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COEXISTENCE OF IONIC AND COVALENT ATOMIC INTERACTIONS
(BONDING INHOMOGENEITY) AND THERMOELECTRIC
PROPERTIES OF INTERMETALLIC CLATHRATES

The influence of atomic interactions on the thermoelectric behavior of the Ba - Ge-based ternary
clathrate-1 phases BagTGess.xy Yy (T — main group element or late transition metal) has been
investigated by means of quantum chemical techniques. The atomic interactions changes with the
substituting element T were studied in real space by employing the electron localizability
approach. Essentially two-center bonds in the framework (Ge—-Ge and Ge-T) and
predominantly ionic bonds between the guest and framework atoms were found. However, for
T = Ag, Cd, Pt and Au, additional two-center Ba - T interactions were discovered. The type-I
clathrates with such interactions are reported to have very low lattice thermal conductivity,
revealing an important role of atomic interactions in the limiting of the thermal transport.
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Introduction

Inorganic clathrates are an important group of intermetallic cage compounds. After the first
report on Na — Si based clathrates in 1965 [1], the research activity on inorganic clathrates has steadily
increased. Although there are a number of different clathrate structure types, the type-1 clathrate
phases have attracted most attention due to their relatively simple preparation and variability of
chemical composition [2, 3, 4]. In type-I clathrate crystal structure four-coordinated atoms constitute a
three-dimensional (3D) host framework with large cages that can accommodate guest atoms. Type-I
clathrates crystallize in a simple cubic lattice and have the ideal composition GgFwgs with 8 guest (G)
and 46 framework (Fw) atoms, Pearson symbol cP54. The guest atoms can typically be alkali metals
(Na, K, Rb, Cs), alkaline earths (Sr, Ba) or Eu. The framework mainly consists of group 14 elements,
Si, Ge, Sn, and allows substitutions by other main group p elements or by electronegative transition
metals. This flexibility in framework substitutions (which may be accompanied by inserting two
elements, G and G', as guest atoms) provides invaluable opportunities to tune various physical
properties.

Silicon-based clathrate-1 phases drew attention when superconductivity was reported in
(Na, Ba),Siss [5] and Bag.,Sisg [6] with transition temperatures of 4 and 8 K, respectively. Germanium-
based clathrate-1 phases, on the other hand, have been studied mostly for their potential use in
thermoelectric (TE) applications. In general, all clathrate structures with their 3D framework - guest
atoms in large cages type of arrangements are promising candidates as thermoelectric materials. This
can be understood by considering the requirements for efficient TE performance. The thermoelectric
performance of a material is assessed by a dimensionless figure of merit, ZT = S? 6 T/ . Here, S is the
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Seebeck coefficient or thermopower, o is the electrical conductivity, k the thermal conductivity and T
is the absolute temperature. Thermal conductivity has mainly contributions from electrons, «., and
from the lattice, k.. The former is directly proportional to the electrical conductivity, as described to a
good approximation in the low- and high-temperature region through the Wiedemann-Franz law.
Since both thermopower and electrical conductivity depend on charge carrier concentration, all terms
in the figure of merit expression but the lattice thermal conductivity are determined largely by the
charge carrier concentration of the TE material. Hence, increasing ZT to high values can be achieved
by optimizing the charge carrier concentration. In order to improve the TE performance further,
however, the lattice thermal conductivity, k., should be reduced as much as possible. Consequently,
the challenge in TE materials research can be summarized as finding a material that has good
electronic but poor thermal transport properties. G. Slack introduced the concept of phonon glass
electron crystal (PGEC) to describe this challenge [7]. The PGEC concept relies on the approximation
that electronic and thermal transport properties of a compound can be modified rather independently
of each other. Such a decoupling may be achieved in cage compounds with separated framework and
guest substructures, as in clathrates or filled skutterudites, for example [4, 8]. The covalently bonded
frameworks in the clathrate compounds are very convenient for purposes of optimizing the electronic
part through substitution, while the guest atoms in the cages can impede the heat transport by giving
rise to avoided crossings (between the acoustical branches and the guest-atom derived flat optical
modes), however the actual mechanism is still debated [9, 10, 11, 12], in particular after inelastic
scattering experiments revealing no evidence for an interpretation in terms of an isolated oscillator and
showing rather coherent modes of guest and host substructures [10, 13].

