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Recently, I witnessed a discussion amongst solid state chemists whether the term polar intermetallic
bonding was necessary or dispensable, whether a conceptual discernation of this special class of
intermetallic compounds was indicated or spurious. It quickly outcropped that the reason for this
discussion is the ambiguity of the term polar. Most chemists associate polarity immediately with bond
polarity in a classical van Arkel-Ketelaar triangle picture [1,2]. And as introduction of ionic polarization
into a covalent bond is a very common case also in intermetallic systems, the term polar intermetallic
phases indeed may seem dispensable. However, the term has existed in the literature for many decades,
and there is a good reason for this. Polarity in intermetallic phases causes a number of effects, and the
underlying structure-property relationships justify summarizing this class of intermetallic compounds
with one common epithet. The conceptual difficulty with it is due to multiple meanings of the term.
There are several instances of polar metal or polar metal-metal bonding in the literature, and as they originate
from different scientific backgrounds it is not always clear to the public in which sense polarity is being
referred to by the author.

Not only Coulombic, but all kinds of dipoles are appropriate to create polarity in an intermetallic phase.
The different aspects of macroscopic polarity have one common condition, and it is a crystallographic one.
Dipole interaction in a long-range ordering is only observed when inversion symmetry or mirror planes
perpendicular to the dipole axis are absent. Therefore the crystallographic meaning of polar is the absence
of special symmetry operations [3,4]. The perhaps largest number of scientific publications on polar metals
concentrates on electron conducting materials showing some kind of ordering of electric dipoles in the
structures. The coexistence of ordered electric dipoles, as e.g., in ferroelectrics, and metallic behavior
comes as a surprise as it would normally be forbidden by Gauss’ law: Due to charge screening the effective
field within an electron conductor has to be zero, ruling out any kind of cooperative long-range dipole
ordering. This rule can be broken in cases of weak electron-phonon coupling, and it is observed in a large
and growing number of perovskite-type materials [5–8]. These materials show great potential in future
data storage systems with high density and long lifetimes [9,10]. Also the presence of magnetic dipoles
and their long-range ordering leads to a form of polarity within an intermetallic phase, and ferromagnetic
behavior is a common case. The interface created by contacting a semiconductor with a metal results
in a Schottky barrier, and its height depends on electron concentrations, doping and other parameters.
The height of the Schottky barrier creates polarity at the metallic interface often referred to in literature
as polar bonding [11,12]. And finally, in coordination chemistry, a covalent bonding between the metal
centers of a heterodimetallic coordination compound is described as a polar metal-metal bond when the
electronegativity differences between the metal atoms is pronounced [13]. This shows how different the
meaning of polar metallic bonding can be understood, depending on the context.

The Special Issue of Crystals entitled Compounds with Polar Metallic Bonding presented here is
a compilation of eight original articles based on the most recent research projects. It may therefore be seen
as a snapshot view on the subject, and it is my great pleasure to see so many different interpretations of
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the term polar metallic bonding assembled here. The broad spectrum of the different meanings of polarity in
intermetallic compounds is brought forward by a plethora of modern synthetic approaches, structural
studies, interpretations of chemical bonding and application-driven materials science. We are extremely
happy to have attracted prominent and outstanding members of the intermetallic community to contribute
with articles of highest quality to this compilation and we owe them the deepest gratitude:

• Corinna Lorenz, Stefanie Gärtner and Nikolaus Korber report in their article ‘Amoniates of Zintl
Phases: Similarities and Differences of Binary Phases A4E4 and Their Corresponding Solvates’ [14]
about Zintl chemistry, presenting chemical examples for highest polarity, the complete electron
transfer from less noble metal to an electronegative metal. Intermetallic phases of this kind can be
dissolved in and recrystallized from polar solvents. Crystalline solvates of Zintl phases may be seen
as ‘expanded metals’ and cross the border from intermetallic phases to coordination compounds in
an impressive way.

• Alexander Ovchinnikov, Matej Bobnar, Yurii Prots, Walter Schnelle, Peter Höhn and Yuri Grin
present a communication with he title ‘Ba4[Mn3N6], a Quasi-One-Dimensional Mixed-Valent
Nitridomanganate(II,IV)’ [15] and give a beautiful example of both sophisticated modern solid
state synthesis and of modern interpretation of the chemical bond in a semiconducting material with
long-range ordering of magnetic dipoles. The interplay of magnetic and electronic properties is most
interesting in this chain compound.

• Yufei Hu, Kathleen Lee and Susan M. Kauzlarich report on ‘Optimization of Ca14MgSb11

through Chemical Substitutions on Sb Sites: Optimizing Seebeck Coefficient and Resistivity
Simultaneously’ [16]. Their reseach on thermoelectric materials within the class of Zintl compounds
has gained great atention over the years. Getting control over thermal end electric conductivity via
structural modification is a highly difficult task, and the article present in this Special Issue gives
an excellent example.

• Riccardo Freccero, Pavlo Solokha, Davide Maria Proserpio, Adriana Saccone and Serena De Negri
report on ’Lu5Pd4Ge8 and Lu3Pd4Ge4: Two More Germanides among Polar Intermetallics’ [17].
Their structural and theoretical study shows the compounds to consist of a network of negatively
polarized Ge and Pd atoms whereas Lu acts as a counter-cation, being positively polarized.

• Michael Langenmaier, Michael Jehle and Caroline Röhr present an article entitled ‘Mixed Sr and
Ba Tri-Stannides/Plumbides AII(Sn1−xPbx)3’ [18], dealing with a mixed-crystal series in which the
continuous chemical exchange causes the transition from ionic to metallic bonding. This is a most
instructive example how chemical bonding can be directly manipulated by chemical means. Modern
ways of conceptualizing electron distributions in the sense of counting rules are presented next to
high-level DFT calculations of the electronic structures and also geometric analyses.

• Asa Toombs and Gordon J. Miller show a detailed structural study on ‘Rhombohedral Distortion of
the Cubic MgCu2-Type Structure in Ca2Pt3Ga and Ca2Pd3Ga’ [19]. They give an excellent example
on how electronic structure and crystallographic distortion mutually interact.

• Fabian Eustermann, Simon Gausebeck, Carsten Dosche, Mareike Haensch, Gunther Wittstock and
Oliver Janka present an article entitled ’Crystal Structure, Spectroscopic Investigations, and Physical
Properties of the Ternary Intermetallic REPt2Al3 (RE = Y, Dy–Tm) and RE2Pt3Al4 Representatives
(RE = Tm, Lu)’ [20]. Here, structural and chemical modifications go hand in hand with symmetry
reduction, magnetic interactions and with gradual polarity changes.

• Simon Steinberg and Richard Dronskowski present a review on ‘The Crystal Orbital Hamilton
Population (COHP) Method as a Tool to Visualize and Analyze Chemical Bonding in Intermetallic
Compounds’ [21]. This comprehensive study gives a summary and overview on fundamental
concepts of recognizing the chemical bonding in intermetallic compounds. They give a coherent
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introduction into the well-established COHP method, the 25th anniversary of which gave rise for this
review. With the examples of cluster-based rare-earth transition metal halides and of gold-containing
intermetallic series they illustrate polarity and its expression in terms of bond analyses. The relevance
of such considerations on material chemistry is emphasized with respect to phase-change materials
and to magnetic materials.

The world of intermetallic compounds with polar metallic bonding is a rapidly growing one.
It is a fertile ground on which novel materials emerge, due to the unique ability of polar intermetallics to
provide new and unexpected combinations of properties. This Special Issue may be taken as an excellent
example on how much further work is needed in order to purposefully direct material research in this
field, and, indeed, how valuable basic research on chemical systems and development of concepts for
elucidation of electronic bonding situations is with this respect.
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Abstract: The combination of electropositive alkali metals A (A = Na-Cs) and group 14 elements E
(E = Si-Pb) in a stoichiometric ratio of 1:1 in solid state reactions results in the formation of polyanionic
salts, which belong to a class of intermetallics for which the term Zintl compounds is used. Crystal
structure analysis of these intermetallic phases proved the presence of tetrahedral tetrelide tetraanions
[E4]4− precast in solid state, and coulombic interactions account for the formation of a dense,
three-dimensional cation-anion network. In addition, it has been shown that [E4]4− polyanions are
also present in solutions of liquid ammonia prepared via different synthetic routes. From these
solutions crystallize ammoniates of the alkali metal tetrahedranides, which contain ammonia
molecules of crystallization, and which can be characterized by X-ray crystallography despite
their low thermal stability. The question to be answered is about the structural relations between
the analogous compounds in solid state vs. solvate structures, which all include the tetrahedral
[E4]4− anions. We here investigate the similarities and differences regarding the coordination spheres
of these anions and the resulting cation-anion network. The reported solvates Na4Sn4·13NH3,
Rb4Sn4·2NH3, Cs4Sn4·2NH3, Rb4Pb4·2NH3 as well as the up to now unpublished crystal structures
of the new compounds Cs4Si4·7NH3, Cs4Ge4·9NH3, [Li(NH3)4]4Sn4·4NH3, Na4Sn4·11.5NH3 and
Cs4Pb4·5NH3 are considered for comparisons. Additionally, the influence of the presence of another
anion on the overall crystal structure is discussed by using the example of a hydroxide co-crystal
which was observed in the new compound K4.5Sn4(OH)0.5·1.75 NH3.

Keywords: Zintl compounds; liquid ammonia; crystal structure

1. Introduction

The term “polar intermetallics” applies to a large field of intermetallic compounds, the
properties of which range from metallic and superconducting to semiconducting with a real band
gap [1–5]. For the compounds showing a real band gap, the Zintl–Klemm concept is applicable
by formally transferring the valence electrons of the electropositive element to the electronegative
partner, and the resulting salt-like structure allows for the discussion of anionic substructures [1–9].
The combination of electropositive alkali metals A (A = Na-Cs) and group 14 elements E (E = Si-Pb) in
a stoichiometric ratio of 1:1 in solid state reactions results in the formation of salt-like, semiconducting
intermetallic compounds which show the presence of the tetrahedral [E4]4− anions precast in solid
state. These anions are valence isoelectronic to white phosphorus and can be seen as molecular units.
They have been known since the work of Marsh and Shoemaker in 1953 who first reported on the
crystal structure of NaPb [10]. Subsequently, the list of the related binary phases of alkali metal
and group 14 elements was completed (Table 1, Figure 1). Due to coulombic interactions a dense,
three-dimensional cation-anion network in either the KGe structure type (A = K-Cs; E = Si, Ge) [11–17]

Crystals 2018, 8, 276; doi:10.3390/cryst8070276 www.mdpi.com/journal/crystals5
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or NaPb structure type (A = Na-Cs; E = Sn, Pb) (Figure 1e,f) [18–21] is observed. For sodium and
the lighter group 14 elements silicon and germanium, binary compounds lower in symmetry (NaSi:
C2/c [14,16,17,22], NaGe: P21/c [14,16]) are formed, which also contain the tetrahedral shaped [E4]4−

anions (Figure 1c,d). In the case of lithium, no binary compound with isolated [E4]4− polyanions is
reported at ambient conditions: In LiSi [23] and LiGe [24] (LiSi structure type, Figure 1a), threefold
bound silicon atoms are observed in a three-dimensionally extended network, which for tetrel atoms
with a charge of −1 is an expected topological alternative to tetrahedral molecular units, and which
conforms to the Zintl–Klemm concept. If the [E4]4− cages are viewed as approximately spherical,
the calculated radius r would be 3.58 Å for silicide, 3.67 Å for germanide, 3.96 Å for stannide and 3.90
Å for plumbide clusters (r = averaged distances of the center of the cages to the vertex atoms + van der
Waals radii of the elements, each [25]). The dimensions for silicon and germanium are very similar,
as are those for tin and lead. It is worth noticing that there is a significant increase in the size of the
tetrahedra, which are considered as spherical, for the transition from germanium to tin, which could
explain the change of the structure type KGe to NaPb.

For binary compounds of lithium and tin or lead, the case is different. The Zintl rule is not
applicable as LiSn (Figure 1b) [26] includes one-dimensional chains of tin atoms, whereas NaSn [19,27]
forms two-dimensional layers as the tin substructure. For LiPb [28] the CsCl structure has been
reported, which is up to now unreproduced.

Table 1. Binary phases of alkali metal (Li-Cs) and group 14 element with 1:1 stoichiometric ratio
(ambient conditions).

Si Ge Sn Pb

Li I41/a LiSi [23] I41/a LiSi [24] I41/amd [26] CsCl (?) [28]
Na C2/c [14,16,17,22] P21/c [14,16] I41/acd NaPb [19,27] I41/acd NaPb [10]
K P-43n KGe [11,12,14] P-43n KGe [11,13] I41/acd NaPb [19,21] I41/acd NaPb [21]

Rb P-43n KGe [11,12,14] P-43n KGe [11,13,14] I41/acd NaPb [18,21] I41/acd NaPb [20,21]
Cs P-43n KGe [11,12,14] P-43n KGe [11,13,14] I41/acd NaPb [18,21] I41/acd NaPb [24]

Additionally, it has been shown that the tetrelide tetraanions are also present in solutions of liquid
ammonia [29], and from these solutions alkali metal cation-[E4]4− compounds that additionally contain
ammonia molecules of crystallization can be precipitated. We earlier reported on the crystal structures
of Rb4Sn4·2NH3, Cs4Sn4·2NH3 and Rb4Pb4·2NH3, which showed strong relations to the corresponding
binaries [30]. In Na4Sn4·13 NH3 [31,32] no such relation is observed. In general, ammonia in solid
ammoniates is not only an innocent and largely unconnected solvent molecule but may also act as
a ligand towards the alkali metal cations. This leads to a variety of crystal structures, which allows
for the investigation of the competing effects of cation-anion-interaction vs. alkali-metal-ammine
complex formation in the solid state. We here report on the single crystal X-ray investigations
of the new compounds Cs4Si4·7NH3, Cs4Ge4·9NH3, [Li(NH3)4]4Sn4·4NH3, Na4Sn4·11.5NH3 and
Cs4Pb4·5NH3 and compare the previously reported solvates as well as the new ammoniate compounds
of tetratetrelide tetranions to the known binary compounds. It has to be noted that the number
of ammoniate structures of tetrelide tetraanions is very limited [30–34] as they are easily oxidized
in solution by forming less reduced species like [E9]4− [35–40] and [E5]2− [36,41–43]. In Table 2,
all hitherto known ammoniates which contain the highly charged [E4]4− (E = Si-Pb) cluster are listed.
For [Sn9]4− we could recently show that co-crystallization of hydroxide anions is possible in the
compound Cs5Sn9(OH)·4NH3 [44]. We here present the first crystal structure of the co-crystal of
[Sn4]4− and the hydroxide anion in the compound K4.5Sn4(OH)0.5·1.75 NH3 which allows for the
discussion of the influence of another anion on the overall crystal structure.
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Figure 1. Different structure types for the binary phases of alkali metal (Li-Cs) and group 14 element
with 1:1 stoichiometric ratio (ambient conditions) (a–f).
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Table 2. Hitherto known A4E4·xNH3 (A = Li-Cs; E = Si-Pb) solvate structures and selected crystal
structure details. The bold marked new compounds are discussed in this article.

Compound Crystal System Space Group Unit Cell Dimensions

Si Cs4Si4·7NH3 triclinic P-1 a = 12.3117(6) Å; b = 13.0731(7) Å;
c = 13.5149(7) Å; V = 2035.88(19) Å3

Ge Cs4Ge4·9NH3 orthorhombic Ibam a = 11.295(2) Å; b = 11.6429(15) Å;
c = 17.237(2) Å; V = 2266.9(6) Å3

Sn

[Li(NH3)4]4Sn4·4NH3 monoclinic I2/a a = 16.272(3) Å; b = 10.590(2) Å;
c = 20.699(4) Å; V = 3446.9(13) Å3

[Li(NH3)4]9Li3(Sn4)3·11NH3
[31] monoclinic P2/n a = 12.4308(7) Å; b = 9.3539(4) Å;

c = 37.502(2) Å; V = 4360.4(4) Å3

Na4Sn4·11.5NH3 monoclinic P21/c a = 13.100(3) Å; b = 31.393(6) Å;
c = 12.367(3) Å; V = 5085.8(18) Å3

Na4Sn4·13NH3 [31,32] hexagonal P63/m a = b = 10.5623(4) Å; c = 29.6365(16) Å;
V = 2863.35 Å3

K4Sn4·8NH3 [31] hexagonal P63
a = b = 13.1209(4) Å; c = 39.285(2) Å;

V = 5857.1(4) Å3

Rb4Sn4·2NH3 [30] monoclinic P21/a a = 13.097(4) Å; b = 9.335(2) Å;
c = 13.237(4) Å; V = 1542.3(7) Å3

Cs4Sn4·2NH3 [30] monoclinic P21/a a = 13.669(2) Å; b = 9.627(1) Å;
c = 13.852(2) Å; V = 1737.6(4) Å3

Pb

Rb4Pb4·2NH3 [30] monoclinic P21/a a = 13.170(3) Å; b = 9.490(2) Å;
c = 13.410(3) Å; V = 1595.2(6) Å3

Cs4Pb4·5NH3 orthorhombic Pbcm a = 9.4149(3) Å; b = 27.1896(7) Å;
c = 8.1435(2) Å; V = 2084.63(10) Å3

2. Materials and Methods

For the preparation of [E4]4−-containing solutions different preparative routes are possible which
are described elsewhere [8]. In general, liquid ammonia was stored over sodium metal and was directly
condensed on the reaction mixture under inert conditions (see Appendix A). The reaction vessels
were stored for at least three months at 235 K or 197 K. For the handling of the very temperature
and moisture labile crystals, a technique developed by Kottke and Stalke was used [45,46]. Crystals
were isolated directly with a micro spatula from the reaction solutions in a recess of a glass slide
containing perfluoroether oil, which was cooled by a steam of liquid nitrogen. By means of a stereo
microscope, an appropriate crystal was selected and subsequently attached on a MicroLoop™ and
placed on a goniometer head on the diffractometer. For details on the single crystal X-Ray structure
analysis, please see Table 3.
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3. Results

In the following, the crystal structures of the new compounds Cs4Pb4·5NH3, Cs4Ge4·9NH3,
Cs4Si4·7NH3, Na4Sn4·11.5NH3, [Li(NH3)4]4Sn4·4NH3 and K4.5Sn4(OH)0.5·1.75NH3 are described
independently, their similarities and differences towards the binary materials are discussed
subsequently in Section 4 (Discussions).

3.1. Cs4Pb4·5NH3

The reaction of elemental lead with stoichiometric amounts of cesium in liquid ammonia yields
shiny metallic, reddish needles of Cs4Pb4·5NH3. The asymmetric unit of the crystal structure of
Cs4Pb4·5NH3 consists of three crystallographically independent lead atoms, four cesium cations and
four ammonia molecules of crystallization. One of the lead atoms and one of the nitrogen atoms are
located on the general Wyckoff position 8e of the orthorhombic space group Pbcm (No. 57). The other
two lead atoms, four Cs+ cations and three nitrogen atoms occupy the special Wyckoff positions 4d
(mirror plane) and 4c (twofold screw axis) with a site occupancy factor of 0.5 each. The Pb4 cage is
generated from the three lead atoms through symmetry operations. As there is no structural indication
for the ammonia molecules to be deprotonated, the [Pb4]4− cage is assigned a fourfold negative
charge, which is compensated by the four cesium cations. The Pb-Pb distances within the cage range
between 3.0523(7) Å and 3.0945(5) Å. They are very similar to those that have been found in the
solventless binary structures (3.090(2) Å) [21]. The cluster has a nearly perfect tetrahedral shape with
angles close to 60◦. The tetraplumbide tetraanion is coordinated by twelve Cs+ cations at distances
between 3.9415(1)–5.4997(8) Å. They coordinate edges, faces and vertices of the cage (Figure 2e).
The coordination sphere of Cs1 is built up by four [Pb4]4− cages (3 × η1, 1 × η2) and five ammonia
molecules of crystallization. Here, the cesium cation is surrounded by four lead clusters tetrahedrally
and thus forms a supertetrahedron (Figure 3a).

Cs2 and Cs4 are trigonally surrounded by three Pb4 cages (1 × η1, 2 × η2 and 2 × η1, 1 × η3)
each. Their coordination spheres are completed by five and four ammonia molecules of crystallization,
respectively, as shown for Cs2 in Figure 3b. Cs3 only shows contacts to two Pb4 cages (2 × η2) and six
ammonia molecules of crystallization (Figure 3c). Altogether, a two-dimensional network is formed.
Along the crystallographic b-axis, corrugated Cs+-NH3 strands are built. The [Pb4]4− cages are situated
along the strands and are stacked along the c-axis (Figure 4).

Figure 2. Comparison of the cationic coordination spheres of [E4]4− (E = Sn, Pb) clusters in
Na4Sn4·11.5NH3 (a); Rb4Sn4·2NH3 (b); NaPb (c); Rb4Pb4·2NH3 (d) and Cs4Pb4·5NH3 (e); probability
factor: 50%; dark grey marked cations occupy special Wyckoff positions.
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Figure 3. Coordination spheres of the cesium cations in Cs4Pb4·5NH3; (a) tetrahedral environment of
Cs1 by [Pb4]4−, for reasons of clarity, ammonia molecules are omitted; (b,c) coordination spheres of
Cs2 (representative for Cs4) and Cs3; for reasons of clarity, hydrogen atoms are omitted; probability
factor: 50%.

Figure 4. Section of the structure of Cs4Pb4·5NH3; corrugated Cs+-NH3 strands along the
crystallographic b-axis; the chains are emphasized by bold lines; [Pb4]4- cages are located along
the strands; hydrogen atoms are omitted for clarity; probability factor: 79%.

3.2. Cs4Ge4·9NH3

Deep red needles of Cs4Ge4·9NH3 could be obtained by the dissolution of Cs12Ge17 together with
two chelating agents, [18]crown-6 and [2.2.2]cryptand in liquid ammonia. Indexing of the collected
reflections leads to the orthorhombic space group Ibam (No. 72). The asymmetric unit of this compound
consists of one germanium atom, one cesium cation and four nitrogen atoms. The anionic part of the
compound is represented by a [Ge4]4− tetrahedron, which is generated by the germanium position
through symmetry operations resulting in the point group D2 for the molecular unit. The definite
number of ammonia molecules of crystallization cannot be determined due to the incomplete data set
(78%), but very likely sums up to four in the asymmetric unit. Cs4Ge4·9NH3 is the first ammoniate
with a ligand-free tetragermanide tetraanion reported to date. In spite of the incomplete data set,
the heavy atoms Cs and Ge could be unambiguously assigned as maxima in the Fourier difference map.
The dimensions of the germanium cage (2.525(3)–2.592(3) Å) comply with the expected values found in
literature (2.59 Å [11]). The [Ge4]4− anion shows almost perfect tetrahedral symmetry with Ge-Ge-Ge
angles between 58.63(10)◦ and 61.21(11)◦. It is surrounded by eight cesium cations. They coordinate
η1-like to edges and η3-like to triangular faces of the cage (Figure 5e). The coordination sphere of the
cesium atom itself is built by two [Ge4]4− cages and is completed by eight ammonia molecules of
crystallization. Considering the Cs+-[Ge4]4− contacts, layers parallel to the crystallographic a- and
b-axis are formed, which are separated by ammonia molecules of crystallization.

11
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Figure 5. Comparison of the cationic coordination spheres of [E4]4− (E = Si-Sn) clusters in Cs4Si4·7NH3

(a,b (two crystallographically independent [Si4]4− cages)), KGe (c); [Li(NH3)4]4Sn4·4NH3 (d) and
Cs4Ge4·9NH3 (e); probability factor: 50%; dark grey marked cations occupy special Wyckoff positions.

3.3. Cs4Si4·7NH3

Dissolving Cs12Si17 together with dicyclohexano[18]crown-6 and [2.2.2]cryptand in liquid
ammonia resulted in deep red prismatic crystals of Cs4Si4·7NH3. The asymmetric unit consists of two
crystallographically independent [Si4]4− clusters, eight cesium cations and 14 ammonia molecules of
crystallization. All atoms are located on the general Wyckoff position 2i of the triclinic space group
P-1 (No. 2). [Si4]4− (1) is surrounded by nine, [Si4]4− (2) by eleven Cs+ cations (Figure 5a,b). Here the
cations span edges, faces and vertices of the clusters in a distance range of 3.559(2)–4.651(3) Å. Cs1,
Cs5, Cs7 and Cs8 are η1-, η2- and η3-like surrounded by three Si4 cages each, which are arranged in
a triangular shape (comparable to the coordination sphere shown in Figure 3b). The remaining four
cesium cations per asymmetric unit also show ionic contacts to two silicon clusters each by spanning
edges, faces and vertices of the latter. The coordination spheres of all alkali metal cations are completed
by four to nine ammonia molecules of crystallization (Figure 6b). Altogether, a two-dimensional
[Si4]4−-Cs+-network is formed. The anionic cluster and the cations built corrugated waves, comparable
to Cs4Pb4·5NH3 (Figure 4). The ammonia molecules of crystallization fill the space between the strands.

12
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Figure 6. Coordination spheres of the cations; (a) [Li(NH3)4]+
4[Sn4]4− strands; for reasons of clarity,

the [Li(NH3)4]+ complexes are shown as spherical polyhedra; (b) of Cs7 in Cs4Si4·7NH3, representative
for the coordination spheres of the heavier alkali metals; (c) of K9 in K4.5Sn4(OH)0.5·1.75NH3 as
a representative of the other cations in the structure; (d) complete coordination sphere of [Sn4]4− anions
and sodium cations; probability factor: 50%.

3.4. Na4Sn4·11.5NH3

Red, prism-shaped crystals of Na4Sn4·11.5NH3 could be synthesized by reacting elemental tin
with stoichiometric amounts of sodium and tBuOH in liquid ammonia. Two crystallographically
independent [Sn4]4− tetrahedra represent the anionic part of the asymmetric unit. The charge
is compensated by eight sodium cations. Additionally, 23 ammonia molecules of crystallization
can be found. All atoms occupy the general Wyckoff position 4e of the monoclinic space
group P21/c (No 14). Although the two [Sn4]4− cages are crystallographically independent,
the chemical environment is very similar (Figure 2a). Five sodium cations reside on edges and
triangular faces of each cluster. Considering the anion-cation contacts, one-dimensional strands
along the a-axis are formed. The tetrastannide clusters are bridged by two crystallographically
independent sodium cations Na1 and Na2, which alternatingly coordinate faces and edges of
the cages (Figure 6d). Thus the anionic part of the structure can be assigned the formula

1
∞[Na(Sn4)]3−. A similar coordination of the bridging atom was recently found in the ammoniate

Rb6[(η2-Sn4)Zn(η3-Sn4)]·5NH3, where two [Sn4]4− anions are bridged by a Zn2+ cation forming
isolated dimeric units [49]. As already mentioned, Na1 and Na2 only show contacts to [Sn4]4−,
the remaining six sodium cations additionally coordinate to ammonia molecules of crystallization.
Altogether, a molecular formula of [(Sn4)Na]2[(Na(NH3)3)5(Na(NH3)2)]·6NH3 represents the whole
crystal structure, where sodium-[Sn4]4− strands are separated by both coordinating ammonia and
unattached ammonia molecules of crystallization.

3.5. [Li(NH3)4]4Sn4·4NH3

The reaction of elemental tin with stoichiometric amounts of lithium and tBuOH in liquid
ammonia yields in black shaped crystals of [Li(NH3)4]4Sn4·4NH3. The asymmetric unit of the new
compound consists of two tin atoms, two lithium atoms and ten ammonia molecules of crystallization.
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All atoms are located on the general Wyckoff position 8f of the monoclinic space group I2/a (No. 15).
As there is no indication for the presence of deprotonated ammonia molecules, the charge of the Sn4

cluster sums up to −4. The tin cluster does not show direct contacts to lithium cations as all of these are
coordinated by four ammonia molecules which results in tetrahedrally shaped [Li(NH3)4]+ complexes
that can be considered as large and approximately spherical cationic units (Figure 6). For details,
see Section 4.2. The ammonia lithium distances of 2.064(1)–2.116(1) Å in the tetrahedral cationic
complex [Li(NH3)4]+ are in good agreement with literature-known lithiumtetraammine complexes [38].
The [Sn4]4− cage is coordinated by eight [Li(NH3)4]+ complexes, which span vertices and faces of the
cluster (Figure 6a). The distances within the tetrahedron vary between 2.9277(8)–2.9417(8) Å and lie
within the expected values for [Sn4]4− anions in ammoniate crystal structures. The Sn-Sn-Sn angles
range between 59.882(20)◦ and 60.276(20)◦.

3.6. K4.5Sn4(OH)0.5·1.75NH3

Red, prismatic crystals of the composition K4.5Sn4(OH)0.5·1.75NH3 could be synthesized by
dissolving elemental tin with stoichiometric amounts of potassium in the presence of tBuOH in
liquid ammonia. The hydroxide in the solvate structure is probably formed due to impurities on the
potassium. The asymmetric unit of the solvate structure consists of four tetrastannide tetraanions,
two hydroxide ions and seven ammonia molecules of crystallization. They all occupy general Wyckoff
positions of the monoclinic space group P21/c (No. 14). The bond lengths of the tetrastannides of
2.884(2)–2.963(2) Å are within the expected values for Sn-Sn distances in tin tetrahedranides [30].
Three of the four crystallographically independent tin anions are coordinated by 14 potassium
cations, the fourth anion is coordinated by 16 cations at distances between 3.438(5) Å and 3.145(5) Å
(Figure 7a,b). The cations coordinate vertex tin atoms or span edges and faces of the tetrahedra.

Figure 7. Cationic coordination spheres of the two anionic components in K4.5Sn4(OH)0.5·1.75NH3;
(a) [Sn4]4− sourrounded by 16 cations; (b) [Sn4]4− coordinated by 14 cations, as a represantive for
the other two crystallographically independent [Sn4]4− cages in the asymmetric unit; (c,d) cationic
environment of the two hydoxide anions; probability factor: 50%.

Figure 7 additionally shows the coordination sphere of the second anionic component of the
solvate structure, the hydroxide anions. They are characteristically surrounded by five potassium
cations in a distorted square pyramidal manner. The coordination sphere of the cations is completed
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by tin clusters, hydroxide ions or/and ammonia molecules of crystallization (Figure 7c,d). Altogether,
the structure of K4.5Sn4(OH)0.5·1.75NH3 consists of strands of ammonia molecules, hydroxide anions
and potassium cations, which are connected via tetrastannide anions.

4. Discussion

In this section we discuss similarities and differences of the binary compounds towards the solvate
structures with respect to the coordination spheres of the cations and the cluster anions.

4.1. NaPb Type Analogies

As already mentioned in the introduction, all alkali metal stannides and plumbides with the
nominal composition AE, except the compounds containing lithium, crystallize in the tetragonal space
group I41/acd (No. 142) and belong to the NaPb structure type [10,18–21]. Considering the direct
cationic environment of the tetrelide cluster in the binary phase (Figure 2c), the coordination number
(CN) sums up to 16. With increasing content of ammonia molecules of crystallization, the coordination
number of the cages decrease (Table 4). Figure 2 shows which cation-anion contacts are broken within
the solvate structures. Generally, there are three different modes of the coordination of the cation
towards the anion (Figure 8).

In the binary phases and Na4Sn4·13NH3 [31,32] all triangular faces of the anions are capped η3-like
by cations. In contrast, in A4E4·2NH3 (A = K, Rb; E = Sn, Pb) [30] three faces and in Cs4Pb4·5NH3 only
one face of the [E4]4− anions are coordinated η3-like by the cations. In addition to the coordination
of the faces, the edges of the [E4]4− tetrahedra are coordinated η2-like. For NaPb, Rb4Sn4·2NH3,
Cs4Sn4·2NH3 and Rb4Pb4·2NH3, four η2-like coordinated cations are present. In Cs4Pb4·5NH3 five
cations coordinate to the cage in a η2-like fashion, in Na4Sn4·11.5NH3 only two. Finally, the cationic
environment of the [E4]4− anions in the binary phase is completed by a total of eight cations which are
bonded η1-like to each vertex. In Rb4Sn4·2NH3, Cs4Sn4·2NH3, Rb4Pb4·2NH3 and Cs4Pb4·5NH3 three
and two vertices are coordinated by two cations, respectively. The other vertices each only show one
tetrelide-alkali metal contact. Table 4 summarizes the anion coordinations and it becomes evident that
the solvate structures with a small content of ammonia molecules of crystallization are more similar
to the solid state structure, thus the three-dimensional cation-anion interactions are considerably
less disturbed. Additionally, more anion-cation contacts appear in the solvate structures with the
heavier alkali metals. Rubidium and cesium, as well as tin and lead are considered as soft acids and
bases according to the HSAB theory [50]. The solvate structures containing sodium show much less
anion-cation contacts due to the favored interaction of the hard base ammonia to the hard acid sodium
cation (Table 5). Table 5 additionally shows the total coordination numbers of the cations, which
is classified into cation-anion (A+-E−) and cation-nitrogen (A+-NH3) contacts. In Na4Sn4·13NH3,
Na4Sn4·11.5NH3 and Cs4Pb4·5NH3 the numbers of anion-cation contacts and the cation-nitrogen
contacts are similar. In contrast, Rb4Sn4·2NH3, Cs4Sn4·2NH3 and Rb4Pb4·2NH3 show more A+-E−

contacts than ion-dipole interactions between the cation and the ammonia molecules of crystallization.

Table 4. Coordination number of the [E4]4− cages in NaPb and related compounds.

Compound
Coordination

Number (CN) E−-A+
η1-like

Coordination
η2-like

Coordination
η3-like

Coordination

NaPb Type 16 8 4 4
Na4Sn4·13NH3 4 / / 4

Na4Sn4·11.5NH3 5 / 2 3
Cs4Pb4·5NH3 12 6 5 1

Rb4Sn4·2NH3/Cs4Sn4·2NH3/Rb4Pb4·2NH3 14 7 4 3
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Figure 8. Different coordination modes of cations shown on the example of NaPb.

Table 5. Coordination number of the cations in NaPb and related ammoniates.

Compound CNtotal of Cations A+-E− Contacts A+-NH3 Contacts

NaPb Type 6–8 6–8 0
Na4Sn4·13NH3 7 3 4

Na4Sn4·11.5NH3 5–6 2–3 0–3
Cs4Pb4·5NH3 9–10 4–5 4–6

Rb4Sn4·2NH3/Cs4Sn4·2NH3/Rb4Pb4·2NH3 8–11 5–7 2–4

4.2. KGe Type Analogies

Binary alkali metal compounds of silicon and germanium with the nominal composition AB
(A = K-Cs) crystallize in the KGe structure type (Figure 5, for the corresponding literature see
Table 1) [11–17]. Table 6 shows the number of cations coordinated to the [E4]4− cages. Here again,
the decrease of the CN is directly related to the content of ammonia in the solvate structure. Like in
the NaPb structure type, four cations coordinate η3-like to all triangular faces of the cages. However,
unlike the NaPb type, no η2-like bonded cations are present in this solid state structure. Here,
only single cation-anion contacts between the vertex atoms and the cations are built. The CN sums
up to 16. The cationic environment of the [E4]4− clusters of the compounds Cs4Ge4·9NH3 and
[Li(NH3)4]4Sn4·4NH3 is very similar to those of the KGe structure. It consists of four η3-like bonded
cations/cationic complexes that are situated on the faces of the cages. However, in these ammoniates,
every vertex is only coordinated by one cation/cationic complex instead of three. Thus, the CN
has a value of eight for the anionic clusters in Cs4Ge4·9NH3 and [Li(NH3)4]4Sn4·4NH3 (Table 6).
The situation for the [Si4]4− tetrahedra in Cs4Si4·7NH3 looks a bit different. Here also four cations
which span the triangular faces of the cages are found next to three (for Si4 (1)) and four (for Si4 (2))
η1-like bonded cations, respectively (Figure 5a,b). The coordination spheres of the cages are completed
by two and three cations, respectively, which coordinate to edges (η2-like) of the cages. This kind of
coordination is more prevalent in the NaPb structure type (Figure 2). The CN of the [Si4]4− cages sums
up to 9/11 (Table 6).

Cs ammoniates of all group 14 elements are now known (Cs4Si4·7NH3, Cs4Ge4·9NH3,
Cs4Sn4·2NH3 and Cs4Pb4·5NH3), which allows for comparison of the coordination number of the Cs
cation. As mentioned in the introduction, the [E4]4− cages can be considered as roughly spherical with
a radius calculated from the distance of the center of the tetrahedron to the edges (averaged distances)
plus the van der Waals radius of the particular element [25]. Naturally, the sizes of the silicide (radius r:
3.58 Å) and the germanide (r: 3.67 Å) clusters are smaller than those of the stannide (r: 3.96 Å) and
plumbide (r: 3.90 Å) clusters. This affects the CN of the cation. As listed in Tables 5 and 7, which show
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the coordination number of the cations in NaPb/KGe and the related ammoniates, the CN of Cs+

amounts to 9–11 in Cs4Pb4·5NH3 and Cs4Sn4·2NH3. In Cs4Si4·7NH3 and Cs4Ge4·9NH3 the CN sums
up to 10–13 and thus is significantly higher. In addition, the total coordination number consists of the
cation-anion (A+-E−) and the cation-nitrogen contacts (A+-NH3). Considering the A+-E− contacts in
Cs4Si4·7NH3 and Cs4Ge4·9NH3, remarkably fewer (2–7) can be found in comparison to the ion-dipole
interactions (4–9) between the cesium cations and the ammonia molecules of crystallization. In contrast,
in Cs4Pb4·5NH3 and Cs4Sn4·2NH3 more A+-E− contacts (4–7) than A+-NH3 (2–6) interactions occur.
The reduced cation-NH3 contacts in the solvate structures of the heavier homologues tin and lead
indicates that the size of the clusters has a significant impact on the quantity of ammonia molecules of
crystallization that coordinate to the cesium cation and thus complete the coordination sphere.

Altogether, it is shown that the content of ammonia molecules of crystallization directly correlates
with the CN of the cages to cations (see Section 4.1). This means that the presence of ammonia
molecules results in broken anion-cation contacts within the ionic framework.

Table 6. Coordination number of the [E4]4− cages in KGe and related ammoniates.

Compound
Coordination

Number (CN) E−-A+
η1-like

Coordination
η2-like

Coordination
η3-like

Coordination

KGe Type 16 12 / 4
Cs4Si4·7NH3 9/11 3/4 2/3 4/4
Cs4Ge4·9NH3 8 4 / 4

[Li(NH3)4]4Sn4·4NH3 8 4 / 4

Table 7. Coordination number of the cations in KGe and related ammoniates.

Compound
CNtotal of
Cations

A+-E− Contacts A+-NH3 Contacts

KGe Type 6 6 0
Cs4Si4·7NH3 10–13 2–7 4–9
Cs4Ge4·9NH3 13 4 9

[Li(NH3)4]4Sn4·4NH3 7 3 4

4.3. Effect of Additional Anions within Solvate Structures

In K4.5Sn4(OH)0.5·1.75NH3, the cationic environment slightly differs from the binary system NaPb
and from the other solvate structures due to the presence of another anionic component, the hydroxide
anion. As already mentioned in Section 3.6, the asymmetric unit consists of four crystallographically
independent [Sn4]4− clusters. The coordination number of three of them has a value of 14, the CN of the
fourth cluster is 16. Although ammonia molecules of crystallization are present in the structure, the CN
of the clusters are very similar to the CN of the binary solid state system or are rather insignificantly
smaller. Mainly, the differences lie in the manner of the coordination of the cations to the cages.
In K4.5Sn4(OH)0.5·1.75NH3, only one to two (for Sn4 (2)) cations span triangular faces of the cage,
compared to the binary phase and the other solvate structures described in Section 4.1, where four and
three cations coordinate in a η3-like fashion. The number of the η2-like bonded cations is somewhat
higher. They can be found five or rather six times. The remaining cationic environment of the stannide
clusters is built up by six to nine cations, which are η1-like attached to vertex tin atoms. In the binary
system, every vertex atom of the cluster shows two single cation-anion contacts, so eight η1-like
bonded cations appear here. Altogether, the presence of another anionic component and ammonia
molecules of crystallization lead to different cationic coordinations of the anionic cages compared to
the other solvate structures. But taking the slight content of ammonia molecules and hydroxide anion
per stannide cluster into account, it is not surprising that the number of coordinating cations is almost
equal to that in the binary phase NaPb.
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5. Conclusions

We investigated the relations of ammoniate crystal structures of tetrelide tetrahedranides and
the corresponding binary intermetallic phases. The involvement of ammonia strongly influences the
structures of the compounds due to its character of rather acting as ligand towards the alkali metal
cations than as an innocent solvent molecule. This is reflected in the CN of the cations as well as
the anions. For the small alkali metal cations of lithium and sodium (hard acids) this even results in
a formal enlargement of the cation radius which finally ends up in the structural similarities especially
for Li-ammonia containing compounds to the binaries of the heavier homologues. Additional charged
anions within the solvate crystal structures influence the overall crystal structure and this leads to
a different cationic coordination of the anionic cages compared to the other solvate structures.
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Appendix A

Appendix A.1 Experimental Details

All operations were carried out under argon atmosphere using standard Schlenk and Glovebox
techniques. Liquid ammonia was dried and stored on sodium in a dry ice cooled Dewar vessel for
at least 48 h. Silicon (powder, 99%, 2N+, ABCR) and Lithium (99%, Chemmetal, Langelsheim)
was used without further purification. Sodium (>98%, Merck, Deutschland) and potassium
(>98%, Merck, Deutschland) were purified by liquating. Rubidium and cesium were synthesized
according to Hackspill [51] and distilled for purification. [18]crown-6 was sublimated under dynamic
vacuum at 353 K. [2.2.2]cryptand (ABCR) was used without further purification. In the reaction
mixtures containing the two chelating agents, crystals of the composition C12H24O6·2NH3 [52] and
C18H36O6N2·2NH3 [52] could additionally be observed. For the reaction mixtures with tBuOH,
surprisingly no crystal structures containing tBuOH or tBuO− could be found.

