample.[19] Further studies are necessary to confirm the crystal structure of CaNaBi 

(in particular, the site preferences of Ca and Na if the compound in fact crystallizes in the PbFCl 

type) and identify the competing phases. The yet unreported CaNaSb is an interesting target 

material as well, since it would be also located at the borderline of the PbFCl and MgAgAs 

stability regions. For the hypothetical AENaPn with AE = Ca or Yb and Pn = P or As, a possible 

competition with the MgAgAs or ZrNiAl structure type should be investigated. 

For r(Pn)/[r(A) + r(AE)]  0.66, the LiGaGe structure is formed. As was already noted, among 

the AEAPn compositions, this structure is only realized for BeLiSb. From the discussed 

distribution of the structure types, it can be predicted that the hypothetical BeLiBi may also 

crystallize in the LiGaGe type, as this compound would have a r(Pn)/[r(A) + r(AE)] value of 

0.72. In accordance with this prediction, first-principle calculations for the BeLiBi compound in 

five different structure types (PbFCl, ZrBeSi, LiGaGe, TiNiSi, and MgAgAs) suggest that the 
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LiGaGe structure is the most energetically favorable one at ambient pressure.[33] However, taking 

into account the lack of stable beryllium bismuthides, it is expected that BeLiBi may not be 

easily synthesizable or exist at all.  

 

 

Figure 3. (a) Schematic representation of the hexagonal crystal structure of BaLiBi, drawn with 

anisotropic displacement parameters (ellipsoids are shown at the 90% probability level). 

Coordination environments of the Ba, Li, and Bi sites (b–d) in the structure. Selected interatomic 

distances are indicated. The coordination polyhedron around the Bi site is shown in blue. 

 

The material presented in this contribution, BaLiBi, has been observed before in several 

studies.[19,20] Based on its powder X-ray diffraction (PXRD) pattern, it has been assigned to the 

ZrBeSi structure type, which is in agreement with the small value r(A)/r(AE) = 0.62. However, 

considering the low atomic scattering power of Li, unambiguous discrimination between the 

ZrBeSi type and, e.g., the structurally related LiGaGe type is challenging from the PXRD data 

alone. It is worth noting that recent investigations of the ZrBeSi-type SrAgBi provide hints for 

possible buckling of the [AgBi] layers, which would indicate breaking of the corresponding 

mirror symmetry.[34] Therefore, we conducted an accurate single-crystal X-ray diffraction 
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analysis of BaLiBi. Our study confirms the ZrBeSi structure type for this material, space group 

P63/mmc, Pearson code hP6, a = 4.9917(6) Å, c = 9.079(2) Å, V = 195.92(7) Å3 at T = 200 K 

(Figure 3a). Attempts to refine the structure of BaLiBi in the LiGaGe type (space group P63mc) 

resulted in a model with the same atomic coordinates as in the ZrBeSi type within one standard 

deviation, thereby confirming the validity of the original refinement model. 

Details of the data collection and selected crystallographic data are provided in Tables 1–2. The 

ZrBeSi type can be regarded as a superstructure variant of the AlB2 type, with two distinct 

atomic species replacing B in the honeycomb network of the original AlB2 structure.[35] In 

BaLiBi, these species are Li and Bi, while the positions of Ba correspond to the Al positions in 

AlB2. 

The Ba atoms are octahedrally coordinated by Bi with dBa–Bi = 3.67 Å (Figure 3b). Li exhibits 

trigonal planar coordination by Bi with dLi–Bi = 2.88 Å (Figure 3c). These values are in good 

agreement with reported bond lengths in other Ba- and Li-containing bismuthides.[36–42] The Bi 

atoms adopt trigonal-prismatic coordination by Ba and trigonal-planar coordination by Li, so that 

the Ba+Li coordination polyhedron around Bi can be described as a trigonal prism with capped 

rectangular faces (Figure 3d). 

The crystal structure of BaLiBi can be alternatively viewed as a “stuffed” variant of the NiAs 

structure, where the Bi atoms form a hexagonal close packing, the Ba atoms occupy the 

octahedral voids in this packing, and the Li atoms are located between adjacent tetrahedral voids 

on their common triangular faces. 

