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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 P6s/mmc (no. 194), a =4.9917(6) A, ¢ =9.079(2) A, V'=195.92(7) A’ with
two formula units per unit cell. In addition to being a colored ternary variant of the AlB, type,
the crystal structure of BalLiBi 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 [Ba® J[Li"][Bi’ ], 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 Yb;4sMnSb, 1,[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.*”"! 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.®

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.”! 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

1.1% Such an electronic

where only a small number of bands cross or “touch” the Fermi leve
situation is characteristic of semimetals. In certain instances, non-trivial electronic band topology
is realized, as in the case of Nas;Bi — a structurally simple Zintl phase, which was found to be one

of the first three-dimensional topological Dirac semimetals.!"")

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 Bi;Tes,!'*! one

of the textbook TIs, its magnetic derivative MnBizTe4,[13’14]

and the complex layered phase
Bi14Rh319.[15] Among Zintl phases, a number of TIs have been identified, including the magnetic

representatives EusGa,Sbe, EusT1,Sbe, 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, 4 = alkali metal, Pn =

pnictogen, i.e., a group 15 element).!'”"® 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,!'*" 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, 4 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—4—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,*" it is
instructive to treat Eu and YD as alkaline-earth metals and include the AE4APn compositions (AE

= Eu, YD) in the discussion.

Ternary AEAPn compounds have been reported to crystallize in six structure types: Cu,Sb, or as
more commonly referred to as PbFCI (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 P 62m, Pearson code hP9), MgAgAs (space group F 43m, Pearson code cF12), and
LiGaGe (space group P63mc, Pearson code #P6). 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 CaF,-type compound (space group Fm 3m), in contrast to the MgAgAs type (space
group F 43m), realized in the ordered variant.*? 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 P 6m2, Pearson code #P3) based
on powder X-ray diffraction data.””) 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.**! 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

25,26

favorable for BaLiAs as well.”>! Thus, it is quite probable that the SrPtSb type is in fact not

adopted by any experimentally reported AE4Pn compound.

For BeNaAs and BeNaSb, the ZrBeSi structure type was reported.””**! 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 4EAPn 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; 4 = 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 4 = Li, followed by phases with 4 = 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—A4—
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

A and 0.889 A, respectively)®*”! 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 AF 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 (» = 1.225 A) and Mg (r = 1.364
A). Taking into account that the bonding in MgLiPn is expected to be rather polar, due to the
high electronegativity differences between the Prn and metal atoms, the ionic picture
(Mg2+)(Li+)(Pn3_) must be more appropriate. Comparison of the ionic radii for Li" (» = 0.59 A)
and Mg”" (= 0.57 A) in tetrahedral coordination provides an even better illustration of the size

similarity.*"

The orthorhombic TiNiSi structure is adopted exclusively by AEAPn compounds with 4 = Li,
whereas the hexagonal ZrNiAl type is represented by AEAPn phases with 4 = Na. The
occurrence of the tetragonal Cu,Sb/PbFCIl 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 PbFCI 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

19310 1t was suggested that for Li-bearing

ratios of the 4" and AE*" species in the composition.!
compositions without Be, small r(A)/r(AE*") 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(ANHAE*) = 1) type.

For AEAPn compositions without Li or Be, small H(A/HAE") values (< 1) suggest stability of
the ZrNiAl type. At r(47)/r(AE*") > 1, the PbFCI type is expected, whereas intermediate values

do not allow unambiguous prediction.
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ZrBeSi TiNiSi

Figure 1. Crystal structure types adopted by the AEA4Pn compositions. Selected bonding contacts
are indicated. The AE, 4, and Pn atoms are shown in green, orange, and blue, respectively. In the
case of the BeNaPn compositions (Pn = As, Sb), the AE and 4 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(4) + 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 4EA4Pn compositions (4E = Be, Mg,
Ca, Sr, Ba, Eu, Yb; 4 = Li, Na, K, Rb, Cs; Pn = P, As, Sb, Bi) in the coordinates #(4)/r(AE) —
r(Pn)/[r(A) + r(AE)], where r(4), 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 #(4)/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(4)/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 7(4)/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 (SrLij_ As with x =