The type-1 clathrates obtained by substitution in the binary BagGes3Ys are among the most
intensely investigated clathrate phases. ZT values larger than 1.0 were reported at high
temperatures (= 900 K) for BagGa;sGesp (single crystal) [14] and BagNig31Znos:GaissGesz2 [15],
while polycrystalline BagAus:Gego7 attains a ZT value of 0.9 at 680 K [16]. So far various ternary
clathrate-1 phases with a general composition BagT,Gess.y Yy (Where Y stands for vacancy and T for
the third element) were studied both experimentally and computationally in order to find compounds
suitable for further improvement: T = Ni [17, 18, 19], Cu [17, 20, 21, 22], Zn [23, 24, 25, 26, 27], Rh
[28], Pd [17, 29], Ag [17, 30], Cd [27, 31, 32], Ir [33], Pt [17, 34] and Au [16, 17, 35] as well as Al
[36] and Ga [37, 38]. The homogeneity ranges vary greatly with the substituting element T, up to
x = 16 for Ga [37], x = 4.2 for Ni [18] and x = 0.4 for Ir [33]. The binary clathrate-I phase in the Ba — Ge
system (x=0) has the composition BagGessYs with three framework vacancies [39, 40]. The
framework vacancies (y # 0) are also observed in ternary phases for small values of x. This large
variation in chemical composition and the substituting elements give rise to a rich spectrum of
physical properties. Electrical conductivity can be metallic or semiconducting; transitions from n- to p-
type conduction are reported for the phases with T = Ni [19] and Au [16]; relatively low lattice thermal
conductivities were observed for T = Cu, Ag, Cd, Pt and Au. Consequently, understanding the nature
of this observed richness in respect of atomic interactions (chemical bonding) is of current interest.

The Zintl — Klemm concept is very useful in understanding the general features of the atomic
interactions in clathrates. According to this concept the electropositive elements occupying the guest
positions transfer their valence electrons to the framework so that the guest-framework interactions are
mainly of ionic nature, and in the framework essentially two center-two electron (2c — 2e) covalent
bonds are formed. In the case of complete electron balance, the number of available electrons
matching the required number for all 92 (2c — 2e) framework bonds, a semiconducting behavior is
expected. The case of excess electrons (electron deficiency) leads to n-type (p-type) electrical
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conductivity. However, the discovery of covalent interactions between the guest atoms and some of
the substitutions (see, for example, reference [16] for Ba <— Au dative bonds) clearly indicates that
quantum mechanics-based analytic tools are needed for a deeper understanding.

The atomic interactions in crystalline solids are usually studied by using quantities expressed in
the reciprocal space, such as electron energy dispersions (bands and/or fat bands) and the electronic
density of states (DOS). Recently this type of analysis is augmented by a real or direct space analysis,
as well [41]. The electron localizability approach allows study of chemical bonding in real space using
first-principles quantum mechanical calculations. This concept is in particular successful for
intermetallic compounds. The real space analysis based on the electron localizability indicator (ELI
[42]) resolves the shell structures of free atoms. Hence, when applied to a molecule or solid the core
and valence regions are separated. The core electrons that do not participate in chemical bonding show
spherically symmetric ELI distribution. The atomic interactions mostly take place in the valence region,
and consequently the ELLI distribution in this region is highly structured implying two- or multi-center
bonds, or lone-pair-like features. In cases involving transition metal atoms a frequently encountered
situation is the participation of the penultimate-shell electrons in chemical bonding which is manifested
in the deviation of the ELI distribution in the penultimate shell from spherical symmetry [43, 49].