Appendix A.1.1 Direct Reduction

[Li(NH3)4]4Sn4·4NH3, Na4Sn4·11.5NH3, K4.5Sn4(OH)0.5·1.75NH3 and Cs4Pb4·5NH3: Tin and lead,
respectively, as well as the stoichiometric amount of alkali metals, were placed in a three times baked
out Schlenk vessel in a glovebox under argon atmosphere. For the synthesis of [Li(NH3)4]4Sn4·4NH3,
Na4Sn4·11.5NH3 and K4.5Sn4(OH)0.5·1.75NH3

tBuOH was additionally placed in the Schlenk vessel
(the difference in applied amount of alkali metal and crystallized stoichiometry is explainable due
to traces of water in tBuOH despite intensive drying). About 10 mL of dry liquid ammonia was
condensed on the mixture at 195 K. The appropriate amount of tBuOH was added by a syringe at
195 K under immediate freezing. The blue ammonia alkali metal solution was allowed to react with
tBuOH and tin at 236 K. Gassing was observed first and the color of the solution changed from blue
to dark red within few days. After storage at 236 K for a few weeks crystals of the above discussed
compounds could be obtained.

[Li(NH3)4]4Sn4·4NH3: 0.3 g Sn (2.6 mmol), 0.0905 g Li (13.1 mmol) and 1 mL tBuOH (0.77 g,
10.4 mmol).

Na4Sn4·11.5NH3: 0.95 g Sn (8.0 mmol), 0.4 g Na (17.4 mmol) and 1 mL tBuOH (0.77 g, 10.4 mmol).
For N6, a split position was introduced as well as a SIMU restraint.
K4.5Sn4(OH)0.5·1.75NH3: 0.475 g Sn (4.0 mmol), 0.340 g K (8.7 mmol) and 0.5 mL tBuOH (0.385 g,

5.2 mmol).
Cs4Pb4·5NH3: 0.1729 g Pb (0.835 mmol), 0.1109 g Cs (0.835 mmol).
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Appendix A.1.2 Solvolysis

Synthesis of the precursor Cs12Si17 and Cs12Ge17: For Cs12Si17, Cs (1.539 g, 11.581 mmol) and Si
(0.461 g, 16.407 mmol), for Cs12Ge17, Cs (1.127 g, 8.481 mmol) and Ge (0.873 g, 12.015 mmol) were
enclosed in tantalum containers and jacketed in an evacuated ampoule of fused silica. The containers
were heated to 1223 K at a rate of 25 K·h−1. The temperature was kept for 2 h. The ampoule was
cooled down with a rate of 20 K·h−1. The precursors were stored in a glove box under argon.

Cs4Si4·7NH3 and Cs4Ge4·9NH3: 50 mg of each precursor were dissolved in about 15 ml of
liquid ammonia together with two chelating agents, [18]crown-6/dicyclohexano[18]crown-6 and
[2.2.2]cryptand. The rufous solutions were stored at 197 K. After several months, very few crystals of
the above discussed compounds could be obtained.

Cs4Si4·7NH3: 50 mg (0.0245 mmol) of Cs12Si17, 9.4 mg (0.0252 mmol) dicyclohexano[18]crown-6
and 18.5 mg (0.0491 mmol) [2.2.2]cryptand. For Cs5 a split position was introduced and a SIMU
restraint was applied.

Cs4Ge4·9NH3: 50 mg (0.025 mmol) of Cs12Ge17, 0.0513 mg (0.194 mmol) [18]crown-6 and 0.044 mg
(0.116 mmol) [2.2.2]cryptand. To prevent N2 and N3 to go non-positive definite (N.P.D.), the two atoms
were refined isotropically and the atom radii were fixed at 0.05.
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Abstract: The mixed-valent nitridomanganate Ba4[Mn3N6] was prepared using a gas–solid high
temperature route. The crystal structure was determined employing high resolution synchrotron
powder diffraction data: space group Pbcn, a = 9.9930(1) Å, b = 6.17126(8) Å, c = 14.4692(2) Å,
V = 892.31(2) Å3, Z = 4. The manganese atoms in the structure of Ba4[Mn3N6] are four-fold coordinated
by nitrogen forming infinite corrugated chains of edge-sharing [MnN4] tetrahedra. The chains
demonstrate a complete charge order of Mn species. Magnetization measurements and first principle
calculations indicate quasi-one dimensional magnetic behavior. In addition, chemical bonding
analysis revealed pronounced Mn–Mn interactions along the chains.

Keywords: nitridometalate; crystal structure; powder diffraction; magnetism

1. Introduction

Low-dimensional magnetic systems, such as spin chains, ladders, or planes, attract much attention
as perspective materials for a wide range of applications, e.g., in spintronics, quantum computing,
and information storage technologies [1,2]. Such quantum magnets may display exotic physical
phenomena including spin liquid behavior [3], spin-orbital Mott insulating state [4], and topological
excitations [5]. Since the decrease of dimensionality implies a spatial spin confinement, the role of
fluctuations becomes significant in these systems. Such fluctuations are spin-dependent and most
important for S = 1

2 and S = 1 systems. Therefore, the electronic state of the constituting magnetic
atoms, along with the magnetic topology, determines the behavior of a particular system.

Low-dimensional quantum magnets have been mainly explored in the families of halides [6],
oxides [7], and higher chalcogenides [8], but little is known about the realization of such systems
in nitrides. Since multicomponent nitrides often demonstrate low-dimensional crystallographic
arrangements of transition-metal atoms along with low coordination numbers and oxidation states of
the latter [9–11], they represent a natural platform to probe low-dimensional magnetism. However,
the preparation of single-phase nitrides and their inherent instability make the study of this class of
materials highly challenging.

In this contribution, we report on the synthesis and characterization of the first chain alkaline-earth
nitridomanganate with a quasi-one-dimensional magnetic behavior.

2. Materials and Methods

Synthesis of Ba2N. All manipulations except the high-temperature treatment were done inside
an Ar-filled glovebox due to the high air- and moisture-sensitivity of most of the materials. Barium

Crystals 2018, 8, 235; doi:10.3390/cryst8060235 www.mdpi.com/journal/crystals22
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nitride, Ba2N, was prepared by annealing Ba lumps (99.9%, Alfa Aesar, Thermo Fisher (Kandel) GmbH,
Karlsruhe, Germany) under N2 stream (Praxair Deutschland GmbH, Dresden, Germany, 99.9999%,
additionally purified by molecular sieves and a BTS-catalyst) at 973 K for 12 h, followed by cooling
down to room temperature under Ar. The resulting black soft powder was single-phase according to
powder X-ray diffraction (PXRD).

Synthesis of Ba4[Mn3N6]. Ba2N (Figure S1) and Mn powder (Alfa, 99.9998%) were mixed in the
ratio Ba:Mn = 4.04:3 in an agate mortar and thoroughly ground. The excess of Ba2N was employed
to compensate for evaporation at high temperatures. The mixture was pelletized and annealed in a
Ta crucible under a constant N2 flow (7 mL/min) at T = 1023–1123 K for 108 h in total, with several
intermediate re-grindings. The resulting sample was almost single-phase. The intensity of the strongest
impurity peak was lower than 3% of the most intense peak of the main phase. The impurity reflections
could be easily distinguished from those of the main phase by tracking the evolution of the PXRD
patterns upon annealing, however, they could not be assigned to any known phases. Annealing times
longer than that in the above-given protocol led to gradual decomposition of the main phase and
to partial amorphisation of the sample. The composition of the sample and the absence of potential
impurity elements were confirmed by chemical analysis (Table S1).

Powder X-ray diffraction (PXRD). Laboratory PXRD patterns were collected on a Huber G670
imaging plate Guinier camera (CuKα1 radiation, Huber Diffraktionstechnik GmbH & Co. KG, Rimsting,
Germany). Powder samples were enclosed between two Kapton foils sealed with vacuum grease to
reduce contact with air. Synchrotron PXRD data were collected at the ID22 beamline of the European
Synchrotron Radiation Facility (ESRF, Grenoble, France). Samples were sieved to a particle size
of less than 50 μm and enclosed in glass capillaries (d = 0.3 mm) sealed with Picein. Preliminary
data processing was performed in the WinXPow program suite [12]. Crystal structure solution was
accomplished using direct methods as implemented in EXPO2009 [13]. Rietveld refinement was
performed with the Jana2006 program [14]. Further details on the crystal structure investigations can
be obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein–Leopoldshafen, Germany
(fax: (+49)7247-808-666; email: crysdata@fiz-karlsruhe.de, http:///www.fiz-karlsruhe.de/request_
for_deposited_data.html) on quoting the depository number CSD-434473.

Chemical analysis. Chemical analysis was performed for the constituting elements (Ba, Mn, N),
as well as for expected impurities (C, H, O, Ta from the crucible). Non-metals were analyzed by a
carrier-gas hot-extraction technique on LECO TCH 600 (N, H, O, LECO Corporation, Saint Joseph, MI,
USA) and LECO C200 (C, LECO Corporation, Saint Joseph, MI, USA) analyzers. The metal content
was determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) on an Agilent
Technologies 5100 spectrometer (Agilent technologies, Santa Clara, CA, USA).

Differential thermal analysis and thermogravimetry (DTA-TG). Thermal behavior was studied
by means of DTA/TG measurements on a Netzsch STA 449C calorimetric setup (NETZSCH-Gerätebau
GmbH, Selb, Germany) in loosely closed Ta crucibles under dynamic Ar atmosphere. To prevent
sample degradation, the measurements were done inside an Ar-filled glovebox.

Electrical resistivity measurements. Electrical resistivity was measured on a cold-pressed pellet
in a sapphire die cell within a cryostat using a four-contact Van-der-Pauw method. The setup was
mounted inside an Ar-filled glovebox. The sample was thoroughly ground and sieved before the
measurements. Only the fraction with the particle size between 20 μm and 50 μm was used in order to
achieve a higher packing density and reduce the grain boundary effects.

Magnetization measurements. Temperature dependence of magnetic susceptibility was
measured on a powder sample enclosed in a sealed pre-calibrated quartz tube under 400 mbar of He
on a SQUID magnetometer (MPMS-XL7, Quantum Design Inc., San Diego, CA, USA) in external fields
between 10 mT and 7 T within the temperature range 1.8–400 K. High-temperature magnetization
measurements were performed in the temperature range 320–575 K. All data were corrected for the
container diamagnetism. The Honda–Owen correction (“extrapolation to a large field”) was applied to
take the possible contributions of ferro- or ferrimagnetic impurities into account [15].
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Computational details. Spin-polarized electronic structure calculations were performed
at the scalar relativistic level within the L(S)DA approach employing the FPLO-9 [16] or the
TB-LMTO-ASA [17] code. The PW92 parametrization [18] of the LSDA functional was used in
FPLO and the von Barth-Hedin parametrization [19] was employed in LMTO. Blöchl corrected
linear tetrahedron method with a 8 × 12 × 6 k-mesh was employed after checking for convergence
with respect to the number of k-points. For the LMTO calculations, experimentally obtained lattice
parameters and atomic coordinates were used. The radial scalar-relativistic Dirac equation was solved
to get the partial waves. The calculation within the atomic sphere approximation (ASA) includes
corrections for the neglect of interstitial regions and partial waves of higher order [20], hence an
addition of empty spheres in the case of Ba4[Mn3N6] was not necessary. The following radii of atomic
spheres were applied for the calculations on: r(Ba1) = 2.116 Å; r(Ba21) = 2.187 Å, r(Mn1) = 1.415 Å,
r(Mn2) = 1.217 Å, r(N1) = 1.094 Å, r(N2) = 1.003 Å and r(N3) = 1.044 Å. A basis set containing Ba(6s,5d),
Mn(4s, 4p, 3d) and N(2s,2p) states was employed for the self-consistent calculations with the Ba(6p,4f )
and N(3d) functions being downfolded. The electronic structures calculated with the two codes
were found to be consistent. For the analysis of the Mn–Mn interactions, Crystal Orbital Hamilton
Population (COHP) [21] analysis was performed using the built-in procedure in the TB-LMTO-ASA
program. The topology of electron density was analyzed with the program Dgrid [22]. The calculated
electron density was integrated in basins, bounded by zero-flux surfaces in the density gradient
field [23]. This technique provides electron counts for each atomic basin revealing the effective charges
of the QTAIM atoms.

3. Results and Discussion

Crystal structure determination. Ba4[Mn3N6] was obtained as an almost phase-pure
microcrystalline product. Attempts to grow single crystals were not successful. Therefore, crystal
structure determination was accomplished based on high resolution synchrotron PXRD data (Figure 1).
The reflections of the major phase were indexed in the orthorhombic crystal system with the lattice
parameters a = 9.9930(1) Å, b = 6.17126(8) Å, c = 14.4692(2) Å. Extinction conditions were consistent only
with the space group Pbcn (#60). Crystal structure solution using direct methods provided the positions
of all metal atoms and a part of the nitrogen atoms. The remaining nitrogen positions were located
in a subsequent difference Fourier synthesis (Figure 2). For Ba atoms, an anisotropic refinement was
possible. Mn and N atoms were refined isotropically. In addition, atomic displacement parameters for
all N atoms were constrained to be the same in the final cycles of the refinement. The crystallographic
data are listed in Table 1, atomic positions in Table 2, atomic displacement parameters in Table 3, and
selected bond lengths/angles in Figure 3 and Table S2, respectively.

Crystal structure description. The crystal structure of Ba4[Mn3N6] represents a new structure
type and can be viewed as consisting of corrugated chains of edge-sharing [MnN4] tetrahedra running
along [001], and Ba atoms embedded in-between the chains (Figure 2a,b). A similar structural motif is
observed for the nitridometalates AE3[M2N4] (AE = Sr, Ba, M = Al, Ga, Ge/Mg) [24–29] (Figure 2c),
though the degree of the chain corrugation is weaker in these compounds. Perfectly linear chains
of edge-sharing [Fe3+N4] tetrahedra are present in the crystal structure of the lithium nitridoferrate
Li3[FeN2] [30] (Figure 2d).
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Figure 1. Synchrotron PXRD pattern of Ba4[Mn3N6] (λ = 0.35434 Å) with experimental points shown
in black, calculated pattern after Rietveld refinement in red, and difference curve in blue. Tick marks
denote the calculated positions of Bragg reflections.

Figure 2. Crystal structure of Ba4[Mn3N6] viewed along (a) [001] and (b) [100], for comparison, chains
of edge-sharing tetrahedra in (c) Sr3[Ga2N4] [26] and (d) Li3[FeN2] [30] are drawn on the same scale.
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Figure 3. Coordination environment of (a) barium, (b) nitrogen, and (c) manganese atoms in
Ba4[Mn3N6]. Distances are given in Å.

Table 1. Crystallographic Data and Experimental Details for Ba4[Mn3N6] at 298 K.

Composition Ba4Mn3N6

Molecular weight/g mol−1 798.16
Space group Pbcn (#60)

Lattice parameters 1

a/Å 9.9930(1)
b/Å 6.17126(8)
c/Å 14.4692(2)

V/Å3 892.31(2)
Z 4

ρcalcd/g cm−3 5.94
T/K 298

Device beamline ID22, ESRF
Radiation, λ/Å 0.35434

2Θ max/o 38
2Θ step/o 0.002

RI/Rp 0.044/0.058
Residual electron density peaks/e Å−3 +1.10, −0.94

1 The standard deviations include the Bérar–Lelann’s correction [31].

Table 2. Atomic Positions and Isotropic (Equivalent) Displacement Parameters (Å2) for Ba4[Mn3N6] 1.

Atom Site x y z Uiso*/Ueq

Ba1 8d 0.82617(7) 0.68848(10) 0.19158(4) 0.00687(19)
Ba2 8d 0.65129(6) 0.93009(10) 0.94504(4) 0.0077(2)
Mn1 4c 0 0.1719(4) 1/4 0.0066(6)*
Mn2 8d 0.00844(13) 0.0660(3) 0.08193(10) 0.0055(4)*
N1 8d 0.9009(7) 0.8512(11) 0.0291(5) 0.0067(11)* 2

N2 8d 0.1212(7) 0.9716(10) 0.1690(5) 0.0067* 2

N3 8d 0.9288(7) 0.3008(12) 0.1347(5) 0.0067* 2

1 The standard deviations include the Bérar–Lelann’s correction [31]; 2 Uiso(N1) = Uiso(N2) = Uiso(N3) constrained.
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Table 3. Anisotropic Displacement Parameters (Å2) for Ba4[Mn3N6] 1.

Atom U11 U22 U33 U12 U13 U23

Ba1 0.0088(3) 0.0061(3) 0.0058(3) 0.0003(4) 0.0016(3) −0.0008(3)
Ba2 0.0066(3) 0.0079(3) 0.0085(4) 0.0004(3) −0.0015(4) −0.0011(4)

1 The standard deviations include the Bérar-Lelann’s correction [31].

Ba1 and Ba2 atoms are (5 + 1)-fold and (7 + 1)-fold irregularly coordinated, respectively (Figure 3a).
For Ba1, the five shortest Ba–N bonds range from 2.66 Å to 3.17 Å. The resulting [Ba1N5] entity
resembles a distorted square pyramid, similar to the corresponding coordination polyhedron in another
barium nitridomanganate, Ba3[MnN3] [32]. The sixth nitrogen atom is located at a relatively longer
distance of 3.44 Å, thereby completing the (5 + 1)-fold coordination environment. Ba2 is coordinated
by seven N atoms at distances of 2.82–3.07 Å and a further one at 4.06 Å. These distances are in good
agreement with the typical values found in other nitridometalates containing Barium [24,27,29,32].

All nitrogen atoms in the structure have four Ba and two Mn atoms in the closest proximity
(Figure 3b). The nitrogen atoms N1 and N3 show a distorted octahedral environment, whereas the
coordination environment of N2 resembles a trigonal prism. An additional Ba1 atom at 3.44 Å and the
Ba2 atom at the farthest corner residing at a distance of 4.06 Å complete the (6 + 2)-fold coordination of
N2. A similar coordination of nitrogen is observed in the above-mentioned AE3[Al2N4] (AE = Sr, Ba)
compounds [24,25] and can be regarded as a strongly distorted square anti-prism. The corresponding
longest distance in Ba3[Al2N4] is 4.04 Å [24].

Two symmetrically independent manganese atoms, Mn1 and Mn2, alternate in the sequence
[–Mn1–Mn2–Mn2–] along the chain with rather short Mn–Mn distances of 2.51 and 2.52 Å
(Figure 3c). These distances fall in the range of the metal-metal contacts in metallic manganese
(α-Mn: 2.26–2.93 Å [33]; β-Mn: 2.36–2.68 Å [34]; Mn2N1.08: 2.79–2.82 [35]; Mn4N: 2.74 [36]). The Mn–N
contacts lie in the range 1.98–2.09 Å for Mn1 (<d> = 2.04 Å) and 1.79–1.91 Å for Mn2 (<d> = 1.85 Å),
with the respective bond valence sums of 2.4 for Mn1 and 3.9 for Mn2 (based on the bond valence
parameters from Brese and O’Keeffe [37]). Hence, the oxidation states balance based on the structural
data can be expressed as Ba2+

4[Mn2+N3−
4/2][Mn4+N3−

4/2]2.
Distribution of oxidation states in Ba4[Mn3N6] is further corroborated by comparing the Mn–N

bond distances with those in other nitridocompounds bearing tetrahedrally coordinated Mn atoms.
The range of the Mn–N distances around Mn1 is similar to that in Mn2+[GeN2] (d(Mn–N) = 2.03–2.14 Å,
<d> = 2.10 Å) [38] and α-Mn2+[WN2] (d(Mn–N) = 2.01–2.19 Å, <d> = 2.10 Å) [39]. For Mn2, no proper
reference compound was found, since there are no phases known with Mn4+ adopting a tetrahedral
environment of nitrogen ligands. However, the Mn–N bond length distribution around Mn2 resembles
that of Mn atoms in Li7[Mn5+N4] (d(Mn–N) = 1.81–1.83 Å, <d> = 1.82 Å) [40], with the bonds in the
latter compound being shorter due to a higher oxidation state of Mn.

The significant difference of the Mn–N bond distances around the two independent Mn sites,
which made the above-described oxidation state assignment possible, suggests a charge-ordering
scenario, frequently observed for mixed-valent manganese oxides [41]. Thus, K5[Mn3O6] and
Rb8[Mn5O10], possessing chains of edge-sharing [MnO4] tetrahedra, were reported to develop
full charge order into di- and tri-valent manganese with the formation of the repetition units
[–Mn3+–Mn2+–Mn2+–] and [–Mn3+–Mn2+–Mn2+–Mn3+–Mn2+–] for the potassium and rubidium phase,
respectively [42]. In the title compound Ba4[Mn3N6], the repetition unit is [–Mn2+–Mn4+–Mn4+–].
Hence, this nitridomanganate does not conform to the known tendency of transition metals to adopt
lower oxidation states in nitride compounds in comparison with the oxide analogues [9].

Physical properties. The temperature dependence of the electrical resistivity for Ba4[Mn3N6] is
shown in Figure 4. Only data above 62 K were obtained, since at lower temperatures, the resistance
exceeds the maximal measurable value achievable with the employed experimental set-up.
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Figure 4. Temperature dependence of electrical resistivity for polycrystalline Ba4[Mn3N6]. Inset:
ln(ρ/ρ295) vs. T−1 plot (circles) with a linear fit (red line).

At room temperature, the resistivity of the sample amounts to 25 Ω·cm. The sample displays
a distinct semiconducting behavior. As it is seen from the ln(ρ/ρ295) vs. T−1 plot, the temperature
behavior of resistivity does not follow a simple Arrhenius-type dependence in a wide temperature
range. Linear fitting of the high-temperature region yields an estimated bandgap of 0.42(1) eV. The plot
can be linearized in the ln(ρ) vs. T−1/n coordinates, which is frequently discussed as an indication of
variable-range hopping conduction. However, a final decision cannot be made since relatively recent
calculations showed that such kind of behavior can be observed even for a traditional band transport
mechanism [43]. Additional transport measurements on not yet available single crystal samples would
be necessary to get a deeper insight into the electrical conduction of Ba4[Mn3N6].

Magnetic susceptibility of Ba4[Mn3N6] versus temperature is given in Figure 5. The observed
weak field dependence points to a possible ferro- or ferrimagnetic impurity, most likely ferrimagnetic
Mn4N (TC = 740 K) [36]. In this case, the impurity amounts to less than 0.4 mass% as can be estimated
from the magnetization data. Due to the small amount, Mn4N was not observed in the PXRD pattern
of the sample under study.

 

Figure 5. Temperature dependence of magnetic susceptibility for Ba4[Mn3N6] up to 400 K measured in
different fields. Inset: dχT/dT(T) plot emphasizing the AFM transition.
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The magnetic susceptibility shows an upturn at low temperatures which is probably due to
paramagnetic Mn species contained in minor secondary phase(s) or due to point defects in the main
phase. After the subtraction of a Curie law with C = 0.0211(2) emu mol−1 K, the susceptibility reveals
a broad hump around 120 K and a clear decrease of χ(T) below TN = 68 K, where a sharp kink is
observed. Such temperature dependence is typical for low-dimensional (here a quasi-1D) magnetic
systems. However, we abstain from a detailed analysis of the magnetic susceptibility data. For a
deeper investigation, anisotropic magnetization data on single crystals are required.

Measurements of the susceptibility to higher temperatures are hampered by the degradation of
the sample. According to the DTA/TG measurements, Ba4[Mn3N6] starts to lose mass at around 673 K
under inert conditions (Figure S2). For these reasons, the magnetic measurements were performed up
to 575 K only to avoid possible decomposition. Between 325 and 575 K, the temperature dependence
of the magnetic susceptibility was found to decrease almost linearly (Figure S3).

Electronic structure and chemical bonding. Total energy calculations were performed for eight
different magnetic arrangements (Figure S4) to discern the ground state. The lowest energy was found
for the AFM1 structure, which displays antiferromagnetic coupling (AFM) between manganese atoms
along the chains and ferromagnetic (FM) coupling between the nearest manganese sites in adjacent
chains. AFM1 with FM coupled AFM chains is only 0.7 meV f.u.−1 more stable than AFM2, possessing
AFM coupled AFM chains. It is clear that the actual ground state cannot be reliably determined
from LSDA calculations owing to the negligible energy difference between the two best candidates.
However, the most stable solution without AFM intra-chain coupling (AFM3 in Figure S3) is by
138 meV f.u.−1 higher in energy than AFM1. These findings emphasize the strongly one-dimensional
nature of exchange interactions in Ba4[Mn3N6]. The calculated magnetic moments and the bandgap
are almost the same for AFM1 and AFM2 structures (Table 4).

Table 4. Results of the LSDA calculations for magnetic structures AFM1 and AFM2 (FPLO).

Structure AFM1 AFM2

energy E with respect to AFM1
(meV f.u.−1) 0 0.7

electronic bandgap Eg (eV) 0.17 0.18
magnetic moment on Mn2+ (μB) 2.96 2.96
magnetic moment on Mn4+ (μB) 1.10 1.09

It is worthwhile to note that FM coupled AFM chains were found to be the ground state of
another quasi-one-dimensional nitridometalate, Li3[FeN2] [44]. Furthermore, the charge-ordered
oxomanganates K5[Mn3O6] and Rb8[Mn5O10] also show a similar magnetic ordering with respect
to the inter- and intra-chain couplings [42]. In these two oxides, the calculated magnetic moments
on Mn atoms are close to the spin-only values expected for the high-spin states. Our first principle
calculations confirm the charge ordering in Ba4[Mn3N6]. QTAIM charges corroborate the oxidation
state assignments (Baave

2+ + 1.29, Mn12+ + 0.84, Mn24+ + 1.00, Nave
3− − 1.33), the low calculated values

are in good accordance with other nitridometalates [45]. However, the calculated magnetic moments
in the nitridomanganate are reduced by about 2 μB for each species in comparison with the anticipated
spin-only values of 5.0 μB and 3.0 μB for high-spin d5 (Mn2+) and d3 (Mn4+) configurations, respectively
(Table 4). LSDA calculations are known to underestimate magnetic moments in strongly correlated
semiconductors. It is also well known that experimentally determined ordered magnetic moments
in highly frustrated systems are often reduced in comparison with spin-only values, typically, as a
consequence of quantum fluctuations [46]. Therefore, more experimental data would be necessary to
probe the importance of on-site correlations in Ba4[Mn3N6].

The electronic density of states for Ba4[Mn3N6] in the AFM1 structure is shown in Figure 6.
Well below the Fermi level, the DOS is mainly composed of N(2p) states. A significant contribution of
the Mn(3d) states is observed close to the Fermi level, where they get hybridized with the N(2p) states.
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Site-resolved DOS contributions from the Mn(3d) states reveal a considerable hybridization between
Mn1(3d) and Mn2(3d) states in the region −1.9 eV < E < 0 eV, indicating possible Mn–Mn interactions.
To study these interactions in more detail, we plotted the COHP curves for all pairs of adjacent Mn
atoms in the chains (Figure 7). Below EF, all Mn–Mn contacts display a predominantly bonding
character with the strongest attractive interactions falling in the energy window above −1.9 eV, in
consistence with the region of the d-states hybridization. For Mn2+–Mn4+ (spin up) and Mn4+–Mn4+,
the presence of some anti-bonding states just below EF reveals a slight under-optimization of bonding,
whereas for Mn2+–Mn4+ (spin down), the bonding appears to be optimized at EF. For all pairs,
the integrated COHP (ICOHP) values amount to 0.27–0.3 eV bond−1 spin direction−1.

Figure 6. LSDA electronic density of states for Ba4[Mn3N6] in the AFM1 structure. Positive and
negative DOS values correspond to major and minor spin channels, respectively.

Interestingly, metal-metal bonding was discussed as a reason for quenching of magnetic
moments in certain nitridometalates, e.g., Ca12[Mn19N23] [47], Sc[TaN2] [48], Li6Sr2[Mn2N6] [49]
and Ca6[Cr2N6]H [10]. If all adjacent Mn atoms in Ba4[Mn3N6] are linked by 2c–2e bonds, the resulting
magnetic moment on every Mn atom will be lowered by 2 μB in comparison with the spin-only value.
This is in line with the magnetic moments obtained from our LSDA calculations. Therefore, it can
be speculated that the reduced magnetic moments for the Mn species are intrinsic to Ba4[Mn3N6]
and stem from the chemical bonding between Mn atoms (Figure 8). The development of the Mn–Mn
bonding in Ba4[Mn3N6] is reflected in a much shorter Mn–Mn distance (2.5 Å) in comparison with that
in the structurally similar oxomanganates K5[Mn3O6] and Rb8[Mn5O10] with d(Mn-Mn) = 2.7–2.8 Å,
which demonstrate the expected magnetic moments on Mn sites [41,42].

Taking into account the distinctive Mn–Mn interactions, the one-dimensional nitridomanganate
anion in Ba4[Mn3N6] can be alternatively understood as a chain of chemically bound
Mn atoms decorated by nitride ligands. Such a description provides a link between
salt-like alkaline-earth-metal-rich nitridometalates [50], like Li7[MnN4] [40] and Ba3[MnN3] [32],
and transition-metal-rich nitrides with pronounced metal-metal interactions, like Ca12[Mn19N23] [47]
and Mn4N [36] (Figure 9).
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Figure 7. COHP curves for the Mn–Mn nearest neighbor interactions in Ba4[Mn3N6]: (a) Mn2+–Mn4+;
(b) Mn4+–Mn4+. For symmetry reasons, the COHP curves for the Mn4+–Mn4+ spin up and spin down
contacts overlap.

Figure 8. Schematic representation of the possible valence d-electron distribution along the chains in
Ba4[Mn3N6]. Unpaired electrons on Mn2+ and Mn4+ are shown in blue and pink, respectively. Electron
pairs representing Mn–Mn bonds are shown in cyan.
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Figure 9. Mn–N and Mn–Mn interactions in nitridomanganates and manganes nitrides from 0D
to 3D systems: (a) Li7[MnN4] [40]; (b) Ba3[MnN3] [32]; (c) Ba4[Mn3N6]; (d) Ca12[Mn19N23] [47];
(e) Mn4N [36].

4. Conclusions

The mixed-valent nitridomanganate Ba4[Mn3N6] was obtained by high-temperature nitridation
of a Ba2N and Mn mixture. Its crystal structure contains infinite corrugated chains of edge-sharing
[MnN4/2] tetrahedra. Analysis of the bond length distribution and first principle calculations suggest
a complete charge ordering along the chains with an alternation of Mn2+ and Mn4+ species in the
sequence [–Mn2+–Mn4+–Mn4+–]. Ba4[Mn3N6] shows a quasi-one-dimensional magnetic behavior
stemming from strong intra-chain and weak inter-chain interactions in this compound, as shown by
total energy calculations. In addition, strong bonding interactions were found between Mn atoms along
the chains. The emergence of chemical bonding between transition-metal atoms in nitridometalates
can provide a link to new structures with extended magnetic topologies.

Supplementary Materials: The following data are available online at http://www.mdpi.com/2073-4352/8/6/235/s1:
Results of the chemical analysis, selected bond lengths/angles, DTA-TG curves, high-temperature magnetic
susceptibility, and magnetic models used for LSDA calculations. Figure S1. Powder pattern of Ba2N starting
material; Figure S2. DTA-TG curves for a Ba4[Mn3N6] sample (m = 41.79 mg). Heating under flowing Ar
(100 mL/min) with a rate of 5 K/min. A slight mass gain in the range T = 300–575 K is probably due to
sample oxidation by traces of oxygen; Figure S3. Temperature dependence of magnetic susceptibility for
Ba4[Mn3N6] between 320 and 575 K; Figure S4. Model magnetic arrangements used for the total energy calculations
(FM—ferromagnetic, AFM—antiferromagnetic, FiM—ferrimagnetic); Table S1. Results of chemical analysis for
Ba4[Mn3N6]; Table S2. Selected interatomic distances and angles for Ba4[Mn3N6].
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Abstract: In thermoelectric materials, chemical substitutions are widely used to optimize
thermoelectric properties. The Zintl phase compound, Yb14MgSb11, has been demonstrated as
a promising thermoelectric material at high temperatures. It is iso-structural with Ca14AlSb11 with
space group I41/acd. Its iso-structural analog, Ca14MgSb11, was discovered to be a semiconductor and
have vacancies on the Sb(3) sites, although in its nominal composition it can be described as consisting
of fourteen Ca2+ cations with one [MgSb4]9− tetrahedron, one Sb3

7− linear anion and four isolated
Sb3− anions (Sb(3) site) in one formula unit. When Sn substitutes Sb in Ca14MgSb11, optimized
Seebeck coefficient and resistivity were achieved simultaneously although the Sn amount is small
(<2%). This is difficult to achieve in thermoelectric materials as the Seebeck coefficient and resistivity
are inversely related with respect to carrier concentration. Thermal conductivity of Ca14MgSb11-xSnx

remains almost the same as Ca14MgSb11. The calculated zT value of Ca14MgSb10.80Sn0.20 reaches
0.49 at 1075 K, which is 53% higher than that of Ca14MgSb11 at the same temperature. The band
structure of Ca14MgSb7Sn4 is calculated to simulate the effect of Sn substitutions. Compared to the
band structure of Ca14MgSb11, the band gap of Ca14MgSb7Sn4 is smaller (0.2 eV) and the Fermi-level
shifts into the valence band. The absolute values for density of states (DOS) of Ca14MgSb7Sn4 are
smaller near the Fermi-level at the top of valence band and 5p-orbitals of Sn contribute most to the
valence bands near the Fermi-level.

Keywords: Zintl; Ca14AlSb11; polar intermetallic; thermoelectric

1. Introduction

Thermoelectric materials have attracted significant attention as they can improve the efficiency of
energy through converting wasted heat into electricity. The efficiency of thermoelectric materials can
be evaluated through the figure of merit (zT) by Equation (1).

zT =
α2

ρκ
T (1)

In the equation, α is the Seebeck coefficient, ρ is electrical resistivity, T is the absolute temperature
and κ is thermal conductivity. Defects or tiny amounts of chemical substitutions are important to
the optimizations of thermoelectric properties in some typical thermoelectric materials as defects
can tune carrier concentrations effectively and adjust the Seebeck coefficient and electrical resistivity.
Cationic defects, tuned carrier concentrations and optimized thermoelectric properties were observed
in Zintl phase compounds [1–3]. Defects can also scatter phonons, make the systems phonon-glass-like
and decrease lattice thermal conductivity. The Zn defects in Zn-Sb compounds and Cu defects
in Cu-chalcogenides are essential for decreasing lattice thermal conductivity and tuning of carrier
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concentrations [4–10]. In some Type-I clathrates, defects have been found in frameworks and the
ordering of vacancies are important for the tuning of the Seebeck coefficient, electrical resistivity and
thermal conductivity [11–15]. Defects in clathrates can also change the band structure as the bonding
and antibonding orbitals of framework elements contribute to the bands near the Fermi-level [11].

Considering the fact that defects are actually replacing atoms with voids, small amounts of
chemical substitutions also have similar effects on thermoelectric properties. 1.25% Zn substitutions of
IIIA atoms in p-type thermoelectric materials Eu/Sr5In2Sb6 and BaGa2Sb2 add a hole in the structure
and are able to significantly change the carrier concentrations, therefore changing electrical resistivity
and Seebeck coefficient [16–18]. In IV-VI materials, 1–2% of potassium, sodium or thulium doping
can improve the thermoelectric properties significantly [19–23]. The benefit of K or Na doping may
reside in two aspects. The first one is the change of DOS near the Fermi-level, which can increase
the effective mass and lead to an improved Seebeck coefficient. The other benefit is the formation
of a nano-composite, which can effectively decrease lattice thermal conductivity. More recently, a
GeTe-based material with Pb and Bi2Te3 doping (3 mol %) was discovered to have a zT value of 1.9 at
773K [24]. 1% doping of rare earth elements in TAGS-85 samples increases Seebeck coefficient and
therefore leads to larger zT values [25,26]. In half-Heusler alloys, small amounts of substitutions (1%)
can also dramatically (~50%) improve thermoelectric properties [27–30].

The Zintl phase compounds, Yb14MgSb11 and Ca14MgSb11, were reported in 2014 and their
thermoelectric properties studied [31]. Both of them have the Ca14AlSb11-type of structure (Figure 1
and Table 1), and Ca14MgSb11 was found to have vacancies (2.6%) on the isolated Sb(3) sites. These sites
are coordinated by Ca2+ cations and are shown as the non-bonded Sb atoms in Figure 1. Yb14MgSb11

has a zT of ~1 at 1075 K while Ca14MgSb11 has a semiconductor-like resistivity and a zT of 0.32 at 1075 K.
Their iso-structural analog, Yb14MnSb11, has also been discovered as a good thermoelectric material
and many studies have been conducted to optimize its thermoelectric properties [2,32]. Samples
synthesized by powder metallurgy have slightly larger (~20 Å3 out of ~6000 Å3) unit cell parameters
than crystals synthesized by the Sn-flux method based on the refinement of powder X-ray diffraction
patterns. This suggests that crystals of Yb14MnSb11 synthesized by the Sn-flux method may have small
amounts of Yb or Mn vacancies. The smaller resistivity and lower Seebeck coefficient of Yb14MnSb11

samples synthesized as crystals are also consistent with the above statements. Further studies show
that 1% Te or Ge substitutions on Sb site can significantly alter the thermoelectric properties [33,34].

Figure 1. Unit cell of Ca14MgSb11 projected along the c-axis. Ca and Sb atoms are represented
by blue and red spheres, Sb3

7− ions are shown with yellow bonds and the green tetrahedra are
[MgSb4]9− clusters.

The synthesis and thermoelectric properties of Ca14MgSb11−xSnx are systematically investigated.
Sn is used to compensate for Sb vacancies and thereby improve the overall thermoelectric properties of
Ca14MgSb11. Sn has one electron less than Sb, which will tune the carrier concentration and resistivity.
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Calculations of the electronic band structures show that Sb(3) sites contribute most near the Fermi-level
and therefore substitution of this site may dramatically change the thermoelectric properties [31].

Table 1. Wyckoff positions and atomic coordinates [×104] of atoms for Ca14MgSb11.

Atom Wyckoff Positions x y z

Ca1 32g 9580(2) 9274(2) 8281(1)
Ca2 32g 9771(2) 1264(2) 79(1)
Ca3 16e 3553(2) 0 2500
Ca4 32g 1781(2) 4030(2) 8439(1)
Mg1 8a 0 2500 8750
Sb1 16f 1364(1) 3864(1) 1250
Sb2 32g 37(1) 1100(1) 8059(1)

Sb3 * 32g 8705(1) 9751(1) 9516(1)
Sb4 8b 0 2500 1250

* Sb3 site has 2.6% vacancy.

2. Experimental Section

Reagents. Elemental Ca pieces (99.5%, Alfa Aesar, Tewksbury, MA, USA), Mg turnings (99.98%,
Sigma-Aldrich, St. Louis, MO, USA), Sb (99.999%, Alfa Aesar, Tewksbury, MA, USA) and Sn (99.3%,
Alfa Aesar, Tewksbury, MA, USA) were used for the synthesis. Ca was cut into small pieces while
Mg and Sn were used as received. All elements were handled using inert atmosphere techniques,
including an argon filled glovebox with water levels <0.5 ppm.

Synthesis of Powder. Quantitative yield, high purity samples were synthesized through a powder
metallurgy method [2]. Melting Sn and Mg together at 600 ◦C with the ratio 1:2.2 to produce Mg2Sn as
precursor. Samples with the ratio Ca:Mg:Sb:Mg2Sn = 14:1.1 × (1−2x):11−x:x (x is the Sn amount) were
loaded into a 50 cm3 tungsten carbide ball mill vial with one large WC ball (diameter = 11 mm) and
two small WC balls (diameter = 8 mm). The mixtures of elements were ball milled on a SPEX 8000 M
(SPEX SamplePrep, Metuchen, NJ, USA) for one hour and another 30 min after a 30 min break (the 30
min break prevents the reaction mixture from becoming too hot). The fine powder was transferred to a
glovebox and then into a niobium tube, which was sealed by arc welding under argon and further
jacketed under vacuum in fused silica. Ca14MgSb11−xSnx is annealed at 800 ◦C for 4 days with a
heating rate of 30 ◦C/h [31].

Powder X-ray Diffraction. Samples were examined using a Bruker zero background holder on
a Bruker D8 Advance Diffractometer operated at 40 kV and 40 mA utilizing Cu Kα radiation. Kβ

radiation is removed by a Ni filter. WinPLOTR (version Jan 2012, part of the FullProf suite of programs,
https://www.ill.eu/sites/fullprof/ University of Rennes 1, Rennes, France) software was used for
background subtraction and pattern analysis, and EDPCR 2.00 software (part of the FullProf suite of
programs, https://www.ill.eu/sites/fullprof/ University of Rennes 1, Rennes, France) was used to
perform Le Bail refinement [35].