0.05).°*1 The formation of Li defects in SrLiAs may be interpreted as a decrease of the
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“efficient” atomic radius 7(4), which moves the SrLi;_ As 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 #(Pn)/[r(4) + 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 #(Pn)/[r(A) + r(AE)] scale,
between 0.31 and 0.41. For comparison, the known TiNiSi-type compounds with the 4AEAPn
compositions display »(Pn)/[r(4) + r(AE)] values between 0.36 and 0.52. This is explained by the
fact that all published 4EAPn 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(L1)/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 #(4)/r(AE) = 0.91-1.49 and »(Pn)/[r(4) + r(4E)] = 0.31-0.57, the PbFCI
structure type is stabilized. The smallest #(4)/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.!'”! 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 PbFCI
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 PbFCI 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 (PbFCI, ZrBeSi, LiGaGe, TiNiSi, and MgAgAs) suggest that the
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LiGaGe structure is the most energetically favorable one at ambient pressure.”*) However, taking
into account the lack of stable beryllium bismuthides, it is expected that BeLiBi may not be

easily synthesizable or exist at all.

a)

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, BalLiBi, has been observed before in several
studies.!""*” 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 #(4)/r(4E) = 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.®* 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/mme, Pearson code hP6, a = 4.9917(6) A, ¢ = 9.079(2) A, V' =195.92(7) A’ at T =200 K
(Figure 3a). Attempts to refine the structure of BaLiBi in the LiGaGe type (space group P6smc)
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 AlB, type, with two distinct
atomic species replacing B in the honeycomb network of the original AIB, structure.”” In
BaLiBi, these species are Li and Bi, while the positions of Ba correspond to the Al positions in

AlB,.

The Ba atoms are octahedrally coordinated by Bi with dg, i = 3.67 A (Figure 3b). Li exhibits
trigonal planar coordination by Bi with di; p; = 2.88 A (Figure 3c). These values are in good
agreement with reported bond lengths in other Ba- and Li-containing bismuthides.”*** 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 A, no Bi-Bi
bonding can be expected, and the valence electrons can be easily partitioned according to the
notation (Ba”")(Li")(Bi’), 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.”>*>** 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 — Er < -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 (Ba*")(Li")(Bi’") 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.
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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.!*®!

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),"”! 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 (7 =200 K, Mo Ka, A =0.71073 A) and selected
crystallographic data for BaLiBi (space group P63y/mmc, Z = 2).

Refined BaLiBi
composition

CCDC No. 2269349
fw/ g mol ™! 353.26

al A 4.9917(6)
c/ A 9.079(2)
VI A? 195.92(7)
Peate/ g cm™ 5.99
UnioKe/ €M 545.6
Rint 0.043

Ry [I>20(D)]* 0.014
wR; [I>26(D]" 0.030

R, [all data]® 0.018
WR, [all data]® 0.031

Apmax.min/ € A 1.10,-0.78

"Ry = Y|Fo| = [Fll/ZIFo]; wRy = [X[w(Fy* = FEYY TIw(F)* 1], where
w = 1/[6’F* + (0.0169P)*] and P = (F,> + 2F)/3.