The electron localizability approach employs the topological analysis methods that play a central
role also in the quantum theory of atoms in molecules (QTAIM) [44]. In QTAIM, the local maxima of
the electron density usually occur at nuclear sites and the respective basins (QTAIM basins) are
recognized as atoms in the crystal structure (molecule). The local ELI maxima, on the other hand,
identify the inner electronic shells (core region) and the bonding interactions (valence region).
Integrating the electron density inside the corresponding basins yields their electron populations. For
the QTAIM or atomic basins the result will be the total number of electrons (Qa) that an atom A has in
the given compound (molecule). For the basins of the ELI, number of core electrons for each atom
and/or the electron populations of each bonding basin will be obtained. Whether a bonding basin
represents a two- or multi-centered, or lone-pair-like interaction, can be determined by applying the
basin intersection technique [45]. In this technique the bonding basin is intersected with the atomic
basins and the number of electrons contributed to the bond by each atom can be found by integrating the
electron density in each intersection region. For obtaining a more general picture of the atomic
interactions, it is sometimes reasonable to ignore contributions less than some small fraction (e.g., 10%)
of the bond population [46]. Furthermore, the basin intersection technique enables us to quantify bond
polarity and explore its relation to electronegativity differences [47, 48]. Another useful feature of the
ELI formulation is the possibility of decomposing it into partial contributions [49]. Partial ELI,
denoted as pELI, can be obtained in terms of either energy windows (crystalline solids) or molecular
orbital contributions (molecules).

In this study we investigate the chemical bonding in ternary clathrate-1 compounds BagT¢Geso by
combining the topological analysis of the electron density (ED) and the ELI in its ELI-D
representation. The features of electronic DOS are used for discussion.

Crystal Structure

The type-I clathrate structure consists of three framework and two guest atom positions (Fig. 1).
These Wyckoff positions are 6¢, 16i, 24k and 2a, 6d, respectively, in the space group Pm — 3n (no. 223).
Only the 16i (x xx) and 24k (0 y z) positions have free parameters, others’ coordinates are fixed by
symmetry. In the context of BagT¢Geyo Clathrate phases the framework positions can be labeled as
6c = Gel, 16i = Ge2 and 24k = Ge3. The Ge2 and Ge3 sites form two 20 — atom cages per unit cell,
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while all framework atoms participate to form six 24 —atom cages per unit cell. The former are
centered by the guest atoms at 2a and the latter at 6d positions. Each framework atom is four-
coordinated by other framework atoms. This structural feature yields 24 x Gel — Ge3, 8 x Ge2 — Ge2,
12 x Ge3 — Ge3 and 48 x Ge2 — Ge3 contacts per formula unit. Hence, in total the framework contains
92 two-center two-electron bonds requiring 184 valence electrons per unit cell. The diamond structure
is also generated by four-coordinated atoms, however the less dense clathrate-1 framework differs
from it significantly by the presence of three planar hexagons per unit cell. These hexagons are formed
by two Gel and four Ge3 atoms. In the plane of the hexagons the Ge3 — Ge3 — Gel angles usually
vary around 125 degrees deviating strongly from the tetrahedral value of 109.47 degrees. In addition,
the hexagons along a crystallographic axis alternate between being “horizontal” and “vertical” so that
two neighboring hexagons meet at the common Gel (6c) sites. Therefore, these sites are expected to
behave differently in comparison to the other two framework sites. In fact, point defects, especially at
relatively low concentrations, are observed to involve mostly the 6¢c Wyckoff position. In particular, in
the binary clathrate-I compound BagGes3Y3 only half of the 6c sites are occupied by the Ge atoms [39].
The vacancies can be taken, to a good approximation, as fully ordered so that a 2 x 2 x 2 supercell in
space group la — 3d (no. 230) with Pearson symbol cl1408 results [39, 40].

Ge3 (24k)

| Ba2 (6d) '
Q.

Figure 1. Crystal structure of clathrate-1 BagT¢Ge,o.

In the ternary clathrate-I compounds BagT Geuss.xy Yy, the T atoms are usually located at the 6¢
sites for x < 6. Moreover, the vacancies are found exclusively at the 6¢ sites (reminiscent of the binary
clathrate BagGess3Ys). Consequently, almost all BagT Gess.x Yy phases are structurally disordered
resulting in complex crystal structures. However, the main purpose of this study is to investigate
chemical bonding in ternary type-I clathrate compounds in real space with emphasis on Ba—T
and T — Ge interactions and the effects of these interactions on the Ge — Ge bonds. The complications
due to the crystal structure were avoided by employing a simplified structural model with all 6¢ sites
occupied by T atoms. The corresponding fully-ordered crystal structure model has the composition
BagTsGeso. We consider the cases T = Li, Mg, Al, Ga and the late transition metals belonging to groups
9-12 of the Periodic Table. For comparison, the empty (YgGess) and the binary (BagGessYs)
clathrates as well as the hypothetical BagGe4s were included in the study.
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Quantum chemical techniques