Consolidation of Powder. The bulk powder samples were consolidated into dense pellets via
a Dr. Sinter Lab Jr. SPS-211Lx or SPS-2050 spark plasma sintering (SPS) system (Sumitomo, Tokyo,
Japan) in a 12.7 mm high-density graphite die (POCO) under vacuum (<10 Pa). The temperature was
increased from room temperature to 1000–1025 K in 15 min, and remained stable for 5–15 min. When
the temperature reached the maximum, the force loaded increased from 3 kN to 5–8 kN. The samples
were cooled to room temperature afterwards. The geometrical sample density was larger than 95% of
the theoretical density.

Thermal Conductivity. Thermal diffusivity (D) measurement was conducted on the pellet
obtained from SPS from 300 K to 1075 K on a Netzsch LFA-457 laser flash unit (Netzsch, Burlington,
MA, USA). The pellet surfaces were well polished and coated with graphite. The measurement was
conducted under dynamic argon atmosphere with a flow rate of 50 mL/min. Thermal conductivity
was calculated using the equation κ = D × ρ × Cp. Room-temperature density was measured from a
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volume method and the high-temperature density was derived using thermal expansion data from a
previous paper on Yb14MnSb11 [36]. The Cp was taken from previous papers, which was measured by
differential scanning calorimetry (DSC) [2].

Electrical Transport Properties. A Linseis LSR-3 unit (Linseis, Robinsville, NJ, USA) was
employed to measure Seebeck coefficient and electrical resistivity via a four-probe method from
325 K to 1075 K under a helium atmosphere on a bar-shaped sample [37]. The sample which had been
previously measured on the LFA instrument was cut into a 2 × 2 × 11 mm bar using a Buehler diamond
saw and polished before measurement. The probe distance was 8 mm. For convenience and clarity,
Seebeck coefficient, electrical resistivity and thermal conductivity were fit to six-order polynomial
functions to calculate zT values. Room-temperature Hall coefficient was measured with a Quantum
Design physical property measurement system (PPMS) from 7 T to −7 T by 5-point ac technique.
Platinum leads were connected to the pressed pellet through silver paste. Carrier concentration was
calculated using equation RH = −1/ne using the average of RH from different magnetic fields.

Quantum-chemical calculations. Density functional band structure calculations for Ca14MgSb11

and Ca14MgSb7Sn4 were performed using the linear-muffin tin orbital method (TB-LMTO, Stuttgart,
Germany, version 47.1b) within the tight binding approximation [38–42]. The density of states (DOS)
and band structures were calculated after convergence of the total energy on a dense k-mesh with
12 × 12 × 12 points, with 163 irreducible k-points. A basis set containing Ca(4s,3d), Mg(3s,3p), and
Sb(5s,5p) orbitals was employed for a self-consistent calculation, with Ca(4p), Mg(3d) and Sb(5d,4f )
functions being downfolded.

3. Results and Discussion

Synthesis and Structure. Mg2Sn used in the reaction as a precursor was verified by powder X-ray
diffraction. There may be very small peaks indicating the existence of unreacted Mg since extra Mg is
used in the precursor synthesis. As mentioned in a previous paper, Ca14MgSb11 synthesized by powder
metallurgy may contain a minor amount of impurity Ca11Sb10 and its existence has a limited effect
on the thermoelectric properties [31,43]. Ca14MgSb11−xSnx (x = 0.05 and 0.10) also contained minor
amounts of impurities Ca11Sb10 while the Le Bail refinement of the powder X-ray diffraction pattern
for Ca14MgSb10.80Sn0.20 indicates a phase pure sample (Figure 2). These samples are air-sensitive and
oxidized rapidly upon exposure, leading to poor quality of powder X-ray diffraction patterns, not
suitable for Rietveld refinement. The refined unit cell parameters are listed in Table 2. Generally, the
unit cell parameters show a slight increase with the increasing Sn amounts.

Table 2. Unit cell parameters from refinement of powder X-ray diffraction patterns.

Sn Amount Used in Synthesis a (Å) c (Å) V (Å3)

0.00 16.73(1) 22.54(1) 6309(1)
0.05 16.72(1) 22.60(1) 6318(3)
0.10 16.73(1) 22.59(1) 6323(3)
0.20 16.73(1) 22.62(1) 6331(3)

Thermoelectric Properties. Figure 3 shows the results of thermoelectric properties measurement
of Ca14MgSb10.95Snx (x = 0.05, 0.1 and 0.2). The Seebeck coefficient and resistivity of these
samples change dramatically with the small changes of Sn compositions. The Seebeck coefficient
of Ca14MgSb10.95Sn0.05 has a similar trend to that of Ca14MgSb11, but the values are much lower.
Ca14MgSb10.90Sn0.10 and Ca14MgSb10.80Sn0.20 have almost the same Seebeck coefficient values, which
are slightly higher than the Seebeck coefficient of Ca14MgSb11. The linear increase of Seebeck
coefficients of Ca14MgSb10.90Sn0.10 and Ca14MgSb10.80Sn0.20 within the measured temperature region
is the most significant change caused by Sn substitutions. The Seebeck coefficient of Ca14MgSb11,
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which decreases at low temperature and increases at high temperature, is attributed to a combination
of increasing temperature and change of carrier concentration based on Equation (2) [19,31].

α =
8π2k2

B
3eh2 m∗T (

π

3n
)

2
3 (2)

In the equation, kB is the Boltzmann constant, h is the Planck constant, m* is the effective mass of
carriers and n is carrier concentration. In Ca14MgSb10.90Sn0.10 and Ca14MgSb10.80Sn0.20, no effect of
carrier concentration change is observed in the Seebeck coefficient, which indicates that the substitution
of Sn decreases the band gap.

Figure 2. Refinement of the powder X-ray diffraction patterns of (a) Ca14MgSb10.95Sn0.05,
(b) Ca14MgSb10.90Sn0.10 and (c) Ca14MgSb10.80Sn0.20.

The resistivity of these samples are semiconductor-like, but the details are different.
Ca14MgSb10.95Sn0.05 has a larger resistivity than that of Ca14MgSb11 at room temperature and a 33% lower
resistivity than Ca14MgSb11 at high temperatures. The resistivity of Ca14MgSb10.90Sn0.10 is higher than
the other two samples, especially in the high temperature region. The resistivity of Ca14MgSb10.80Sn0.20

follows the expectation, which is lower than that of Ca14MgSb11 for the entire temperature region.
The activation energy (Ea) can be calculated based on Equation (3) and are listed in Table 3 [31].

ln ρ = ln ρ0 + Ea/2kBT (3)

Table 3. Calculated activation energy of Ca14MgSb11−xSnx.

Composition Activation Energy (eV)

x = 0.00 0.15
x = 0.05 0.17
x = 0.10 0.08
x = 0.20 0.10

40



Crystals 2018, 8, 211

It can be seen that the activation energy drops from x = 0.05 to x = 0.10. The carrier concentration
of Ca14MgSb10.80Sn0.20 is measured to be 3.5 × 1019/cm3 at room temperature, which is slightly higher
than that of Ca14MgSb11. Therefore, the carrier concentration has a small change within the three
compositions. The Sn substitution of Sb is expected to make Ca14MgSb11 more conductive as Sn
has one electron less than Sb and this increases the carrier concentration of p-type semiconductor
Ca14MgSb11. However, the carrier concentration change is complex due to the combinations of
defects, hole additions caused by Sn doping and the band structure change. The addition of Sn
changes the activation energy, which corresponds to the band gap, but this cannot change the intrinsic
semiconductor properties of Ca14MgSb11.

Figure 3. (a) Seebeck coefficient, (b) resistivity (insert: ln ρ vs. 1/T plots), (c) thermal conductivity
with lattice thermal conductivities shown in dashed lines and (d) zT values of Ca14MgSb10.95Sn0.05,
Ca14MgSb10.90Sn0.10 and Ca14MgSb10.80Sn0.20. In all plots, data for Ca14MgSb11 are shown in black
curves as references.

The thermal conductivities of Ca14MgSb11−xSnx (x = 0.05, 0.10 and 0.20) are listed in Figure 2c.
The sample of x = 0.05 has the largest thermal conductivity and sample of x = 0.20 has almost the same
thermal conductivity as Ca14MgSb11. Lorenz numbers of these samples at different temperatures are
calculated using Equations (4) and (5) [4,44].

L =

(
kB
e

)2 3F0(η)F2(η)− 4F1(η)
2

F0(η)
2 (4)

α =
kB
e

[
2F1(η)

F0(η)
− η

]
(5)

κlat = κ − κe = κ − LσT (6)

In the equations, L is the Lorenz number, η is the reduced Fermi-level, Fn(η) is the Fermi-Dirac
integral, κlat is the lattice thermal conductivity and κe is electronic thermal conductivity from electrical
conductivity. The lattice thermal conductivity can be calculated by subtracting the electronic thermal
conductivity from the total thermal conductivity. The calculated lattice thermal conductivity shows
that the lattice term contributes the most to the total thermal conductivity and the electronic term has
larger contributions at high temperature regions due to the decrease of resistivity. The calculated zT
values show that Ca14MgSb10.80Sn0.20 has the largest maximum zT value of 0.49 at 1075 K, which is
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53% higher than that of Ca14MgSb11 due to optimized resistivity. Ca14MgSb10.95Sn0.05 has a maximum
zT value of 0.04 at 1075 K due to a lower Seebeck coefficient and Ca14MgSb10.90Sn0.10 has a maximum
zT value of 0.12 due to a much larger resistivity.

4. DOS Calculation

The DOS diagram for Ca14MgSb7Sn4 is shown in Figure 4. This composition is assumed for
calculating the DOS of Sn-substituted Ca14MgSb11, as the Sb(3) site is assumed to be occupied by Sn.
Several reasons support this hypothesis as the Sb(3) site is known to show vacancies and Sb(3) is the
isolated Sb3− site with no direct covalent bonding to other atoms, which is the easiest to be substituted.
Because of the large unit cell of Ca14MgSb11, Sb(3) is assumed to be fully replaced by Sn although
actually at most only 5% of Sb(3) is occupied by Sn. Therefore, the composition used in the calculations
is Ca14MgSb7Sn4.

 
Figure 4. Density of states (DOS) diagram for Ca14MgSb7Sn4. (a) Total DOS together with partial
contributions from Ca and 5p-orbitals of Sn and Sb (b) Partial DOS showing the contributions of only
5p-orbitals of Sn and Sb.

The band structure of Ca14MgSb7Sn4 (Figure 4) has similar features to that of Ca14MgSb11 [31].
The Fermi-level falls into the valence band, to which p-orbitals of Sb and Sn have dominating
contributions. Sn makes the largest contribution at the top of the valence band near the Fermi-level.
The conduction band is mainly from orbitals of Ca, especially when energy is >1.2 eV, and there is a
sharp peak at the bottom of the conduction band, which originates from the anti-bonding orbitals of
the linear Sb3

7− units and orbitals of Ca. The band gap between the top of the valence band (+0.58
eV) and the bottom of the conduction band (+0.78 eV) is 0.20 eV. This value is smaller than the band
gap of Ca14MgSb11 (0.6 eV) but is similar to the activation energy calculated from resistivity. It is also
noticeable that there is an energy gap of 0.15 eV between the sharp peak and the states at higher energy
in the conduction band. Compared to Ca14MgSb11, Ca14MgSb7Sn4 has smaller absolute values for the
density of states at the top of valence band near the Fermi-level. Therefore, when Sb is replaced by Sn,
two major changes happen to the valence band. The first one is the shift of Fermi-level into the valence
band and the other one is the decrease of absolute values of DOS near Fermi-level.
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In the experimental samples Ca14MgSb11−xSnx (x = 0.05, 0.10 and 0.20), the Sn amount is much
lower than that used in the calculations for the DOS. Comparing the electronic calculations for
Ca14MgSb11 and Ca14MgSb7Sn4, a small decrease of band gap is expected. This is supported by
the experimental results. The Seebeck coefficient strongly depends on the density of states at the
Fermi-level [19,45,46].

S =
π2

3
kB
q

kBT
[

1
n

dn(E)
dE

+
1
μ

dμ(E)
dE

]
E=EF

(7)

S =
π2

3
kB
q

kBT
{

1
n

d[g(E) ∗ f (E)]
dE

+
1
μ

dμ(E)
dE

}
E=EF

(8)

In Equations (7) and (8), μ is the mobility, n is the carrier density, g(E) is density of states and f (E) is
Fermi function [19]. In Ca14MgSb11−xSnx (x = 0.05, 0.10 and 0.20), as mentioned above, the Fermi level
shifts into valence band and the change of DOS at the Fermi level is difficult to determine. Based on the
measured Seebeck coefficient, it can be concluded that Fermi-level of Ca14MgSb10.95Sn0.05 falls into a
valley of DOS and leads to a small Seebeck coefficient, while Ca14MgSb10.9Sn0.1 and Ca14MgSb10.8Sn0.2

have Fermi-levels with a large DOS and a large Seebeck coefficient. Mobility is inversely related to
resistivity by the equation, 1/ρ = σ = neμ (n is carrier density, e is the charge carrier, u is mobility).
Mobility depends on the band structure and affects resistivity significantly as the carrier densities for
these samples are approximately the same.

5. Summary

Ca14MgSb11−xSnx (x = 0.05, 0.1 and 0.2) solid solutions were synthesized by powder metallurgy
with Mg2Sn as precursor. Although the Sn amount in the samples is small (<2%), optimized
Seebeck coefficient and resistivity were achieved simultaneously with similar thermal conductivity.
This is very rare, as the Seebeck coefficient and resistivity are inversely related with respected to
carrier concentration. The Seebeck coefficient of Ca14MgSb10.95Sn0.05 has a similar temperature
dependence compared with Ca14MgSb11, while the Seebeck coefficients of Ca14MgSb10.90Sn0.10 and
Ca14MgSb10.80Sn0.20 linearly increase from room temperature to high temperature, different from
the trend of Ca14MgSb11. Their resistivity shows semiconductor behavior and the activation energy
decreases with Sn amount. The zT value of Ca14MgSb10.80Sn0.20 reaches 0.49 at 1075 K, which is 53%
higher than that of Ca14MgSb11 at the same temperature. The band structure of Ca14MgSb7Sn4 is
calculated to better understand the effect of Sn substitution. The band gap of Ca14MgSb7Sn4 is 0.2 eV
and the Fermi-level shifts into the valence band. 5p-orbitals of Sn contribute most to the valence bands
near Fermi-level at the top of valence band and the overall DOS of Ca14MgSb7Sn4 are smaller in the
valence band compared to Ca14MgSb11. The substitution of Sn increases the carrier concentration and
decreases both the Seebeck coefficient and resistivity as expected.
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Abstract: In this study, two novel Lu5Pd4Ge8 and Lu3Pd4Ge4 polar intermetallics were prepared by
direct synthesis of pure constituents. Their crystal structures were determined by single crystal X-ray
diffraction analysis: Lu5Pd4Ge8 is monoclinic, P21/m, mP34, a = 5.7406(3), b = 13.7087(7), c = 8.3423(4)
Å, β = 107.8(1), Z = 2; Lu3Pd4Ge4 is orthorhombic, Immm, oI22, a = 4.1368(3), b = 6.9192(5), c = 13.8229(9)
Å, Z = 2. The Lu5Pd4Ge8 analysed crystal is one more example of non-merohedral twinning among
the rare earth containing germanides. Chemical bonding DFT studies were conducted for these
polar intermetallics with a metallic-like behavior. Gathered results for Lu5Pd4Ge8 and Lu3Pd4Ge4

permit to described both of them as composed by [Pd–Ge]δ– three dimensional networks bonded
to positively charged lutetium species. From the structural chemical point of view, the studied
compounds manifest some similarities to the Zintl phases, containing well-known covalent fragments
i.e., Ge dumbbells as well as unique cis-Ge4 units. A comparative analysis of molecular orbital
diagrams for Ge2

6– and cis-Ge10– anions with COHP results supports the idea of the existence of
complex Pd–Ge polyanions hosting covalently bonded partially polarised Ge units. The palladium
atoms have an anion like behaviour and being the most electronegative cause the noticeable variation
of Ge species charges from site to site. Lutetium charges oscillate around +1.5 for all crystallographic
positions. Obtained results explained why the classical Zintl-Klemm concept can’t be applied for the
studied polar intermetallics.

Keywords: polar intermetallics; symmetry reduction; chemical bond

1. Introduction

In RE–Pd–Ge systems (RE = rare earth metal) more than one hundred ternary compounds have
already been discovered [1], which have been extensively studied with respect to crystal structure,
chemical bonding and physical properties [2–6].

The structures of Ge-rich compounds are characterized by a variety of Ge covalent fragments,
with topologies depending both on global stoichiometry and on the nature of the RE component.
These units are often joined together through Pd atoms, meanwhile the RE species are located in
bigger channels inside the structure [2,3,7]. The frameworks formed by Pd and Ge atoms have been
interpreted as polyanions of general formula [PdxGey]δ– counterbalanced by the rare earth cations,
coherently with the definition of these compounds as polar intermetallics [4].

Crystals 2018, 8, 205; doi:10.3390/cryst8050205 www.mdpi.com/journal/crystals46
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It is interesting to remark that the ternary RE–Pd–Ge compounds manifest a tendency to be
stoichiometric with ordered distributions of constituents through distinct Wyckoff sites. Moreover,
within Pd–Ge fragments, both species have small coordination numbers (usually four or five) with
very similar topological distributions of neighbours (tetrahedral coordination or its derivatives).
These features may be considered as geometrical traces of a similar chemical role of Pd and Ge. That is
why symmetry reduction from certain aristotypes can conveniently depict the distortions related
with an ordered distribution of atom sorts. Such analysis has been conducted in the literature for
AlB2 derivative polymorphs of REPdGe [8] and BaAl4 derivatives of the RE2Pd3Ge5 [7,9] family of
compounds. In systems where such types of relationships exist, the geometric factor is surely of great
importance. Thus, varying RE, different polymorphs [8] or even novel compounds may form. As an
example, heavy rare earth containing RE5Pd4Ge8 (RE = Er, Tm) [4] and RE3Pd4Ge4 (RE = Ho, Tm,
Yb) [3] series of compounds may be cited.

During exploratory syntheses conducted in the Lu–Pd–Ge system in the framework of our
ongoing studies on Ge-rich ternary compounds, the Lu representatives of the abovementioned 5:4:8
and 3:4:4 stoichiometries were detected for the first time. In this paper, results on the synthesis and
structural characterization/analysis of these new germanides are reported, together with an extensive
study of their chemical bonding, including Bader charges, Density of States (DOS) and Crystal Orbital
Hamilton Population (COHP) curves as well as Molecular Orbitals (MO) diagrams for Zintl anions
composed by Ge.

2. Experimental

2.1. Synthesis and SEM-EDXS Characterization

The Lu–Pd–Ge alloys were synthesized from elements with nominal purities >99.9% mass.
Lutetium was supplied by Newmet Koch, Waltham Abbey, England, and palladium and germanium
by MaTecK, Jülich, Germany.

Different synthetic routes were followed, including arc melting and direct synthesis in resistance
furnace. In the latter case, proper amounts of components were placed in an alumina crucible, which
was closed in an evacuated quartz ampoule to prevent oxidation at high temperatures, and submitted
to one of the following thermal cycles in a resistance furnace:

(1) 25 ◦C → (10 ◦C/min) → 950 ◦C (1 h) → (−0.2 ◦C/min) → 600 ◦C (168 h) → (−0.5 ◦C/min) →
300 ◦C → furnace switched off

(2) 25 ◦C → (10 ◦C/min) → 1150 ◦C (1 h) → (−0.2 ◦C/min) → 300 ◦C → furnace switched off

A continuous rotation of the quartz ampoule during the thermal cycle was applied. In some
cases, the thermal treatment followed arc melting. A scanning electron microscope (SEM) Zeiss Evo 40
(Carl Zeiss SMT Ltd., Cambridge, UK) coupled with a Pentafet Link Energy Dispersive X-ray
Spectroscopy (EDXS) system managed by INCA Energy software (Oxford Instruments, Analytical
Ltd., Bucks, UK) was used for microstructure observation and phase analysis. For this last purpose,
calibration was performed with a cobalt standard. Samples to be analyzed were embedded in a phenolic
resin with carbon filler, by using the automatic hot compression mounting press, Opal 410 (ATM GmbH,
Mammelzen, Germany), and smooth surfaces for microscopic examinations were obtained with the aid
of the automatic grinding and polishing machine, Saphir 520 (ATM GmbH, Mammelzen, Germany).
SiC papers with grain sizes decreasing from 600 to 1200 mesh and diamond pastes with particle sizes
decreasing from 6 to 1 μm were employed for grinding and polishing, respectively.

2.2. X-ray Diffraction (XRD) Measurements on Single Crystals and Powder Samples

Single crystals of Lu5Pd4Ge8 and Lu3Pd4Ge4 were selected from suitable samples with the aid of
a light optical microscope operated in dark field mode. A full-sphere dataset was obtained in a routine
fashion at ambient conditions on a four-circle Bruker Kappa APEXII CCD area-detector diffractometer
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equipped by the graphite monochromatized Mo Kα (λ = 0.71073 Å) radiation, operating in ω-scan
mode. Crystals exhibiting metallic luster and glued on glass fibers were mounted in a goniometric
head and then placed in a goniostat inside a diffractometer camera. Intensity data were collected
over the reciprocal space up to ~30◦ in θ with exposures of 20 s per frame. Semi-empirical absorption
corrections based on a multipolar spherical harmonic expansion of equivalent intensities were applied
to all data by the SADABS/TWINABS (2008) software [10].

The corresponding CIF files are available in the supporting information material and they
have also been deposited at Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen,
Germany, with the following depository numbers: CSD-434226 (Lu5Pd4Ge8) and CSD-434225
(Lu3Pd4Ge4). Selected crystallographic data and structure refinement parameters for the studied
single crystals are listed in Table 1. Details regarding the structure solution are discussed in Section 3.2.
X-ray powder diffraction (XRPD) measurements were performed on all samples, using a Philips
X’Pert MPD vertical diffractometer (Cu Kα radiation, λ = 1.5406 Å, graphite crystal monochromator,
scintillation detector, step mode of scanning). Phase identification was performed with the help of the
PowderCell software, version 2.4 [11].

Table 1. Crystallographic data for Lu5Pd4Ge8 and Lu3Pd4Ge4 single crystals together with some
experimental details of their structure determination.

Empirical Formula Lu5Pd4Ge8 Lu3Pd4Ge4

EDXS data Lu28.6Pd24.9Ge46.5 Lu25.7Pd35.0Ge39.5
Space group (No.) P21/m (11) Immm (71)
Pearson symbol-prototype, Z mP34-Tm5Pd4Ge8, 2 oI22-Gd3Cu4Ge4, 2
a [Å] 5.7406(3) 4.1368(3)
b [Å] 13.7087(7) 6.9192(5)
c [Å] 8.3423(4) 13.8229(9)
β (◦) 107.8(1) –
V [Å3] 625.20(5) 395.66(5)
Abs. coeff. (μ), mm−1 63.5 60.7
Twin law [− 1

2 0 1
2 ; 0 − 1 0; 3

2 0 1
2 ] –

k (BASF) 0.49(1) –
Unique reflections 2105 404
Reflections I > 2σ(I)/parameters 1877/87 398/23
GOF on F2 (S) 1.17 1.17
R indices [I > 2σ(I)] R1 = 0.0190;wR2 = 0.0371 R1 = 0.0238;wR2 = 0.0869
R indices [all data] R1 = 0.0247;wR2 = 0.0384 R1 = 0.0242;wR2 = 0.0871
Δ�fin (max/min), [e/Å3] 2.00/−2.83 2.87/−3.33

2.3. Computational Details

A charge analysis based on Bader’s Quantum Theory of Atoms In Molecules (QTAIM) [12],
coded in the Vienna Ab-initio Simulation Package (VASP) [13], was used to evaluate the atomic
charge populations in the title compounds. Projector augmented waves (PAW) formalism was
used, together with Perdew–Berke–Erzenhof parametrization of the exchange-correlation interaction.
The recommended PAW sets were used, considering nine valence electrons for Lu (6s25p65d1), ten for
Pd (5s14d9), and fourteen for Ge (4s23d104p2). An energy cut-off of 600 eV was set for all calculations
presented and the default value (10−5 eV) of the energy convergence was used.

The electronic band structures of Lu5Pd4Ge8 and Lu3Pd4Ge4 were calculated by means of the
self-consistent, tight-binding, linear-muffin-tin-orbital, atomic-spheres approximation method using
the Stuttgart TB-LMTO-ASA 4.7 program [14], within the local density approximation (LDA) [15]
of DFT. The radii of the Wigner–Seitz spheres were assigned automatically so that the overlapping
potentials would be the best possible approximations to the full potential, and no empty spheres were
needed to meet the minimum overlapping criterion.
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The basis sets included 6s/(6p)/5d orbitals for Lu with Lu 4f 14 treated as core, 5s/5p/4d/(4f ) for
palladium and 4s/4p/(4d)/(4f) orbitals for germanium with orbitals in parentheses being downfolded.

The Brillouin zone integrations were performed by an improved tetrahedron method using a
20 × 8 × 12 k-mesh for Lu5Pd4Ge8 and 16 × 16 × 16 for Lu3Pd4Ge4.

Crystal Orbital Hamilton populations (COHPs) [16] were used to analyze chemical bonding.
The integrated COHP values (iCOHPs) were calculated in order to evaluate the strengths of different
interactions. Plots of DOS and COHP curves were generated using wxDragon [17], setting the Fermi
energy at 0 eV as a reference point.

Qualitative MO arguments based on extended Hückel theory (EHT) have been developed with
the CACAO package [18,19] and its graphic interface. Even if the EHT model tends to involve the
most drastic approximations in MO theory, this one electron effective Hamiltonian method tends to be
used to generate qualitatively correct molecular and crystal orbitals [20]. EHT is best used to provide
models for understanding both molecular and solid state chemistry, as shown with great success by
Roald Hoffmann and others [21].

3. Results and Discussion

3.1. Results of SEM-EDXS Characterization

An explorative study of the Ge-rich region of the Lu–Pd–Ge system was conducted by synthesis of
some ternary samples with a Ge content >40 at %. The prepared samples are listed in Table 2, together
with an indication of the followed synthetic route, as well as the results of SEM/EDXS characterization.
Information on phase crystal structure was obtained from X-ray diffraction results.

Table 2. Results of SEM/EDXS characterization of the Lu–Pd–Ge samples (> 40 at % Ge) obtained with
different synthesis methods/thermal treatments. The highest yield phase in each sample is the first
in the list.

No.
Overall Composition [at %]

Synthesis/Thermal Treatment
Phases

Phase Composition [at %]
Lu; Pd; Ge

Crystal Structure

1
Lu21.4Pd11.2Ge67.4

Arc melting followed by thermal
treatment (1)

Lu2PdGe6
Lu5Pd4Ge8
LuPd0.16Ge2
Ge

21.5; 12.1; 66.4
28.6; 25.1; 46.3
31.1; 5.4; 63.5

–; –; –;

oS72–Ce2(Ga0.1Ge0.9)7
mP34-Tm5Pd4Ge8
oS16-CeNiSi2
cF8-C

2
Lu28.9Pd24.1Ge47.0

Arc melting

Lu5Pd4Ge8
new phase
Lu2PdGe6
LuPd0.16Ge2

28.8; 24.8; 46.4
32.4; 28.5; 39.1
21.7; 11.8; 66.5
30.1; 6.9; 63.0

mP34-Tm5Pd4Ge8
AlB2 related
oS72–Ce2(Ga0.1Ge0.9)7
oS16-CeNiSi2

3 *
Lu30.8Pd25.5Ge43.7

Direct synthesis with thermal
treatment (2)

Lu5Pd4Ge8
new phase
Ge

28.6; 24.9; 46.5
33.0; 26.8; 40.2

–; –; –;

mP34-Tm5Pd4Ge8
AlB2 related
cF8-C

4 *
Lu33.0Pd26.0Ge41.0

Arc melting followed by thermal
treatment (2)

Lu3Pd4Ge4
Lu5Pd4Ge8
LuPdGe
PdGe
Ge

25.7; 35.0; 39.5
28.4; 25.1; 46.5
31.9; 34.5; 33.6
0.0; 53.4; 47.6
0.0; 0.0; 100.0

oI22-Gd3Cu4Ge4
mP34-Tm5Pd4Ge8
oI36-AuYbSn
oP8-FeAs
cF8-C

5
Lu17.9Pd29.0Ge53.1

Arc melting

Lu3Pd4Ge4
LuPdGe
PdGe
Ge

26.1; 34.2; 39.7
32.0; 33.5; 34.5
0.0; 52.4; 47.8
0.0; 0.0; 100.0

oI22-Gd3Cu4Ge4
oI36-AuYbSn
oP8-FeAs
cF8-C

* Samples from which single crystals were taken.
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All samples are multiphase, as it is common for non-annealed alloys belonging to complex ternary
systems, Ge is always present, in some cases in small amount. SEM images using the Back-Scattered
Electron (BSE) mode are well contrasted, helping to distinguish different compounds, whose compositions
are highly reproducible.

Several ternary compounds already known from the literature were detected in the samples,
namely Lu2PdGe6, LuPd0.16Ge2 and LuPdGe [1,2]. For the latter, the oI36-AuYbSn structure was
confirmed, in agreement with previous single crystal data [8].

A new phase of composition ~Lu33Pd27Ge40 was detected in samples 2 and 3; the corresponding
X-ray powder patterns could be acceptably indexed assuming a simple AlB2-like structure, with
a ≈ 4.28 and c ≈ 3.54 Å. Nevertheless, a deeper structural investigation would be necessary to ensure
its crystal structure.

Crystal structures of the new Lu5Pd4Ge8 and Lu3Pd4Ge4 compounds were solved by analysing
single crystals extracted from samples 3 and 4, respectively. The obtained structural models, discussed
in the following section, were consistent with the measured powder patterns.

3.2. Crystal Structures of Lu5Pd4Ge8 and Lu3Pd4Ge4

3.2.1. Structural Determination

The Lu5Pd4Ge8 crystal selected for X-ray analysis is one more example of non-merohedral twins
among germanides. Previously, similar twins were found for Tb3Ge5 [22], Eu3Ge5 [23], Pr4Ge7 [24],
La2PdGe6 and Pr2PdGe6 [2]. Based on the preliminary indexing results, the unit cell of the measured
crystal might be considered as a base centered orthorhombic one with a = 8.55, b = 21.29 and c = 13.70 Å.
The analysis of systematic extinctions suggested the following space groups: Cmc21 (No. 36), C2cm
(No. 40) and Cmcm (No. 63). It should be mentioned that the average value of |E2–1| = 1.33,
characterizing the distribution of peak intensities, deviates noticeably from the ideal value (0.968)
for centrosymmetric space groups. Frequently, this is an indication of a twinned dataset [25,26].
A charge-flipping algorithm implemented in JANA2006 [27] was used, giving a preliminary structural
model with 36 Lu atoms and 96 Ge atoms in the unit cell (Cmcm space group). Usually, when
scatterers have such remarkable differences in electrons, the charge-flipping algorithm is quick and
very efficient in discriminating them. Considering the interatomic distances criterion and Ueq values,
in the successive iteration cycles, Pd atoms were introduced manually by substituting those of Ge,
but no improvements were observed. There was no chance to improve this model further because
the isotropic thermal displacement parameters showed meaningless values; several additional strong
peaks were present at difference Fourier maps located too close to the accepted atom positions; and the
R1 value stuck at ca. 10%. Looking for a correct structure solution in other space groups gave no
reasonable results.

At this point, a more careful analysis of diffraction spots in reciprocal space was performed using
RLATT [10] software. It was noticed that a remarkable number of peaks distributed in a regular way
had a small intensity and might be considered as super reflections. Therefore, they were ignored during
the indexing procedure, and a four times smaller primitive monoclinic unit cell with a = 5.73, b= 13.70,
c = 8.34 Å and β = 107.8◦ was derived. The dataset was newly integrated and semi-empirical absorption
corrections were applied by SADABS [10] software. This time, an mP34 structural model, containing
all the atomic species, was proposed by the charge-flipping algorithm. Even so, the refinement was
not satisfactory because some Wyckoff sites manifested partial occupancy and it was not possible to
refine the structure anisotropically. It was decided to test the ROTAX [28] algorithm implemented in
WinGx [29] and check the possibility of interpreting our crystal as a non-merohedral twin. In fact,

a two-fold rotation along the [101] direction

⎛
⎜⎝

−1
2 0 1

2
0 −1 0
3
2 0 1

2

⎞
⎟⎠ was proposed as a twin law obtaining

a good figure of merit.
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To check this hypothesis and refine the collected data as accurately as possible, the initially selected
batch of ca. 1000 reflections (comprising those of weak intensity considered as super reflections) was
separated into two groups with the help of the CELL_NOW [10] program, suggesting the same twin
law for the two monoclinic domains. Successively, the information on the reciprocal domain orientation
stored in the .p4p file was used to integrate the dataset considering the simultaneous presence of both
domains. After that, the resulting intensities set was scaled, corrected for absorption and merged with
the help of the TWINABS [10] program. As a result, the output in HKLF5 format with a flag indicating
the original domains, was generated. Using the latter and testing one more time the charge flipping
procedure, the structural model was immediately found and element species were correctly assigned.
The Lu5Pd4Ge8 was of monoclinic symmetry (space group P21/m, mP34-Tm5Pd4Ge8) and contained
3 Lu, 2 Pd and 6 Ge crystallographic sites. All the atom positions were completely occupied and did
not manifest any considerable amount of statistical mixture. The anisotropically refined Lu5Pd4Ge8

showed excellent residuals and flat difference Fourier maps (see Table 1). The refined volume ratio of
twinned domains was 0.49/0.51.

The RLATT program was used to generate a picture showing the distribution of X-ray
diffraction spots originating from the two domains, differentiated by color, in Figure 1 (upper part).
The distribution of the non-overlapped peaks of the second domain was also easily visible on the
precession photo of the h3l zone, demonstrated in Figure 1 (lower part). In the same figure, a schematic
real space representation of the mutual orientation of the twinned-crystal components is shown.

Figure 1. Twin law and reciprocal orientation of the two domains in the Lu5Pd4Ge8 twinned
crystal (left); distribution of the diffraction peaks in the reciprocal space (right). Nodes of the reciprocal
pattern for each domain are shown in white and green, and overlapped peaks are yellow. On the
experimental precession photos of the h3l zone, arrows indicate the directions along which the second
domain peaks are easily visible.
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Indexing of the diffraction dataset of the Lu3Pd4Ge4 single crystal gave an orthorhombic base
centered unit cell with a = 4.137, b = 6.919, c = 13.823 Å. Systematic extinction conditions related to the
presence of symmetry elements were not found for this dataset. The structure solution was found in
Immm with the aid of the charge flipping algorithm implemented in JANA2006 [27]. The proposed
preliminary structural model contained five crystallographic sites, giving the Lu3Pd4Ge4 formula and
corresponding to the oI22-Gd3Cu4Ge4 prototype. Partial site occupation (due to a possible statistical
mixture of the species) was checked in separate cycles of least-squares refinement, but no significant
deviation from full occupation was detected. The final structure model was refined as stoichiometric
with the anisotropic displacement parameters for all crystallographic sites, giving small residual factors
and a flat difference Fourier map (see Table 1). The standardized atomic coordinates for Lu5Pd4Ge8

and Lu3Pd4Ge4 are given in Table 3.

Table 3. Atomic coordinates standardized by Structure Tidy [30] and equivalent isotropic displacement
parameters for Lu5Pd4Ge8 and Lu3Pd4Ge4.

Atom Site x/a y/b z/c Ueq (Å2)

Lu5Pd4Ge8
Lu1 2e 0.71858(8) 1/4 0.93028(6) 0.0047(1)
Lu2 4f 0.13606(7) 0.11370(2) 0.78913(7) 0.0051(1)
Lu3 4f 0.62176(8) 0.11902(2) 0.28943(7) 0.0056(1)
Pd1 4f 0.07436(13) 0.08476(3) 0.14089(12) 0.0072(1)
Pd2 4f 0.42601(13) 0.58211(3) 0.35985(12) 0.0075(1)
Ge1 2e 0.0515(2) 1/4 0.28977(15) 0.0081(2)
Ge2 2e 0.3343(2) 1/4 0.58221(15) 0.0078(2)
Ge3 2e 0.7797(2) 1/4 0.5814(2) 0.0063(2)
Ge4 4f 0.15453(17) 0.04252(5) 0.44776(16) 0.0071(1)
Ge5 2e 0.2797(2) 1/4 0.0606(2) 0.0048(2)
Ge6 4f 0.34622(17) 0.54443(4) 0.05049(16) 0.0060(1)

Lu3Pd4Ge4
Lu1 2a 0 0 0 0.0110(2)
Lu2 4j 1/2 0 0.37347(4) 0.0081(2)
Pd 8l 0 0.30094(10) 0.32738(5) 0.0155(3)

Ge1 4h 0 0.18745(17) 1/2 0.0084(3)
Ge2 4i 0 0 0.21754(10) 0.0132(3)

Similar to (Tm/Er)5Pd4Ge8 [4], the presence of Ge covalent fragments in Lu5Pd4Ge8 is obvious.
Among these, there were two almost identical Ge–Ge dumbbells distanced at 2.49 Å and one more finite
fragment composed of four germanium atoms having a cis-configuration (Figure 2, Table 4). The latter
manifests a small geometrical distortion from the ideal conformation due to slightly different chemical
arrangements around terminal Ge atoms (terminal atoms are located at 2.56 and 2.63 Å far from central
dumbbell; the internal obtuse angles are ca. 111◦ and 113◦, respectively). The cis unit is planar and
lays at the mirror plane of the P21/m space group. The cited covalent fragments are joined together
through Pd–Ge contacts shortened with respect to metallic radii sum (ranging from 2.51 to 2.73 Å) in
a complex network hosting Lu atoms in the biggest cavities (see Figure 2). The shortest Lu–Pd and
Lu–Ge contacts do not manifest noticeable deviations from the expected values and are ca. 3.0 Å.
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The Lu3Pd4Ge4 contains less germanium with respect to Lu5Pd4Ge8 and, consequently, only a
simple Ge–Ge dumbbell forms being, however, more stretched (2.59 Å, Table 5). The trend of other
interactions is similar as for Lu5Pd4Ge8; Pd and Ge construct an extended network with infinite
channels of hexagonal and pentagonal forms hosting Lu atoms.

Figure 2. Crystal structures of Lu5Pd4Ge8 and Lu3Pd4Ge4. The Pd–Ge frameworks are evidenced by
dotted lines. Ge–Ge covalent bonds are shown by red sticks. Selected fragments, discussed in the text,
are pictured at the bottom. Selected interatomic distances (Å) are indicated. ThCr2Si2-like fragments
are evidenced in blue.

Table 5. Interatomic distances and integrated crystal orbital Hamilton populations (-iCOHP, eV/cell)
at EF for the strongest contacts within the first coordination spheres in Lu3Pd4Ge4. Symbols (1b) and
(0b) indicate the number of homocontacts for corresponding Ge species.

Central
Atom

Adjacent
Atoms

d (Å) -iCOHP
Central
Atom

Adjacent
Atoms

d (Å) -iCOHP

Lu1 Ge4 (×4) 2.992 1.21 (0b)Ge2 Pd (×4) 2.562 1.88
Ge5 (×2) 3.006 1.05 Pd (×2) 2.577 1.86
Pd (×8) 3.445 0.41 Lu2 (×2) 2.988 0.83

Lu2 Ge5 (×2) 2.988 0.83 Lu1 3.006 1.05
Ge4 (×4) 3.003 0.99 Pd Ge4 2.512 2.23
Pd (×4) 3.003 0.79 Ge5 (×2) 2.562 1.88
Pd (×2) 3.100 0.58 Pd 2.755 0.97

(1b)Ge1 Pd (×2) 2.512 2.23 Lu2 (×2) 3.003 0.79
Ge1 2.595 1.82 Pd (×2) 3.058 0.46
Lu1 (×2) 2.992 1.22 Lu2 3.100 0.58
Lu2 (×4) 3.003 0.99 Lu1 (×2) 3.445 0.41

One more structural relation can be proposed for the title compounds: both compounds contain
common structural ThCr2Si2-like building blocks [31] (highlighted by blue lines in Figure 2) defined in
many related compounds as “linkers” within various polyanionic fragments [32].
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3.2.2. Lu5Pd4Ge8: Structural Relationships

Looking for structural relationships is not an easy task, since this process is often strongly affected
by human factors and is based on sometimes arbitrary criteria. From this point of view, one of the
most rigorous approaches is based on the symmetry principle within the group-subgroup theory [33].
The most frequent chemical reason causing the reduction of symmetry is so-called “coloring”, which
can be interpreted as an ordered distribution of different chemical elements within distinct Wyckoff
sites. Müller [34] and Pöttgen [35] depict numerous examples of these.

Structural relationships between Tm5Pd4Ge8 (isostructural with Lu5Pd4Ge8) and RE3T2Ge3

(T = late transitional element) were proposed in the literature [2] based on topological similarities
between polyanionic fragments and the spatial distribution of cations. An alternative description of
relationships between the abovementioned structures in terms of symmetry reduction is proposed
here. The stoichiometries of these compounds are related as follows:

4 RE3T2Ge3 − 2 RE + 4 Ge = 2 RE5T4Ge8 (1)

This relation, even if purely numerical, finds support when comparing the crystal structures of
the two chemically affine representatives Lu3Fe2Ge3 (oS32) and Lu5Pd4Ge8 (mP34). As is evidenced in
Figure 3, one of the Lu sites in the former is substituted by a Ge dumbbell in the latter.