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

Atom Site x % z Uy

Ba 22 0 0 0 0.0151(2)
Li 24 1R 2/3 3/4 0.013(3)
Bi 2c 1/3 2/3 1/4 0.0142(2)

*Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.
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Experimental section

Synthesis

All weighing and mixing procedures were performed in an argon-filled glovebox with the
0,/H,0 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 Ba;Li;Bij **. 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 Ka radiation, 4 = 1.5418
A) 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 6—0 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 7= 200 K on a Bruker SMART APEX
CCD diffractometer equipped with monochromated Mo Ka radiation (A =0.71073 A). Data
integration and absorption correction were done with the SAINT**! and SADABS!*! software
packages, respectively. Crystal structures were solved by dual-space methods as implemented in

SHELXT™ and refined by full-matrix least-squares methods on #* with SHELXL.""
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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.”™ The von Barth-Hedin parametrization of the local density
approximation functional (LDA) was employed.”® 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 x 24 x 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.”>¥

Pseudopotential DFT calculations with and without spin-orbit coupling were carried out using
the Quantum ESPRESSO program package.”” Perdew-Burke-Ernzerhof (PBE) version of the

generalized gradient approximation functional (GGA)®®

and optimized norm-conserving
Vanderbilt pseudopotentials were employed.””! 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*”! using the output generated with the qeirreps program.”®

This article is protected by copyright. All rights reserved.



Zeitschrift fir anorganische und allgemeine Chemie 10.1002/zaac.202300128

References

[1] S. R. Brown, S. M. Kauzlarich, F. Gascoin, G. J. Snyder, Chem. Mater. 2006, 18, 1873—
1877.

[2] E.S. Toberer, A. F. May, G. J. Snyder, Chem. Mater. 2010, 22, 624—-634.

[3] E.S. Toberer, A. Zevalkink, N. Crisosto, G. J. Snyder, Adv. Funct. Mater. 2010, 20, 4375—
4380.

[4] A. Zevalkink, E. S. Toberer, W. G. Zeier, E. Flage-Larsen, G. J. Snyder, Energy Environ.
Sci. 2011, 4, 510-518.

[5] A. Ovchinnikov, S. Chanakian, A. Zevalkink, S. Bobev, Chem. Mater. 2021, 33, 3172—
3186.

[6] M. O. Ogunbunmi, S. Bobev, Chem. Mater. 2022, 34, 8808—8814.

[7] J.Qu, A. Balvanz, S. Baranets, S. Bobev, P. Gorai, Mater. Horiz. 2022, 9, 720-730.

[8] W. G. Zeier, A. Zevalkink, Z. M. Gibbs, G. Hautier, M. G. Kanatzidis, G. J. Snyder,
Angew. Chem. Int. Ed. 2016, 55, 6826—6841.

[9] M. O. Ogunbunmi, S. Bobev, J. Mater. Chem. C 2023, DOI 10.1039/D3TC00556A.

[10] A. Ovchinnikov, S. Bobev, J. Solid State Chem. 2019, 270, 346-359.

[11] Z. K. Liu, B. Zhou, Y. Zhang, Z. J. Wang, H. M. Weng, D. Prabhakaran, S.-K. Mo, Z. X.
Shen, Z. Fang, X. Dai, Z. Hussain, Y. L. Chen, Science 2014, 343, 864-867.

[12] H. Zhang, C.-X. Liu, X.-L. Qi, X. Dai, Z. Fang, S.-C. Zhang, Nat. Phys. 2009, 5, 438-442.

[13] Y. Deng, Y. Yu, M. Z. Shi, Z. Guo, Z. Xu, J. Wang, X. H. Chen, Y. Zhang, Science 2020,
367, 895-900.

[14] M. M. Otrokov, I. I. Klimovskikh, H. Bentmann, D. Estyunin, A. Zeugner, Z. S. Aliev, S.
GaB, A. U. B. Wolter, A. V. Koroleva, A. M. Shikin, M. Blanco-Rey, M. Hoffmann, I. P.
Rusinov, A. Y. Vyazovskaya, S. V. Eremeev, Y. M. Koroteev, V. M. Kuznetsov, F. Freyse,
J. Sanchez-Barriga, 1. R. Amiraslanov, M. B. Babanly, N. T. Mamedov, N. A. Abdullayev,
V. N. Zverev, A. Alfonsov, V. Kataev, B. Biichner, E. F. Schwier, S. Kumar, A. Kimura, L.
Petaccia, G. Di Santo, R. C. Vidal, S. Schatz, K. Kiner, M. Unzelmann, C. H. Min, S.
Moser, T. R. F. Peixoto, F. Reinert, A. Ernst, P. M. Echenique, A. Isaeva, E. V. Chulkov,
Nature 2019, 576, 416-422.