Electronic structure calculations were performed by using the all-electron, full-potential local
orbital (FPLO) method [50] (version 9.01). All main results were obtained within the local density
approximation (LDA) to the density functional theory through the Perdew-Wang parametrization for
the exchange-correlation effects [51]. Some of the results were compared to those obtained by the
generalized gradient approximation (GGA) [52] and no significant differences were found. In the
FPLO method a scalar relativistic Hamiltonian is applied to the semi-core and valence electrons, while
the core electrons are treated in a fully-relativistic way. Chemical bonding analysis is based on the
combined analysis of electron density (ED) and electron localizability indicator (ELI). ELI [42] was
calculated in the ELI-D representation [53, 54] by a module implemented into FPLO software [55].
Topological analysis of the ED and the ELI-D were carried out by the program DGrid [56].

The crystal structures of the type-1 clathrates YgGess, BagGess and BagTeGesg were fully
optimized within LDA using a Brillioun zone (BZ) mesh of 8 x 8 x 8 and placing all T atoms at the 6¢
Wyckoff position of the space group Pm —3n (no. 223). The maximum orbital angular momentum
number was set to 12 for electron density expansion. The maximum force criterion was 5 meV A™ and
the equilibrium volume determination process was stopped when the estimated change in the lattice
parameter was less than ~ 0.004 A (corresponds to a volume ratio of ~0.1 %). For BagGes3Y3 the
vacancy-ordered 2 x 2 x 2 superstructure model [39] was used without atomic position or unit cell
volume optimization. The ELI-D and DOS calculations at the minimum-energy structures utilized a
BZ mesh of 10 x 10 x 10.

Results and Discussion

The optimized values of the crystal structure parameters for BagGess and BagT¢Geso Where
T = Li, Mg, Al, Ga and transition metals of groups 9 — 12 are listed in Table I.
Table 1.

Optimized lattice parameters and atomic coordinates of Ge2 (16i site) and
Ge3 (24k site) in the model BagTsGeyo Structures.

Composition a(A) X (161) y (24k) z (24k)
BagLisGeso 10.7126 0.1827 0.3118 0.1153
BagMgsGeso 10.8433 0.1836 0.3040 0.1139
BagAlgGeyo 10.7602 0.1843 0.3086 0.1184
BagGagGey 10.7612 0.1845 0.3092 0.1186
BagGesGeyg 10.8964 0.1847 0.3074 0.1183
BagCosGeyg 10.5064 0.1829 0.3255 0.1263
BagNigGeyo 10.5098 0.1829 0.3233 0.1245
BagCusGeyo 10.5643 0.1830 0.3180 0.1198
BagZneGeyo 10.6500 0.1837 0.3118 0.1183
BagRhsGeyo 10.6380 0.1831 0.3185 0.1216
BagPdsGeso 10.6624 0.1830 0.3146 0.1187
BagAgsGeso 10.7484 0.1830 0.3085 0.1157
BagCdsGeyo 10.8410 0.1838 0.3028 0.1149
BaglrsGeso 10.6539 0.1832 0.3178 0.1219
BagPtsGeyo 10.6631 0.1831 0.3148 0.1202
BagAugGeso 10.7238 0.1832 0.3093 0.1169
BagHgsGeso 10.8454 0.1837 0.3024 0.1155
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Electronic structure