Since the shortest Bi–Bi distance in the BaLiBi crystal structure measures 4.99 Å, no Bi–Bi 

bonding can be expected, and the valence electrons can be easily partitioned according to the 

notation (Ba2+)(Li+)(Bi3–), suggesting an electron-balanced composition. In line with this 

notation, first-principle calculations with the LMTO code reveal a semiconducting ground state, 

with a bandgap of about 0.64 eV (Figure 4a). This is different from the cases of transition-metal-

containing bismuthides in the ZrBeSi type, such as AETMBi (AE = Sr, Ba; TM = Cu, Ag, Au), 

which exhibit a semimetallic ground state.[43–45,34] The apparent presence of a bandgap in BaLiBi 

can be explained by a higher polarity of the chemical bonding in this compound in comparison 

with the transition-metal-bearing analogs. 
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Figure 4. Total and projected electronic densities of states (a) and Crystal Orbital Hamilton 

population curves (b) for selected interactions in BaLiBi. 

 

The states just below the Fermi level have a prevalent contribution of the Bi(6p) character, 

pointing toward electron transfer onto the Bi atoms. However, purely ionic bonding is not 

observed in this case, as can be seen from sizeable contributions of the Ba and Li states in the 

same energy region. In the narrow energy region –10.2 eV < E – EF < –9.5 eV, a sharp peak 

consisting mainly of the Bi(6s) states is located, corresponding to the electron lone pairs on the 

Bi atoms. Integration of the all-electron density from the LMTO calculations in the atomic basins 

defined by the Quantum Theory of Atoms in Molecules (QTAIM) yielded the following Bader 
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charges: Ba +1.01, Li +0.81, Bi -1.82. In accordance with the formal charge assignment and the 

distribution of the electronic states as observed in the DOS plots, the Ba and Li atoms exhibit a 

cationic character, whereas Bi is anionic, though the charge transfer is expectedly lower in 

comparison with the salt-like (Ba2+)(Li+)(Bi3–) notation. 

Analysis of the Crystal Orbital Hamilton Population curves (COHP) suggests that the Ba–Bi and 

Li–Bi interactions are optimized at the Fermi level (Figure 4b), as it can be expected for the 

typical Zintl phases with high degree of polarity as far as chemical bonding is concerned. 

 

Figure 5. Band structure of BaLiBi without (a) and with (b) inclusion of spin-orbit coupling 

(SOC). 

 

The band structure of BaLiBi calculated with the QuantumESPRESSO code (QE) without and 

with consideration of spin-orbit coupling (SOC) is shown in Figure 5. The bands around the 

Fermi level exhibit sizeable dispersion. The indirect bandgap in the scalar-relativistic QE 

calculation measures around 0.50 eV, in fair agreement with the LMTO code. Interestingly, the 
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introduction of SOC leads to significant shifts and splitting of the electronic bands and ultimately 

to a semimetallic ground state. Since the bandgap is usually underestimated in the DFT 

calculations, the band structure of BaLiBi likely remains gapped in the presence of SOC, but the 

gap value is decreased in this case, as it has been observed for, e.g., hybrid perovskites.[46] 

For the band structure with SOC, analysis of the electronic topology suggests that the bands 

below the Fermi level can be expressed as linear combinations of elementary band 

representations (LCEBR),[47] which classifies this material as topologically trivial. 

 

Conclusions 

The crystal structure of the ternary Zintl phase BaLiBi has been accurately determined by single-

crystal X-ray diffraction for the first time. This material crystallizes in the ZrBeSi structure type, 

in accordance with the empirical predictions based on the atomic size considerations. Electronic 

structure calculations on the scalar-relativistic level indicate a semiconducting ground state, in 

line with the rationale provided by the Zintl concept. Consideration of spin-orbit coupling results 

in significant rearrangements of the electronic bands and a concomitant reduction of the size of 

the calculated bandgap. Analysis of the electronic band topology suggests that BaLiBi is a 

topologically trivial material. Since most of the hypothetically possible AEAPn phases have not 

been reported so far, it can be envisioned that more materials of this family are awaiting 

discovery, and that some of them may turn out to have non-trivial electronic topologies. 

Compounds with heavier alkali metals, which have been only scarcely explored, can be an 

especially interesting research direction.     
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Table 1. Details of the data collection (T = 200 K, Mo K ,  = 0.71073 Å) and selected 
crystallographic data for BaLiBi (space group P63/mmc, Z = 2). 

Refined 
composition 

BaLiBi 

CCDC No. 2269349 

fw/ g mol–1 353.26 

a/ Å 4.9917(6) 

c/ Å 9.079(2) 

V/ Å3 195.92(7) 

calc/ g cm–3 5.99 

µMoK / cm–1 545.6 

Rint 0.043 

R1 [I > 2 (I)]a 0.014 

wR2 [I > 2 (I)]a 0.030 

R1 [all data]a 0.018 

wR2 [all data]a 0.031 

max,min/ e Å–3 1.10, –0.78 

a
R1 = ||Fo| – |Fc||/ |Fo|; wR2 = [ [w(Fo

2 – Fc
2)2]/ [w(Fo

2)2]]1/2, where 

w = 1/[ 2
Fo

2 + (0.0169P)2] and P = (Fo
2 + 2Fc

2)/3. 