Figure 3. Structural similarities between Lu3Fe2Ge3 and Lu5Pd4Ge8. The polyanionic networks are
shown by dotted lines, and covalent Ge fragments are joined by red sticks. The grey rectangle evidences
regions of the crystal space where Lu/Ge2 substitution takes place (for details see text).

From the chemical interaction point of view, this should be a drastic change; instead, the remaining
atoms apparently do not suffer noticeable displacements. This is why it was checked whether a
Bärnighausen tree might be constructed relating the oS32 and mP34 models. In fact, only two reduction
steps were needed:

- a traslationengleiche (t2) decentering leading to a monoclinic Niggli cell (mP16-P21/m).
- a klassengleiche transformation (k2) giving a monoclinic model with doubled cell volume

(mP32-P21/m). As a result, all the independent sites split in two (see Figure 4).
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The Lu2′ site (2e: 0.211 1/4 0.430) was further substituted by two germanium atoms (positions Ge1
and Ge2 in the final mP34-P21/m structural model). As a result, the already cited cis-Ge4 unit forms
(see Figure 2), whose chemical role is discussed in the next section. The presence of the cis-Ge4 units
is quite intriguing, since the trans conformation is more favorable in numerous molecular chemistry
examples. Therefore, it was decided to generate a structural model of Lu5Pd4Ge8 composition hosting
the trans-Ge unit and optimize it (see Figure S1 and Table S1). The relaxed structure perfectly coincided
with the experimental results, confirming that minimal energy is associated with the cis conformation.
More details on this, including an animation showing the evolution of the structural model after each
relaxation step, are available in the Supplementary Material.

 

Figure 4. Evolution of the atomic parameters within the Bärnighausen formalism accompanying the
symmetry reduction from Lu3Fe2Ge3 to Lu5Pd4Ge8 structures. The background colors correspond to
the atom markers in the figures through the text.

3.3. Chemical Bonding Analysis

Frequently, chemical bonding in polar intermetallics is preliminary addressed using the
Zintl-Klemm concept. Taking into account the interatomic distances between Ge atoms, the presence
of [(1b)Ge3−] with [(2b)Ge2−] Zintl species in Lu5Pd4Ge8 and [(1b)Ge3−] with [(0b)Ge4−] ones in
Lu3Pd4Ge4 could be guessed. In order to guarantee the precise electron count, the average number
of valence electrons per Ge atom [VEC(Ge)] should amount to 6.75 for Lu5Pd4Ge8 and to 7.50 for
Lu3Pd4Ge4. Although it is reasonable to hypothesize a formal charge transfer of 3 valence electrons
per Lu atom (Lu3+), as a first approximation, the Pd could be considered as a divalent cation (Pd2+) or
a neutral species (Pd0). However, none of the possible electron distribution formulae listed below are
suitable for the studied compounds, giving VEC(Ge) values that deviate somewhat from ideal values.

Lu5Pd4Ge8 (Pd0) VEC(Ge) = 5.875

Lu5Pd4Ge8 (Pd2+) VEC(Ge) = 6.875

Lu3Pd4Ge4 (Pd0) VEC(Ge) = 6.250

Lu3Pd4Ge4 (Pd2+) VEC(Ge) = 8.250

Even if the obtained VEC(Ge) values are closer to 6.75/7.50, in the case of Pd2+, this assumption is
not coherent with the valence electrons flow when considering any of the known electronegativity
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scales. For example, taking into account the Pearson electronegativity values for Pd (4.45 eV) and Ge
(4.60 eV) it is clear that a charge transfer from Pd to Ge is hardly probable. Strictly speaking, it is
not possible to successfully apply the (8–N) rule to interpret the Ge–Ge covalent interactions. Thus,
it becomes clear that these simplified considerations are not sufficient to account for the chemical
bonding of the studied intermetallics. In particular, it is not reliable to consider covalent Ge fragments
as isolated and more complex interactions should be taken into account. Therefore, a deeper chemical
bonding investigation was conducted.

In Table 6, the volumes of the atomic basins and Bader effective charges for all the atoms in
Lu5Pd4Ge8 and Lu3Pd4Ge4 are listed together with those for the same species in their pure element
form. Comparing these values, one can qualitatively estimate the chemical role of constituents in
binary/ternary compounds.

Table 6. Calculated QTAIM effective charges and atomic basin volumes for Lu, Pd and Ge in their
elemental structure, in Lu5Pd4Ge8 and in Lu3Pd4Ge4.

Element/Compound Atom/Site
Volume,

[Å3]
QTAIM

Charge, Qeff Compound Atom/Site
Volume,

[Å3]
QTAIM

Charge, Qeff

Lu (hP2) Lu/2c 29.74 # 0 Lu5Pd4Ge8 Lu1/2e 15.88 +1.45
Pd (cF4) Pd/4a 14.71 # 0 (mP34) Lu2/4f 15.48 +1.48
Ge (cF8) Ge/8a 22.66 # 0 Lu3/4f 15.85 +1.51

Pd1/4f 19.91 −0.79
Lu3Pd4Ge4 Lu1/2a 16.90 +1.57 Pd2/4f 19.77 −0.76

(oI22) Lu2/4j 15.05 +1.53 (2b)Ge1/2e 19.39 −0.23
Pd/8l 19.43 −0.67 (2b)Ge2/2e 19.51 −0.30

(1b)Ge1/4h 22.35 −0.89 (1b)Ge3/2e 22.66 −0.87
(0b)Ge2/4i 16.42 −0.09 (1b)Ge4/4f 18.73 −0.30

(1b)Ge5/2e 23.96 −1.14
(1b)Ge6/4f 19.67 −0.59

#—the QTAIM volumes of atoms in pure elements are equal to the volumes of their Wigner–Seitz polyhedra;
structural data were taken from Ref [1].

In both ternary germanides, the QTAIM basins of Lu were shrunk with respect to Lu-hP2,
and the corresponding charges oscillated around +1.5, confirming the active metal-like role of Lu.
The significant difference between Lu effective charges and the formal charges suggest that some of its
valence electrons may contribute to covalent interactions.

The palladium atoms had similar volumes of atomic basins (ca. 20 Å3) and are negatively charged
(−0.7 ÷ −0.8), suggesting a bonding scenario coherent with the electronegativity values, i.e., with Pd
taking part in a polyanionic network, as was hypothesized from the crystal structure analysis.

It is noteworthy that in the same compound, Ge atoms had pronounced differences in charge
values (always negative) from site to site. More on the structural/chemical reasons for this will be
discussed in the following.

The total and projected DOS for Lu, Pd and Ge for the studied intermetallics are shown in
Figure 5. Orbital projected DOS can be found in the Supplementary Material (Figure S3). Focusing
on the total DOS, a difference between the two compounds at the Fermi energy (EF) is evident: for
Lu5Pd4Ge8 a pseudo-gap is visible just above EF, instead for Lu3Pd4Ge4 the Fermi level corresponds
to a local maximum of the DOS, indicating a potential electronic instability. This might be a sign of
particular physical properties (e.g., superconductivity or magnetic ordering) [36] or of small structural
adjustments (e.g., off-stoichiometry due to statistical mixture or increase of vacancy concentration) [37]
which, adequately modelled, would shift the EF towards a local minimum. Even if EDXS elementary
composition is compatible with a slightly off-stoichiometry, there is no strong indication of this coming
from XRD data, so, the stoichiometric model was considered here. Further experimental investigations
will be carried out aiming physical properties studies of this compound.
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Figure 5. Total and projected DOS for the two studied compounds.

For both compounds, the valence orbital mixing of the three components over the whole energy
range is noteworthy. Below EF, both DOSs showed a gap of around −7 eV separating the two
regions, with the lowest being mostly dominated by the 4s Ge states. The Pd-d states are mainly
distributed in the range between −5 and −2.5 eV. Their width and energy overlapped with 4p Ge
and Lu states, supporting the bonding relevance of Pd–Ge and Pd–Lu interactions. The fact that the
majority of Pd 4d states are located well below the EF indicates the electron acceptor character of this
species. A significant contribution of 5d Lu states just below the EF is a common feature of cations in
polar intermetallics, characterized by an incomplete charge transfer (confirmed here also by Bader
charge values).

Although the Zintl–Klemm (8–N) rule cannot be applied for the title compounds, it was decided
to trace interaction similarities comparing the electronic structures of ideal Zintl anions Ge2

6−

and cis-Ge4
10− coming from the extended Hückel calculation with those obtained by means of

TB-LMTO-ASA, in terms of COHP curves. Molecular orbital diagrams (MO) for Ge2
6− (point group

D∞h) and Ge4
10− (the point symmetry of this anion was forced to C2v fixing for all distances to 2.56 Å

and obtuse internal angles to 111◦) are presented in the Supplementary Materials (Figure S2) with the
accordingly labeled orbitals.

In Figure 6a, the molecular orbital overlap population (MOOP) for Ge2
6− is shown, together with

COHP curves for Ge–Ge interactions (in dumbbells) existing in Lu3Pd4Ge4 and Lu5Pd4Ge8.
These partitioning methods could not be directly compared, since MOOP partitions the electron

number, instead, COHP partitions the band structure energy. Since they both permit to easily
distinguish between bonding and antibonding states, it was decided to perform a qualitative
comparison targeting to figure out the similarities/differences between the isolated molecular
fragments analogous with those found in the studied compounds.

The presence of the gap (at ca. −7eV) may be attributed to the energy separation of the σss and
σ*ss of Ge2 dumbbells from the σp, πp and π* orbitals. For the Lu3Pd4Ge4 there are some occupied π*
states close to EF, whereas in Lu5Pd4Ge8, the cited interactions are almost optimized at EF. From these
observations it derives that Ge dumbbells are not completely polarized; for Lu5Pd4Ge8 the dispersion
of σ and σ* states is more pronounced. One of the possible explanation of this is the existence of
additional covalent interactions between germanium dumbbells and neighboring atoms.
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Figure 6. Extended Hückel calculated Molecular Orbital Overlap Population (MOOP) plot for
the Ge2

6− (a) and cis-Ge4
10− (b) anions together with the corresponding Crystal Orbital Hamilton

Population (COHP) for Lu3Pd4Ge4 and Lu5Pd4Ge8 (I and II corresponds to two distinct dumbbells).
The degeneracy of the π levels for Ge2

6− is removed for the sake of clarity. The HOMO energy is set in
correspondence to EF.

From the structural data it is known that in Lu3Pd4Ge4, Ge atoms are distanced at 2.59 Å as in
diverse metal-like salts studied before [38–40]. Instead, in Lu5Pd4Ge8 this distance is shortened to
2.49 Å. Usually, the trend of Ge–Ge dumbbell distances is related with electrostatic repulsion between
atoms. This statement is coherent with integrated COHP values (–iCOHP, see Tables 4 and 5) that
reflect the same trend, being of −1.82 eV/cell for Lu3Pd4Ge4 and of −2.39 and −2.48 eV/cell for
Lu5Pd4Ge8.

Within the cis-Ge4
10– anion the number of covalent interactions is higher, as a result the energy

dispersion of its molecular states increases. For example, in the range −18 ÷ −14eV there are four
MOs instead of two MOs for dumbbells. A very similar trend/type of interactions derives from COHP
curves for Lu5Pd4Ge8. As for the dumbbells, the interactions for the cis fragment are optimized at the
EF confirming its partial polarization.

Based on –iCOHP values listed in Tables 4 and 5 it derives that Pd–Ge interactions are very
relevant, so one may assume the covalent type of bonding between them. The –COHP plots in Figure 7
confirm that they are mainly of bonding type over a large range below EF with a weak unfavorable
antibonding interaction in the vicinity of EF, probably due to electrostatic repulsion between Ge orbitals
and filled d states of Pd.
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Figure 7. Crystal Orbital Hamilton Populations (–COHP) for selected interactions for the two
studied compounds.

Inside Lu3Pd4Ge4 the presence of a Pd–Pd short interaction can be highlighted. The –COHP plots
for this are similar to those reported for Ca2Pd3Ge [41] showing a sharp antibonding character around
−3 eV commonly attributed to enhanced repulsion between filled d states of Pd. Nevertheless, they
are of bonding type in average as deducible from the –iCOHP values for this interaction (0.97 eV/cell),
comparable to those reported in [41].

The remaining Lu–Pd and Ge–Lu interactions are weaker being however very similar for both
germanides. All of them are of bonding type, Lu–Pd interactions are practically optimized at Fermi
level. Numerous interactions between Lu and Pd (Lu and Ge) suggest that some covalent-like
interaction may exist due to mixing between d states of Lu and Pd (or d states of Lu with p of Ge;
similarly, as it was reported for Ca5Ge3 [36] and CaSi [42]). More detailed studies are needed in order
to interpret these interactions.

The existence of the complex Pd–Ge polyanion (illustrated in Figure 2) and the electronegativity
difference between Pd and Ge explains the trend of Ge species charges (listed in Table 6). The Ge
dumbbell in Lu3Pd4Ge4 has four neighboring Pd atoms, instead those in Lu5Pd4Ge8 install six Pd–Ge
polar interactions. As a result, the latter Ge species has lower negative charges. The same is true
for (0b)Ge atom with six palladium atoms around in Lu3Pd4Ge4: its charge approaches to zero.
Within crystal structure, the number of Pd–Ge contacts is the same for terminal and central atoms of
cis–Ge4 units; thus, their charges trend is similar as for ideal cis-Ge4

10– anion, terminal atoms being
more negative.
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4. Conclusions

The two new Lu5Pd4Ge8 and Lu3Pd4Ge4 polar intermetallics were synthesized and characterized
in this work. They were found to crystallize in the mP34–Tm5Pd4Ge8 and oI22–Gd3Cu4Ge4 structures
respectively. A detailed description of crystal structure solution in the case of the non-merohedral
twinned crystal of Lu5Pd4Ge8 was proposed, highlighting the difficulties/problems encountered here
along with practical suggestions to manage them.

Joined crystal chemical analysis and combined DFT studies suggest the presence of [Pd4Ge8]7.4–

and [Pd4Ge4]4.6– polyanions. The interactions of Lu with these frameworks cannot be viewed as purely
ionic as derives from its states distribution, COHP analysis and Bader charges. The Lu–Pd and Lu–Ge
bonding interactions are one of the most interesting aspects arisen from our study and their nature
deserves further investigations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/8/5/205/s1,
Figure S1: Schematic representation of the structural relationships between “cis” and “trans” Ge4 fragments
in Lu5Pd4Ge8 models; Figure S2: Molecular orbitals diagram for Ge2

6− (a) and cis-Ge4
10− (b) as generated by

CACAO; Figure S3: Total DOS for Lu5Pd4Ge8 and Lu3Pd4Ge4 together with the orbital projected DOS for each
species; Table S1: Atomic parameters for “trans”-Lu5Pd4Ge8 model. Video S1: Lu5Pd4Ge8_trans-cis_optimization,
Lu5Pd4Ge8 CIF file, Lu3Pd4Ge4 CIF file.
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Abstract: The continuous substitution of tin by lead (MIV) allows for the exploration geometric criteria
for the stability of the different stacking variants of alkaline-earth tri-tetrelides AIIMIV

3 . A series
of ternary Sr and Ba mixed tri-stannides/plumbides AII(Sn1−xPbx)3 (AII = Sr, Ba) was synthesized
from stoichiometric mixtures of the elements. Their structures were determined by means of single
crystal X-ray data. All structures exhibit close packed ordered AM3 layers containing M kagomé nets.
Depending on the stacking sequence, the resulting M polyanion resembles the oxygen substructure
of the hexagonal (face-sharing octahedra, h stacking, Ni3Sn-type, border compound BaSn3) or the
cubic (corner-sharing octahedra, c stacking, Cu3Au-type, border compound SrPb3) perovskite. In the
binary compound BaSn3 (Ni3Sn-type) up to 28% of Sn can be substituted against Pb (hP8, P63/mmc,
x = 0.28(4): a = 726.12(6), c = 556.51(6) pm, R1 = 0.0264). A further increased lead content of 47 to
66% causes the formation of the BaSn2.57Bi0.43-type structure with a (hhhc)2 stacking [hP32, P63/mmc,
x = 0.47(3): a = 726.80(3), c = 2235.78(14) pm, R1 = 0.0437]. The stability range of the BaPb3-type
sequence (hhc)3 starts at a lead proportion of 78% (hR36, R3̄m, a = 728.77(3), c = 2540.59(15) pm,
R1= 0.0660) and reaches up to the pure plumbide BaPb3. A second new polymorph of BaPb3

forms the Mg3In-type structure with a further increased amount of cubic sequences [(hhcc)3; hR48,
a = 728.7(2), c = 3420.3(10) pm, R1 = 0.0669] and is thus isotypic with the border phase SrSn3 of
the respective strontium series. For the latter, a Pb content of 32% causes a small existence region
of the PuAl3-type structure [hP24, P63/mmc, a = 696.97(6), c = 1675.5(2) pm, R1 = 0.1182] with a
(hcc)2 stacking. The series is terminated by the pure c stacking of SrPb3, the stability range of this
structure type starts at 75% Pb (cP4, Pm3̄m; a = 495.46(9) pm, R1 = 0.0498). The stacking of the
close packed layers is evidently determined by the ratio of the atomic radii of the contributing
elements. The Sn/Pb distribution inside the polyanion (’coloring’) is likewise determined by size
criteria. The electronic stability ranges, which are discussed on the basis of the results of FP-LAPW
band structure calculations are compared with the Zintl concept and Wade’s/mno electron counting
rules. Still, due to the presence of only partially occupied steep M-p bands the compounds are metals
exhibiting pseudo band gaps close to the Fermi level. Thus, this structure family represents an
instructive case for the transition from polar ionic/covalent towards (inter)metallic chemistry.

Keywords: stannides; plumbides; alkaline-earth

1. Introduction

In view of the complex bonding situation between ionic, covalent and metallic, the synthetic,
crystallographic and bond theoretical studies on geometric and electronic parameters determining
the structure chemistry (and therewith also the properties) of polar intermetallics of the alkali and
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alkaline-earth compounds of the p-block elements are still a fascinating field of research. Compared to
the vast number of alkali/alkaline-earth stannides and plumbides [1], which are simple electron-precise
Zintl phases, the tri-stannides and -plumbides ASn3 and APb3 of the alkaline-earth elements
(A = Ca, Sr, Ba) are ordered derivatives of simple dense packings of the two elements [2–9]. Similar to
the variation of the alkaline-earth elements (A) in the pure tri-stannides [10] and tri-plumbides [11],
a continuous substitution of tin by lead allows for the exploration of geometric and electronic (Sn/Pb
distribution) criteria for the stability of different stacking variants of the hexagonal close packed layers
[AM3] in these tri-tetrelides AIIMIV

3.
The tri-plumbides APb3 of calcium and strontium, which both form the cubic Cu3Au-type

structure (|:ABC:| or c stacking after Jagodzinski), have been structurally characterized using X-ray
powder data in the past and some physical properties as well as the electronic band structure were
reported in the 1960s and 1970s by Havinga et al. [6,12,13]. More recent works on their electronic and
magnetic properties were published by Baranovskiy et al. [14,15]. The structure of the binary barium
plumbide BaPb3 [(hhc)3 stacking] was derived and refined from 78 reflections by Sands, Wood and
Ramsey as early as 1964 [9]. Only two years later, van Vucht published an elaborate work [7], in which
he, based on powder diffraction data, already suggested the existence of further stacking variants
for the mixed alkaline-earth plumbides AxBa1 − xPb3 (A = Ca, Sr). These two series have been fully
explored by our group 10 years ago [11]: Both the Ca and the Sr series start with the pure c stacking of
(Ca/Sr)Pb3. At an approximate 1:1 ratio of strontium and barium (e.g., 35 to 53% Sr) the PuAl3-type
[(hcc)2 stacking] has a distinct homogeneity range. Reversely, the (hhc)3 stacking of the binary
compound BaPb3 changes at an already very small partial substitution of barium against calcium
(Ca0.03Ba0.97Pb3) or strontium (Sr0.11Ba0.89Pb3) towards the (hhcc)3 sequence of the Mg3In-type.

For the tri-stannides ASn3, the continuous substitution of the different alkaline-earth cations
against each other has been likewise investigated in a systematic study [10]: Starting from CaSn3 (pure
c stacking [2]) up to 46% of Ca can be substituted against Sr without a structural change. The binary
phase SrSn3 forms the Mg3In-type structure with a (hhcc)3 stacking sequence [3]. A small partial
substitution of Sr against Ba (9 to 19%) causes the packing to switch to the (hhc)3 sequence of the
BaPb3-type. At a Ba proportion of 26% a further structure change to the BaSn2.57Bi0.43-type structure
[(hhhc)2 stacking] takes place. The tin series terminates with the pure h stacking of BaSn3; the stability
range of this Ni3Sn-type structure starts at the composition Sr0.22Ba0.78Sn3.

Beyond these pure geometric/size effects, van Vucht and Havinga [8,16] also demonstrated the
electronic influence on the h/c stacking of the layers in several Tl-substituted plumbides A(Tl/Pb)3.
An indium content in Ba(In/Pb)3 of 15% also changes the stacking from the simple cubic to the mixed
(hcc)2 sequence of the PuAl3-type [17]. For the electron-richer system BaSn3–BaBi3 a similar influence
of the valence electron (v.e.) number on the stacking was shown more recently by Fässler et al. [18].

In the present work, we report on the results of a systematic experimental, crystallographic and
bond-theoretical DFT investigation of mixed Sn/Pb tri-tetrelides of Sr and Ba. Here, the substitution
of tin by lead does not only change the geometric relations, but in addition the occupation of the
crystallographically different M positions of the more complex stacked sequences with tin and/or
lead, i.e., the ’coloring’ of the polyanion [19] can be studied.

2. Experimental

2.1. Synthesis and Phase Widths

The synthesis of the mixed Sn/Pb tri-tetrelides was generally performed starting from
the elements strontium or barium, tin and lead as obtained from commercial sources (Sr, Ba:
Metallhandelsgesellschaft Maassen, Bonn, 99%; Sn: shots, 99.9%, Riedel de Häen; Pb: powder,
99.9%, Merck KGaA). The elements were filled into tantalum crucibles in a glovebox under an
argon atmosphere and the sealed containers were heated up with a rate of 200 ◦C/h to maximum
temperatures (Tmax) of 700 to 800 ◦C. For all samples, the crystallization was performed by a slow
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cooling rate (Ṫ↓) of 2 to 20 ◦C/h. The maximum temperatures applied and the detailed cooling
rates can be found in Table 1, together with the weighed sample compositions, which were mainly
restricted to the stoichiometric 1:3 [for (Sr/Ba):(Sn/Pb)] element ratio. All sample reguli were hard
and brittle with a dark-metallic luster and are sensitive against moisture. Representative parts of the
reguli were ground and sealed in capillaries with a diameter of 0.3 mm. X-ray powder patterns were
collected on transmission powder diffraction systems (STADI-P or Dectris Mythen 1K detector, Stoe
& Cie, Darmstadt, MoKα radiation, graphite monochromator). For the phase analysis, the measured
powder patterns were compared to the calculated (program LAZY-PULVERIX [20]) reflections of the
title compounds and other known phases in the respective ternary systems.

Table 1. Details of the synthesis of the title compounds (cf. Tables 2 and 3 for the single crystal numbers;
uniform heating rate: Ṫ↑ = 200 ◦C/h) .

Sample Structure Single Pb Weighed Elements Temperature Program

Composition Type Crystal Content Sr/Ba Sn Pb Tmax Ṫ↓ T Ṫ↓ T Ṫ↓

No. [%] [mg] [mmol] [mg] [mmol] [mg] [mmol] (in [◦C] and [◦C/h])

BaSn2Pb Ni3Sn 1 28 253.7 1.85 407.0 3.43 356.8 1.72 750 30 500 200
BaSn1.5Pb1.5 BaSn2.6Bi0.4 2 47.4 220.7 1.61 284.7 2.40 496.7 2.40 750 200 650 2 500 200
BaSnPb2 BaSn2.6Bi0.4 3 66.3 205.2 1.49 176.0 1.48 619.4 2.99 750 20 500 200
BaSn0.75Pb2.25 BaPb3 4 78.3 199.6 1.45 129.1 1.09 675.9 3.26 750 200 650 2 500 200
BaSn0.5Pb2.5 BaPb3 4p 85 192.2 1.40 88.1 0.74 724.3 3.50 750 30 500 200
BaGePb2 Mg3In 5 100 220.6 1.61 116.9 1.61 663.6 3.20 750 30 500 200

SrSn2.5Pb0.5 Mg3In 5p 14 179.7 2.05 608.8 5.13 212.3 1.02 800 200 750 2 625 200
SrSn2Pb PuAl3 6 32 164.8 1.88 445.5 3.75 389.6 1.88 800 200 750 2 625 200
SrSn1.5Pb1.5 PuAl3 6p 34 152.0 1.73 307.9 2.59 539.0 2.60 700 20 500 200
SrSn0.75Pb2.25 Cu3Au 7 75 137.1 1.56 138.7 1.17 726.0 3.50 700 20 500 200

Starting from the pure tin compound, the first ternary sample of the Ba series, with an overall
composition of BaSn2Pb, yielded the border phase BaSn2.16Pb0.84 (1) of the Ni3Sn-type (magenta bar
in Figure 1) in pure phase. The powder pattern of the samples with a Pb content of 50% and 66.7%
could be fully indexed with the data of the BaSn2.6Bi0.4-type. Accordingly, the two border phases of the
existence range of this structure type (dark blue bar in Figure 1), BaSn1.58Pb1.42 (2) and BaSn1.01Pb1.99
(3), were obtained from these two samples. The following two samples with a further increased
lead content, BaSn0.75Pb2.25 and BaSn0.5Pb2.5, yielded ternary Sn-containing variants of the known
BaPb3-type structure (cyan). The refined chemical composition of the border phase obtained from the
first sample, BaSn0.65Pb2.35 (4), is very close to the weighed sample stoichiometry, the composition
of the somewhat Pb-richer phase was refined from powder data. A second form of BaPb3, which is
isostructural to SrSn3 (green bar in Figure 1), was obtained for the first time from the Ge-containing
sample (BaGePb2), which contains (optically visible) elemental germanium as a second product. In the
Sr series, a lead content of 17% (SrSn2.5Pb0.5) still yielded the Mg3In-type structure of the binary
tri-stannide SrSn3. The composition of this phase (SrSn2.58Pb0.42) was refined from powder data
(Section 2.3). The two samples with an Sn-content of 66 and 50% contain PuAl3-type phases. For the
first sample, the single crystal data of selected crystals are in very good agreement with the weighed
element ratio (6: SrSn2.05Pb0.95, Section 2.2). Due to the low crystal quality, the composition of the
Pb-richer phase of this type could be only refined from powder data (Section 2.3). A small content
of the Pb-richer cubic Cu3Au-type phase, which is formed in X-ray pure form in the final sample
SrSn0.75Pb2.25, could not be excluded due to the overlap of the few reflections of the Cu3Au-type with
those of the structurally related PuAl3-type.

2.2. Single Crystal Structure Refinements

For the crystal structure refinements (cf. Tables 2 and 3), irregularly shaped single crystals were
selected using a stereo microscope and mounted in glass capillaries (diameter 0.1 mm) under dried
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paraffine oil. The crystals were centered on diffractometers equipped with an image plate (Stoe IPDS,
sealed tube) or a CCD detector (Bruker Apex-II Quazar, microfocus source).

Table 2. Crystallographic data and details of the data collection and structure refinement of the compounds
of the barium series BaSn2.16Pb0.84 (1), BaSn1.58Pb1.42 (2), BaSn1.01Pb1.99 (3), BaSn0.65Pb2.35 (4), and BaPb3
(5) and the strontium compounds SrSn2.05Pb0.95 (6) and SrSn0.75Pb2.25 (7).

AII � Ba Compounds � � Sr Compounds �
No. 1 2 3 4 5 6 7
Pb content, % 28 47.4 66.3 78.3 100 32 75
Structure type Ni3Sn � BaSn2.6Bi0.4 � BaPb3 Mg3In PuAl3 Cu3Au
Stacking sequence h2 � (hhhc)2 � (hhc)3 (hhcc)3 (hcc)2 c3
Crystal system � hexagonal � � rhombohedric � hexagonal cubic
Space group � P63/mmc � � R3̄m � P63/mmc Pm3̄m

� no. 194 � � no. 166 � no. 194 no. 221
Pearson symbol hP8 � hP32 � � hR36 � hR48 cP4
Lattice parameters, pm a 726.12(6) 726.80(3) 728.12(4) 728.77(3) 728.7(2) 696.97(6) 495.46(9)

c 556.51(6) 2235.78(14) 2254.81(13) 2540.6(2) 3420.3(12) 1675.5(2)
Volume of the u.c., 106 pm3 254.11(5) 1022.80(11) 1035.25(13) 1168.55(12) 1572.8(11) 704.87(15)
Volume/f.u., 106 pm3 127.06 127.85 129.41 129.84 131.07 117.49 121.63(7)
c/a 1.5328 1.5380 1.5484 1.5494 1.5646 1.6027 1.63
Z 2 8 8 9 12 6 1
Density (X-ray), gcm−3 7.38 8.04 8.59 8.97 9.62 7.46 8.78
Diffractometer � Stoe IPDS-II � � APEX-II �

� Mo-Kα radiation �
Absorption coefficient μMo-Kα, mm−1 44.7 61.7 76.6 86.2 103.3 55.7 92.1
` range, deg 3.2–29.1 1.8–29.3 1.8–29.3 2.4–29.1 1.8–30.0 3.4–29.9 4.1–32.5
No. of reflections collected 3737 7730 9690 5106 5074 6364 730
No. of independent reflections 155 582 593 431 628 433 69
Rint 0.0723 0.0732 0.1072 0.2342 0.1131 0.1023 0.0860
Corrections � Lorentz, Polarisation, Absorption �

� XShape [21] � � Sadabs [22] �
Structure refinement � SHELXL-2013 [23] �
No. of free parameter 9 25 25 18 20 18 6
Goodness-of-fit on F2 1.248 1.372 1.383 1.116 0.969 1.243 1.263
R Values [for refl. with I ≥ 2σ(I)] R1 0.0264 0.0437 0.0423 0.0660 0.0499 0.1182 0.0571

wR2 0.0644 0.0934 0.0566 0.1738 0.1166 0.3585 0.1610
R Values (all data) R1 0.0266 0.0485 0.0506 0.0683 0.0772 0.1270 0.0572

wR2 0.0644 0.0948 0.0578 0.1761 0.1258 0.3642 0.1610
Residual elect. density, e− × 10−6 pm−3 +1.2/−1.5 +2.2/−1.8 +2.7/−1.8 +5.6/−1.9 +6.4/−3.1 +9.8/−3.7 +7.4/−4.0

The reflections of the tin-rich compounds of the Ba series could be indexed by the expected small
hexagonal cell of the Ni3Sn type (space group P63/mmc). The border compound of the stability range of
this structure type, BaSn2.16Pb0.84 (1), was obtained in pure phase from a sample of overall composition
BaSn2Pb. The parameters of the structure model of the pure tri-stannide [5] were refined using the
program SHELXL-2013 [23], and the mixed Sn/Pb position was treated with constrained positional
and anisotropic displacement parameters (ADPs). The obtained formula BaSn2.16Pb0.84 is only slightly
Sn-richer than the sample composition. Crystals yielded from the lead-richer samples BaSn1.58Pb1.42
and BaSn1.01Pb1.99 show a similar hexagonal basis and the same extinction conditions, but the length of
the hexagonal c axis increases to about 2200 pm, which indicates the formation of the BaSn2.6Bi0.4-type
structure [18]. The two border compounds of the stability range of this structure type contain 47.4
(2) and 66.3% (3) lead, which is again close to the respective sample compositions. Accordingly,
the powder patterns of these two samples are fully indexed with the data of the BaSn2.6Bi0.4-type.
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Table 3. Atomic coordinates and equivalent isotropic displacement parameters (pm2) for the single
crystal structures of the title compounds.

Compound No. Atoms
Wyckoff Point Group Stacking Pb Prop. x y z Uequiv.Position Symmetry Sequence /%

BaSn2.16Pb0.84 1 Ba 2d 6̄m2 1/3 2/3 3/4 263(6)
M 6h mm2 h 28.0(14) 0.14395(7) 2x 1/4 244(4)

BaSn1.58Pb1.42 2 Ba(1) 2a 3̄m. 0 0 0 250(6)
Ba(2) 2b 6̄m2 0 0 1/4 201(5)
Ba(3) 4 f 3m. 1/3 2/3 0.13534(8) 176(4)
M(1) 6h mm2 h 9.5(13) 0.52781(12) 2x 1/4 202(6)
M(2) 12k .m. h 40.1(12) 0.18965(8) 2x 0.62443(4) 227(4)
Pb(3) 6g . 2

m . c 1/2 0 0 266(3)

BaSn1.01Pb1.99 3 Ba(1) 2a 3̄m. 0 0 0 268(5)
Ba(2) 2b 6̄m2 0 0 1/4 211(5)
Ba(3) 4 f 3m. 1/3 2/3 0.13465(6) 189(3)
M(1) 6h mm2 h 23.7(1) 0.52645(9) 2x 1/4 210(4)
M(2) 12k .m. h 70.6(9) 0.18753(5) 2x 0.62418(3) 232(2)
Pb(3) 6g . 2

m . c 1/2 0 0 262(2)

BaSn0.65Pb2.35 4 Ba(1) 3a 3̄m 0 0 0 374(9)
Ba(2) 6c 3m 0 0 0.21602(10) 324(7)
M(1) 18h .m h 67(2) 0.47707(12) −x 0.22315(4) 364(6)
Pb(2) 9e . 2

m c 1/2 0 0 388(6)

BaPb3 5 Ba(1) 6c 3m 0 0 0.13034(7) 220(5)
Ba(2) 6c 3m 0 0 0.28912(7) 234(5)
Pb(1) 18h .m h 0.47742(8) −x 0.12358(3) 252(3)
Pb(2) 18h .m c 0.50625(8) −x 0.29199(3) 297(3)

SrSn2.05Pb0.95 6 Sr(1) 2b 6̄m2 0 0 1/4 180(20)
Sr(2) 4 f 3m. 1/3 2/3 0.0930(5) 185(18)
Sn(1) 6h mm2 h 0.5218(4) 0.0436(8) 1/4 182(15)
M(2) 12k .m. c 47(4) 0.16833(19) 0.3367(4) 0.58108(13) 221(11)

SrSn0.75Pb2.25 7 Sr 1a m3̄m 0 0 0 500(20)
M 3c 4

m m.m c 75 0 1/2 1/2 159(9)

The diffraction images of the crystals obtained from the Pb-rich sample BaSn0.5Pb2.5 could be
indexed by a rhombohedral lattice with the familiar unit cell basis of 730 pm, but now with a c axis
of ≈2500 pm, which indicates the formation of the BaPb3-type structure. During the single crystal
refinement of this structure model, the 18h position M(1) turned out to be statistically occupied by tin
and the final refinement yielded a Sn occupation of 67(2)%, i.e., an overall composition of BaSn0.65Pb2.35
(4), which is again close to the weighed element ratios. For the likewise rhombohedral unit cell of
the second form of BaPb3-II (5), the large c axis indicated the 12-layer structure of the Mg3In-type,
which was also found for ternary derivatives of BaPb3 containing small amounts of Ca or Sr [11].
The structure refinement converged to R1 values of 0.05 and the refinement as well as the unit cell
volume (cf. the comparison in Section 3.1.4) gave no indication for an incorporation of germanium into
the structure. All crystals of the Sr-series were of much lower quality than those of the Ba compounds
and the diffraction images of crystals of different sizes all exhibit very broad reflections. Only the
structure of the compound 6 (SrSn2.05Pb0.95), which forms the hexagonal PuAl3-type, could be refined
from single crystal data. However, a quite large value of R1 and the residual electron density of about
+10 e−10−6 pm−3, which lies in the vicinity of the M(2) position, result from the unsatisfactory quality
of the diffraction data. In the case of the single crystals yielded from the sample SrSn0.75Pb2.25 (7) the
situation is even worse, and the Sn:Pb ratio of the sole M position in the cubic Cu3Au-type structure
had to be fixed to the weighed element ratio.

The data of the single crystal structure refinements, in which the M sites are sorted according to
increasing lead content (Table 3) and all atomic parameters were transformed to a standardized setting
according to STRUCTURE TIDY [24], have been deposited [25].
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2.3. Rietveld Refinements

The X-ray powder data used for the full-pattern Rietveld refinements were collected on the above
mentioned powder diffractometer (Dectris Mythen 1K detector) in the 2Θ range 2 to 41.8◦ with a step
width of 1.17◦ and an exposure time of 180 s/step. The Rietveld refinements were performed using the
programs GSAS [26] and EXPGUI [27].

The powder pattern of the sample SrPb0.5Sn2.5 (5p) could be fully indexed and refined starting
from the crystal data of SrSn3 (Mg3In-type [28]). The obtained lattice parameters (a = 696.50(6),
c = 3324.9(5) pm, V/f.u. = 116.4 × 106 pm3), which are somewhat larger than those of the binary
compound SrSn3 (a = 694.0, c = 3301.0 pm [3]) already indicated a small lead content. The refinement
of the Sn/Pb ratio of the M(2) position (RP = 0.0611, wRP = 0.0876) resulted in 28(1)% lead for this
site and an overall composition of SrPb0.42Sn2.58, which is in good agreement with the weighed
sample composition.

For the Rietveld refinement of the structure of the phase obtained from the sample SrPb0.95Sn2.05
(6p), the model of the PuAl3-type, which allowed the full indexing of the powder pattern, was used.
The lattice parameters converged at a = 701.06(1) and c = 1683.29(5) pm (V/f.u. = 119.4 × 106 pm3;
RP = 0.0212, wRP = 0.0270 and RF2 = 0.0580). The statistical Sn:Pb ratio of the M(2) position could be
refined to 38(1):62(1)%, which is slightly Pb-richer than the relation of the single crystal refinements of
6 (SrSn2.05Pb0.95). Accordingly, the lattice parameters are somewhat increased.

2.4. Band Structure Calculations

DFT calculations of the electronic band structure were performed for the border phases of the
compound series, BaSn3 and SrPb3, as well as for the two polymorphs of BaPb3 and for SrSn3 using the
FP-LAPW method (programs WIEN2K [29] and ELK [30], cf. Table 4). Herein, the exchange-correlation
contribution was described by the Generalized Gradient Approximation (GGA) of Perdew, Burke and
Ernzerhof [31]. Muffin-tin radii were chosen as 121.7 pm (2.3 a.u.) for all atoms. Cutoff energies used
are Epot

max = 190 eV (potential) and Ewf
max = 170 eV (interstitial PW). Further parameters (e.g., number of

k points) and selected results of the calculations are collected in Table 4. Electron densities, the electron
localisation function (ELF) [32,33] and Fermi surfaces were visualized using the programs XCRYSDEN [34]
and DRAWXTL [35]. A Bader ‘atoms in molecules’ (AIM) analysis of the electron density map was
performed to evaluate the charge distribution between the atoms and the heights and positions of the
bond, ring and cage critical points [36] using the program CRITIC2 [37,38]. The total DOS (tDOS) plots
of all compounds are discussed in Section 3.5.2. For the two border compounds of the series, BaSn3
and SrPb3, plots of the partial DOS (pDOS) and the band structures themselves are already reported
elsewhere [3,10,11,14]. Maps of the ELF of SrSn3 based on LMTO-ASA calculations by Fässler et al. [3]
are in very good agreement with the ELF obtained herein.

Both the band structures and the ELF of the binary compounds reported in the literature are
considered in the discussion on the chemical bonding in Section 3.5.2.
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Table 4. Details of the calculation of the electronic structures of BaSn3, BaPb3 (BaPb3- and Mg3In-type),
SrSn3 and SrPb3. (rMT: Muffin tin radius; Kmax: maximal wavevector for the PW in the interstitium;
BCP: bond critical point; RCP: ring critical point; IBZ: irreducible part of the Brillouin zone; VBB: volume
of the Bader basins).