Since, each framework atom is four-coordinated by other framework atoms in an approximately
tetrahedral environment, an empty clathrate such as YgGegs, in analogy to the diamond structure, is
expected to have an energy band gap [57]. Indeed, we obtained a band gap of 1.22 eV for the fully-
optimized YgGeys Structure. The corresponding electronic density of states (DOS) is presented in
Figure 2, upper panel. In BagGe,3Y3, there are 16 extra electrons from the Ba atoms, but due to the
missing three Ge atoms at the 6c position the net number of the excess electrons is four:
(Ba®)s[(3b)Ge]1.[(4b)Ge"]s1-4€", where (3b) and (4b) denote three- and four-bonded Ge, respectively.
The calculated electronic structure of BagGes3Y'; [58] shows that the band gap of YgGeys is preserved
although its width is reduced to about 0.2 eV, and top of the gap lies 0.5 eV below the Fermi energy
(Er, Fig. 2, middle panel). The number of electrons occupying the states between -0.5 eV and Fermi
energy (set to 0 eV) is exactly four, in agreement with the above simple electron counting. For the
hypothetical binary clathrate-1 BagGess the net number of the excess electrons is 16 and therefore top
of the gap lies further below the Eg, at about -0.85 eV (Fig. 2, lower panel). The width of the gap is
~0.6 eV. The preservation of the gap implies that the Ba states, mainly 5d, hybridize only weakly with
those of the Ge framework in the region below the gap.
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Fig. 2. Calculated electronic density of states for ¥3Gess, BagGess 13, and BagGegs.
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An important question is what happens to the gap when atoms of a third element are introduced
to the clathrate-I structure. In the case of Ba— T — Si type-I clathrate phases for T = Ni [59] and Rh
[60], the rather strong hybridization between the d electrons of T and the p electrons of Si results in the
closing of the gap (reminiscent of the empty YsSis clathrate). In contrast, we find for the case of
BagTsGe,o, that the band gap persists even when six atoms of the element T = Li, Mg, Al, Ga (Fig. 3)
or a transition metal from groups 9 through 12 (Fig. 4) replace the Ge atoms at the 6¢ position. The
Fermi energy lies above or below the gap depending on the ability of the T elements to a accommodate
valence electrons of Ba with respect to the empty clathrate YgGess. According to the Zintl-Klemm
concept each T atom would need four electrons for forming four two-electron two-center bonds with
the neighboring Ge atoms. The difference between four and the number of valence electrons v of the T
atom yields its accommodation ability of T. The comparison of the accommodation ability of six T
atoms with the 16 electrons transferred from Ba determines the location of the gap with respect to Er:
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if the accommodation ability of six T is less than 16, the gap is below the Fermi level and vice versa.
The DOS results to be presented below show the validity of this argumentation providing support for
the applicability of the Zintl-Klemm concept to the ternary clathrate-l phases BagT¢Geyo.
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Fig. 3. Calculated electronic density of states for BagT¢Ge,o with T = Li, Mg, Ga.

Lithium has one valence electron, therefore in BagLisGesq there are two electrons less compared
to YsGess: (Ba®")s[(LiGes)* 1s[(4b)Ge"]16-2e*, where e stands for a hole. Hence, the gap is above Eg
(Fig. 3 upper panel) and the integrated DOS between Eg and bottom of the gap reveals two electrons
as expected. Similar count for Mg and Ga (two and three valence electrons, respectively) yields 4 and
10 extra electrons — (Ba*")s[(MgGes)*1s[(4b)Ge’l1e4e” and  (Ba*")s[(GaGe,) 1s[(4b)Ge’16-10€",
respectively — so that Er ends up above the gap (Fig. 3 middle and lower panels). In these cases also
the integrated DOS between top of the gap and Er gives the expected electron numbers.
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Fig. 4. Calculated electronic density of states for BagT¢Geso with T = Ir, Pd, Cu and Cd.

By comparing Figs. 3 and 4, we deduce similar behavior for T = Li, Cu, Ag, Au and for T = Mg,
Zn, Cd, Hg sets showing DOS consistent with the picture for T having one or two valence electron(s).
Recent experimental and theoretical work on BagAu,Sis.x [61] and BagAu,Gessx [16] phases have
revealed that as x is varied from below 5.33 to above 5.33 the nature of the charge carrier transport in
the corresponding compounds changes from n-type (electron-rich case) to p-type (electron-poor case).
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This transition can be explained if Au atoms act as having one valence electron so that each of
them needs three electrons from the Ba atoms to make two-electron bonds with Ge neighbors. The
critical value of x = 16/3 = 5.33 to match the number of available electrons to the electron demand is
simply the number of Au atoms that can accommodate all 16 electrons available from Ba. Group 10
elements have one electron less than their group 11 neighbors, thus they are expected to behave as if
they have zero valence electrons. With v set to 0 we obtain accommodation ability of 24 for 6 Pd
atoms. With 16 available electrons of 8 Ba species, it places the Er below the gap. The computed DOS
(Fig. 4, T = Pd) is in agreement with this expectation, and the integrated DOS from Eg to the bottom of
the gap yields 8 electrons as expected. The electron balance for T = Ni can be — similarly to the Pd
case - expressed as (Ba**)s[(NiGe,)" Js[(4b)Ge"]16-8e". Experimental evidence for the electronic state of
Ni exists for BagNixGess..y Yy [19] and BagNixSig..y Yy phases [63], for which X-ray absorption studies
carried out on Ni sites suggest an oxidation state close to that of elemental Ni. In the case of group 9
elements, one electron less than in group 10, one would set v to -1, e.g., (Ba*")s[(CoGes)™
Js[(4b)Ge"]16-14e", so that Er falls further below the gap (Fig. 4, top panel). For all group 9 elements
the states between Er and the bottom of the gap are found to accommodate 14 electrons.