[15] B. Rasche, A. Isaeva, M. Ruck, S. Borisenko, V. Zabolotnyy, B. Biichner, K. Koepernik, C.
Ortix, M. Richter, J. van den Brink, Nat. Mater. 2013, 12, 422-425.

[16] N. Varnava, T. Berry, T. M. McQueen, D. Vanderbilt, Phys. Rev. B 2022, 105, 235128.

[17] C. Mondal, C. K. Barman, S. Kumar, A. Alam, B. Pathak, Sci. Rep. 2019, 9, 527.

[18] D. Shao, Z. Guo, X. Wu, S. Nie, J. Sun, H. Weng, Z. Wang, Phys. Rev. Res. 2021, 3,
013278.

[19] H. Hirt, Umsetzung von Kaliumamalgamen mit Oxiden sowie Beitrdge zur
Festkorperchemie bindrer und terndrer Pniktide aus Metallen der ersten und zweiten
Gruppe, PhD Thesis, Universitit Siegen, 2004.

[20] D. O. Ojwang, S. Bobev, Inorganics 2018, 6, 109.

[21] S. Baranets, A. Ovchinnikov, S. Bobev, in Handbook on the Physics and Chemistry of Rare
Earths (Eds.: J.-C.G. Biinzli, V.K. Pecharsky), Elsevier, 2021, pp. 227-324.

[22] H. Nowotny, K. Bachmayer, Monatsh. Chem. 1949, 80, 734-734.

[23] J. H. Albering, T. Ebel, W. Jeitschko, Z. Kristallogr. 1997, 12 (Supp!.), 242.

[24] Y. Dong, F. J. DiSalvo, J. Solid State Chem. 2007, 180, 432—-439.

This article is protected by copyright. All rights reserved.



Zeitschrift fir anorganische und allgemeine Chemie 10.1002/zaac.202300128

[25] https://ogmd.org

[26] B. Dusabe, G. M. Dongho-Nguimdo, H. A. H. Mohammed, D. P. Joubert, Phys. Status
Solidi B 2021, 258, 2100068.

[27] C. Tiburtius, H.-U. Schuster, Z. Naturforsch. B 1977, 32, 1133—-1138.

[28] Y. Cai, M. Faizan, X. Shen, A. M. Mebed, T. A. Alrebdi, X. He, J. Phys. Chem. C 2023,
127, 1733-1743.

[29] L. Pauling, J. Am. Chem. Soc. 1947, 69, 542-553.

[30] R. D. Shannon, Acta Crystallogr. A 1976, 32, 751-767.

[31] Y. Wang, S. Bobev, Materials 2023, 16, 1428.

[32] X.-J. Feng, Y. Prots, M. P. Schmidt, S. Hoffmann, I. Veremchuk, W. Schnelle, U.
Burkhardt, J.-T. Zhao, Y. Grin, Inorg. Chem. 2013, 52, 8971-8978.

[33] N. Guechi, B. Bennecer, A. Hamidani, S. Ugur, J. Phys. Condens. Matter 2020, 32,
325503.

[34] Z. Hu, J. Deng, H. Li, M. O. Ogunbunmi, X. Tong, Q. Wang, D. Graf, W. R. Pudelko, Y.
Liu, H. Lei, S. Bobev, M. Radovic, Z. Wang, C. Petrovic, Npj Quantum Mater. 2023, 8, 1—
7.

[35] S. F. Matar, R. Péttgen, Z. Naturforsch. B 2019, 74, 307-318.