Compound BaSn3 BaPb3 SrSn3 SrPb3

Structure type Ni3Sn BaPb3 Mg3In Mg3In Cu3Au
Crystal data [5] [11] Tables 2 and 3 [3]
RMT (all atoms) � 127.0 pm (2.4 a.u.) �
RMT · Kmax � 8.0 �
k-points/BZ 820 1000 � 1000 � 1295
k-points/IBZ 72 110 � 110 � 75
Monkhorst-Pack-Grid 9 × 9 × 10 10 × 10 × 10 � 10 × 10 × 10 � 10 × 10 × 9
DOS � Figure 12 �
Band structure [3,10,11] [3] [10,11]

Bonds: label
Electron a 0.237 (305.9) 0.204 (319.3) 0.218 (315.0) 0.245 (302.6) 0.125 (351.4)
density b 0.171 (326.7) 0.143 (343.7) 0.138 (346.4) 0.168 (339.2)
at BCP/RCP(r) c 0.138 (345.3) 0.136 (346.6) 0.147 (329.2)
[e−10−6 pm−3] d 0.109 (364.5) 0.133 (347.8) 0.159 (334.6)
(d [pm]) e 0.131 (350.7) 0.150 (337.4)

f 0.093 (378.0) 0.116 (359.4)
r 0.190 0.152 0.164 0.198 0.088

Atoms: label
Charge Sr/Ba(1) +1.137 (28.6) +1.093 (28.6) +1.071 (28.5) +1.255 (20.1) +1.233 (20.3)
distribution Sr/Ba(2) +1.067 (28.4) +1.069 (28.2) +1.249 (19.8)
after Bader Sn/Pb(1) −0.379 (32.1) −0.359 (34.0) −0.370 (33.9) −0.440 (31.5) −0.418 (34.5)
(VBB [106 pm3]) Sn/Pb(2) −0.358 (34.5) −0.344 (34.5) −0.395 (31.6)

3. Results and Discussion

3.1. Description of the Crystal Structures and Their Respective Phase Widths

The structures of all tri-tetrelides exhibit hexagonal close packed ordered AM3 layers containing
M kagomé (3.6.3.6.) nets. Depending on the stacking sequence, the M polyanion resembles the
oxygen substructure of the hexagonal [face-sharing octahedra, |:AB:| ≡ h stacking, Ni3Sn-type, border
compound BaSn3, Figure 1a] or the cubic [corner-sharing octahedra, |:ABC:| ≡ c stacking, Cu3Au-type,
border phase SrPb3, Figure 1f] perovskite. In between these border phases, a series of structures occur,
in which the amount of cubic stacking increases continuously and simultaneously the size of the blocks
of face-sharing octahedra decreases.
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Figure 1. Crystal structures and phase widths (coloured bars) of the different stacking sequences
observed in barium (left) and strontium (right) tri-stannides/plumbides (cf. the Figures 2–7 for
enlarged views supplemented by the labeling of interatomic distances).
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3.1.1. Ni3Sn-Type Compounds

In the long-known binary stannide BaSn3 [4,5], which forms the hexagonal Ni3Sn-type (hP8,
P63/mmc), up to 28% of the Sn atoms can be substituted against Pb (magenta bar in Figure 1).
The crystal structure of the lead-richest phase BaSn2.16Pb0.84 (1) is depicted in Figure 2 in a polyhedra
representation. The interatomic distances of this mixed stannide/plumbide are collected in Table 5.
The pure h stacking of the hexagonal planar layers [BaM3] results in infinite columns of [M6/2]
octahedra sharing two opposite faces, which are running along the c axis.

Ba

M

a

b

a 0
a

c

h

h

h

h

Figure 2. Crystal structure of BaSn2.16Pb0.84, 1 (Ni3Sn-type; bond distances cf. Table 5 [35]).

Table 5. Selected interatomic distances (pm) in the crystal structure of BaSn2.16Pb0.84, 1 (Ni3Sn-type).
(cf. Figure 2 for the distance labels).

Atoms Distance freq. CN Atoms Distance lbl. freq. CN

Ba –M 364.2(1) 6× M –M 313.6(2) a 2×
–M 366.3(1) 6× 12 –M 332.0(1) b 4×

–Ba 364.2(1) 2×
–Ba 366.3(1) 2× 10
–M 412.6(2) 2× +2

[M3] three-membered rings with short M–M bonds of length 313.6 pm (label a) form the common
faces of the [M6] octahedra of the columns.The remaining octahedra edges are with 332.0 pm (b)
significantly larger. In the planar M kagomé (3.6.3.6.) nets of the [BaM3] hexagonal layers, the two
remaining M–M contacts are strongly elongated and lie with a distance of 412.6 pm clearly outside any
bonding range. Thus, the [M3] triangles of the 3.6.3.6. net are alternatingly compressed and expanded.
Therewith, the M coordination is reduced from the anticuboctahedral 12 (8 M and 4 Ba) surrounding
in the ideal hexagonal close packing to an overall 10 (6 + 4) coordination. Compared to the binary
border phase BaSn3 [4], the M–M bond lengths (e.g., da

Sn–Sn = 305.3 pm) and the unit cell volume (cf.
discussion in Section 3.3) are increased as expected. The barium cations are coordinated by 12 Sn/Pb
atoms in a next to regular anticuboctahedral fashion, with Ba–M distances of 364.2 and 366.3 pm.

3.1.2. BaSn2.6Bi0.4-Type Compounds

An increased lead content of 47 to 66% (dark blue bar in Figure 1) causes the formation of
the hexagonal BaSn2.6Bi0.4-type (hP32, P63/mmc, [18]) with a (hhhc)2 stacking and blocks of four
face-sharing octahedra (Figure 3). Selected interatomic distances of both border phases of this type,
BaSn1.58Pb1.42 (2) and BaSn1.01Pb1.99 (3), are collected in Table 6.

The structure type contains both three crystallographically different barium and three M sites
(Table 3). The latter are unequally taken by Sn and Pb: The M(3) position, which forms the
[Ba(1) Pb(3) 3] layers of the c stacking is occupied by lead exclusively. Reversely, the M(1) position of a h
stacked layer with pure h neighbor layers shows the lowest lead content (9.5–23.7%). The intermediate
M(2) position of the hexagonal stacked [BaM(2) 3] layer with an adjacent h and c layer contains an
intermediate amount of lead (40.1–70.6%). According to the stacking, the M(1) and M(2) atoms of
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the h layers show a 6 + 4 coordination and form kagomé nets with two different triangles, whereas
the lead atoms Pb(3) exhibit the ideal 8 + 4 surrounding and form an ideal 3.6.3.6. net among each
other. The [M(1) 3] three-membered rings forming the common faces between face-sharing octahedra
contain the shortest M–M bonds within the structure (da = 302.8–306.3 pm), whereas the analogous
[M(2) 3] ring is enlarged due to the increased Pb proportion (dc = 313.3–318.5 pm). All Ba cations are
coordinated by 12 M atoms in a cuboctahedral [Ba(1) and Ba(3)] or anticuboctahedral [Ba(2)] manner.
The Ba–M distances are all lying in the narrow range 363.4 to 369.4 pm.
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Figure 3. Crystal structure of BaSn1.58Pb1.42, 2 (BaSn2.6Bi0.4-type; bond distances cf. Table 6 [35]).

Table 6. Selected interatomic distances (pm) in the crystal structures of the two border compounds
BaSn1.58Pb1.42 (2) and BaSn1.01Pb1.99 (3) of the BaSn2.6Bi0.4-type (cf. Figure 3 for the distance labels).

Atoms Distances in freq. CN Atoms Distances in lbl. freq. CN

2 3 2 3

Ba(1) –Pb(3) 363.4(1) 364.1(1) 6× M(1) –M(1) 302.8(3) 306.3(2) a 2×
–M(2) 366.6(1) 366.5(1) 6× 12 –M(2) 332.4(1) 336.2(1) b 4×

–Ba(3) 354.5(2) 356.3(1) 2×
–Ba(2) 365.1(1) 365.6(1) 2× 6 + 4

Ba(2) –M(1) 365.1(1) 365.6(2) 6×
–M(2) 368.5(1) 369.4(1) 6× 12 M(2) –M(2) 313.3(2) 318.5(1) c 2×

–M(1) 332.4(1) 336.2(1) b 2×
Ba(3) –M(1) 354.5(2) 356.3(1) 3× –Pb(3) 340.9(1) 343.1(1) d 2×

–M(2) 365.4(1) 365.8(1) 6× –Ba(3) 365.4(1) 365.8(1) 2×
–Pb(3) 368.2(2) 369.3(1) 3× 12 –Ba(1) 366.6(1) 366.5(1)

–Ba(2) 368.5(1) 369.4(1) 6 + 4

Pb(3) –M(2) 340.9(1) 343.1(1) d 4×
–Pb(3) 363.4(1) 364.1(1) e 4×
–Ba(1) 363.4(1) 364.1(1) 2×
–Ba(3) 368.2(2) 369.3(1) 2× 8 + 4
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3.1.3. BaPb3-Type Compounds

The stability range of the rhombohedral BaPb3-type sequence (hhc)3 (hR36, R3̄m, Figure 4)
starts at a lead proportion of 78% and reaches up to the pure plumbide BaPb3 [9] (cyan bar in
Figure 1). This structure type, which should be termed BaPb3-type in consideration of the first structure
determination in 1964 [9], is sometimes also denoted as TaCo3-type. The interatomic distances of the
Sn-richest border phase BaSn0.65Pb2.35 (4) are summarized in Table 7.
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Figure 4. Crystal structure of BaSn0.65Pb2.35, 4 (BaPb3-type; bond distances cf. Table 7 [35]).

Table 7. Selected interatomic distances (pm) in the crystal structure of BaSn0.65Pb2.35 (4) forming the
BaPb3-type (cf. Figure 4 for the distance labels).

Atoms Distance freq. CN Atoms Distance lbl. freq. CN

Ba(1) –M(1) 360.0(2) 3× M(1) –M(1) 314.2(3) a 2×
–Pb(2) 364.8(2) 3× –M(1) 339.5(2) b 2×
–M(1) 366.0(1) 6× 12 –Pb(2) 342.6(1) c 2×

–Ba(1) 360.0(2)
Ba(2) –Pb(2) 364.4(1) 6× –Ba(1) 366.0(1) 2×

–M(1) 368.3(1) 6× 12 –Ba(2) 368.3(1) 6 + 4

Pb(2) –M(1) 342.6(1) c 4×
–Pb(2) 364.4(1) d 4×
–Ba(2) 364.4(1) 2×
–Ba(1) 364.8(2) 2× 8 + 4

In the lead-rich compounds of the Ba series, the planar nets [BaM3] follow the rhombohedral
(hhc)3 stacking sequence and the blocks of face-sharing octahedra are now consisting of three octahedra
only (Figure 4). Within these trimers, the [M6] octahedra share common triangular faces [M(1) 3] with
the shortest interatomic distances of the whole structure (da = 314.2 pm, cf. Table 7). As expected
from the tin content, this and all further M–M distances are somewhat shortened with respect to the
isotypic pure plumbide (e.g., da = 319.3 pm, [11]). The octahedra trimers are connected via the six
corners formed by the pure lead position [Pb(2)]. According to the point group symmetry . 2

m of the
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Pb(2) position, these atoms form ideal kagomé nets at z = 0, 1
3 and 2

3 in the unit cell. The mesh width of
this net, i.e., the Pb(2)–Pb(2) distances (4×) are comparatively large 364.4 pm, whereas the remaining
M–M distances are of intermediate lengths (339.5 and 342.6 pm). Again, the atoms forming the h layers
exhibit a 6 + 4 coordination, whereas the c net position [Pb(2)] has the full 8 M + 4 Ba surrounding of a
dense packing. The Ba(1) cations show a cuboctahedral, Ba(2) an anticuboctahedral, both fairly regular
(dBa−M = 360.0–368.3 pm), twelvefold M coordination.

3.1.4. Mg3In-Type Compounds

A second new polymorph of BaPb3 (denoted BaPb3-II hereafter) crystallizes in the Mg3In-type
structure with a further increased amount of cubic sequences [(hhcc)3; hR48, Figure 5]. This form
of BaPb3 is thus isotypic with the border phase SrSn3 [3] of the respective Sr series and with the
lead-containing compounds up to a Pb content of 14% (SrSn2.58Pb0.42, 5p; green bar in Figure 1).
The structure model of these compounds should be denoted Mg3In-type, because the crystallographic
data of this particular compound were the first one published in 1963 [28]. Two years later, an isotypic
structure was reported for the high-temperature form of PuGa3 and only much later (2000, [3]) the
tri-stannide SrSn3 was added. The two latter compounds are nevertheless widely (e.g., in the Inorganic
Crystal Structure Database [39]) used to address this structure type.
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Figure 5. Crystal structure of BaPb3-II, 5 (Mg3In-type; bond distances cf. Table 8 [35]).

In the structure of BaPb3-II (Figure 5) the rhombohedral stacking sequence (hhcc)3 results in
octahedra trimers, which are not directly connected via corners as in BaPb3-I, but an additional layer of
corner-connected [Pb(2) 6] octahedra is interspersed. Overall, a 1:1 relation of h and c layers, i.e., Pb(1)
and Pb(2) atoms, are reached. In addition, in this case, the Pb–Pb distances of the common [Pb(1) 3]
triangles of the face-sharing lead octahedra are with 315.0 pm the shortest bonds within the structure.
All other Pb–Pb distances are found in the range 346–378 pm, whereby the largest values are again in the
c-stacked kagomé nets [Pb(2)–Pb(2)]. In contrast to the c layers in the BaPb3-type structures, the 3.6.3.6.
Pb(2) nets exhibit two different triangles with Pb(2)–Pb(2) edges of 350.7 and 378.0 pm. Nevertheless,
the [Pb(2) 3] triangles in the h layers are much more different in size (315.0/413.7 pm). Due to these
compressed/expanded triangles, the Pb(1) atoms of the common octahedra faces are surrounded by 6
Pb and 4 Ba cations only, whereas Pb(2) of the c net exhibits the complete 12-fold coordination, even
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though two lead neighbors are already at a slightly larger distance than the four Ba cations (Table 8).
The cations themselves again show the ideal 12-fold lead coordination, with 50% cuboctahedral [Ba(2)]
and 50% anticuboctahedral [Ba(1)] arrangement. The Mg3In-type structure has been already observed
(and predicted by van Vucht in 1966 [7]) for pure plumbides with a small substitution of barium by
calcium or strontium (for AxBa1 − xPb3: x = 0.03 for Ca and 0.10 for Sr [11]). It also occurs in the
compound series Ba(SnxBi1 − x)3 [18] and from SrSn3 to SrSn2.58Pb0.42 (5p). Unfortunately (due to
problems with the crystal quality in the Sr series, cf. Section 2.2) the structure of the latter compound
has been refined from powder data only (Section 2.3). As expected, the lattice parameters and all M–M
bonds are slightly elongated compared to SrSn3 and the lead atoms are substituted at the c stacked
layers, i.e., the M(2) position.

Table 8. Selected interatomic distances (pm) in the crystal structure of BaPb3 (Mg3In-type structure).
(cf. Figure 5 for the distance labels).

Atoms Distance freq. CN Atoms Distance lbl. freq. CN

Ba(1) –Pb(1) 361.7(2) 3× Pb(1) –Pb(1) 315.0(2) a 2×
–Pb(2) 365.6(2) 3× –Pb(1) 346.4(2) b 2×
–Pb(1) 366.2(1) 6× 12 –Pb(2) 346.6(1) c 2×

–Ba(2) 361.6(2)
Ba(2) –Pb(1) 361.6(2) 3× –Ba(1) 361.7(2)

–Pb(2) 364.6(1) 6× –Ba(1) 366.2(1) 2× 6 + 4
–Pb(2) 365.0(2) 3× 12

Pb(2) –Pb(1) 346.6(1) c 2×
–Pb(2) 347.8(2) d 2×
–Pb(2) 350.7(2) e 2×
–Ba(2) 364.6(1) 2×
–Ba(2) 365.0(2)
–Ba(1) 365.6(2)
–Pb(2) 378.0(2) f 2× 6 + 4 + 2

In the vast series of tri-metallides of the structure family considered, polymorphism (like the
one observed herein for BaPb3) is very frequent. An instructive example are the tri-gallides of the
rare earth elements, were the smaller Er, Tm and Lu cations form Cu3Au-type structures, whereas
Tb, Dy and Ho are di- or even trimorphic [40]. For the two modifications of BaPb3, the difference of
the unit cell volumes per formula unit (V/f.u.) is even smaller than 0.1% [131.16 (I) compared
to 131.07 × 106 pm3 (II)] and an experimental hint towards the phase relation between the two
polymorphs is also not obvious.

3.1.5. PuAl3-Type Compounds

In the Sr series, a Pb content of 32% (SrSn2.05Pb0.95, 6) to 41% (SrSn1.77Pb1.23, 6p) causes a small
existence region of the hexagonal PuAl3-type (hP24, P63/mmc [41]) with a (hcc)2 stacking (golden bar
in Figure 1). The structure and selected bond lengths are found in Figure 6 and Table 9.

The increased proportion of c stacking in the PuAl3-type reduces the size of the blocks of
face-sharing octahedra to dimers, which are separated by additional c stacked [M(2)6 ] corner-sharing
octahedra. Again, tin prefer the occupation of the h layer and the shortest distances are found in the
common face triangle inside this layer (da

Sn(1)–Sn(1) = 302.9 pm). The triangles of the h net are thus of
very different size, whereas the M(2) kagomé nets of the c layers are only slightly distorted (345.0,
d/352.0, e pm). The overall coordination of the h and c layer M atoms and the strontium cations again
fits the situation throughout the whole structure family.
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Figure 6. Crystal structure of SrSn2.05Pb0.95, 6 (PuAl3-type; bond distances cf. Table 9 [35]).

Table 9. Selected interatomic distances (pm) in the crystal structure of SrSn2.05Pb0.95 (PuAl3-type).
(cf. Figure 6 for the distance labels).

Atoms Distance freq. CN Atoms Distance lbl. freq. CN

Sr(1) –M(2) 348.4(2) 6× Sn(1) –Sn(1) 302.9(8) a 2×
–Sn(1) 349.5(1) 6× 12 –M(2) 339.9(2) b 4×

–Sr(2) 347.8(6) 2×
Sr(2) –Sn(1) 347.8(6) 3× –Sr(1) 349.5(1) 2× 6 + 4

–M(2) 349.1(1) 6× –Sn(1) 394.1(8) 2×
–M(2) 353.2(7) 3× 12

M(2) –M(2) 339.3(4) c 2×
–Sn(1) 339.9(2) b 2×
–M(2) 345.0(4) d 2×
–Sr(1) 348.4(2)
–Sr(2) 349.1(1) 2×
–M(2) 352.0(4) e 2×
–Sr(2) 353.2(7) 8 + 4

3.1.6. Cu3Au-Type Compounds

The strontium series is terminated by the pure (c)3 stacking of SrPb3 (Cu3Au-type, cP4, Pm3̄m),
which starts at a lead content of approximately 75%. Because of problems with the single crystal
quality, a reliable refinement of the Sn/Pb occupation was not possible, so that some uncertainty of the
exact composition remains. The very broad reflections of the powder diffraction pattern prohibit even
a full-pattern Rietveld refinement and a decision is not possible, whether the tetragonal distortion of
the cubic Cu3Au-type, which is reported in the literature for the binary tri-plumbide SrPb3 [6], also
arises in the ternary tin-containing phase.

Sr M
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0

a

c

c

c

c

c

a

Figure 7. Crystal structure of SrSn0.75Pb2.25, 7 (Cu3Au-type; bond distances cf. Table 10 [35]).

In accordance with the presence of smaller Sn atoms, the lattice parameter and therewith the M–M
distance of 350.3 pm is somewhat decreased compared to the two distances found in the tetragonal
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border phase SrPb3 (dPb–Pb = 351.1, 353.2 pm [6]). The structure terminates the series with a pure c
stacking and a polyanion, which consists of ideal corner-sharing [M6/2] octahedra. All atoms exhibit
an ideal cuboctahedral surrounding with one unique distance of 350.3 pm (cf. Table 10).

Table 10. Selected interatomic distances (pm) in the crystal structure of SrSn0.75Pb2.25
(Cu3Au-type structure).

Atoms Distance freq. CN Atoms Distance lbl. freq. CN

Sr –M 350.3(1) 12× 12 M –M 350.3(1) a 6×
–Sr 350.3(1) 6× 6 + 6

3.2. Stacking Sequences: Geometric Aspects

The series of mixed Sn/Pb tri-tetrelides discussed above, as well as similar systematic studies on
mixed Ca/Sr/Ba stannides [10] and plumbides [11], clearly show, that the amount of h/c stacking in
the structure family of AB3 superstructures of dense sphere packing and hence the sequence of the
different structure types is essentially determined by the radius ratio of the two elements. This becomes
apparent from the coherent progress of the amount of hexagonal stacking with the radius ratio of the
two elements shown in Figure 8. Similar plots are presented for a great variety of compounds in the
literature [7,8]. In contrast to these works, in which metallic radii were used to estimate the atomic
sizes, ionic radii (after Shannon [42], for CN = 12) were used herein to estimate the size of the A cations,
and metallic radii (after Gschneidner [43], for CN = 12) were only applied to quantify the size of the Sn
and Pb atoms. This choice of radii is in agreement with the next to complete electron transfer from the
alkaline-earth elements A to Sn/Pb (cf. Section 3.5.2). The diagram shown in Figure 8 demonstrates
the direct relation between the stacking sequence and the radius ratio, independent of the type of the
M atom, i.e., both for Sn (squares and thin dashed line), Pb (circles and thin solid line) or Sn and Pb
(with a distinct distribution at the h/c layer, colored triangles and bold lines).
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Figure 8. Amount of hexagonal stacking plotted versus the radius ratio rM:rA in (mixed) alkaline-earth
tri-stannides (thin squares and dashed line) and -plumbides (thin circles and line) and the mixed
stannides/plumbides (triangles and bold gray lines) reported in this work.

This general behaviour can be explained by the decreased (10) coordination number of the atoms
of the h layers (6 × M + 4 × A) compared to the ideal twelvefold (8×M + 4×A) coordination of the M
atoms of c stacked layers (Figure 9).
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However, the reason for the reduction of the coordination sphere of h-type atoms from 12 to 10 is
the compression of the common [M3] triangle of two face-sharing octahedra, which is causally linked
to covalent bonding contributions within the M polyanion (cf. Section 3.5).

M

cubic stacking
8     + 4 M

hexagonal stacking

h

c

6     + 4    (+ 2    )A M

A

Figure 9. Comparison of the characteristic coordination spheres of Sn/Pb atoms of a hexagonal
(violet-blue) and a cubic (red) stacked layer [35].

In electron poorer compounds (like for example CaHg3 or SrHg3 [44]), which crystallize in the
Ni3Sn-type, the M–M triangles do not show shortened edges/bonds (cf. also the discussion on the
value of the atomic x parameter in the Ni3Sn and related structures by Havinga in [8]).

3.3. Molar Volumes and Variation of the c/a Ratio

Regardless of the different stacking sequences, the molar volumes of all tri-tetrelides follow
Vegards rule (gray circles and thin black lines in Figure 10). The normalized interlayer distance,
i.e., the c/a ratio/two layers (open circles and gray lines) decreases continuously with (i) increasing h
stacking (thick gray lines) and (ii) with the Sn content of each distinct structure type. This increasing
hexagonal unit cell basis is a consequence of the covalent bonding contributions and the
stereochemically active lone electron pair (l.e.p., see Section 3.5) of the tin (and less pronounced
the lead) atoms of the h layers in the electron-richer compounds of the AB3 structure family. Simple
packing/geometric arguments failed to explain this general trend, which is similarly observed for
other electron-richer compounds of this structure family [7,8].
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78



Crystals 2018, 8, 204

3.4. Sn/Pb Distribution: ‘Coloring’ Aspects

Concerning the ’coloring’ [19], i.e., the preference of tin and lead to occupy the differently stacked
layers, the clear preference of Sn atoms to occupy the h nets is valid throughout the whole family of
the tri-tetrelides. Arguments for this very uniform coloring are at one hand the reduced coordination
sphere of the h layer atoms (cf. Section 3.2), which may better fit the smaller M atom types. On the
other hand, the larger Sn–Sn (compared to Pb–Pb) single bond energies direct tin to take those sites in
the structure, where generally the shortest bonds are formed; this is unequivocally the h position.

3.5. Chemical Bonding, Electronic Structure

Calculations of the electronic band structure, based on different levels of theory, are already
reported in vast detail for several border phases of the title compound series. The results of LMTO-ASA
calculations of SrSn3 [3] and BaSn3 [5] are in very good agreement with the FP-LAPW results discussed
in [10,11]. The obtained electron densities of these DFT calculations reveal the different types of Sn–Sn
bonds as well as the presence of the l.e.p. at the h-stacked tin atoms [10]. The related ELF exhibits
comparatively low (approx. 0.6) maxima at the bonds of the common octahedra edges and for the
l.e.p. of h-type atoms [3]; whereas the ELF obtained from EH calculations shows significantly more
pronounced features (e.g., [5] for BaSn3). The band structures of the cubic phases like CaPb3 and SrPb3
were also calculated using FP-LMTO [14] and FP-LAPW [10,11] methods. A detailed discussion of
the band structure from the point of view of chemical bonding can be found in [10]. In this work,
the literature’s theoretical work is complemented by FP-LAPW calculations of the new polymorph
of BaPb3, which—according to its isotypy to SrSn3—allows for a direct comparison of an Sn with an
isotypic (Mg3In-type) Pb compound. Corresponding calculations of the border phases BaSn3, BaPb3-I,
SrSn3 and BaPb3 (Table 4) are also included for comparison and for a detailed analysis of the electron
density. Independent of the stacking of the close-packed layers, the total density of states (tDOS) show
pronounced minima next to the Fermi level (14 v.e./f.u.), which implies the validity of simple electron
counting rules.

3.5.1. Electron Count (Zintl/Wade/mno)

Compounds with the pure h stacking like e.g., BaSn3 exhibit three-membered rings with
short M–M bonds, which are only slightly larger than single bond distances, and the calculated
electron density shows the highest electron density at the respective bond critical points
(ρBCP = 0.237 e−10−6 pm−3, Table 4 and [10]). Neglecting all further M–M contacts—as proposed
in [5]—the compound contains Zintl anions [M3]2 – with an aromatic π system of two electrons.
Admittedly, the results of the band structure calculations [10] show, that this simplified model is only
of limited applicability: No (pseudo) band gap can be found at the Fermi level (cf. Figure 12) and
the number of pz-type bands below EF is not compatible with an aromatic π system. However, the
evident stability of the whole structure family at (or close to) 14 v.e. per formula unit (i.e., 4 2

3 v.e./M)
can be explained both for the h and the c stacking (and therewith also for all stacking variants in
between) when taking the ’polyaromatic’ bonding character (cf. the longer M–M bonds and the ring
critical points, Section 3.5.2) into account and extending the Zintl concept by Wade’s electron counting
rules [45] or the somewhat more comprehensive mno rule of Jemmis [46]:

c The bonding within c stacked compounds like e.g., SrPb3, in which [Pb6] octahedra are fused via
common corners (Figure 7), can be explained by a direct comparison with the electron-precise
boride CaB6 containing also octahedral closo clusters B 2 –

6 (20 v.e.), which are in this case connected
via 2e2c bonds (exo-bonds). Subtracting the six v.e. needed for these exo-bonds, each boron atom
contributes 2 1

3 v.e. to stabilize one octahedral closo cluster. In tri-tetrelides two octahedra are
directly fused via corners, i.e., each Pb atom participates in two closo octahedral clusters. Thus,
the polyanion needs 2 × 2 1

3 = 4 2
3 v.e./Pb to obey Wade’s rule. This corresponds to the observed

v.e. number (2SrPb3 −−→ 2Sr2+ + Pb 4 –
6 : 6×4 + 4 v.e./f.u. ≡ 4 2

3 v.e./Pb). and to the fact, that the
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tDOS exhibits a very pronounced minimum close to the Fermi level, at 13.9 v.e./f.u. (bottom of
Figure 12, black arrow).

h The mno rules and the similarities to the ‘polyaromatic’ bonding in borides and molecular
boranes/boranates can be also used to explain the electron count of the h stacked atoms: Figure 11
shows the formal splitting of the v.e. in the boranate [B9H6]– , which satisfies the mno rules [46]
(9 + 2 + 0 = 11 s.e.p. (s.e.p.: skeleton electron pairs): 9 × 3︸ ︷︷ ︸

B

+ 6 × 1︸ ︷︷ ︸
H

+ 1︸︷︷︸
charge

- 6 × 2︸ ︷︷ ︸
exo-BH

= 22 s.e. = 11

s.e.p.). For the formal splitting of these overall number of s.e. to individual B atoms, the six BH
atoms contribute 14 s.e. (6 × 2 1

3 , see above). The remaining 8 s.e. result in 2 2
3 v.e. for each of

the three central (h stacked) B atoms (1 1
3 s.e./octahedron). Transfered to the electron balance of

BaSn3, where each of the Sn atoms carries an additional lone-electron pair (s2 electrons), we expect
2 + 2 2

3 = 4 2
3 v.e./Sn (i.e., 14 v.e./f.u.) to result in a stable cluster.

1
32 s.e./octahedron

1
3

1
3

+   l.p.1
2

[B  H  ]9 6

−

AM 3

BH

BHHB

BHBH
HB

1
31 s.e./octahedron

1

2 s.e./octahedron

3
2 M

/octahedrons.e.

= 4   v.e./

c

h

Figure 11. Explanation of the electron count proving the validity of the Wade-Jemmis mno rules for the
hexagonal and cubic stacking in alkaline-earth tri-tetrelides.

The uniform ideal v.e. number for both the h and c stacked M atoms of 4 2
3 v.e./M explains the

stability of the polyanion in all tri-tetrelides AM3, i.e., for compounds with 14 v.e./f.u.

3.5.2. Bandstructure Calculations (DOS, Electron Densities)

In accordance with the electron count discussed above, the calculated total densities of states
(tDOS) of all tri-tetrelides (cf. Figure 12 and [10,11]) exhibit distinct minima close to 14 v.e., slightly
below the Fermi level. The M pDOS of c and h layers are plotted in the familiar color code, magenta
arrows indicate the position of the lone-electron pairs (l.e.p.) of the s-states of h-stacked M atoms.
The pDOS of the M atoms of the polyanion are separated into overall non-bonding M-s (−10...− 4 eV,
6 v.e./f.u.) and bonding M-p states (>−4 eV, 8 v.e./f.u.). As expected, this separation increases from the
stannides to the plumbides. The low Sr/Ba pDOS below EF (black lines in Figure 12) is in accordance
with the positive Bader charges (q) of the A cations and the pronounced electron transfer from the
alkaline-earth element towards the p block element. The cation charges vary slightly between +1.07
(BaPb3) and +1.26 (SrSn3) (Table 4). In mixed h/c stacked compounds, the different M atoms are
comparably negatively charged, which is in agreement with the equal formal electron demand and
the great importance of geometric parameters for the stacking sequences and the polyanion ‘coloring’.
Overall, the M charges vary between −0.34 and −0.42.
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Figure 12. Density of states of the calculated alkaline-earth tri-tetrelides (in eV relative to the Fermi
level; magenta/red: partial DOS of M atoms of a h/c layer).

The calculated electron density maps (cf. Figure 13 for a cross-section of the h layer in BaPb3-II)
exhibit bond (BCP) and ring (RCP) critical points of significant height ρBCP/RCP (>0.1 e−10−6 pm−3) for
all labelled M–M bonds. (In the tetrahedra/octahedra interstices ρ drops down to 0.02 e−10−6 pm−3).
Thereby ρBCP decrease with increasing M–M distances (Table 4). The largest values (i.e., strongest
bonds) are found for the edges of the face-sharing [M6] octahedra (label a in Figure 13). In the
calculated ELF of both the stannides and the plumbides, only this bond (and the l.e.p.) is recognizable
by a small maximum of approx. 0.6 (see also [4]). These three-membered rings are centered by distinct
ring critical points of heights between 0.15 (Pb compounds, cf. Figure 13) and 0.20 e−10−6 pm−3

(Sn compounds).

Ba(1)

Pb((1)

a

a 0

b

Figure 13. Cross-section of the calculated electron density map [e−10−6 pm−3] of the h section
of BaPb3-II.
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The remaining faces of all [M6] octahedra depicted in the structure drawings above are also
centered by RCP with somewhat smaller values of ρRCP. This and the analysis of the bandstructures of
the border compounds BaSn3, CaPb3 and BaPb3 themselves given in the literature [6,10,11,14,15] justify
the description of the covalent bonding contributions in the tri-tetrelides as ‘polyaromatic’, i.e., as
analogs of e.g., boron compounds. The M–M distances, which are considerably increased compared to
the single bond lengths, are also similar to the larger contacts observed e.g., in the electron-precise nido
clusters M 4 –

9 of several alkali stannides/plumbides [47–52].
Nevertheless, polar compounds of this structure family are known to be electronically somewhat

flexible and the minimum of the tDOS generally does not exactly coincide with the Fermi level.
The comparison of the tDOS of tri-tetrelides with varying h/c stacking ratio displays tendencies
towards a small decrease of the tDOS minimum with increasing h-stacked layers (cf. black arrows
in Figure 12). A similar trend is obvious in the tin series CaSn3/SrSn3/BaSn3, where the tDOS
minima are found at 13.9/13.3/13 v.e./f.u. [10]. This shift is in accordance with several experimental
observations [7,12,15], e.g., for Tl-substituted plumbides [16] and the series BaBi3–BaSn3 [18]: in both
cases, the amount of h stacked layers increases continuously with decreasing v.e. numbers.

4. Summary

The reported systematic experimental, crystallographic and bond-theoretical DFT study of the
series of mixed Sn/Pb (M) tri-tetrelides of Sr and Ba (A) AM3 allows the study of the geometric and
electronic criteria, which determine the stacking sequences of planar AM3 hexagonal layers in the large
family of close-packed AB3 structures. The series of new compounds starts at the binary tri-stannide
BaSn3 with a pure hexagonal h2 stacking (NiSn3-type), in which up to 28% of the Sn atoms can be
substituted against Pb. A further increased lead content of 47 to 66% causes the formation of the
BaSn2.6Bi0.4-type structure with a (hhhc)2 stacking. The stability range of the BaPb3-type sequence
(hhc)3 starts at a lead proportion of 78% and reaches up to the pure plumbide BaPb3. A second
new polymorph of BaPb3 forms the Mg3In-type structure with a further increased amount of cubic
sequences [(hhcc)3] and is thus isotypic with the border phase SrSn3 of the respective Sr series. In this
series, a Pb content of 32 to 41% creates an existence region of the PuAl3-type with a (hcc)2 stacking.
The series is terminated by the pure c stacking of SrPb3 (Cu3Au-type), which starts at 75% Pb. Even
though all compounds are metals, the calculated DOS exhibits pronounced pseudo band gaps slightly
below EF of 14 v.e./f.u. The minimum occurs independent of the type of stacking, so that geometric
parameters (radius ratio of the atoms/cations) are the main parameters determining the layer sequence.
The application of simple covalent bonding concepts (Zintl concept and Wade/Jemmis mno rules), which
is justified by the distinct bond and ring critical points of the electron density maps, the features of the
ELFs and the band structures themselves, allows for the explanation of these DOS minima at approx.
14 v.e./f.u. Nevertheless, metallic (i.e., steep bands crossing EF) besides the covalent (flat bands near
EF) features are the main characteristic of the band structures of the tri-tetrelides and determine their
specific physical properties like e.g., their superconductivity.
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Abstract: Two new fully ordered ternary Laves phase compounds, Ca2Pt3Ga and Ca2Pd3Ga, have
been synthesized and characterized by powder and single-crystal X-ray diffraction along with
electronic structure calculations. Ca2Pd3Ga was synthesized as a pure phase whereas Ca2Pt3Ga was
found as a diphasic product with Ca2Pt2Ga. Electronic structure calculations were performed to
try and understand why CaPt2 and CaPd2, which crystalize in the cubic MgCu2-type Laves phase
structure, distort to the ordered rhombohedral variant, first observed in the magneto-restricted TbFe2

compound, with the substitution of twenty-five percent of the Pt/Pd with Ga. Electronic stability
was investigated by changing the valence electron count from 22e−/f.u. in CaPd2 and CaPt2 (2x) to
37e−/f.u. in Ca2Pd3Ga and Ca2Pt3Ga, which causes the Fermi level to shift to a more energetically
favorable location in the DOS. The coloring problem was studied by placing a single Ga atom in
each of four tetrahedra of the cubic unit cell of the MgCu2-type structure, with nine symmetrically
inequivalent models being investigated. Non-optimized and optimized total energy analyses of
structural characteristics, along with electronic properties, will be discussed.

Keywords: coloring problem; band structure; structure optimizations; polar intermetallics; ternary
Laves phases; electronic structure; X-ray diffraction; total energy

1. Introduction

Platinum exhibits the second largest relativistic contraction of the 6s orbitals, second only to
Au [1], and has interesting catalytic properties, thus making it an interesting metal to study, especially
in reduced environments. Exploration of the Ca-Pt-X (X = Ga, In) system revealed a new ternary
compound, Ca2Pt3Ga, which turned out to be an ordered rhombohedral distortion of the MgCu2-type
Laves phase CaPt2. After Ca2Pt3Ga was synthesized, the Pd analog was targeted and successfully
prepared as an isostructural compound.

Laves phases are the largest class of intermetallic compounds with the general formula AB2.
Binary Laves phases primarily crystalize in one of three crystal structures: MgCu2, MgZn2, or
MgNi2 [2]. These structure types, which appear in a vast number of intermetallic systems, contain
topologically closed-packed Frank–Kasper polyhedra and have been intensely studied for magnetic
and magnetocaloric properties, hydrogen storage, and catalytic behavior [3–9]. The stability of Laves
phases has been described by using geometrical and electronic structure factors. Geometrical factors
include packing densities and atomic size ratios of A/B whereas electronic factors include valence
electron count (vec) and difference in electronegativities between A and B [10,11].

To tune the properties and structures of Laves phases, an addition via substitution of a third
element into the structure can be explored. The resulting ternary compounds can have mixing on
the A and B sites but retain the parent Laves phase structure or the structures can change into a fully
ordered ternary Laves phase that is a variant of the parent structure. The first ordered ternary Laves
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phase with the direct rhombohedral distortion of the MgCu2-type, first evidenced in the binary TbFe2

phase, which distorts via magnetostriction, was reported to be Mg2Ni3Si [11,12]. Recently, many
examples of this rhombohedral distortion, with varying vec, have been reported: RE2Rh3Si (RE = Pr,
Er), U2Ru3Si, Ce2Rh3+xSi1−x, RE2Rh3Ge, Ca2Pd3Ge, Sm2Rh3Ge, U2Ru3Ge, Mg2Ni3Ge [2], Mg2Ni3P,
and the heretofore only known gallides RE2Rh3Ga (RE = Y, La-Nd, Sm, Gd-Er).

The maximal translationengleiche subgroup of the Fd-3m space group that allows for the ordered
3:1 ratio of M:Ga atoms is R-3m [2,3,11]. Reported herein is the first extensive computational study
of the “coloring problem” [13] for this rhombohedral distortion of the cubic cell. Formation energies
and electronic structure calculations were performed on the binary and ternary Laves phases CaM2

and Ca2M3Ga (M = Pt, Pd) along with total energy calculations of various “coloring models” with the
same composition but different atomic arrangements or “colorings”.

2. Materials and Methods

2.1. Electronic Structure Calculations

Electronic structure calculations to obtain DOS and COHP curves for bonding analysis were
performed on CaM2 and Ca2M3Ga (M = Pd, Pt) using the Stuttgart Tight-Binding, Linear-Muffin-Tin
Orbital program with the Atomic Sphere Approximation (TB-LMTO-ASA) [14]. This approximation
uses overlapping Wigner-Seitz (WS) spheres surrounding each atom so that spherical basis functions,
i.e., atomic orbital (AO)-like wavefunctions, are used to fill space. The WS sphere radii used for
the various atoms are: Ca 3.403–3.509 Å, Pt 2.800–2.844 Å, Pd 2.864–2.865 Å, and Ga 2.800–2.951 Å.
The total overlap volume was 6.44% for the cubic Laves phase structures and 7.25% and 7.11%,
respectively, for Ca2Pt3Ga and Ca2Pd3Ga. No empty spheres were required to attain 100% space
filling of the unit cells. The exchange-correlation potential was treated with the von Barth-Hedin
formulation within the local density approximation (LDA) [15]. All relativistic effects except spin-orbit
coupling were taken into account using a scalar relativistic approximation [16]. The basis sets included
4s/(4p)/3d for Ca, 6s/6p/5d/(5f) for Pt, 5s/5p/4d/(4f) for Pd, and 4s/4p/(4d) for Ga (down-folded
orbitals are shown in parentheses). Reciprocal space integrations were performed using k-point meshes
of 1313 points for rhombohedral Ca2Pt3Ga and Ca2Pd3Ga and 145 points for cubic CaPt2 and CaPd2

in the corresponding irreducible wedges of the first Brillouin zones.
Structure optimization and total energy calculations were performed using the Vienna ab

Initio Simulation Package (VASP) [17,18], which uses projector augmented-wave (PAW) [19]
pseudopotentials that were treated with the Perdew–Burke–Ernzerhof generalized gradient
approximation (PBE-GGA) [20]. Reciprocal space integrations were accomplished over a 13 × 13 × 13
Monkhorst–Pack k-point mesh [21] by the linear tetrahedron method [22] with the energy cutoff for
the plane wave calculations set at 500.00 eV.