The electron balances derived from the Zintl model of atomic interactions in clathrates and their
correlation with the electronic density of states allow description of the electronic transport in this
family of thermoelectric materials for any values of x within the experimentally found homogeneity
ranges of the phases BagTGessx.yYy. Analysis of the thermal transport behavior reveals that the lattice
thermal conductivity does not follow the changes in the electronic structure [10] and shows for the
case of T =Au some influence of the distinct atomic interactions in the crystal structure [16]. A
systematic analysis of such interactions is made by real-space quantum chemical techniques.

Chemical bonding in real space

The QTAIM basins and their electron populations were obtained for the BagTsGeyo Clathrates by
applying the topological analysis to the electron density. The shapes of QTAIM basins are shown in
Fig. 5 for BagCugGe4o. One notices that both Bal and Ba2 basins have highly spherical shapes. This
implies that Ba atoms act mainly as cations: the atomic basin of an ideal cation should consist only of
the core electron shells whose electron density would have a spherical distribution. The QTAIM
basins of the Ge and Cu atoms, on the other hand, are far from being spherical indicating the presence
of more directional interactions (in comparison with the ionic ones).

Fig. 5. QTAIM atoms in BagTsGeyo by the example of T = Cu.
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The effective charge of an atom within the electron localizability approach is defined as the
difference between the atomic number Z and the electron population of the atomic basin Q. Fig. 6
shows the calculated effective charges (Z - Q) of the T atoms in relation to their position in the
Periodic Table. Due to the similarity of the electronic DOS, Li and Mg are assigned to groups 11 and
12, respectively, for plotting purposes. Large positive effective charges are observed for the main
group elements Li, Mg and Al. Normalizing the effective charges for one formal valence one obtains
+0.80, +0.65 and +0.47, respectively, correctly reproducing the order of increasing electronegativity
(EN) within one row. The main group element of the next row — gallium —has a smaller positive
effective charge than aluminum being also in agreement with the electronegativity of the elements of
group 13 (EN(Ga) > EN(AI). There are two general remarks in regard to the transition metals: the
effective charges (i) get more negative within each group as period number increases, (ii) get less
negative within each period as group number increases. Both observations are in line with the general
tendency of how electronegativity changes across the Periodic Table. Ge3 atoms are the nearest
neighbors of the T ones; therefore their effective charges vary in a wide range. One limit corresponds
to the case of electropositive elements (Z — Q)ge3 ~-0.60 for T = Mg and Al, and the other to Ir and Pt
with (Z — Q)ges = -0.05. Ba2 and Ge2 effective charges show a variation of approximately the same
width: (1.2 + 1.4) for Ba2 and (-0.3 =+ -0.1) for Ge2. Since the Bal — T and Ba — Ge distances (> 0.559
times the lattice parameter) are the longest among the host-guest distances, Bal effective charges
change very little, they lie between 1.1 and 1.2.
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Fig. 6. Effective charges for QTAIM atoms in BagT¢Geo.