[36] A. Ovchinnikov, B. Saparov, S.-Q. Xia, S. Bobev, Inorg. Chem. 2017, 56, 12369-12378.

[37] M. C. Schéfer, N.-T. Suen, S. Bobev, Dalton Trans. 2014, 43, 16889—16901.

[38] S.-Q. Xia, S. Bobev, J. Solid State Chem. 2006, 179, 3371-3377.

[39] B. Saparov, S. Bobev, Inorg. Chem. 2010, 49, 5173-5179.

[40] A. Ovchinnikov, S. Bobev, Eur. J. Inorg. Chem. 2018, 2018, 1266—1274.

[41] D.-C. Pan, Z.-M. Sun, J.-G. Mao, J. Solid State Chem. 2006, 179, 1016—1021.

[42] L. Grund, H.-U. Schuster, P. Miiller, Z. Anorg. Allg. Chem. 1984, 515, 151-158.

[43] Q. D. Gibson, L. M. Schoop, L. Muechler, L. S. Xie, M. Hirschberger, N. P. Ong, R. Car,
R. J. Cava, Phys. Rev. B 2015, 91, 205128.

[44] Y. Du, B. Wan, D. Wang, L. Sheng, C.-G. Duan, X. Wan, Sci. Rep. 2015, 5, 14423.

[45] Z. Zhou, K. Peng, S. Xiao, Y. Wei, Q. Dai, X. Lu, G. Wang, X. Zhou, J. Phys. Chem. Lett.
2022, 13,2291-2298.

[46] J. Even, L. Pedesseau, J.-M. Jancu, C. Katan, J. Phys. Chem. Lett. 2013, 4, 2999-3005.

[47] M. G. Vergniory, L. Elcoro, C. Felser, N. Regnault, B. A. Bernevig, Z. Wang, Nature 2019,
566, 480—485.

[48] SAINT, Bruker AXS Inc., Madison, Wisconsin, USA, 2014.

[49] SADABS, Bruker AXS Inc., Madison, Wisconsin, USA, 2014.

[50] G. M. Sheldrick, Acta Crystallogr. A 2015, 71, 3-8.

[51] G. M. Sheldrick, Acta Crystallogr. C 2015, 71, 3-8.

[52] O. Jepsen, O. K. Andersen, The Stuttgart TB-LMTO-ASA Program, Version 4.7; Max-
Planck-Institut fiir Festkorperforschung: Stuttgart, Germany.

[53] U. von Barth, L. Hedin, J. Phys. C Solid State Phys. 1972, 5, 1629-1642.

[54] A. Otero-de-la-Roza, E. R. Johnson, V. Luana, Comput. Phys. Commun. 2014, 185, 1007—
1018.

[55] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli, G. L.
Chiarotti, M. Cococcioni, I. Dabo, A. D. Corso, S. de Gironcoli, S. Fabris, G. Fratesi, R.
Gebauer, U. Gerstmann, C. Gougoussis, A. Kokalj, M. Lazzeri, L. Martin-Samos, N.
Marzari, F. Mauri, R. Mazzarello, S. Paolini, A. Pasquarello, L. Paulatto, C. Sbraccia, S.

This article is protected by copyright. All rights reserved.



Zeitschrift fir anorganische und allgemeine Chemie 10.1002/zaac.202300128

Scandolo, G. Sclauzero, A. P. Seitsonen, A. Smogunov, P. Umari, R. M. Wentzcovitch, J.
Phys. Condens. Matter 2009, 21, 395502.

[56] J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865-3868.

[57] M. J. van Setten, M. Giantomassi, E. Bousquet, M. J. Verstraete, D. R. Hamann, X. Gonze,
G.-M. Rignanese, Comput. Phys. Commun. 2018, 226, 39-54.

[58] A. Matsugatani, S. Ono, Y. Nomura, H. Watanabe, Comput. Phys. Commun. 2021, 264,
107948.

This article is protected by copyright. All rights reserved.