2.2. Synthesis

All ternary compounds were obtained by melting mixtures of Ca pieces (99.99%, Sigma-Aldrich,
St. Louis, MO, USA), Pt spheres (99.98%, Ames Laboratory, Ames, IA, USA) or Pd pieces (99.999%,
Ames Laboratory), Ga ingots (99.99%, Alfa Aesar, Haverhill, MA, USA), and, in some cases, including
Ag powder (99.9% Alfa Aesar). Samples of total weight ca. 300 mg were weighed out in a N2-filled
glovebox with <0.1 ppm moisture and sealed in tantalum tubes by arc-melting under an argon
atmosphere. To prevent the tantalum tubes from oxidizing during the heating process, they were
enclosed in evacuated silica jackets. The silica ampoules were placed in programmable furnaces and
heated at a rate of 150 ◦C per hour to 1050 ◦C, held there for 3 h, then cooled at 50 ◦C per hour to
850 ◦C and annealed for 5 days. The samples were then cooled at 50 ◦C per hour to room temperature.
Ca2Pt3Ga crystals were obtained from a loading of “Ca2Pt3Ga0.85Ag0.15”, whereas Ca2Pd3Ga crystals
were obtained from stoichiometric mixtures of these elements.
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2.3. Powder X-ray Diffraction

All samples were characterized by powder X-ray diffraction on a STOE WinXPOW powder
diffractometer using Cu Kα radiation (λ = 1.540598 Å). Each sample was ground using an agate mortar
and pestle and then sifted through a US standard sieve with hole sizes of 150 microns. All powder
specimens were fixed on a transparent acetate film using a thin layer of vacuum grease, covered
by a second acetate film, placed in a holder and mounted in the X-ray diffractometer. Scattered
intensities were recorded using a scintillation detector with a step size of 0.03◦ in 2Θ using a step scan
mode ranging from 0◦ to 130◦. Phase analysis was performed using the program PowderCell [23]
by overlaying theoretical powder patterns determined from single crystal X-ray diffraction over the
powder patterns determined experimentally.

2.4. Single Crystal X-ray Diffraction

Single crystals were extracted from samples and mounted on the tips of thin glass fibers. Intensity
data were collected at room temperature on a Bruker SMART APEX II diffractometer with a CCD area
detector, distance set at 6.0 cm, using graphite monochromated Mo Kα radiation (λ= 0.71073 Å). The
data collection strategies were obtained both by a pre-saved set of runs as well as from an algorithm in
the program COSMO in the APEX II software package [24]. Indexing and integration of data were
performed with the program SAINT in the APEX II package [24,25]. SADABS was used to apply
empirical absorption corrections [24]. Crystal structures were solved by direct methods and refined
by full-matrix least squares on F2 using SHELXL [26]. The final refinements were performed using
anisotropic displacement parameters on all atoms. All crystal structure figures were produced using
the program Diamond [27].

3. Results

3.1. Phase Analysis

Ca2Pt3Ga has been synthesized, but not as a pure phase. Using high temperature reactions, this
compound can only be synthesized with the addition of a small quantity of silver in the loaded reaction
mixture. Without adding silver the binary cubic Laves phase CaPt2 forms as the major product as well
as a small amount of some unidentified phase(s) according to X-ray powder diffraction. At reaction
and annealing temperatures, Ga, Ca, and Ag are molten and their respective binary phase diagrams
indicate miscibility. As Pt dissolves into the liquid, we hypothesize that the presence of Ag slows the
reaction rate between Ca and Pt to form CaPt2 and allows Pt and Ga to achieve sufficient mixing in
the liquid before crystallizing into Ca2Pt3Ga. However, even when synthesized with the addition of
silver and at 1050 ◦C, Ca2Pt3Ga does coexists with Ca2Pt2Ga and the binary CaPt2. Figure 1 shows the
powder pattern for the sample loaded as “Ca2Pt3Ga0.85Ag0.15” along with the theoretical patterns for
the Ca2Pt3Ga and Ca2Pt2Ga. Peak fitting analysis performed with Jana [28] can be found in Figure S1
along with relative contributions of the three phases.

Three samples with varying silver content, viz., 2.50, 8.33, and 14.29 mole percent Ag, were
examined. According to the XPD patterns (see Figure S3 in Supporting Information), as the silver
content increased, the yield of Ca2Pt2Ga increased. The outcome was also successfully reproducible
for the loading “Ca2Pt3Ga0.85Ag0.15” (see Figure S4).

On the other hand, Ca2Pd3Ga can be prepared without the addition of silver. Since Ag and Pd
have similar X-ray scattering factors, using Ag for the synthesis of Ca2Pd3Ga would present distinct
challenges for subsequent characterization. Fortunately, a stoichiometric loading yielded Ca2Pd3Ga
essentially as a pure phase product, with two non-indexed peaks at 2θ values of 20.0◦ and 32.8◦

most likely coming from a slight impurity of Ca3Pd2Ga2 (see Figure 2). Figure S2 shows the Rietveld
refinement of Ca2Pt3Ga. Both compounds Ca2Pt3Ga and Ca2Pd3Ga degrade in air after approximately
two weeks.
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Figure 1. Powder Patterns for Ca2Pt3Ga showing the existence of Ca2Pt2Ga in the system.

Figure 2. Powder pattern of sample loaded as Ca2Pd3Ga. * = non-indexed peaks coming from slight
Ca3Pd2Ga2 impurity.

3.2. Structure Determination

Several single crystals were selected from the loaded samples and tested on a Bruker SMART
APEX II single crystal diffractometer for quality. Among those, the best 3 samples for Ca2Pt3Ga and
Ca2Pd3Ga were examined. The results of single crystal X-ray diffraction on these crystals are found in
Table 1 and Table S3. Ca2M3Ga (M = Pt, Pd) crystallize in the Y2Rh3Ge structure type [29], which is a
rhombohedral distortion of the cubic Laves phase MgCu2-type structure, as discussed by Doverbratt
et al. [3] and Siggelkow et al. [2]. The M atoms occupy 9e Wyckoff positions which buildup 3.6.3.6
Kagomé nets orthogonal to the c-axis [2]. The Ga atoms cap alternate triangular faces of the Kagomé net
and themselves form hexagonal nets. The Ga and M atoms are each coordinated by 6 Ga or M atoms.
Nine M and three Ga atoms surround each Ca atom in a slightly distorted Frank-Kasper polyhedral
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environment. The rhombohedral structure of Ca2M3Ga has no Ga-Ga nearest neighbor interactions,
with distances (6×/6×) of 5.2361(9)/5.576(1) Å and 5.2331(6)/5.6326(8) Å for the Pt and Pd cases,
respectively [3]. For the binary compounds CaM2, each type of nearest neighbor interaction, i.e., Ca-Ca,
Ca-M, and M-M, has a single length. When the structure distorts rhombohedrally to incorporate Ga
atoms, the Ca-Ca and Ca-M contacts each split into two different distances: there are three shorter and
one longer Ca-Ca interactions; whereas six Ca-M interactions that are longer and three shorter. Atomic
positions and anisotropic displacement parameters for both compounds can be found in Tables S1
and S2.

Table 1. Crystallographic information for Ca2Pt3Ga and Ca2Pd3Ga.

Sample Ca2Pt3Ga Ca2Pd3Ga

Space Group R-3m R-3m

Unit Cell Dim. a = 5.576(1) Å
c = 12.388(3) Å

a = 5.6326(8) Å
c = 12.300(2) Å

Volume 333.6(2) Å3 337.9(1) Å3

Z 3 3
Theta range for data collection 4.530 to 28.922◦ 4.495 to 49.319◦

Index ranges −7 ≤ h ≤ 7, −7 ≤ k ≤ 7, −16 ≤ l
≤ 16

−11 ≤ h ≤ 11, −11 ≤ k ≤ 11, −26
≤ l ≤ 26

Reflections Collected 1321 4878
Independent Reflections 126 [R(int) = 0.0485 460 [R(int) = 0.0585]

Data/restraints/parameters 126/0/11 460/0/11
Goodness-of-fit 1.078 1.091

Final R indices [I > 2sigma(l)] R1 = 0.0179, wR2 = 0.0403 R1 = 0.0208, wR2 = 0.0403
R indices (all data) R1 = 0.0179, wR2 = 0.0403 R1 = 0.0251, wR2 = 0.0414

Extinction Coefficient 0.0008(1) 0.0036(3)
Largest diff. peak and hole 3.366 and −2.052 e·Å−3 1.697 and −2.657 e·Å−3

3.3. Coloring Models and Electronic Structure Calculations

To elucidate the driving force that leads to the rhombohedral arrangement of Pt/Pd and Ga
atoms in the majority atom positions of the cubic Laves phase, Burnside’s lemma [30] was used to
construct nine distinct structural models for the unit cells formulated as Ca8[M3Ga]4 [31]. These
models are illustrated in Figure S5 along with their respective space groups. The total energy of each
model, listed in Table 2, was calculated using VASP without optimization. These results show that
the rhombohedral model (α) is the lowest in energy. There are three models that have no nearest
neighbor Ga-Ga interactions, these include the rhombohedral coloring, a cubic coloring (μ), and an
orthorhombic coloring (γ). The rhombohedral and cubic models are the two lowest in energy before
optimization, whereas the orthorhombic coloring is the second highest in energy.

Table 2. Total energy of non-optimized and optimized coloring models showing optimized
Ga-Ga distances.

Ca2Pt3Ga Ca2Pd3Ga

Model
Ga-Ga

Distance (Å)
meV

Non-Optimized
meV

Optimized
# Ga-Ga

Interactions
meV

Optimized
meV

Non-Optimized
Ga-Ga

Distance (Å)

Alpha 5.276 0 0 0 0 0 5.282
Beta 2.755 +38.5 +78.8 1 +68.1 +30.5 2.732
Delta 2.811 +62.1 +121.8 2 +121.8 +59.3 2.775

Epsilon 2.808 +50.8 +95.7 1 +73.0 +36.0 2.800
Gamma 4.738 +140.7 +56.0 0 +26.0 +92.0 4.791

Iota 2.931 +70.5 +113.4 2 +104.7 +61.2 2.922
Mu 4.709 +37.6 +71.0 0 +66.5 +13.3 4.653

Theta 2.950 +203.0 +289.4 6 +256.6 +155.5 2.909
Zeta 2.824 +97.6 +168.6 3 +150.0 +81.1 2.798
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All models were then optimized using VASP by allowing all structural parameters, including
volume, cell shape, and atomic coordinates, to relax. The energies of the optimized structures can
also be found in Table 2. Details of the optimized structures can be found in Tables S5–S13. After
optimization, the rhombohedral model remains the lowest energy with the orthorhombic and cubic
models coming in second and third lowest energy. The orthorhombic (γ) model optimized to a
monoclinic unit cell, a �= b �= c and only β = 90◦, while the other two models retained their symmetry
through the optimization. As the energies increase for the various optimized structures, the number
of nearest neighbor Ga-Ga interactions increases and the corresponding Ga-Ga distances decrease.
Table 2 lists the energies after optimization as well as the resulting nearest Ga-Ga distance showing the
correlation between total energy and Ga-Ga interactions.

Calculations have shown that the rhombohedral model is the lowest energy both before and
after optimization. This leads to the question of how does the rhombohedral structure arise from the
“cubic” arranged starting point? The “cubic” starting point, for Ca2Pt3Ga, has a lattice parameter of
7.598 Å and a body diagonal distance of 13.160 Å. The primitive rhombohedral unit cell, within the
face-centered cubic cell, has angles equal to 60◦ before optimization. After optimization these angles are
57.825◦ and 57.515◦ for Ca2Pt3Ga and Ca2Pd3Ga respectively. This collapsing of the angles, comprising
the primitive unit cell, causes the expansion of the body diagonal. Optimization expands the lattice
parameter by 1.43% to 7.708 Å. However, during optimization, the body diagonals do not expand
congruently. Three body diagonals are congruent with a length of 13.627 Å while the fourth body
diagonal shrinks to 12.482 Å. In the Pd case the three equivalent body diagonals are 13.754 Å while the
fourth body diagonal shrinks to 12.412 Å. The shorter body diagonal is parallel to the direction that the
Ga atoms are located in each of the four tetrahedra in the unit cell (see Figure 3). Calculated ICOHP
values for the “cubic” starting point indicate that the Pt-Ga bonds (ICOHP = −1.857 eV) would become
shorter as compared with the Pt-Pt bonds (ICOHP = −0.775 eV). These ICOHP values shed light on the
driving force behind the corresponding distortion of the cubic unit cell to the rhombohedral structure
by substituting Ga for Pd/Pt: shorter Pt-Ga contacts will contract one body-diagonal of the cubic cell.

 

Figure 3. “Cubic” arranged starting point with 4 congruent body diagonals (left) optimized
rhombohedral unit cell (right) with 3 body diagonals of 13.627 Å and 1 body diagonal of 12.482 Å. Red
colored bonds shrink during optimization causing the reduction in body diagonal length from 011 to
100. Blue, black, and red atoms are Ca, Pt, and Ga respectively.

All “coloring” calculations performed above were evaluated for the case of vec = 37e−/f.u. Models
were also created for the Ca2Pd3Ge to determine if there were any differences by changing the vec to
38 e−/f.u. The energies of the non-optimized and optimized colorings can be found in Table S4, and
the results show the same trends as those for Ca2M3Ga (M = Pd, Pt): the lowest energy model shows
rhombohedral coloring and the largest Ge-Ge nearest neighbor distance.
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To shed light on the nature of the distortion of the cubic Laves phase structure of CaM2 (M = Pd,
Pt) upon the substitution of Ga for M and their stability, various total energies as well as the density of
states (DOS) and crystal orbital Hamilton population (COHP) curves were determined for the binaries
CaM2 and ternaries Ca2M3Ga (M = Pd,Pt). With respect to the elemental solids, the binaries CaM2

and ternaries Ca2M3Ga are favored. For the experimental structures, CaPt2 has an especially high
formation energy compared to CaPd2; the experimental volume of CaPt2 is ca. 10 Å3/formula unit
smaller than that of CaPd2, although Pt is slightly larger than Pd (the 12-coordinate metallic radii are
1.39 (Pt) and 1.37 (Pd) [32]. This outcome may be an indication of relativistic effects on the valence
orbitals of Pt, effects which can enhance empty d-filled d Ca-Pt 3d-5d interactions as compared to Ca-Pd
3d-4d interactions.

Total energy calculations for the “reactions” 2CaPt2 + Ga → Ca2Pt3Ga + Pt and 2CaPd2 + Ga →
Ca2Pd3Ga + Pd illuminate significant aspects of the relative stability and formation of the ternaries.
Both “reactions” yield favorable ΔE values, respectively, of −0.297 and −0.599 eV, and they can be
separated into the sum of three hypothetical but revealing steps: (1) elemental substitution of Ga for
M with no metric changes (volume, unit cell shape) in the cubic Laves phase structure; (2) volume
change for the ternary without change in unit cell shape; and (3) distortion of the unit cell shape of
the ternary at constant cell volume. Table 3 summarizes these results. The difference in overall total
energies essentially arises from the energetic difference for step (1) between Pt and Pd cases: replacing
Pt with Ga is energetically unfavorable whereas Pd for Ga is favorable. Since Ga (metallic radius of
1.50 Å [32]) is larger than either Pt or Pd, these energy differences reflect, in part, volume effects, but
also are influenced by the relative Mulliken electronegativities [33], which increase Ga (3.2 eV) to Pd
(4.45 eV) to Pt (5.6 eV). In the second step, both structures favorably expand by over 3% (based on unit
cell volume) with slight energetic lowering. In the third step, both lattice distortions provide similar
energetic stabilizations.

Table 3. Relative total energies (eV) for conversion of binary cubic Laves phases CaM2 into ternary
rhombohedral derivatives Ca2M3Ga (M = Pd, Pt). * = cubic unit cell metric with volume matching the
corresponding binary compound; ** = cubic unit cell metric with volume matching the corresponding
rhombohedral ternary compound. Specific total energies (eV/formula unit) for each component are
listed in Supporting Information.

2 CaPd2 + Ga → Ca2Pd3Ga + Pd ΔE = −0.599 eV

(1) 2 CaPd2 + Ga → Ca2Pd3Ga * + Pd ΔE = −0.258 eV
(2) Ca2Pd3Ga * → Ca2Pd3Ga ** ΔE = −0.042 eV
(3) Ca2Pd3Ga ** → Ca2Pd3Ga ΔE = −0.299 eV

2 CaPt2 + Ga → Ca2Pt3Ga + Pt ΔE = −0.297 eV

(1) 2 CaPt2 + Ga → Ca2Pt3Ga * + Pt ΔE = +0.115 eV
(2) Ca2Pt3Ga * → Ca2Pt3Ga ** ΔE = −0.088 eV
(3) Ca2Pt3Ga ** → Ca2Pt3Ga ΔE = −0.324 eV

We now consider some specific aspects of the electronic structures of the binary CaM2 and ternary
Ca2M3Ga. The DOS and COHP for CaPt2 are shown in Figure 4; the DOS shows a significant sharp
peak at the Fermi level which suggests a potential electronic instability.
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Figure 4. DOS (left) and -COHP (right) for CaPt2 with +/− indicating bonding/antibonding values of
COHP curves. Ca-Ca and Ca-Pt interactions are magnified for comparison.

The precise reason for this peak and the possible instability has not been forthcoming to date and
an electronic structure investigation was performed. Analysis of the band structure at the Fermi level,
specifically at the W point, because there are bands with nearly zero slope near this point, shows that
the Pt 5d atomic orbitals are major contributors to this peak. For each Pt atom the orbital contribution is
split approximately as 80 percent 5d and 20 percent 6p, and the primary interatomic orbital interactions
are 5d-5d π* interactions. Spin-orbit coupling was added to the Hamiltonian operator of CaPt2 to see if
the peak at the Fermi level would be affected. Figure S6 shows the DOS curve and band structure for
these calculations. The degeneracies in the band structure at the high symmetry k-points are removed
by the spin-orbit coupling; however, the peak at EF is not affected. Furthermore, the application of
spin-orbit coupling would only converge with a unit cell expanded by ~1.1 Å. A second hypothesis
was to consider that vacancies might be playing a role to stabilize the structure. DOS calculations
were subsequently performed using VASP on “Ca8Pt15” and “Ca8Pt12” models to see the effect of
vacancies on the peak at EF; these results can be seen in Figure S7. The peak is no longer present in the
“Ca8Pt12” model only when all 4 vacancies are adjacent to each other so that the resulting defect Laves
phase structure is missing an entire tetrahedron per unit cell. Lastly, DOS curves calculated for AEM2

(AE = Ca, Sr, Ba; M = Ni, Pd, Pt), shown in Figure S8, indicate that as the size of the alkaline earth
metal increases, the peak in the DOS moves away from EF. These calculations have not identified the
reason behind the potential electronic instability in CaM2 and now the possibility of superconductivity
is being investigated.

The Pt 5d band dominates the overall occupied DOS of CaPt2 and the majority contribution to the
overall polar covalent bonding via ICOHP values arises from Pt-Pt interactions, which switch from
bonding to antibonding at an energy value corresponding to 12.42 e−/formula unit. At the Fermi level,
the Pt-Pt COHP curve shows a small antibonding peak, whereas the Ca-Pt and Ca-Ca COHPs show a
small bonding peak. On transitioning to Ca2Pt3Ga, the peak at the Fermi level in the DOS of CaPt2

has all but disappeared in the DOS curve of Ca2Pt3Ga (see Figure 5). There is a large range from ca.
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−1.5 to +1 eV over which the DOS of Ca2Pt3Ga remains flat. The COHP curves have also changed in
that the Pt-Pt interactions still transition to antibonding at −2.60 eV, although around the Fermi level
they are mostly nonbonding rather than antibonding. Overall, at the Fermi level there are now no
small peaks but mostly constant intensities of nonbonding or slightly bonding interactions with the
Ca-Pt interactions still contributing the most to overall bonding.

Figure 5. DOS (left) and COHP (right) for Ca2Pt3Ga with +/− indicating bonding/antibonding values
of COHP curves. Ca-Ca and Ca-Ga interactions magnified for comparison.

The DOS and COHP curves for CaPd2 (see Figure 6) and Ca2Pd3Ga (see Figure 7) look similar
overall to those described above for the Pt counterparts, although there are a few distinct differences.
The peak at the Fermi level in the DOS for CaPd2 as well as the antibonding Pd-Pd peak in the COHP
are not as intense nor as sharp as those observed for CaPt2. The Pd-Pd interactions transition from
bonding to antibonding at an energy which corresponds to 15.36 eV/formula unit. There is a similar
minimum in the Pd 4d states at −1.40 eV which corresponds to 7.5 4d electrons/Pd. The DOS and
COHP for Ca2Pd3Ga are similar to those for Ca2Pt3Ga. There is again a large energy range from ca.
−1.8–1.8 eV over which the DOS remains flat.
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Figure 6. DOS (left) and COHP (right) calculated for CaPd2 with +/− indicating bonding/antibonding
values of COHP curves. Ca-Pd and Ca-Ca interactions magnified for comparison.

Figure 7. DOS (left) and COHP (right) calculated for Ca2Pd3Ga with +/− indicating
bonding/antibonding values of COHP curves. Ca-Ca and Ca-Ga interactions magnified
for comparison.

Tables S14–S17 contain the percent contributions of each type of interaction to the overall
integrated COHP (ICOHP) values. These can be used as an indication to determine the bond energy
contribution to the stability of a structure. The cubic binary Laves phases are dominated by the M-M
(M = Pd, Pt) interactions at 62.95 and 58.41% for CaPt2 and CaPd2, respectively, whereas the Ca-Ca
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interactions lend little to the overall ICOHP at only 1.47% and 2.12% for CaPt2 and CaPd2, respectively.
The rest is made up by the Ca-M interactions. For the ternary compounds, there is a significant drop in
the contributions from M-M interactions to the total polar-covalency because the majority of the total
ICOHP comes from Ca-M and M-Ga interactions. In Ca2Pt3Ga, the Pt-Pt contribution is just 29.95%,
and in Ca2Pd3Ga, the Pd-Pd contribution is 24.40%. The Ca-M and M-Ga interactions contribute
~30% each in both ternary compounds. Furthermore, in the ternary compounds, there are now Ca-Ga
interactions that account for 5.81% and 7.89%, respectively, in Ca2Pt3Ga and Ca2Pd3Ga. The Ca-Ca
bond populations continue to contribute less than 2.5% in all cases.

The analysis of the integrated Hamilton population curves to study the interatomic interactions is
useful for mainly two-center interactions, and the use of crystal orbital overlap population (COOP)
analysis has been applied to examine cubic vs. hexagonal Laves phases [34]. However, multi-center
chemical bonding in Laves phases has also been described using an electron localizability indicator [35].
Laves phases AB2 with a small electronegativity difference between the two components exhibit
enhanced multi-center bonding because the effective charge transfer between A and B is small.
However, if the electronegativity difference between A and B is large, the correspondingly greater
effective charge transfer can lead to polyanions [35]. CaPt2 and CaPd2 are cases with a large
electronegativity difference between the A and B atoms (3.2 eV for CaPt2 and 2.25 eV for CaPd2 [33]),
but there most likely exists some multi-center bonding in these compounds, especially between the
faces of the transition metal tetrahedra and the Ca atoms, bonding which would be affected by the
substitution of one of the Pt or Pd atoms by Ga. The electronegativity difference between Ga and Ca
is not as large (1.0 eV [33]), which creates less charge transfer between Ca and Ga and thereby shifts
the valence electron density as compared to the binary structures. Electron localizability indicators
were not evaluated during this study, but they would provide useful information regarding specifics
of multi-center interactions in the ternary derivatives.

4. Conclusions

Two new fully ordered ternary gallium-containing Laves phase compounds, Ca2Pt3Ga and
Ca2Pd3Ga, were synthesized and characterized by X-ray diffraction and electronic structure
calculations. The compounds crystallize in a rhombohedrally distorted cubic MgCu2-type structure.
Ca2Pd3Ga was synthesized as a pure phase whereas Ca2Pt3Ga was only found co-existing with
Ca2Pt2Ga and CaPt2 and required the addition of small amounts of Ag to form. Total energy
calculations performed on nine symmetrically inequivalent “coloring models” indicated that the
rhombohedral coloring gave the lowest energy by 78.8 meV and 68.1 meV in the Pt and Pd cases
respectively. ICOHP values from the “cubic” starting arrangement indicate that the M-Ga bonds tend
to become shorter vs. M-M contacts. These shorter bonds cause a shrinking of the body diagonal from
the corner of 011 to 100 which gives rise to the rhombohedrally distorted unit cell.

This computational study supports the group–subgroup relationship that R-3m is the highest
maximal subgroup of Fd-3m and allows a fully ordered structure with the 3:1 ratio of M:Ga atoms.
The rhombohedral coloring is the lowest energy way to color the “B” network in the Laves phase so
that the Ga atoms avoid all homoatomic interactions and have the furthest nearest neighbor distance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/8/5/186/
search.html. Ca2Pt3Ga: 3000193, Ca2Pd3Ga: 3000192.
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Abstract: The REPt2Al3 compounds of the late rare-earth metals (RE = Y, Dy–Tm) were found to
crystallize isostructural. Single-crystal X-ray investigations of YPt2Al3 revealed an orthorhombic
unit cell (a = 1080.73(6), b = 1871.96(9), c = 413.04(2) pm, wR2 = 0.0780, 942 F2 values, 46 variables)
with space group Cmmm (oC48; q2pji2hedb). A comparison with the Pearson database indicated that
YPt2Al3 forms a new structure type, in which the Pt and Al atoms form a [Pt2Al3]δ− polyanion
and the Y atoms reside in the cavities within the framework. Via a group-subgroup scheme,
the relationship between the PrNi2Al3-type structure and the new YPt2Al3-type structure was
illustrated. The compounds with RE = Dy–Tm were characterized by powder X-ray diffraction
experiments. While YPt2Al3 is a Pauli-paramagnet, the other REPt2Al3 (RE = Dy–Tm) compounds
exhibit paramagnetic behavior, which is in line with the rare-earth atoms being in the trivalent
oxidation state. DyPt2Al3 and TmPt2Al3 exhibit ferromagnetic ordering at TC = 10.8(1) and 4.7(1) K
and HoPt2Al3 antiferromagnetic ordering at TN = 5.5(1) K, respectively. Attempts to synthesize
the isostructural lutetium compound resulted in the formation of Lu2Pt3Al4 (Ce2Ir3Sb4-type, Pnma,
a = 1343.4(2), b = 416.41(8), c = 1141.1(2) pm), which could also be realized with thulium. The structure
was refined from single-crystal data (wR2 = 0.0940, 1605 F2 values, 56 variables). Again, a polyanion
with bonding Pt–Al interactions was found, and the two distinct Lu atoms were residing in the
cavities of the [Pt3Al4]δ– framework. X-ray photoelectron spectroscopy (XPS) measurements were
conducted to examine the electron transfer from the rare-earth atoms onto the polyanionic framework.

Keywords: intermetallics; crystal structure; group-subgroup; magnetic properties; XPS

1. Introduction

In the field of intermetallic compounds [1,2], some structure types are found with an impressive
number of entries listed in the Pearson database [3]. Amongst them are the binary Laves phases
of the MgCu2-type (Fd3m) [4] and MgZn2-type (P63/mmc) [5] structures (together with more than
5500 entries), the cubic Cu3Au-type (Pm3m, >1950 entries) structures [6], and the hexagonal CaCu5-type
(P6/mmm, >1650 entries) structures [7]. For ternary intermetallic compounds, the tetragonal
body-centered ThCr2Si2-type (I4/mmm, >3250 entries) [8], the orthorhombic TiNiSi-type (Pnma,
>1550 entries), and the hexagonal ZrNiAl-type (P62m, >1450 entries) [9] representatives show a
broad variety of compounds with numerous, different elemental combinations. The structures and
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physical properties of the equiatomic RETX (RE = rare-earth element, T = transition metal, X = element
of group 12–15) representatives have been recently summarized in a series of review articles [10–13].

Derived from the binary CaCu5-type structure, two prototypic ternary representatives with
different chemical compositions have been reported: the CeCo3B2- [14] and the PrNi2Al3-type [15]
structures. From a crystal chemical point of view, YNi2Al3 is also worth mentioning [16], because
this compound can be considered to be an i3-superstructure of the PrNi2Al3-type structure. Recently,
an i7-superstructure of PrNi2Al3 has also been reported, which was also found for ErPd2Al3 [17].
Our interests in the compounds of the REPt2Al3 series originate from the fact that only CePt2Al3
(PrNi2Al3-type) has been reported previously [18]. Therefore, we synthesized and characterized the
missing members of the REPt2Al3 series with the late, small rare-earth elements. From a basic research
point of view, investigations of the magnetic ground state of the open f -shell rare-earth atoms are also
of great interest.

2. Experimental

2.1. Synthesis

The starting materials for the synthesis of the REPt2Al3 and RE2Pt3Al4 samples were pieces
of the sublimed rare-earth elements (Y, Dy–Tm, and Lu from Smart Elements), platinum sheets
(Agosi), and aluminum turnings (Koch Chemicals), all with stated purities better than 99.9%. For the
REPt2Al3 compounds (RE = Y, Dy–Tm), the elements were weighed in the ideal 1:2:3 atomic ratio
and arc-melted [19] in a water-cooled copper hearth under 800 mbar of argon pressure. The argon
gas was purified with a titanium sponge (873 K), molecular sieves, and silica gel. Re-melting of the
obtained buttons from each site several times enhanced the homogeneity. The as-cast buttons of the
yttrium compound were crushed, and the fragments were sealed in quartz ampoules, placed in the
water-cooled sample chamber of a high-frequency furnace (Typ TIG 5/300, Hüttinger Elektronik,
Freiburg, Germany) [20], and heated until a softening of the piece was observed. The power was
subsequently reduced by 10%, and the sample was kept at this temperature for 120 min before being
cooled to room temperature. The other samples were annealed in muffle furnaces. They were heated
to 1223 K and then kept at this temperature for 14 days, followed by slow cooling until they reached
573 K. Afterwards, the furnace was switched off. These different annealing procedures led to X-ray
pure samples suitable for physical properties measurements. For the RE2Pt3Al4 compounds (RE = Tm,
Lu), the elements were weighed in the ideal 2:3:4 atomic ratio and arc-melted as described above.
Again, an annealing step in a high-frequency furnace was subsequently conducted. The specimens are
stable in air over weeks and show metallic luster; the ground samples are grey.

2.2. X-ray Image Plate Data and Data Collections

The polycrystalline samples were characterized at room temperature by powder X-ray diffraction
on a Guinier camera (equipped with an image plate system, Fujifilm, Nakanuma, Japan, BAS-1800,)
using Cu Kα1 radiation and α-quartz (a = 491.30, c = 540.46 pm, Riedel-de-Haën, Seelze, Germany) as
an internal standard. The lattice parameters (Table 1) were obtained from a least-squares fit. Proper
indexing of the diffraction lines was ensured by an intensity calculation [21].

Irregularly shaped crystal fragments of the YPt2Al3 and Lu2Pt3Al4 compounds were obtained
from the annealed crushed buttons. The crystals were glued to quartz fibers using beeswax,
and their quality was checked by Laue photographs on a Buerger camera (white molybdenum
radiation, image plate technique, Fujifilm, Nakanuma, Japan, BAS-1800) for intensity data collection.
The datasets were collected on a Stoe StadiVari four-circle diffractometer (Mo-Kα radiation
(λ = 71.073 pm); μ-source; oscillation mode; hybrid-pixel-sensor, Dectris Pilatus 100 K [22]) with
an open Eulerian cradle setup. Numerical absorption correction along with scaling was applied to
the datasets. All relevant crystallographic data, deposition, and details of the data collection and
evaluation are listed in Tables 2–8. Further details of the crystal structure investigation may be
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obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany
(Fax: +49-7247-808-666; E-Mail: crysdata@fiz-karlsruhe.de, http://www.fiz-karlsruhe.de/request_
for_deposited_data.html) by quoting the depository numbers CSD-434174 (YPt2Al3) and CSD-434175
(Lu2Pt3Al4).

2.3. Energy Dispersive X-ray Spectroscopy (EDX) Data

The crystals measured on the diffractometer were analyzed semi-quantitatively using a Zeiss
EVO MA10 scanning electron microscope with YF3, TmF3, LuF3, Pt, and Al2O3 as standards. No
impurity elements heavier than sodium (the detection limit of the instrument) were observed.
The experimentally determined element ratios (YPt2Al3: 18 ± 2 at.% Y: 29 ± 2 at.% Pt: 53 ± 2 at.%
Al; and Lu2Pt3Al4: 20 ± 2 at.% Y: 36 ± 2 at.% Pt: 44 ± 2 at.% Al) were in close agreement with
the ideal compositions (16.7:33.3:50 and 22.2:33.3:44.5), respectively. The deviations resulted from
the irregular shape of the crystal surfaces (conchoidal fracture). Additionally, polycrystalline pieces
from the annealed arc-melted buttons were embedded in a methylmethacrylate matrix and polished
with diamond and SiO2 emulsions of different particle sizes. During the first attempts to synthesize
TmPt2Al3 and LuPt2Al3, phase segregation was observed; the secondary phases had the compositions
Tm2Pt3Al4 and Lu2Pt3Al4.

2.4. Magnetic Properties Measurements

Fragments of the annealed buttons of the X-ray pure REPt2Al3 phases were attached to the
sample holder rod of a vibrating sample magnetometer (VSM) unit using Kapton foil for measuring
the magnetization M(T, H) in a Quantum Design physical property measurement system (PPMS).
The samples were investigated in the temperature range of 2.5–300 K with external magnetic fields up
to 80 kOe. The magnetic data are summarized in Table 9.

2.5. X-ray Photoelectron Spectroscopy (XPS)

XPS was performed using an ESCALAB 250 Xi instrument (Thermo Fisher, East Grinsted, UK)
with mono-chromatized Al Kα (hν = 1486.6 eV) radiation. All samples were cleaned by Ar+ sputtering
(MAGCIS ion gun, 36 keV) for 60 s to remove adventitious carbon. High-resolution spectra were
measured with pass energies of 10 eV (Pt 4f, Al 2s, Al 2p, and C 1s) and 20 eV (Y 3d and Pr 3d). Peak
deconvolution was performed using a Gaussian-Lorentzian peak shape by the software Avantage
(Thermo Fisher). All spectra were referenced to remaining adventitious carbon at 284.8 eV. Because of
the overlap of the Pt 4f and Al 2p signals, Al 2s was used for Al quantification. The obtained data are
summarized in Table 10.

3. Results and Discussion

During attempts to synthesize aluminum intermetallics with the composition REPt2Al3,
well-resolved X-ray powder patterns for the small rare-earth elements RE = Y, Dy–Tm were observed.
For the thulium compound, additional reflections showed up in the unannealed sample, which were
initially interpreted as impurities. Subsequently, single crystals from the yttrium sample were isolated
and structurally investigated (vide infra). The large and early rare-earth elements (RE = La–Nd, Sm,
Gd, and Tb) do not form the same structure type. Investigations on the structures formed by these
elements are still ongoing. Attempts to synthesize LuPt2Al3 also yielded a diffraction pattern different
from the slightly larger rare-earth elements Dy–Tm. As cast specimen, TmPt2Al3 and LuPt2Al3 were
subsequently investigated by scanning electron microscopy coupled with energy dispersive X-ray
spectroscopy (SEM/EDX). The impurity phase in TmPt2Al3 and the main phase in nominal LuPt2Al3
were found to be Tm2Pt3Al4 and Lu2Pt3Al4, respectively. Finally, samples with these compositions
were prepared, and single crystals from Lu2Pt3Al4 were isolated and investigated.
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3.1. Structure Refinements

A careful analysis of the obtained intensity dataset of YPt2Al3 revealed an orthorhombic
C-centered lattice. The centrosymmetric group Cmmm was found to be correct during structure
refinement. A systematic check of the Pearson database [3], using Pearson code oC48 and Wyckoff
sequence q2pji2hedb, gave no matches; hence, YPt2Al3 must be considered a new structure type.
The starting atomic parameters were obtained using SuperFlip [23], implemented in Jana2006 [24,25].
The structure was refined on F2 with anisotropic displacement parameters for all atoms. As a check for
the correct composition and site assignment, the occupancy parameters were refined in a separate series
of least-squares cycles. All sites were fully occupied within three standard deviations. No significant
residual peaks were evident in the final difference Fourier syntheses. At the end, the positional
parameters were transformed to the setting required for the group-subgroup scheme discussed below.
Figure 1 depicts the X-ray powder diffraction pattern of YPt2Al3 along with the calculated pattern
obtained using the positional information from the single-crystal structure refinement.

Lu2Pt3Al4 was also found to crystallize in the orthorhombic crystal system with space group
Pnma. A comparison with the Pearson database [3], using Pearson code oP36 and Wyckoff sequence
c9, indicated isotypism with Ce2Ir3Sb4 [26,27]. The structure was refined on F2 with anisotropic
displacement parameters for all atoms. As a check for the correct composition and site assignment,
the occupancy parameters were refined in a separate series of least-squares cycles. All sites were fully
occupied within three standard deviations. No significant residual peaks were evident in the final
difference Fourier syntheses. In the powder X-ray diffraction experiments, trace amounts of TmPtAl
or LuPtAl (TiNiSi-type) were evident. Thermal treatment was not able to remove these impurities.
The details of the structure refinement, final positional parameters, and interatomic distances are listed
in Tables 2–8.

Figure 1. Experimental (top) and calculated (bottom) Guinier powder pattern (CuKα1 radiation)
of YPt2Al3.

Table 1. Lattice parameters of the orthorhombic REPt2Al3 series (YPt2Al3-type, rare-earth (RE) = Y,
Dy–Tm), space group Cmmm, and RE2Pt3Al4 series (Ce2Ir3Sb4-type, RE = Y, Dy–Tm), space group Pnma.

Compound a (pm) b (pm) c (pm) V (nm3)

YPt2Al3 1080.73(6) 1871.96(9) 413.04(2) 0.8356
DyPt2Al3 1081.3(1) 1872.7(2) 413.93(5) 0.8382
HoPt2Al3 1079.26(4) 1869.46(6) 413.55(2) 0.8344
ErPt2Al3 1077.31(6) 1866.0(1) 413.14(4) 0.8305
TmPt2Al3 1075.38(9) 1862.6(1) 412.87(4) 0.8270
Tm2Pt3Al4 1349.9(3) 418.22(8) 1143.7(2) 0.6429
Lu2Pt3Al4 1343.4(2) 416.41(8) 1141.1(2) 0.6383
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Table 2. Crystallographic data and structure refinement for YPt2Al3, space group Cmmm, Z = 8,
own type and Lu2Pt3Al4, space group Pnma, Z = 4, Ce2Ir3Sb4-type.

Compound YPt2Al3 Lu2Pt3Al4

Molar mass, g mol–1 560.0 1043.1
Density calc., g cm–3 8.93 10.91

Crystal size, μm 25 × 40 × 55 30 × 30 × 40
Detector distance, mm 40 40

Exposure time, s 25 50
Integr. param. A, B, EMS 6.2; −5.2; 0.017 5.0; −4.1; 0.012

Range in hkl ±16; ±28, ±6 ±21; ±6, ±18
θmin, θmax, deg 2.2–32.9 2.3–35.5

Linear absorption coeff., mm–1 81.2 97.0
No. of reflections 11,714 21,601

Rint/Rσ 0.1124/0.0178 0.1411/0.1152
No. of independent reflections 942 1605

Reflections used [I ≥ 3σ(I)] 795 679
F(000), e 1872 1712

R1/wR2 for I ≥ 3σ(I) 0.0341/0.0770 0.0415/0.0798
R1/wR2 for all data 0.0422/0.0780 0.1095/0.0940

Data/parameters 942/46 1605/56
Goodness-of-fit on F2 2.22 1.23
Extinction coefficient 161(17) 73(6)

Diff. Fourier residues/e– Å–3 −4.15/3.97 −4.98/4.51

Table 3. Atom positions and equivalent isotropic displacement parameters (pm2) for YPt2Al3. Ueq is
defined as one-third of the trace of the orthogonalized Uij tensor.

Atom Wyckoff x y z Ueq

Position

Y1 2d 0 0 1/2 151(7)
Y2 4e 1/4 1/4 0 137(4)
Y3 2b 1/2 0 0 137(6)
Pt1 4h 0.27855(6) 0 1/2 120(2)
Pt2 8q 0.13928(4) 0.13927(3) 1/2 120(1)
Pt3 4i 0 0.33333(4) 0 136(2)
Al1 4j 0 0.2483(3) 1/2 128(14)
Al2 8q 0.3729(4) 0.1244(2) 1/2 138(10)
Al3 8p 0.2244(4) 0.0748(2) 0 160(11)
Al4 4i 0 0.1494(4) 0 157(16)

Table 4. Atom positions and equivalent isotropic displacement parameters (pm2) for Lu2Pt3Al4. Ueq is
defined as one-third of the trace of the orthogonalized Uij tensor. y = 1/4 all 4c.

Atom x z Ueq

Lu1 0.01840(10) 0.71349(12) 199(3)
Lu2 0.29143(10) 0.57858(14) 218(3)
Pt1 0.13365(9) 0.24522(11) 196(3)
Pt2 0.38024(9) 0.06876(11) 201(3)
Pt3 0.62220(9) 0.58482(11) 189(3)
Al1 0.0017(7) 0.0827(9) 210(2)
Al2 0.0714(8) 0.4553(8) 180(20)
Al3 0.3017(7) 0.8651(9) 190(30)
Al4 0.3174(7) 0.2828(9) 170(20)
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Table 5. Anisotropic displacement parameters (pm2) for YPt2Al3. Coefficients Uij of the anisotropic
displacement factor tensor of the atoms are defined by: −2π2[(ha*)2U11+ ... + 2hka*b*U12]. U13 = U23 = 0.

Atom U11 U22 U33 U12

Y1 144(10) 139(11) 169(14) 0
Y2 137(7) 137(7) 136(9) −1(6)
Y3 135(10) 140(10) 136(12) 0
Pt1 126(3) 122(3) 112(3) 0
Pt2 117(2) 131(2) 112(3) 7(1)
Pt3 147(3) 153(3) 107(4) 0
Al1 160(2) 120(20) 110(30) 0
Al2 138(16) 145(17) 130(20) −18(14)
Al3 210(20) 156(18) 110(20) 40(15)
Al4 110(20) 220(30) 140(30) 0

Table 6. Anisotropic displacement parameters (pm2) for Lu2Pt3Al4. Coefficients Uij of the anisotropic
displacement factor tensor of the atoms are defined by: −2π2[(ha*)2U11 + ... + 2hka*b*U12].
U13 = U23 = 0.