 

Table 2. Atomic coordinates and equivalent isotropic displacement parameters /Å2 for BaLiBi. 

Atom Site x y z Ueq
a 

Ba 2a 0 0 0 0.0151(2) 

Li 2d 1/3 2/3 3/4 0.013(3) 

Bi 2c 1/3 2/3 1/4 0.0142(2) 

a
Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 
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Experimental section 

Synthesis 

All weighing and mixing procedures were performed in an argon-filled glovebox with the 

O2/H2O levels below 0.1 ppm. The starting materials Ba, Li, and Bi (Alfa-Aesar, all with stated 

purity 99.9 wt. %) were used without further purification, the surfaces if Ba and Li were 

cleaned using scalpel blade immediately before weighing them. The metals were loaded in a 

niobium tube weld-shut from one end. The tube was then transferred into a custom-built arc 

welder and weld-sealed under 600 mbar of high-purity Ar. The produced container was jacketed 

in an evacuated fused silica tube. 

Poorly crystallized BaLiBi was initially identified as a byproduct of a reaction aimed at 

optimizing the conditions for the synthesis of Ba7Li11Bi10 
[20]. Subsequently, larger yields and 

better quality crystals of BaLiBi were prepared by a mixture of the elements in the molar ratio 

1:1:1, which was annealed at 870 K for 24 h. After that, the temperature was slowly lowered 

(rate of 5 K/h) to room temperature. The Nb tube was brought back in the glovebox and opened. 

The resulting product was crystalline and found to be highly air-sensitive; the small crystals 

showed signs of deterioration only after a few minutes in air. 

Powder X-ray diffraction (PXRD) 

PXRD patterns were collected on a Rigaku Miniflex diffractometer (Cu K  radiation,  = 1.5418 

Å) operating inside a nitrogen-filled glovebox. The samples were transported to the glovebox in 

sealed containers to avoid any exposure to ambient air. Data were recorded in the –  scan mode 

with a step size of 0.05° and 2 s/step counting time. 

Single-crystal X-ray diffraction (SCXRD) 

Single crystals were selected from the crushed polycrystalline sample under dry Paratone-N oil. 

Suitable crystals were mounted on low-background plastic loops for measurements. Data 

collection was performed in a stream of cold nitrogen at T = 200 K on a Bruker SMART APEX 

CCD diffractometer equipped with monochromated Mo K  radiation (  = 0.71073 Å). Data 

integration and absorption correction were done with the SAINT[48] and SADABS[49] software 

packages, respectively. Crystal structures were solved by dual-space methods as implemented in 

SHELXT[50] and refined by full-matrix least-squares methods on F2 with SHELXL.[51] 
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First-principle calculations 

All-electron calculations within the density-functional theory (DFT) framework were performed 

using the TB-LMTO-ASA code.[52] The von Barth-Hedin parametrization of the local density 

approximation functional (LDA) was employed.[53] To satisfy the atomic sphere approximation 

(ASA), the introduction of empty spheres was accomplished with the automatic procedure of the 

LMTO code. The basis set contained the following states: Ba: 6s, (6p), 5d, 4f; Li: 2s, (2p), (3d); 

and Bi: 6s, 6p, (6d), (5f), with the states in parentheses being downfolded. The Brillouin zone 

was sampled by a 24  24  12 k-point grid. Crystal Hamilton Population curves (COHP) were 

generated by the dedicated module of the LMTO program. Bader charges were evaluated by 

integration of the all-electron density by means of the Critic2 program.[54] 

Pseudopotential DFT calculations with and without spin-orbit coupling were carried out using 

the Quantum ESPRESSO program package.[55] Perdew-Burke-Ernzerhof (PBE) version of the 

generalized gradient approximation functional (GGA)[56] and optimized norm-conserving 

Vanderbilt pseudopotentials were employed.[57] Kinetic energy cutoffs for wavefunctions and 

charge density were set to 100 Ry and 400 Ry, respectively, after careful checking for energy 

convergence. Topological indices were calculated by the CheckTopologicalMat tool of the 

Bilbao Crystallographic Server[47] using the output generated with the qeirreps program.[58] 
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