Atom U11 U22 U33 U12

Lu1 194(5) 209(6) 194(5) –4(4)
Lu2 234(6) 228(6) 191(5) –5(5)
Pt1 192(5) 206(6) 190(5) –14(4)
Pt2 215(5) 203(5) 183(5) –15(4)
Pt3 179(5) 204(5) 184(4) –9(4)
Al1 200(40) 220(40) 210(40) 10(4)
Al2 280(50) 130(40) 120(30) 30(3)
Al3 120(40) 210(50) 240(50) 0
Al4 200(40) 130(40) 170(40) 20(3)

Table 7. Interatomic distances (pm) for YPt2Al3. All distances of the first coordination spheres are
listed. All standard uncertainties were less than 0.2 pm.

Y1: 2 Pt1 300.7 Pt2: 1 Al1 253.3 Al2: 1 Pt2 253.7
4 Pt2 300.7 1 Al2 253.7 1 Pt1 253.7
4 Al4 347.3 2 Al4 256.0 2 Pt3 260.1
8 Al3 347.6 2 Al3 256.0 1 Al2 274.4

1 Pt1 300.7 1 Al1 274.8
Y2: 2 Pt3 311.7 1 Y1 300.7 2 Al3 277.3

4 Pt2 315.8 1 Pt2 300.7 2 Y2 339.6
2 Al3 328.8 1 Y2 315.8 2 Y3 339.9
2 Al4 329.0
4 Al2 339.6 Pt3: 4 Al2 260.1 Al3: 2 Pt2 256.0
4 Al1 339.7 2 Al1 260.5 2 Pt1 256.0

2 Y2 311.7 2 Al2 277.3
Y3: 2 Pt3 311.7 1 Y3 311.7 1 Al4 279.6

4 Pt2 315.8 2 Al3 343.6 1 Al3 279.7
2 Al3 328.8 1 Al4 343.9 1 Y3 328.8
2 Al4 329.0 1 Y2 328.8
4 Al2 339.6 Al1: 2 Pt2 253.3 1 Pt3 343.6
4 Al1 339.7 2 Pt3 260.5 2 Y1 347.6

2 Al2 274.8
Pt1: 2 Al2 253.9 2 Al4 277.1 Al4: 4 Pt2 256.0

4 Al3 256.0 4 Y2 339.7 2 Al1 277.1
2 Pt2 300.7 2 Al3 279.6
1 Y1 300.7 2 Y2 329.0
2 Y3 315.8 1 Pt3 343.9

2 Y1 347.6
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Table 8. Interatomic distances (pm) for Lu2Pt3Al4. All distances of the first coordination spheres are
listed. All standard uncertainties were less than 0.2 pm.

Lu1: 2 Pt3 298.8 Pt2: 2 Al2 253.1 Al2: 2 Pt2 253.1
2 Pt1 302.0 1 Al4 254.9 1 Pt3 253.6
2 Pt2 310.4 1 Al2 258.1 1 Pt2 258.1
1 Al4 326.8 1 Al1 258.1 2 Al4 287.6
1 Al2 327.1 2 Lu2 298.0 1 Lu2 302.7
1 Al3 336.8 2 Lu1 310.4 2 Lu2 307.6
1 Al1 338.9 1 Lu1 327.1
2 Al4 343.4 Pt3: 1 Al1 250.3
2 Al1 344.4 1 Al2 253.5 Al3: 1 Pt1 250.2
2 Al3 346.8 1 Al3 256.3 1 Pt3 256.3

2 Al4 266.3 2 Pt1 266.0
Lu2: 1 Pt1 268.8 2 Lu2 294.9 2 Al3 280.5

2 Pt3 294.9 2 Lu1 298.8 1 Al1 291.0
2 Pt2 298.0 2 Lu2 312.7
1 Al2 302.7 Al1: 1 Pt3 250.3 1 Lu1 336.8
1 Al4 304.4 1 Pt2 258.1 2 Lu1 346.8
2 Al2 307.6 2 Pt1 269.1
2 Al3 312.7 1 Al4 278.3 Al4: 1 Pt1 247.6
2 Al1 312.9 1 Al3 291.0 1 Pt2 254.9

2 Lu2 312.9 2 Pt3 263.3
Pt1: 1 Al4 247.6 1 Lu1 338.9 2 Al1 278.3

1 Al3 250.2 2 Lu1 344.4 2 Al2 287.6
2 Al3 266.0 1 Lu2 304.4
1 Lu2 268.8 2 Lu1 326.8
2 Al1 269.1 1 Lu1 343.4
2 Lu1 302.0

3.2. The YPt2Al3-Type Structure: Crystal Chemistry and Group-Subgroup Relations

The isostructural aluminum compounds of the REPt2Al3 series (RE = Y, Dy–Tm) crystallize in the
orthorhombic crystal system, space group Cmmm, Pearson code oC48 and Wyckoff sequence q2pji2hedb.
The lattice parameters (Figure 2) and unit cell volumes (Table 1) decrease from the dysprosium to the
thulium compound, as expected, from the lanthanide contraction. The lattice parameters of the yttrium
compound are in the same range, explainable by the similar ionic radii (Y3+: 90 pm; Dy3+: 91 pm;
Ho3+: 90 pm [28]).

As YPt2Al3 was investigated by single-crystal X-ray diffraction experiments, its crystal structure
will be used for the structural discussion. A view of the crystal structure along the crystallographic c
axis is depicted in Figure 3. The crystal structure features a polyanionic [Pt2Al3]δ– network and shows
full Pt/Al ordering. The heteroatomic Pt–Al distance range from 253 to 261 pm indicates substantial
Pt–Al bonding, because these distances are in the range of the sum of the covalent radii for Pt+Al
of 129 + 125 = 254 pm [29]. The polyanionic networks of YPtAl (TiNiSi-type) [30] and Y4Pt9Al24

(Y4Pt9Al24-type) [31] show similar distances of 257–269 and 246–274 pm, respectively. Additionally,
homoatomic Al–Al distances ranging from 274 to 280 pm, and Pt–Pt distances of 301 pm can be
found. The latter distances are slightly longer compared to what is found in elemental Pt (Cu-type,
284 pm) [32], while the aluminum distances are in line with elemental Al (Cu-type, 286 pm) [33].
Three crystallographically distinct Y3+ cations can be found in the cavities of the polyanion. They
exhibit 18-fold coordination environments in the shape of six-fold-capped hexagonal prisms (Figure 4).
The hexagonal prisms have slightly different compositions of Y1@[Al12+Pt6], Y2@[Al8Pt4+Al4Pt2],
and Y3@[Al8Pt4+Al4Pt2]. The Y–Pt distances range from 301 to 316 pm; the Y–Al distances are 329 pm.
While the former distances are in line with YPtAl, the latter distances are significantly longer (Y–Pt:
304–320 pm; Y–Al: 287–305 pm) [30].
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Figure 2. Plot of the unit cell parameters of the REPt2Al3 phases as a function of the rare-earth element.

A view of the unit cell along the c axis readily reminds us of the ternary CaCu5-type derivatives
PrNi2Al3 [15], YNi2Al3 [16], DyNi4Si [34], CeCo3B2 [14], and the recently found i7 superstructure
of PrNi2Al3 [17]. Recoloring in intermetallics is found quite frequently, often accompanied by
distortions and puckering within the respective structures [35]. These structural effects between
different structure types can be investigated by so-called group-subgroup relations. The structures
of PrNi2Al3 and YPt2Al3 are related by such a group-subgroup scheme, which is presented in the
Bärnighausen formalism [36–39] in Figure 5. In the first step, an isomorphic symmetry reduction of
index 4 takes place, which causes a doubling of the a and b axis, along with a splitting of the Pr (1a to
1a and 3f ), Ni (2c to 2c and 6l), and Al (3g to 6k and 6m) sites. In the second step a translationengleiche
transition of index 3 takes place, reducing the hexagonal symmetry from space group P6/mmm
to orthorhombic Cmmm. Again, a splitting of the crystallographic position occurs along with the
introduction of additional degrees of freedom regarding the crystallographic positions. This enables
a distortion of the polyanion and a recoloring of the crystallographic sites. The Y1 atoms finally
occupy the 2d rather than the 2a site as suggested by the group-subgroup scheme. Hence, they are
shifted by 1/2 z compared to the original position. The same shift is also observed in YNi2Al3 [16,35]
and i7-PrNi2Al3 [17]. Refinement as orthorhombic trilling, as suggested by the translationengleiche
symmetry reduction of index 3, is not necessary because the orthorhombic crystal system was found
directly by the indexing routine.
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Figure 3. The crystal structure of YPt2Al3. Yttrium, platinum, and aluminum atoms are drawn
as green/blue, black-filled, and open circles, respectively. The polyanionic [Pt2Al3]δ– network
is highlighted.

Figure 4. Coordination polyhedra surrounding the three crystallographically independent yttrium sites
in YPt2Al3. Yttrium, platinum, and aluminum atoms are drawn as green/blue, black-filled, and open
circles, respectively. The local site symmetries are given.
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Figure 5. Group-subgroup scheme in the Bärnighausen formalism [36–39] for the structures of PrNi2Al3
and YPt2Al3. The index for the isomorphic (i) and translationengleiche (t) symmetry reduction, the unit
cell transformation, and the evolution of the atomic parameters are given.

3.3. Crystal Chemistry of Tm2Pt3Al4 and Lu2Pt3Al4

Tm2Pt3Al4 and Lu2Pt3Al4 crystallize in the orthorhombic crystal system with space group Pnma
(oP36, c9) in the Ce2Ir3Sb4-type structure [26,27]. In the following paragraph, Lu2Pt3Al4 will be used for
the structure description. As in the REPt2Al3 series, the platinum and aluminum atoms form a network.
Figure 6 depicts the extended unit cell along [010], and the polyanionic [Pt3Al4]δ– network and the
two different lutetium sites are highlighted. The heteroatomic Pt–Al distances span a larger range
(246–269 pm) compared to YPt2Al3; however, Pt–Al bonding is still present. In contrast to YPt2Al3,
only additional Al–Al bonds can be found ranging from 278 to 300 pm. In the polyanion, no Pt–Pt
bonds below 400 pm are found. The Al atoms form corrugated layers consisting of rectangles and
hexagons in the boat conformation (Figure 7, top) that are capped by the Pt atoms (Figure 7, bottom).

The lutetium cations occupy two distinct crystallographic sites and are again found in the
cavities of the polyanion. Lu1 is surrounded by 16 atoms in a four-fold-capped hexagonal prismatic
environment (Lu1@[Al6Pt6+Al4]; Figure 8, top), while Lu2 has a three-fold-capped pentagonal
prismatic coordination sphere (Lu2@[Al6Pt4+Al2Pt]; Figure 8, bottom). The Lu–Pt distances range
from 299 to 310 pm, and the Lu–Al distances range from 327 to 347 pm. The Lu–Pt distances are in line
with LuPtAl; the Lu–Al contacts are significantly longer (Lu–Pt: 302–327 pm; Lu–Al: 284–301 pm) [30].
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Figure 6. Extended crystal structure of Lu2Pt3Al4 along [010]. Lutetium, platinum, and aluminum
atoms are drawn as green/blue, black-filled, and open circles, respectively. The polyanionic [Pt3Al4]δ–

network and the two different coordination environments for the lutetium atoms are highlighted.

Figure 7. The Al arrangement in the crystal structure of Lu2Pt3Al4 (top). The Pt atoms capping the
layers are depicted in the bottom image. Platinum and aluminum atoms are drawn as black-filled and
open circles, respectively. The Pt–Al bonds in the polyanionic [Pt3Al4]δ– network are highlighted.
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Figure 8. Coordination polyhedra surrounding the two crystallographically independent lutetium
sites in Lu2Pt3Al4. Lutetium, platinum, and aluminum atoms are drawn as green/blue, black-filled,
and open circles, respectively. The local site symmetries are given.

3.4. Magnetic Properties

Magnetic susceptibility data has been obtained for the X-ray pure REPt2Al3 samples with RE = Y,
Dy–Tm. The basic magnetic parameters that have been derived from these measurements are listed
in Table 9. The temperature dependence of the magnetic susceptibility of the yttrium compound is
depicted in Figure 9. YPt2Al3 is a Pauli-paramagnetic material with a room temperature susceptibility
of χ = 1.85(1) × 10–4 emu mol–1. The weak upturn at lower temperature arises from small amounts
of paramagnetic impurities. The present data clearly proves the absence of local moments on all
constituent atoms. Thus, the magnetic properties of the remaining phases arise solely from the
rare-earth elements.

Figure 9. Temperature dependence of the magnetic susceptibility (data) of YPt2Al3 measured at 10 kOe.
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The magnetic properties of DyPt2Al3, HoPt2Al3, ErPt2Al3, and TmPt2Al3 have been depicted
in Figures 10–13. The top panels always depict the susceptibility and inverse susceptibility data
(χ and χ–1). The effective magnetic moments have been obtained from fitting the χ–1 data
using the Curie–Weiss law between 50 and 300 K. They were calculated from the Curie constant

according to μeff =
√

3kBC
NA

[40,41]. All rare-earth atoms are in the trivalent oxidation state; the
effective magnetic moments compare well within the calculated moments, as stated in Table 9.
The calculated moments are tabulated [40,41] or can be calculated according to μcalc = g

√
J(J + 1)

with g = 1 + J(J+1)+S(S+1)−L(L−1)
2J(J+1) [40,41].

Figure 10. Magnetic properties of DyPt2Al3: (top) temperature dependence of the magnetic
susceptibility χ and its inverse χ–1 measured at 10 kOe; (middle) zero-field-cooled/field-cooled
(ZFC/FC) data (100 Oe) and the dχ/dT derivative (red curve) of the FC curve; and (bottom)
magnetization isotherms recorded at 3, 10, and 50 K.
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Figure 11. Magnetic properties of HoPt2Al3: (top) temperature dependence of the magnetic
susceptibility χ and its inverse χ–1 measured at 10 kOe; (middle) zero-field-cooled/field-cooled
(ZFC/FC) data (100 Oe); and (bottom) magnetization isotherms recorded at 3, 10, and 50 K.

Because a positive Weiss constant of θP is observed for the antiferromagnetically ordered
compounds, the ordering phenomena could be a so-called Type-A antiferromagnetic ground state.
In this ordered state, the intra-plane coupling is ferromagnetic while inter-plane coupling is
antiferromagnetic [42]. From the zero-field-cooled/field-cooled (ZFC/FC) measurements depicted
in the middle panels, it is evident that DyPt2Al3 and TmPt2Al3 exhibit ferromagnetic ordering
at Curie temperatures of TC = 10.8(1) and 4.7(1) K due to the plateau-like susceptibility at low
temperatures. ErPt2Al3 exhibits no magnetic ordering down to 2.5 K, while HoPt2Al3 finally orders
antiferromagnetically at TN = 5.5(1) K, characterized by decreasing susceptibility below the Néel
temperature. The Curie temperatures were obtained from the derivatives dχ/dT of the field-cooled
curves (depicted in red) by determination of the temperature at the minimum in the derivative curve.
The bottom panels finally display the magnetization isotherms measured at 3, 10, and 50 K. The 3 K
isotherms of DyPt2Al3 and TmPt2Al3 show a fast increase at low fields, in line with the ferromagnetic
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ground state. The 3 K isotherm of HoPt2Al3 displays a slightly delayed increase, suggesting a
spin-reorientation, in line with a weak antiferromagnetic ground state. The 3 K isotherm of DyPt2Al3
displays small ‘wiggles’, suggesting trace impurities, which are hardly noticeable in the ZFC/FC
measurements. In the 3 K isotherm of HoPt2Al3, a small bifurcation is visible, also suggesting trace
impurities, visible around 3 K in the ZFC/FC measurements. The isotherms at 50 K are all linear,
in line with paramagnetic materials. The saturation magnetizations determined at 3 K and 80 kOe
are all below the calculated values according to gJ × J (Table 9). The extracted values are, in all cases,
lower than the expected moments, suggesting that the applied external field is not strong enough to
achieve full parallel spin ordering.

Figure 12. Magnetic properties of ErPt2Al3: (top) temperature dependence of the magnetic
susceptibility χ and its inverse χ–1 measured at 10 kOe; (middle) zero-field-cooled/field-cooled
(ZFC/FC) data (100 Oe); and (bottom) magnetization isotherms recorded at 3, 10, and 50 K.
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Figure 13. Magnetic properties of TmPt2Al3: (top) temperature dependence of the magnetic
susceptibility χ and its inverse χ–1 measured at 10 kOe; (middle) zero-field-cooled/field-cooled
(ZFC/FC) data (100 Oe) and the dχ/dT derivative (red curve) of the FC curve; and (bottom)
magnetization isotherms recorded at 3, 10, and 50 K.

Table 9. Magnetic properties of the YPt2Al3-type compounds. TN, Néel temperature; TC, Curie
temperature; μeff, effective magnetic moment; μcalc, calculated magnetic moment; θp, paramagnetic
Curie temperature; μsat, saturation moment; and saturation according to gJ × J. The experimental
saturation magnetizations were obtained at 3 K and 80 kOe.

TN (K) TC (K) μeff (μB) μcalc (μB) θp (K) μsat (μB) gJ × J (μB)

YPt2Al3 Pauli-paramagnetic χ(300 K) = 1.85(1) × 10–4 emu mol–1

DyPt2Al3 – 10.8(1) 10.67(1) 10.65 +1.0(1) 5.54(1) 10
HoPt2Al3 5.5(1) – 10.59(1) 10.61 +2.0(1) 7.23(1) 10
ErPt2Al3 – – 9.77(1) 9.58 +4.0(1) 6.26(1) 9
TmPt2Al3 – 4.7(1) 7.69(1) 7.56 +12.8(1) 4.25(1) 7
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3.5. X-ray Photoelectron Spectroscopy

The reported compounds were described by rare-earth cations located in the cavities of a
polyanion. Hence, the rare-earth atoms transfer electron density to the framework. This is in line with
the effective magnetic moments of the rare-earth cations, proving them to be formally in a trivalent
oxidation state. When looking at the electronegativities χ of the constituting elements of the REPt2Al3
series, it is evident that platinum is by far the most electronegative element. According to the Pauling
scale, the values are as follows: χ(Y) = 1.22, χ(Dy) = 1.22, χ(Ho) = 1.23, χ(Er) = 1.24, χ(Tm) = 1.25,
χ(Pt) = 2.28, and χ(Al) = 1.61 [30]. Because all reported compounds are of a metallic nature, a distinct
ionic platinide character as found in A2Pt (A = K [43], Rb [43], Cs [43,44]) is highly unlikely, especially
when considering the three-dimensional framework with strong covalent bonding character formed
by Pt and Al. Therefore, XPS measurements were performed to investigate exemplarily the platinide
character of YPt2Al3 along with the reference substances YPt5Al2 (anti-ZrNi2Al5-type [45]), YPtAl
(TiNiSi-type [31]), and elemental Pt.

The obtained binding energies are listed in Table 10. Figure 14 depicts an exemplary fitted spectrum
of YPt2Al3. As observed for Ba3Pt4Al4 (Eb(Pt 4f 7/2) = 70.9 eV) [46], the binding energies of YPt2Al3
(Eb(Pt 4f 7/2) = 70.4 eV), YPt5Al2 (Eb(Pt 4f 7/2) = 70.6 eV), and YPtAl (Eb(Pt 4f 7/2) = 70.2 eV) are all shifted
towards lower binding energies in comparison with elemental Pt (Eb(Pt 4f 7/2) = 71.2 eV). This can be
explained by a higher electron density at the Pt atoms, in line with an electron transfer from the less
electronegative Y and Al atoms. The existing literature [46] shows shifts of the Pt 4f 7/2 signal towards
higher binding energies for the binary phases PtAl and PtAl2 (PtAl: 71.6, PtAl2: 72.1 eV), which can be
explained by the bond formation between Pt and Al. In the ternary compounds, the additional electron
transfer from the rare-earth atoms causes the lower binding energies and the ‘platinide’ character.
While YPtAl and YPt2Al3 exhibit extensive Pt–Al bonding within the polyanion, only few heteroatomic
Pt–Al bonds are observed in Pt-rich YPt5Al2. Consequently, the spectra of YPt5Al2 show the smallest
shift in comparison with elemental Pt. In YPtAl, an equal ratio of Pt and Al can be found in contrast
with YPt2Al3. In the latter compound, additional homoatomic bonding takes place; therefore, YPt2Al3
shows a smaller shift in the Pt 4f 7/2 binding energies than YPtAl. As expected, Y is acting as electron
donor, and therefore, the Y 3d5/2 signal is shifted by approximately 1 eV to higher binding energies
(c.f. Table 10). However, all samples show a minor Y 3d5/2 component, that appears around 155.5 eV,
in line with possible contaminations by traces of elemental yttrium.

Table 10. Fitted binding energies (in eV) determined by XPS of YPt2Al3, YPt5Al2, YPtAl, PrPtAl, and Pt
and data from the literature. The determined uncertainty of binding energies in this work is ±0.1 eV.

Compound Pt 4f 7/2 Al 2s Y 3d5/2 Lit.

YPt2Al3 70.6 117.2 156.9 *
YPt5Al2 70.9 117.8 157.0 *
YPtAl 70.4 116.7 156.6 *
PrPtAl 70.7 ** – *

Pt 71.4 – – *
Pt 71.2 – – [46]

Ba3Pt4Al4 70.9 – – [46]
PtAl 71.6 – – [46]
PtAl2 72.1 – – [46]

* This work. ** Signal invisible due to overlap with Pr 3d.
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Figure 14. Fitted X-ray photoemission spectrum of Pt 4f in YPt2Al3. The experimental data is shown
as black squares, the Pt 4f components are depicted in green, the Al 2p lines in blue, and the envelope
function in red. The background is depicted as a dashed line.

4. Conclusions

Attempts to synthesize the CaCu5-type related compounds REPt2Al3 with the late rare-earth
elements Dy–Tm and Y led to the discovery of a new structure type, which was refined from
single-crystal data obtained for YPt2Al3. The structure crystallizes in the orthorhombic space group
Cmmm and can be derived from CaCu5 by distortion and recoloring of the framework. Attempts to
synthesize LuPt2Al3 led to the discovery of Lu2Pt3Al4 (Ce2Ir3Sb4-type), which was also refined from
single-crystal data. The REPt2Al3 compounds could be obtained in phase pure form for property
investigations. While YPt2Al3 is Pauli-paramagnetic, DyPt2Al3 to TmPt2Al3, in contrast, show
paramagnetism in line with formal RE3+ cations, along with magnetic ordering for RE = Dy, Ho,
and Tm at low temperatures. Via XPS investigations, the binding energies of the constituent elements
were investigated and compared with the electronegativities. In comparison with reference substances,
the expected charge transfer onto the Pt atoms within the polyanionic [Pt2Al3]δ– network could
be proven.
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Abstract: Recognizing the bonding situations in chemical compounds is of fundamental interest
for materials design because this very knowledge allows us to understand the sheer existence of a
material and the structural arrangement of its constituting atoms. Since its definition 25 years ago,
the Crystal Orbital Hamilton Population (COHP) method has been established as an efficient and
reliable tool to extract the chemical-bonding information based on electronic-structure calculations of
various quantum-chemical types. In this review, we present a brief introduction into the theoretical
background of the COHP method and illustrate the latter by diverse applications, in particular by
looking at representatives of the class of (polar) intermetallic compounds, usually considered as
“black sheep” in the light of valence-electron counting schemes.

Keywords: COHP method; bonding analyses; intermetallic compounds

1. Introduction

The search for the inmost force which binds the world [1] and its constituents has generated
enormous attention among scientists, and early theoretical research on the origin of this force identified
a chemical power making atoms combine by so-called “valence bonds” [2]. The introduction of this
very idea of valence bonds which arise from the atoms’ valence electrons facilitated the developments
of certain concepts, e.g., the octet rule [3], as fundamental relationships needed to rationalize the
structural arrangements and the electronic structures of diverse molecules. For the case of solid-state
materials, in particular ionic salts, first explorations to establish relationships between the structural
arrangements and the electron counts of such solids employed empirical data and resulted in various
solid-state rules which, for instance, were based on the ratios of ionic radii, the “strengths” of the
electrostatic bonds, and the connectivities between diverse coordination polyhedra [4]. Further research
on the distributions of the valence electrons in intermetallic compounds revealed additional notions,
e.g., those first proposed by Zintl [5–10] and Hume-Rothery [11–13], respectively, to somehow correlate
structural arrangements and the atoms’ electronic nature. Even today, however, the existence of
intermetallic compounds for which the electronic structures and, furthermore, the nature of bonding
cannot be trivially categorized by applying one of the aforementioned concepts [14,15] underlines the
need for different means in order to reveal the bonding nature in such materials.

To determine an unbiased picture of the nature of bonding in a given solid-state material, it seems
necessary to extract the chemical bonding information from the electronic band structure that is
computed for the respective material by means of a quantum-mechanical technique. For this purpose,
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the total energy of a many-particle system, i.e., the sum of the potential and kinetic energy, needs to be
calculated solving the time-independent Schrödinger equation [16]

HΨ = EΨ (1)

with H as the Hamiltonian operator, at least in principle. The wave function Ψ itself is then given by a
properly symmetrized product of one-electron functions, so-called orbitals ψ. In the case of solid-state
materials, the one-electron functions ψ are then constructed following Bloch´s theorem to incorporate
the most important crystallographic symmetry: translation [17]. During the past nine decades, diverse
techniques have been developed to approach the energies in order to construct the electronic band
structure and densities-of-states of a given many-particle system [18]. The most successful trick
to avoid calculating the many-electron wave function Ψ, however, is given by the framework of
density-functional theory [19–21], the workhorse of numerous of today´s quantum-chemical computer
programs. Here, the electron density, ρ(r), plays a major role in generating an effective potential Veff(r)
for non-existent pseudo-electrons plus some exchange-correlation correction term. In the end, one
needs to solve the single-particle Kohn–Sham equations

[
−1

2
∇2 + Veff(r)

]
ψi(r) = Eiψi(r) (2)

and deals with one-electron ψi pseudo-functions to exactly cover the kinetic energy which is the
largest contributor. One approach to eventually obtain the bonding information from the results
of the electronic band structure calculations (regardless of wave-function or density-based) is the
crystal orbital Hamilton population (COHP) method [22,23]. In the framework of the COHP technique,
bonding, non-bonding, and antibonding interactions are identified for pairs of atoms (or orbitals) in
a given solid-state material. In this review, we will present prototypical applications of the COHP
procedure to solid-state materials. The outcome of this survey will demonstrate the efficiency of the
method to reveal the actual nature of bonding and, furthermore, the causes for structural preferences
in solids.

2. The COHP Method—An Introduction

Before demonstrating the applications of the COHP method for intermetallic compounds, we will
provide a brief introduction into that technique. To obtain the energy of a many-particle system by
solving the aforementioned Schrödinger or Kohn–Sham equations, one first needs to establish proper
one-electron wave functions (orbitals). In the case of molecules consisting of a couple of atoms, these
molecular orbitals are given by a linear combination of atomic orbitals (LCAO)

ψi(r) = ∑
A

n

∑
μ=1
μ∈A

cμiφμ(r), (3)

composed of basis functions φμ(r), i.e., the atomic orbitals of the atoms A, and the mixing coefficients
cμi. To obtain the energies of molecular systems, the Hamiltonian acts on the respective wave
functions—but what is the best wave function among all possible functions? It is the one corresponding
to the lowest total energy attainable by the variational principle [24]. Hence, the energy is differentiated
with respect to the coefficients cμi (∂E/∂cμi) leading to the secular determinant

∑A ∑B ∑μ ∑ν
c∗μicνi Hμν − ∑A ∑B ∑μ ∑ν

c∗μicνiSμνEi = 0, (4)

with Hμν = 〈φμ

∣∣H∣∣φν〉 and Sμν = 〈φμ

∣∣φν〉 representing the on-site and off-site entries of the
Hamiltonian and overlap matrices. In particular, Hμμ (μ = ν) contain the on-site or Coloumb integrals,
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Hμν (μ �= ν) are the off-site, hopping, interaction or resonance integrals, and Sμν represents the overlap
integrals. Note that we use the Dirac bracket notation, in which φμ represent the conjugate complex
wave functions, because φ can (and will be) a complex function including an imaginary part.

While the aforementioned procedure allows determining the energies of a given molecular system,
at this point, one may wonder how the assignments of electrons to particular orbitals thereby providing
information about the electron distribution can be accomplished. The numbers of electrons residing in
the entire molecule and its molecular orbitals is given by

N = ∑
A

∑
μ

μ∈A

m

∑
i

fic2
μi + 2 ∑

A
∑

B>A
∑
μ

μ∈A

∑
ν

ν∈B

m

∑
i

ficμicνiSμν (5)

= ∑
A

∑
μ

μ∈A

m

∑
i

fi

⎛
⎜⎜⎜⎜⎜⎜⎝

c2
μi + ∑

B �=A
∑
ν

ν∈B

cμicνiSμν

⎞
⎟⎟⎟⎟⎟⎟⎠

(6)

with fi as the occupation numbers, which can be 0, 1, or 2. The first term of the Equation (5) represents
the net populations, while the second one contains the overlap populations. Furthermore, the sum of
both terms shown in the Equation (6) comprises the gross populations, following an early suggestion
of Mulliken.

While the LCAO ansatz is used to solve Schrödinger’s equation for molecules, the wave functions
employed to solve Schrödinger’s or the Kohn–Sham equations for solid-state materials are constructed
based on Bloch´s theorem [17]

ψ(k, r + T) = eikTψ(k, r), (7)

with T as some lattice vector commutating with the Hamiltonian, ψ(k, r) as the crystal orbital at
a specific site r, and k as a new quantum number from reciprocal space. Without doubt, this
is the most important theorem of theoretical solid-state science. The requirement of translational
symmetry for constructing the wave functions fulfilling Bloch´s theorem also demands that the crystal
structure of a given material does not comprise any atomic sites showing positional of occupational
disorders. Because the crystal structures of certain intermetallic compounds do comprise positionally
or occupationally disordered sites (see Sections 3.2 and 3.3), it is necessary to examine the electronic
structures of models approximating the actual crystal structures of such materials. To obtain numbers of
electrons occupying the crystal orbitals in a given solid-state material, the k-dependence of mixing
coefficients cμi and cνi needs to be taken into consideration, leading to the k-dependent density matrix

Pμν(k) = ∑
i

fic∗μi(k)cνi(k) (8)

Inserting Equation (8) in the Equations (5) and (6), respectively, and taking
∫

Pμν(k)dk = Pμν

into account results in

N = ∑
A

∑
μ

μ∈A

Pμμ + 2 ∑
A

∑
B>A

∑
μ

μ∈A

∑
ν

ν∈B

Re
[
PμνSμν

]
(9)
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= ∑
A

∑
μ

μ∈A

⎛
⎜⎜⎜⎜⎜⎜⎝

Pμμ + ∑
B �=A

∑
ν

ν∈B

Re
[
PμνSμν

]
⎞
⎟⎟⎟⎟⎟⎟⎠

, (10)

with Re[PμνSμν] as the real parts of the (possibly) complex off-diagonal entries. To get hold of the
numbers of electrons N being dependent of the (band) energy, it is convenient to introduce the
density-of-states matrix

Pμν(E) = ∑
i

fic∗μicνiδ(ε − εi) (11)

which is obtained from a differentiation of Pμν with respect to E

Pμν =
∫ εF

−∞
Pμν(E)dE (12)

Combining the Equations (9) and (10) with Equation (11) yields

N =

εF∫
−∞

∑
A

∑
μ

μ∈A

Pμμ(E)dE +

εF∫
−∞

2 ∑
A

∑
B>A

∑
μ

μ∈A

∑
ν

ν∈B

Re
[
Pμν(E)Sμν

]
dE (13)

=

εF∫
−∞

∑
A

∑
μ

μ∈A

⎛
⎜⎜⎜⎜⎜⎜⎝

Pμμ(E)dE + ∑
B �=A

∑
ν

ν∈B

Re
[
Pμν(E)Sμν

]
⎞
⎟⎟⎟⎟⎟⎟⎠

dE (14)

The (second) off-diagonal contribution of the gross population in Equation (14), i.e.,
Re[Pμν(E)Sμν], comprises the overlap-population-weighted densities-of-states and, hence, provides
the essential information regarding the distributions of the electrons between the atoms in any
given solid-state material. This very technique to extract the bonding information based on the
overlap-population-weighted densities-of-states has been dubbed as the crystal orbital overlap
population (COOP) method [25]. In the framework of the COOP method, bonding and antibonding
interactions are represented by positive and negative COOP values, respectively, while nonbonding
interactions are indicated by zero COOPs. The COOP method has been largely employed for
electronic-structure computations based on the semiempirical extended Hückel theory (EHT), which is
principally equivalent to the empirical tight-binding approach including overlap [26]. In the EHT case,
only the valence orbital are taken into account. In addition, certain entries of the secular determinant
Equation (4), in particular, those of the interaction (Hμν) integrals, are parameterized; to do so, the
interaction matrix elements are determined solving the Wolfsberg–Helmholz formula [27] that employs
Coulomb matrix elements (Hμμ) evolved from experimentally determined ionization potentials, while
the overlap matrix elements are calculated utilizing Slater-type orbitals.

As denoted in the previous paragraph, theoretically determining the ground state of a given
solid-state system can be carried out by different approaches, and the computational challenges
arising from the notorious electron–electron interactions can be so tremendous that they easily
overcome today´s (and also tomorrow’s) available computational resources [18]. To nonetheless
come to numerically powerful solutions of this problem, it has turned out extraordinarily convenient
to concentrate on the electron density ρ(r) which arises from effective one-electron wave functions
(orbitals) ψi(r) in the framework of density-functional-theory [19–21] (DFT), leading to
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ρ(r) =
N

∑
i=1

|ψi(r)|2 (15)

Using DFT jargon, the total energy E is a functional of the electron density ρ because the latter
depends on the spatial coordinates r (i.e., a functional is a function which also depends on a function).
To make DFT succeed, one sets up a pseudo-system of non-interacting electrons of the same density and
adds a correction term for exchange and correlation. So, the effective potential Veff(r) employed in DFT
computations (see Equation (2)) is the sum of the external potential Vext(r) (= the Coulomb potential
from the nuclei), the so-called Hartree potential of the electrons VHartree(r), and the exchange-correlation
potential VXC(r), a correction term:

Veff(r) = Vext(r) + VHartree(r) + VXC(r) (16)

= Vext(r) +
∫

ρ(r′)
|r − r′|d

3r′ + δEXC

δρ(r)
(17)

Trivially, the accuracy of any DFT calculation mostly depends on the quality of VXC(r). As basis
sets, solid-state people typically use plane waves and related functions fulfilling Bloch’s theorem
Equation (7); traditionally, methods based on cellular (augmentation) techniques to separate outer
and inner parts of the individual atoms were used early on [18]. Particularly, these techniques are
based on the concept to first solve Schrödinger´s equation for a single atom within one cell and,
subsequently, to glue the energy-dependent atomic functions (that is, the numerically derived atomic
orbitals) together with those located on neighboring atoms. In this connection, it is convenient to
define muffin-tin spheres being boundaries between the potentials in the regions close to the nuclei
and the (zero) potentials in the interstitial regions. Accordingly, two-region potentials are obtained,
and the wave functions which are constructed following the augmented-plane wave method [28]
can be depicted as hybrid functions composed of atomic functions inside the muffin-tin spheres
and single plane waves outside these spheres; however, the computations are slow because of the
energy-dependence of the augmented plane waves, hence no simple diagonalization. To drastically
enhance the speed of the computations, Taylor series of the energy for the radial parts of the functions
within the spheres were developed and then truncated after the second term [29]. This approach (and
its modifications) to compute the electronic structures in solid-state materials has been implemented
in diverse quantum-mechanical techniques dubbed as linear methods including the (Full-potential)
Linearized Augmented Plane-Wave, (F)LAPW, and Linearized Muffin-Tin Orbital, LMTO, methods.
More recently, a related approach named Projector-Augmented Wave (PAW) method [30] has been
introduced. In this (all-electron) technique, pseudopotentials (also dubbed effective core potentials)
replace the ion-electron potentials and are optimized during the computations utilizing full wave
functions. At this stage, one may wonder how the nature of covalent (hence, localized) bonding
in solid-state materials may be interpreted based on the results of density-functional-theory-based
computations, in particular for the reason that the use of essentially delocalized plane waves hinders
the extractions of information regarding the bonding from the calculations [18]. We will come back to
this point shortly.

Because extracting the bonding information from the electronic-structure computations strongly
depends on the types of employed orbitals in the case of the aforementioned extended-Hückel based
COOP method, applying this procedure to the results of various DFT computations with whatever
kind of bases sets is rather problematic [22]. To nonetheless gain the bonding information from DFT,
it is more appropriate to partition the band-structure energy leading to the Hamilton-matrix-weighted
densities-of-states as shown in the following [22].

Under consideration of the secular determinant Equation (4), which can be transformed to

∑A ∑B ∑μ ∑ν
c∗μicνi Hμν = ∑A ∑B ∑μ ∑ν

c∗μicνiSμνEi, (18)
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it is plausible that the overlap integrals used to define the overlap-population-weighted
densities-of-states in the Equation (14) can be replaced by the Hamilton matrix elements; however,
it should be noted that a straightforward transformation which might be implied by the relation
in the Equation (18) cannot be made. Nonetheless, using an analogy to the aforementioned
overlap-population-weighted densities-of-states, the densities-of-states matrix Equation (11) is
weighted by the Hamilton matrix elements resulting in the Crystal Orbital Hamilton Populations
(COHP), according to

∑
A

∑
μ

μ∈A

∑
B

∑
ν

ν∈B

Hμν ∑
i

fic∗μicνiδ(ε − εi) = ∑
A

∑
μ

μ∈A

∑
B

∑
ν

ν∈B

Hμν Pμν(E) = ∑
A

∑
μ

μ∈A

∑
B

∑
ν

ν∈B

COHPμν(E) (19)

Because the off-site COHP terms (A �= B) originate from the interactions between the pairs of
atoms in a given solid-state structure, these contributions are generally taken into consideration for
the bonding analyses. More recently, a generalized variant of the COHP dubbed Density-of-Energy
(DOE) function has been introduced [31]. In the DOE function, the (interatomic) off-site as well as the
(atomic) on-site contributions are included such that the entire band energy can be obtained from the
energy integral of the DOE function

Eband =

εF∫
−∞

DOE(E)dE. (20)

In contrast to the COOP method, bonding and antibonding interactions are represented by
negative and positive values of the COHP, respectively, while non-bonding interactions are indicated
by zero values of the COHP. Somewhat simplified, a positive COOP denotes bonding, just like a
negative COHP; in case one plots −COHP data, the shape of the two functions look similar, with
bonding spikes to the right. Furthermore, a direct comparison between the COHP values of compounds
with dissimilar compositions cannot be made, because the average electrostatic potential in each
density-functional-theory-based computation is set to an arbitrary ‘zero’ energy, whose relative
position can vary from system to system [18]. To identify the differences between the bonding
situations in compounds with dissimilar compositions, the cumulative ICOHP/cell, i.e., the sum of
the ICOHP/bond values of the nearest neighboring interactions weighted by the respective bond
frequencies, are typically projected as the percentage contributions to the net bonding capacities
(examples of this procedure have been provided in the Section 3).

The COHP technique has been first implemented in programs employing LMTO-based methods
(see above) to compute the electronic structures of solid-state materials [22]. In a sense, LMTO theory
introduced first-principles techniques to solid-state chemistry. This is because the COHP approach
requires the use of crystal orbitals derived from local basis sets, the LMTO success ingredient. The more
popular and essentially delocalized plane-wave-based computations of today, however, are blind
for chemical-bonding analysis, so one first needs to reconstruct both Hamilton and overlap matrix
elements using auxiliary atomic orbitals. In other words, such information may be projected from plane
waves by means of the projected Crystal Orbital Hamilton Population (pCOHP) technique, a modern
descendant of the COHP method [23]. The pCOHP technique has been implemented in the Local
Orbital Basis Suite Towards Electronic-Structure Reconstruction (LOBSTER) program being available at
www.cohp.de free of charge and compatible with a growing list of quantum-mechanical programs
(VASP [32–36], ABINIT [37–40], Quantum ESPRESSO [41,42]) to extract the information regarding the
nature of bonding from the electronic-structure computations [22,23,43,44].

After this brief introduction into the theoretical background of the COHP method, we will now
present some applications for the examples of diverse intermetallic compounds to show the strengths
of this technique in revealing the bonding situations in solid-state materials (Figure 1).
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Figure 1. Representations of (a) isolated; (b) tetrameric; and (c−f) chains of transition-metal (T; yellow)
centered rare-earth metal (R; red) cluster halides (X; blue). For instance, isolated clusters as shown in (a)
have been identified for the crystal structure of the [TR6]X10 and [TR6]X12R types of structure, whereas
tetramers as presented in (b) have been observed for the rare-earth transition-metal halides crystallizing
with the [T4R16]X28[R4], [T4R16]X20, [T4R16]X24[RX3]4, and [T4R16]X24 types of structure. To date,
diverse types of structure which are composed of rare-earth cluster chains enclosing the endohedral
transition-metal atoms have been determined to crystallize with the net formula [TR3]X3 shown
in (c−f), i.e., (c) the cubic [PtPr3]I3-type, (d) the orthorhombic [RuPr3]Cl3-type, (e) the monoclinic
[IrY3]I3-type, and (f) the monoclinic [RuPr3]I3-type. Adapted in part from reference [45].

3. Applications of the COHP Method to Intermetallic Compounds

3.1. Rare-Earth Transition-Metal Halides as Anti-Werner-Fashioned Complexes

Explorative research on the phase diagrams for the oxides and halides of the vanadium- to
manganese-group elements revealed the existence of so-called “reduced” transition-metal halides
and oxides, whose crystal structures comprise transition-metal building units of polyhedral
forms dubbed as metal atom clusters [46–48]. In particular, the excess valence electrons of the
transition metals, which do not participate in transition-metal−halide bonding, are distributed
in transition-metal–transition-metal bonds formed by the d-orbitals of the metal atoms within
the clusters [49]. Additional research on the phase diagrams for the halides of the scandium- to
titanium-group elements being exceptionally poor in electron density identified halides composed of
transition-metal clusters enclosing endohedral atoms, so-called ‘interstitials’ [48,50–55]. Furthermore,
these rare-earth metal clusters encapsulating the interstitials have been observed to be surrounded
solely by halide ligands (such types of clusters are typically classified as ‘isolated’), or to share common
vertices, edges and faces to assemble oligomers, chains, and sheets (Figure 1) [48,50–55]. As an outcome,
these compounds comprise oxidized networks of metals surrounded by monoatomic ligands such that
this group of materials has been assigned to the class of the polar intermetallic compounds [15].

To date, a broad variety of elements including transition-metal as well as main-group elements
has been observed to be incorporated in the centers of the rare-earth clusters [54,55]. At that point,
one may wonder how the electronic structure and the bonding situation typically expected for
a transition-metal atom cluster is affected by the incorporation of an endohedral atom. In fact,
the orbitals of the interstitials combine with the transition-metal cluster-based orbitals such that
interstitial–transition-metal bonds evolve [49]. While the electronic structures and bonding motifs of
isolated transition-metal clusters enclosing endohedral atoms can be described based on a molecular
orbital ansatz [49], yet, the bonding situations of interstitially centered transition-metal cluster
oligomers, chains, and sheets showing more metal–metal condensation and bonding need to be
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examined based on the electronic band structures of these materials. In the following, we will provide
a survey of analyses employing the COHP method to determine the bonding motifs for the examples of
the most prolific representatives of the transition-metal (T) centered rare-earth (R) cluster halides (X).

A large number of halides which are composed of isolated rare-earth clusters encapsulating
transition-metal atoms has been identified to adopt the [TR6]X10 and [TR6]X12R types of structure
(note that the brackets define the components of the clusters) [56–58]. In particular, the endohedral
transition-metal atoms which can be an element from the manganese- to zinc-groups for the
[TR6]X12R-type and from the iron- to nickel-groups for the [TR6]X10-type are coordinated by octahedra
constituted by the rare-earth atoms, while all edges of the octahedral [TR6] clusters are capped by
halide ligands. The electronic structures and bonding situations in the isolated [TR6] clusters may
be depicted by the aforementioned molecular orbital (MO) theory-based approach, for which the
interstitial-based valence orbitals, i.e., the d-orbitals in the forms of t2g and eg sets, are combined with
the fragment orbitals constituted by the rare-earth metal d-orbitals in the skeletons of the clusters
(Figure 2) [56,57,59,60]. The results of the MO-theory-based computations on isolated empty and
filled transition-metal clusters helped to substantiate electron-counting schemes which address the
numbers of cluster-based electrons (CBEs) being available for the metal−metal bonds within the
clusters. More specifically, the totals of the CBEs are usually obtained by subtracting the numbers of
halide ligands from the sums of transition-metal valence electrons. While closed-shell configurations
are achieved typically for counts of 16 CBEs in empty octahedral transition-metal clusters whose
edges are capped by halide ligands [61], the outcome of the MO-theory-based examinations for the
transition-metal-centered rare-earth clusters revealed that closed-shell configurations are accomplished
for 18 CBEs (Figure 2) [56,57]. For instance, a closed-shell configuration is expected for the previously
identified [CoY6]I12Y, for which an application of the electron-counting scheme yields a total of 18 CBEs
(=9 + 7·3 − 12); however, the observed ranges of transition-metals being incorporated in the rare-earth
clusters indicate certain electronic flexibilities. Chemical-bonding analysis based on the COHP curves
of a number of [TR6]X10-type compounds demonstrated that the bond energy is optimized for a halide
with a nickel-group interstitial in agreement with the outcome of the previous MO-theory-based
calculations [58]. Furthermore, the bonding within the octahedral [TR6] clusters was shown to be
dominated by the heteroatomic T−R interactions besides much lesser R−R bonding [58].

Figure 2. (a) Molecular-orbital scheme of an isolated transition-metal (T) centered rare-earth (R)
cluster enclosed by halide ligands (X): the cluster-based orbitals (middle) are constructed by the
valence orbitals of the endohedral transition-metal atom (right) and the fragment orbitals of the
rare-earth skeleton (left). (b) COHP curves of the homoatomic and heteroatomic interactions for two
structurally different representatives of the [TR3]X3-type, whose crystal structures comprises chains of
transition-metal-centered rare-earth clusters (see main text): the Fermi levels, EF, are represented by
the black horizontal lines. Parts of that figure are adapted from reference [45].
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Among the group of rare-earth transition-metal halides composed of cluster oligomers, the crystal
structures of a large number of compounds have been identified to contain one particular type of
tetramer, [T4R16] (Figure 1). In particular, this sort of tetramer has been observed for the crystal
structures of four different types of rare-earth transition-metal halides, that are, the [T4R16]X28[R4] [62],
[T4R16]X20 [63], [T4R16]X24[RX3]4 [64], and [T4R16]X24 [64] types of structure. The tetramers consist
of pairs of dimers, i.e., two transition-metal centered octahedral rare-earth clusters sharing one
common edge, which are positioned perpendicular to each other and condensed via four joint
edges. The [T4R16] units are enclosed by 36 halide ligands, and their R16 fragments can also be
depicted as all-vertices-truncated supertetrahedra or Friauf -polyhedra. An examination [65] of the
hitherto identified rare-earth transition-metal halides whose crystal structures comprise such tetramers
suggested that the maximum numbers of CBEs for intracluster bonding are attained for totals of
15 electrons per transition-metal centered rare-earth octahedron. Examinations [66] of the electronic
structures for diverse halides composed of these tetramers bared that the Fermi levels fall into gaps
corresponding to closed-shell configurations in halides for which CBE counts of 15 electrons per
[TR6] cluster are achieved. An additional bonding analysis [66] based on the COHP curves and their
integrated values (Table 1) indicates that the majority of the bonding interactions reside between the
heteroatomic R−T as well as R−X separations, whereas the homoatomic R−R and T−T interactions
play minor, but evident roles.

The group of rare-earth transition-metal halides with the net formula [TR3]X3 has emerged
as a prolific class of compounds comprising cluster chains. To date, five different structure types
have been identified for this group: the cubic [PtPr3]I3-type [67], the tetragonal [NiLa3]Br3-type [68],
the orthorhombic [RuPr3]Cl3-type [69], and two independent monoclinic types of structure, i.e., the
[RuPr3]I3 and [IrY3]I3 types of structure [70] (Figure 1). In particular, the monoclinic [RuPr3]I3-type has
been observed solely for bromides and iodides which comprise early lanthanide clusters (R = La−Pr)
containing iron-group elements, while the cubic [PtPr3]I3-type has been identified for early lanthanide
(R = La−Pr) cluster bromides and iodides containing elements from the iron- to copper-groups as
endohedral atoms [71]. In the crystal structure of the monoclinic [RuPr3]I3-type, the octahedral [TR6]
clusters share four common edges with neighboring clusters forming bioctahedral chains, whereas
the [TR6] octahedra in the cubic [PtPr3]I3-type structure condense via three common edges with
other [TR6] clusters to helical chains. The existence of the cubic [PtPr3]I3 and monoclinic [RuPr3]I3

types of structures for systems with iron-group elements as endohedral atoms suggests that there
is a competition to adopt the respective type of structure. An examination [72] of the electronic
band structures for two isocompositional bromides of both [TR3]X3-types reveals that the Fermi
level of the cubic compound falls in a maximum of the densities-of-states (DOS), while the Fermi
level in the monoclinic representative resides in a gap. Because the location of the Fermi level at a
peak of the DOS curves typically indicates an electronically unfavorable situation, the monoclinic
[RuPr3]I3-type structure should be preferred. Why, then, do we observe a competition between the
monoclinic [RuPr3]I3-type and the cubic [PtPr3]I3-type for early lanthanide cluster bromides and
iodides comprising iron-group elements as interstitials?
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Table 1. Average −ICOHP/bond values and percentage contributions of the respective interactions
to the net bonding capabilities in rare-earth transition-metal halides composed of tetrameric clusters,
[T4R16], and cluster chains. The details about the quantum-chemical computations, distance ranges,
−ICOHP/bond ranges, and cumulative −ICOHP/cell values may be extracted from the respective
literature listed in the last column. a hypothetical monoclinic [TR3]X3-type halide; details regarding
the generation of the model may be obtained from the respective literature.

Compound

R−T R−R R−X T−T

Ref.
Ave.

−ICOHP/
Bond

(eV/bond)

%

Ave.
–ICOHP/

Bond
(eV/bond)

%

Ave.
–ICOHP/

Bond
(eV/bond)

%

Ave.
−ICOHP/

Bond
(eV/bond)

%

Rare-earth transition-metal halides comprising tetramers

[Ru4Y16]Br20 2.03 48.8 0.11 5.2 0.60 43.2 0.48 2.9 [66]
[Ru4Y16]I20 1.89 50.1 0.08 4.5 0.56 44.2 0.18 1.2 [66]
[Ir4Y16]Br24 2.03 41.9 0.08 3.5 0.80 51.8 0.60 2.8 [66]

[Ru4Ho16]I24(Ho4I4) 2.02 39.0 0.09 4.1 0.71 54.9 0.42 2.0 [66]
[Ir4Tb16]Cl24(TbCl3)4 2.12 35.3 0.10 3.4 0.87 57.2 0.86 3.6 [66]

[Rh4Tb16]Br24(TbBr3)4 2.17 34.0 0.14 4.5 0.95 59.6 0.49 1.9 [66]
[Ir4Tb16]Br24(TbBr3)4 2.41 37.4 0.11 3.7 0.90 56.0 0.77 3.0 [66]
[Ir4Sc16]Cl24(ScCl3)4 2.16 33.6 0.08 2.7 0.95 59.1 1.25 4.9 [66]
[Os4Sc16]Cl24(ScCl3)4 2.26 33.5 0.09 2.7 0.98 58.0 1.57 5.8 [66]
[Ru4Sc16]Cl24(ScCl3)4 2.08 31.6 0.10 3.3 1.01 61.1 1.07 4.0 [66]

[Ru4Gd16]Br24(GdBr3)4 2.47 35.5 0.16 4.8 1.00 57.6 0.62 2.2 [66]

Rare-earth transition-metal halides comprising cluster chains

c-[RuLa3]Br3 1.91 65.0 0.07 4.2 0.45 30.7 0.003 0.1 [72]
m-[RuLa3]Br3

a 2.37 64.3 0.18 9.1 0.49 26.5 −0.01 0.1 [72]
c-[IrLa3]Br3 1.87 67.2 0.06 3.6 0.40 29.1 0.004 0.1 [72]
m-[RuLa3]I3 2.45 60.8 0.22 9.9 0.59 29.2 −0.003 0.1 [72]
o-[RuPr3]Cl3 1.30 52.5 0.11 4.3 0.37 30.0 1.15 13.2 [73]
m-[RuPr3]I3 2.14 62.7 0.20 8.7 0.48 28.4 0.03 0.26 [73]

m-[MnGd3]I3 1.45 39.4 0.39 10.5 0.73 34.1 2.06 16.0 [73]

A chemical bonding analysis based on the COHP curves (Figure 2) and their integrated values
(ICOHP; Table 1) for both compounds reveals that the heteroatomic R−T and R−X interactions show
the largest percentages to the net bonding capabilities of the respective halides. A topological inspection
of the respective local atomic environments indicates that the monoclinic representative contains less
‘polar’ heteroatomic contributions, which are maximized in the cubic structure. Accordingly, the
interplay between the attempts to accomplish an electronically favorable situation and to optimize
overall bonding appears to regulate the structural preferences between the cubic and monoclinic
structures. Further research on the electronic structure of a cubic [PtPr3]I3-type bromide containing a
cobalt-group element as endohedral atom bared that the Fermi level falls in a pseudogap, indicating an
electronically favorable situation. Notably, the structures of the [RuPr3]Cl3 and [IrY3]I3 types, which
are observed for the chlorides of the light lanthanides and the bromides as well as iodides of the heavier
lanthanides, respectively [71,74,75], can be derived from that of the monoclinic [RuPr3]I3-type through
displacements of the metal chains such that double chains of transition-metal centered rare-earth
unicapped trigonal prims evolve. An examination [73] of the COHP curves and ICOHP values for
representatives of the [RuPr3]Cl3 and [IrY3]I3 types of structure (Table 1) brings to light that significant
bonding interactions are evident for the T−T contacts within the cluster chains showing noticeable
contributions to the net bonding capabilities; yet such percentages to net bonding capabilities are not
identified for the large T−T separations in the cluster chains of the cubic [PtPr3]I3 and monoclinic
[RuPr3]I3 types.

In summary, the outcome of the bonding analyses employing the COHP method for the
examples of the most prolific representatives of the transition-metal centered rare-earth cluster
halides indicates the dominant role of the heteroatomic R−T and R−X interactions in these materials.
Under consideration of the topologies and polarities in Werner-type complexes, the results of the
bonding analyses imply that the transition-metal centered rare-earth clusters can also be described as

127



Crystals 2018, 8, 225

anti-Werner complexes, in which the central atoms have higher electronegativities than the surrounding
ligands [54].

3.2. The Bonding Situations in Electron-Poorer Polar Intermetallics Containing Gold

As signaled in the previous section for the examples of the isolated transition-metal cluster
halides, there have been different approaches to develop effective electron counting rules, which were
considered to help recognizing bonds in solid state materials [76]. For instance, Wade´s rules [77,78]
or the Zintl concept [5–10] are prominent electron-counting schemes being typically applied to
recognize the valence bonds in solid-state materials with polyanionic clusters and monoatomic
counterions. More recent research on the components of the active-metal (main-groups I, II, and
the scandium-group elements)−gold−post-transition-metal systems identified several materials
composed of polyanionic clusters possessing fewer valence electrons relative to those in Zintl phases [15].
In fact, the valence-electron concentrations of these materials called electron-poorer intermetallics place
them close to the Hume–Rothery phases [11–13]. (Figure 3; a list of e/a ratios is provided in Table 2) [79]
The propensity of gold to be incorporated in these polyanionic clusters and to contribute in hetero-
as well as homoatomic bonding is expected to stem from the impact of relativistic effects [80–83]
leading to a tighter binding of the 6s orbitals to the Au atom, a less tight binding of the 5d orbitals, and,
ultimately, more 6s−5d orbital mixing. In a lack of electron counting rules, which help to recognize the
bonds in these materials, the information of the locations and types of bonds in the electron-poorer
intermetallics need to be gained from the computed electronic band structures. In this section, we
present a number of examples, in which the locations and types of bonds were revealed with the aid of
the COHP method.

Figure 3. Positions of the Zintl phases, polar intermetallics, and Hume–Rothery phases with respect to
their respective valence-electron concentrations (electrons per atom = e/a) [45,84].

Based on the topologies of the polyanionic clusters, each of the ternary compounds composed of an
active-metal, gold, and a post-transition-element can be assigned to one of the three following groups:
(I) compounds composed of one-dimensional polyanionic tunnels; (II) intermetallics constructed of
hexagonal-diamond-fashioned polyanionic networks; and (III) compounds comprising polyanionic
clusters in the forms of diverse (types of) polyhedra. Because the crystal structures of certain
electron-poorer intermetallics presented in this survey possess atomic positions exhibiting occupational
and/or positional disorders, the electronic band-structure calculations and bonding analyses were
accomplished based on hypothetical models that approximate the actual crystal structures and
usually show the lowest total energies. To develop a starting model for materials with disordered
atomic sites, it is convenient to screen diverse feasible models for the scheme with the lowest total
energy, because the structure model that shows the lowest total energy (and electronic as well
as dynamic stability) among diverse possible models is considered to be the most preferable to
approximate the experimentally determined model [85–87]. Detailed information regarding the
structure determinations, the crystal structures, and generating the hypothetical models employed for
the electronic band structure computations may be extracted from the respective references.
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Table 2. Average–ICOHP/bond values (eV/bond) and percentage contributions to the net bonding
capabilities of the homoatomic Au−Au and post-transition-metal−post-transition-metal as well as
heteroatomic Au−post-transition-metal interactions for diverse active-metal-poor polar intermetallics
consisting of an active-metal (main-groups I, II, and scandium-group elements), gold and a
post-transition-metal. The valence-electron concentrations (e/a) are given in the second column,
while details regarding the quantum-chemical calculations and the crystal structures of the respective
compounds may be extracted from the references listed in the last column [45].

Compound e/a Parent Compound
Disordered?

Homoatomic Contacts Heteroatomic Contacts

Ref.Ave.
−ICOHP/Bond

%
Ave.

−ICOHP/Bond
%

Compounds with anionic fragments in the forms of 1D tunnels in the crystal structures

EuAu5In 1.43 y/EuAu5.0In1.0 Au−Au: 0.79 57.1 Au−In: 0.81 36.5 [88]

KAu3Ga2 1.67 y/KAu3.1Ga1.9
Au−Au: 0.79
Ga−Ga: 0.55

20.1
5.6 Au−Ga: 1.18 72.2 [89]

RbAu3Ga2 1.67 n Au−Au: 0.66
Ga−Ga: 0.53

17.7
5.7 Au−Ga: 1.17 75.4 [90]

Na0.5Au2Ga2 1.89 y/Na0.6Au2Ga2
Au−Au: 1.00
Ga−Ga: 0.63

10.2
6.5 Au−Ga: 1.31 80.9 [90]

K0.5Au2Ga2 1.89 y/K0.6Au2Ga2
Au−Au: 0.97
Ga−Ga: 0.51

8.5
4.4 Au−Ga: 1.64 85.7 [89]

Rb0.5Au2Ga2 1.89 y/Rb0.6Au2Ga2
Au−Au: 1.02
Ga−Ga: 0.62

9.9
5.9 Au−Ga: 1.43 83.1 [90]

NaAu2Ga4 2.14 no Ga−Ga: 1.04 20.0 Au−Ga: 1.73 72.2 [91]

KAu2Ga4 2.14 y/KAu2.2Ga3.8
Au−Au: 1.04
Ga−Ga: 1.20

1.6
22.7 Au−Ga: 1.88 71.3 [89]

CsAu5Ga9 2.20 no Au−Au: 0.59
Ga−Ga: 0.48

2.7
16.2 Au−Ga: 1.42 78.8 [92]

Compds. with hexagonal diamond-type networks as anionic fragments in the crystal structures

Sr2Au7Zn2 1.36 y/Sr2Au6(Au,Zn)3
Au−Au: 1.21
Zn−Zn: 0.56

40.5
1.0 Au−Zn: 1.02 37.7 [93]

Sr2Au7Al2 1.55 y/Sr2Au7.3Al1.7
Au−Au: 1.07
Al−Al: 1.26

32.0
2.4 Au−Al: 1.65 43.0 [94]

SrAu5Al2 1.63 y/SrAu5.05Al1.95
Au−Au: 1.01
Al−Al: 0.71

32.0
1.6 Au−Al: 1.61 54.6 [94]

Sr2Au6Al3 1.73 y/Sr2Au6.2Al2.8
Au−Au: 1.09
Al−Al: 1.56

21.5
7.7 Au−Al: 1.68 50.0 [94]

SrAu4Al3 1.88 y/SrAu4.1Al2.9
Au−Au: 0.93
Al−Al: 1.48

17.0
8.9 Au−Al: 1.61 63.0 [94]

Compounds with diverse (types of) polyhedrons formed by the anions in the crystal structures

K12Au21Sn4 1.32 no Au−Au: 1.22 28.0 Au−Sn: 2.70 43.1 [95]

Na8Au11Ga6 1.48 y/Na8Au10.1Ga6.9
Au−Au: 1.22
Ga−Ga: 1.49

31.9
5.2 Au−Ga: 1.71 44.7 [96]

NaAu4Ga2 1.57 no Au−Au: 1.20
Ga−Ga: 0.51

27.9
1.2 Au−Ga: 1.61 65.0 [91]

Y3Au9Sb 1.77 no Au−Au: 1.17 51.7 Au−Sb: 1.06 11.7 [97]

CaAu4Bi 1.83 y/CaAu4.1Bi0.9 Au−Au: 1.40 57.5 Au−Bi: 0.54 22.2 [98]

EuAu6Al6 2.00 y/EuAu6.1Al5.9
Au−Au: 0.88
Al−Al: 0.95

11.6
10.8 Au−Al: 1.58 67.8 [99]

EuAu6Ga6 2.00 y/EuAu6.2Ga5.8
Au−Au: 0.64
Ga−Ga: 0.91

11.2
11.1 Au−Ga: 1.40 68.0 [99]

Na5Au10Ga16 2.03 no Au−Au: 0.42
Ga−Ga: 1.10

0.8
22.2 Au−Ga: 1.67 71.2 [91]

Y3Au7Sn3 2.15 no Au−Au: 0.78 22.2 Au−Sn: 1.33 42.1 [100]

Gd3Au7Sn3 2.15 no Au−Au: 0.78 21.9 Au−Sn: 1.31 41.1 [100]
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The crystal structures of the polar intermetallic compounds belonging to the first of the three
categories are composed of cages which are assembled by the gold and post-transition-metal
atoms and condensed along a particular crystallographic direction to yield one-dimensional tunnels.
These cages enclose the active-metals that are stringed along, or slightly displaced from, the axes
running through the one-dimensional tunnels parallel to the given crystallographic paths such
that the cages and the encased active-metals may show certain shifts from perfect linear chains
for some of the representatives. For instance, the crystal structure of Sr3Au8Sn3 [101] contains
one-dimensional tunnels of pentagonal and hexagonal prisms that are assembled by the gold and
tin atoms and surround the strontium atoms (Figure 4). A chemical-bonding analysis based on the
COHP curves for this material indicates that a structural transformation from a high-temperature
to a low-temperature polymorph of this compound is influenced by the trend to optimize the
Au−Au and Au−Sn bonding interactions. The gold-rich K1.8Au6In4 [102] is another example of
a polar intermetallic compound composed of one-dimensional tunnels which are constructed by
the gold and post-transition-metal atoms (Figure 4). An examination based on the ICOHP values
for this compound denoted considerable Au−In bonding interactions besides weaker, but evident,
homoatomic interactions. Notably, a survey of the average ICOHP/bond values and their percentages
to the net bonding capabilities for the Au/post-transition-metal−Au/post-transition-metal interactions
in polar intermetallics with one-dimensional polyanionic tunnels in their crystal structures brings
to light that the largest ICOHP/bond values and percentage contributions typically stem for the
heteroatomic contacts (Table 2).

Figure 4. Representations of the crystal structures of (a) K1.8Au6In4 and (b) Sr3Au8Sn3, in which the
gold (yellow) and post-transition-metal atoms (blue) assemble tunnels encompassing the active-metal
atoms (red).

The second of the three aforementioned classes of polar intermetallic compounds contains those
materials composed of hexagonal diamond-like gold networks, which have so far been identified
to be present in the crystal structures of four different types of polar intermetallics with diverse
combinations of post-transition-elements (Zn, Cd, Al, Ga, In, or Sn) and active-metals (Sr, Ba,
Eu) [93,94,103–107]. The cavities within the hexagonal-diamond-like gold networks encompass the
active-metal atoms, or triangles assembled by extra gold and post-transition-metal atoms (Figure 5).
The COHP curves and their respective integrated values have been examined for diverse types of
polar intermetallics containing hexagonal-diamond-type gold networks (see Table 2 for reported
ICOHP/bond values and the respective percentages). For instance, an investigation [107] of the
COHP curves for BaAu5Ga2 and BaAu4Ga3 bared that the broad majority of the bonding interactions
resides between the Au−Au and Au−Ga interactions. In that connection, it is remarkable that the
contributions of the homoatomic and heteroatomic contacts within the hexagonal-diamond-type
networks and triangles are comparable for some of these compounds, while the largest percentages to
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the total bonding capabilities in the electron-poorer intermetallics often stem from the heteroatomic
gold−post-transition-metal interactions (see Table 2).

 

Figure 5. Representations of the crystal structures of (a) Sr2Au7.3Al1.7; (b) Sr2Au6.2Al2.8;
(c) Sr2Au5.1Al1.9; (d) SrAu4.1Al2.9; (e) CaAu4.1Bi0.9; (f) K12Au21Sn4; (g) Y3Au7Sn3; (h) Y3Au9Sb;
(i) Na8Au10.1Ga6.9; (j) NaAu4Ga2; (k) Na5Au10Ga16; (l) EuAu6.1Al5.9; and (m) Na26Au18.1Ga35.9. In the
case of Na26Au18.1Ga35.9, the diverse cluster shells typically observed for Bergman-type quasicrystals
are shown, while atoms which are located in the unit cell but do not assemble the cluster shells have
been omitted for the benefit of a clear representation. Details regarding the crystal structures and their
determinations may by extracted from the literature cited in the main text and in the Table 2. Parts of
the figure are adapted from reference [45].

The third class of three aforementioned groups of electron-poorer polar intermetallics contains
those compounds whose crystal structures feature polyhedral clusters of the anionic components
surrounding the active-metal and/or extra gold or post-transition-metal atoms. In particular, these
compounds cannot be assigned to one of the other groups based on the spatial arrangements of the
polyanionic clusters in the crystal structures of these polar intermetallics. Because of the complexity
of the crystal structures showing defects such as disorders of vacancies, some components of this
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group can also be assigned to the broad family of complex metallic alloys [108,109]. For instance,
the crystal structures of EuAu6.1Al5.9 and EuAu6.2Ga5.8 are both derived from the NaZn13-type and
include icosahedra, tetrahedral stars, and europium-centered snub cubes formed by the gold and
post-transition-metal atoms (Figure 5) [99]. An examination of the COHP curves and ICOHP values for
models approximating the real crystal structures of these intermetallics demonstrates that the driving
force stabilizing these materials stems from the maximization of the amounts of the heteroatomic
Au−post-transition-metal contacts. More recent research on the sodium−gold−gallium system
identified an icosahedral (Bergman-type) quasicrystal, i.e., Na13Au12Ga15, for which a COHP bonding
analysis revealed extensive Au/post-transition-metal−Au/post-transition-metal bonding and, also,
contributions from sodium in delocalized metal−metal bonding [84]. Additional investigations
of the sodium−gold−gallium system resulted in the discoveries of a series of intermetallics, i.e.,
Na8Au10.1Ga6.9, NaAu4Ga2, and Na5Au10Ga16, composed of diverse sorts of polyhedra that are
constituted by the gold and gallium atoms and enclose the sodium atoms [91,96]. The chemical
bonding analyses were accomplished by means of the COHP method for these intermetallic compounds
and exhibited extensive gold/post-transition-metal−gold/post-transition-metal bonding for these
materials. CaAu4.1Bi0.9 is an example of a polar intermetallic compound, in which the largest
percentages of the cumulative ICOHP per cell to the total bonding capabilities originate from the
Au−Au interactions [98]. The crystal structure of the bismuth-containing intermetallic is derived
from the MgCu2-type and constructed of networks of vertices-sharing gold tetrahedra enclosing
the calcium and bismuth atoms. Notably, the structural motif of vertices-sharing gold tetrahedra
has also been encountered for other types of polar intermetallics as, e.g., K12Au21Sn4 [95,110]
Furthermore, gold clusters have been identified for the crystal structures of R3Au7Sn3 (R = Y, Gd) and
Y3Au9Sb, in which the gold atoms assemble trigonal prisms and antiprisms enclosing extra gold and
post-transition-metal atoms, respectively [97,100]. In the antimony-containing compound, the largest
percentage contributions of the cumulative ICOHP per cell to the net bonding capabilities arise from
the Au−Au interactions, while the largest shares of the cumulative ICOHP per cell to the total bonding
capabilities in the tin-containing compounds stem from the Au−Sn separations (Table 2).

In summary, the COHP method has been demonstrated to be a beneficial means for identifying
the bonding situations in electron-poorer, polar intermetallic compounds composed of gold. Under
consideration of the outcome of the bonding analyses reported for these materials to date, the largest
ICOHP per cell are often observed for the heteroatomic gold−post-transition-metal contacts showing
the largest percentages to the net bonding capabilities in these compounds.

3.3. The Role of Vacancies and Structural Preferences in Phase-Change Materials

The group of phase-change materials comprises those “intermetallic” compounds which can
reversibly transform from amorphous to crystalline phase after irradiation with laser light [111–114].
Because the crystalline and amorphous phases of phase-change materials significantly differ in
both reflectivity and resistance, these compounds can be utilized as rewriteable data-storage
materials [111–113]. In particular, an application of a long pulse of a low-intensity laser beam heats the
amorphous regions of the materials leading to recrystallizations (set pulse), while an application of a
short pulse of a high-intensity laser beam locally melts the crystalline material forming amorphous
regions after fast quenching (reset pulse) [111]. After having identified fast recrystallization and good
optical contrast for GeTe and Ge11Te60Sn4Au25 [115,116], diverse phase-change materials composed
of different combinations of a tetrel element, a pnictogen, and tellurium have been discovered to
date [117]. The quest for previously unknown materials suited for phase-change memory applications
stimulated the impetus to identify the origins of the reversible phase transitions typically observed
for phase-change materials. Because the measurements of the dielectric functions for phase-change
materials revealed that the optical dielectric constants are evidently higher for crystalline than for the
amorphous phases, it was inferred that the sorts of bonding significantly change between the two
phases [118]. The subsequent developments of materials´ maps which were based on the ionicities
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and hybridizations determined for the bonds in diverse compounds indicated that the phase-change
materials are evident solely for small segments in these maps [117,119]. Additional examinations on the
nature of bonding for the local structural arrangements in the amorphous phase of the phase-change
material GeTe revealed that the tetrahedral fragments in the crystal structure are stabilized by the
homoatomic Ge−Ge bonds [120]. In this section, we will present two applications of the COHP method
to disclose the structural preferences for phase-change materials.

A prototypical representative of the group of phase-change materials is the ternary Ge2Sb2Te5,
which crystallizes with a rocksalt-type of structure in its metastable state [121]. Notably, an exanimation
of that crystal structure for Ge2Sb2Te5 revealed that vacancies of about 20 at.-% are evident for the
occupationally disordered Ge/Sb sites [122]. To understand the origin of the presence of vacancies
for the mixed Ge/Sb sites in the rocksalt-like structure of Ge2Sb2Te5, the bonding situations were
examined based on the COHP curves of three different compositions, i.e., Ge2Sb2Te4, Ge1.5Sb2Te4,
and GeSb2Te4 [121] A comparison of the COHP curves for the three different compositions (Figure 6)
reveals that significantly antibonding Ge−Te and Sb−Te interactions are evident at the Fermi level in
the germanium-richest telluride, while less and no antibonding Ge−Te and Sb−Te states are present
at the Fermi levels in the germanium-poorer Ge1.5Sb2Te4 and GeSb2Te4, respectively. Accordingly,
it can be inferred that the presence of vacancies in the structure of the ternary phase-change materials
corresponds to a reduction of the valence-electron concentration in order to optimize the overall
bonding. In other words, nature gets rid of the antibonding states by expelling some of the
electron-donating Ge atoms.

Figure 6. COHP curves of Ge2Sb2Te4 (left); Ge1.5Sb2Te4 (middle); and GeSb2Te4 (right) [121]:
the Ge−Te and Sb−Te COHP curves are shown in blue and red, respectively, while the Fermi levels are
represented by the black horizontal lines.

Recent research in the field of phase-change data storage materials has focused on the
developments of materials suited for applications in storage-class memories beyond the scope of
traditional phase-change materials. In that connection, chalcogenide superlattices (CSL) [123,124] and
nanocrystals [125,126] were investigated for their capabilities to serve in such systems. In particular,
interfacial phase-change materials (iPCMs) [127–129], in which the transformations do not occur
between an amorphous and a crystalline phase, but between two crystalline phases, are of great
interest as candidate systems. The more recent determinations of the crystal structure for the ternary
Ge4Se3Te [31] (Figure 7) indicated that the type of structure observed for that chalcogenide may
serve as an archetype for future PCMs. In particular, the crystal structure of Ge4Se3Te is composed
of layers of germanium and the chalcogenides (Ch = Se/Te; note that the chalcogenide sites are
occupationally disordered) with the stacking sequence of −Ch−Ge−Ge−Ch−. The stacking sequence
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of the germanium and chalcogenide layers in Ge4Se3Te is in stark contrast to that observed for α-GeTe,
in which the layers of the tellurium and germanium atoms are arranged in a stacking sequence of
−Ge−Te−Ge−Te−. At this point, one may wonder why there is a difference between the stacking
sequences of the germanium and chalcogenide layers in Ge4Se3Te and α-GeTe.

 

Figure 7. (Left): Representations of the crystal structures of and structural relationships between
(a) α-GeTe and (b) Ge4Se3Te: the crystal structure of the two chalcogenides discern in the stacking
sequences of the layers of the germanium atoms and the chalcogenide atoms. (Right): (a) pCOHP
curves and (b) DOE functions of Ge4Se3Te, a α-GeTe-type Ge4Se3Te, and a Ge4Se3Te-type GeTe:
the Fermi levels, EF, are represented by the black horizontal lines. Reprinted with permission from
reference [31]. Copyright 2017, WILEY-VCH, Weinheim.

To understand the origin of the differences between the stacking sequences of the germanium
and chalcogenide layers in Ge4Se3Te and α-GeTe, the COHP curves and Density-of-Energy (DOE)
functions of Ge4Se3Te, an α-GeTe-type Ge4Se3Te, and a Ge4Se3Te-type GeTe were examined. The COHP
curves for Ge4Se3Te and the α-GeTe-type Ge4Se3Te (Figure 7) indicate that there are antibonding
Ge−Ch interactions at the Fermi level in the α-GeTe-type chalcogenide, while the antibonding Ge−Ch
interactions are weaker at the Fermi level in the Ge4Se3Te crystallizing with its own type of structure,
because the electrons have been reshuffled into Ge−Ge bonding interactions. Thus, the electronically
unfavorable situation corresponding to antibonding states at the Fermi level is not alleviated by
introducing vacancies as demonstrated in the previous paragraph, but by transferring electrons in
tetrel−tetrel bonding states in a different type of structure. From a comparison of the DOE functions
and their integrated values, it is even clearer that the adoption of its own type of structure instead
of the α-GeTe-type is favored for Ge4Se3Te because of a significant loss of destabilizing interactions
from the α-GeTe-type to the Ge4Se3Te-type. An inspection of the DOE function for a Ge4Se3Te-type
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GeTe reveals a lack of stabilizing energy contributions at lower energies and strongly destabilizing
contributions at the Fermi level such that the Ge4Se3Te-type is not preferred for GeTe.

3.4. Itinerant Antiferromagnetism and Ferromagnetism from the Viewpoint of Chemical Bonding in
Intermetallic Compounds

One of the very first approaches to conveniently describe and account for the occurrence
of ferromagnetic states in metals and their compounds was provided by the chemical theory of
the collective electron ferromagnetism, which establishes a relationship between the incidence of
ferromagnetism and the electronic band structures in metals and their compounds [130]. At this
point, one may wonder how the presence of itinerant antiferromagnetism and ferromagnetism in
metals and their compounds may be viewed from the perspective of chemical bonding. Indeed,
the COHP technique can also be applied to the outcome of spin-polarized computations, thereby
providing valuable information regarding the relationships between the itinerant magnetic states and
the bonding situation in a given solid-state material. In this section, we will present some applications
of the COHP method to spin-polarized first-principles-based computations on intermetallics.

An inspection of the non-spin-polarized COHP curves for 3d transition-metals (T; Figure 8)
indicates that the Fermi levels in the ferromagnetic metals cross antibonding regions of the T−T COHP
curves [131,132]; however, in the case of the spin-polarized COHP curves for the ferromagnetic metals,
the states occupied by the majority α spins lower in energy, while the states comprising the minority
β spins shift upward in energy. As a result, the formerly antibonding states at the Fermi levels have
disappeared and the T−T bonding has been strengthened (e.g., by 5% in bcc-Fe). The strengthening of
the chemical bonding upon onset of ferromagnetism is smaller for cobalt and even smaller for nickel,
and their magnetic moments and exchange splitting are also smaller. On the other hand, positioning
the Fermi level in the nonbonding levels (such as for bcc-Cr) is a clear signpost for antiferromagnetism.
Hence, chemically fine-tuning the valence-electron concentration (and, because of that, the Fermi level)
to properly “hit” antibonding and nonbonding states yields a simple but rational recipe for making
ferromagnets and antiferromagnets [133], even entire series of such materials. For instance, chemical
bonding analyses using the COHP technique provided fruitful insights into the origins of the magnetic
ground states for several (intermetallic) borides [134–137] such that the magnetic orderings of the
respective borides may be “tailored”.

Figure 8. DOS and transition-metal−transition-metal COHP curves of the 3d transition-metals
in a non-magnetic regime: the COHP curves shaded in red correspond to transition-metals
showing paramagnetic-ferromagnetic transitions, while the COHP curve of chromium exhibiting
a paramagnetic-antiferromagnetic transition is shaded in yellow. Reprinted with permission from
reference [131]. Copyright 2000 WILEY-VCH, Weinheim.
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Among the diverse binary compounds consisting of one of the 3d transition-metal, the nitrides
are of fundamental importance for research as well as technical applications due to their roles in
the production and hardening of steel [138]. In the case of the mononitrides, two different types of
structure, i.e., the rock salt and zinc blende type of structures, have been proposed. To identify the
structural preferences for the mononitrides, TN (T = Sc–Ni), the COHP curves of the nitrides were
examined. A comparison of the COHP curves for the transition-metal mononitrides demonstrates that
more antibonding T−T interactions are occupied as the valence-electron counts of the transition-metals
increase. Furthermore, FeN and CoN tend to crystallize in the zinc blende-type of structure, because
the antibonding T−T interactions are less pronounced in the zinc blende-type than in the rock salt-type
of structure.

More recent research on the iron nitrides identified a previously unknown NiAs-type modification
for FeN, which was obtained from high-temperature high-pressure syntheses [139]. An inspection
of the non-spin-polarized DOS and projected COHP curves for the NiAs-type FeN (Figure 9)
indicates an electronically unfavorable situation since the Fermi level falls in a maximum of the
DOS and significantly antibonding Fe−N interactions. Because the Fermi level falls in minima of
the spin-polarized DOS curves and the integrated values of the spin-polarized pCOHP denote net
bonding characters for the Fe−N interactions, it can be inferred that the NiAs-type FeN alleviates
the electronically unfavorable situation by approaching a magnetic state, once again. This conclusion
is corroborated by the presence of a magnetic sextet in the Mößbauer spectrum of the NiAs-type
FeN. An additional comparison of the integrated COHP values in the NiAs-type FeN to those in the
zinc blende-type modification shows that the zinc blende-type FeN comprises shorter Fe−N contacts
providing larger integrated pCOHP values relative to the NiAs-type compound and, hence, should
be preferred.

Figure 9. Energy-volume curves (a), and pressure-dependence of the enthalpies (b) of the NiAs-type
and ZnS-type polymorphs of FeN; non-spin-polarized and spin-polarized densities-of-states (c,e),
and pCOHP curves (d,f) of the NiAs-type FeN: the Fermi level, EF, is represented by the black horizontal
line. Reprinted with permission from reference [139]. Copyright 2017 WILEY-VCH, Weinheim.
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4. Conclusions

Because the information concerning the spatial arrangements of elements in a given material is of
fundamental interest for the materials design, there is critical need to recognize the bonding situation
in a given material in order to understand the structural arrangements and preferences. The extraction
of the information regarding the chemical bonding from electronic-structure computations requires
the use of efficient and reliable procedures. Since its introduction 25 years ago, the COHP method
has been employed to identify the bonding situations in numerous solid-state compounds (and also
molecules). As shown in this contribution, the COHP technique does not depend on the employed
basis set and can be applied to the results of electronic-structure computations obtained using diverse
quantum-chemical means. Furthermore, we demonstrated the applications of this method to identify
the bonding situations in diverse (polar) intermetallic compounds, which are traditionally considered
as black sheep in the light of valence-electron counting rules [76]. The COHP analyses of the rare-earth
transition-metal halides enabled identification of these compounds as anti-Werner-fashioned complexes,
whereas the applications of the COHP procedure to the electron-poorer polar intermetallic compounds
indicated that these materials tend to optimize the overall bonding by maximizing the amounts of
heteroatomic bonds providing the largest ICOHP per bond values. Furthermore, chemical-bonding
analyses based on the COHP technique have allowed identifying the structural preferences for nitrides
and phase-change materials that are relevant for technical applications.
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