More insight about how Ge —T and Ge — Ge interactions are affected as T is changed was
gained by performing the topological analysis of the ELI-D. The ELI-D distributions at x = a/2 for
some representative cases are shown in Figure 7. Apart from the Ge2 — Ge2 and Ge2 — Ge3 bonds all
other bonding situations of interest are present in this plane. The Ge3 — Ge3 attractors are off the bond
line, but usually very close to it. Electron populations of bond basins are calculated by integrating the
ED inside the valence-region ELI-D basins. Basin intersection technique is used to determine how
many electrons are contributed by which atoms. In general the Ge — Ge bonds have a two-center
character with Ba contributions always being less than ~ 2% of the bond population. In the empty
clathrate YgGeys there are, as expected, only two-center two-electron Ge — Ge bonds. In BagGeys, due
to the vacancies at the 6c¢ site, the basins of the former Gel — Ge3 bonds have contact only to one Ge3
core, i.e., they represent lone pairs at Ge3 atoms [64]. The bond populations are as follows: for Ge2 — Ge2
bond — 2.25 ¢, for Ge3 — Ge3 bond — 1.95 ¢, for Gel — Ge3 bond —2.17 ¢’, for Ge3 lone pair — 2.52 ¢’
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and for Ge2 — Ge3 bond — 2.10 e (when Ge3 has a Gel neighbor), 1.92 e (for Ge2 at 32e position)
and 2.05 e (when Ge2 is at 96h position and Ge3 has a lone pair). These values are essentially
independent of whether LDA or GGA is used in the calculation.

[100] [010] o
-1 ~
[001]

Fig. 7. ELI-D distribution in BagTgGe4o at x = 0.5 for T = Mg, Al, Ni, Ag, Cd, Ir, Pt, Au.

The Ge — Ge bond populations are plotted against Ge — Ge distances in the studied BagTsGeqo
clathrates in Fig. 8. The Ge2 — Ge2 bonds are the least affected by T due to the rather long Ge2 - T
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contacts of about 4 A. Their bond populations vary between 2.2 and 2.3 electrons and the Ge2 — Ge2
distances lie between 2.44 and 2.50 A. The Ge2 — Ge3 distances vary in a narrow range, 2.48 — 2.53 A,
but the bond populations show a wider variation: 1.88 to 2.15 electrons. As expected, the Ge3 — Ge3
values are spread over considerably wider ranges of [1.7, 2.05] e and [2.47, 2.66] A for bond
population and bond distance, respectively. In the Ge2 - Ge2 and Ge3 - Ge3 bonds, Ge atom
contributions are equal, but the Ge2 — Ge3 bonds are slightly polar (similar to the Ge3 — Gel case
above) due to different local environments [66].
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Fig. 8. Ge - Ge bond populations versus Ge - Ge bond distances in BagT¢Geo.

The Ge3 — T bond attractors have in the isolated GeT molecules usually ring characteristics [43,
49]. In the BagT¢Gey Clathrates, due to the non-cylindrical symmetry of the Ge — T bond environment
they are split into two for all transition metals (Fig. 7). In addition, the structuring of the penultimate
shell is observed for most transition metals, e.g. for the 3" and 4" shells for Ni and Ag, respectively, it
is noted in Fig. 7. The structuring of the penultimate shell of the T species is very weak for group 12
atoms and is missed in the case of main group elements. The bond polarity of the Ge — T bonds is a
consequence of the different atomic charges of the participating atoms.

Information on Ba — framework interactions can be inferred from the structuring of Ba atoms’
penultimate (5™) shell. In all cases the structuring of Ba2 penultimate shell is significant enough to be
noticed in two-dimensional plots of the ELI-D distribution (Fig. 7). In contrast, Bal structuring is
comparatively very small, it is noticeable only for T = Pt. In the ELI-D representation of the Ba atom,
the 5p states contribute also to the valence region. i.e., they may as well be participating in atomic
interactions. An interesting finding is the detection of two-center Ba2 «<— T dative bonds for T = Ag,
Cd, Pt and Au manifested by the dedicated ELI-D attractor (Fig. 7). Covalent Ba2 — Au bonds were
reported in a previous study which employed the tight-binding linear-muffin-tin orbital (TB-LMTO)
method [16]. This result is confirmed in the present FPLO calculations by applying either LDA or
GGA techniques. Additionally, three new cases are found. Bond populations are 0.10, 0.06, 0.16 and
0.27 electrons for Ag, Cd, Pt and Au, respectively. These bonds are strongly polar with the bond
fraction [48] of Ba2 atoms being 0.05 — 0.06. Because some of the Pt or Au electrons are used for
forming the according dative Ba2 — T bonds, the low values of bond populations of the Ge3 — Pt and
Ge3 — Au bonds are partly understandable. The partial ELI-D analysis based on the energy window
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decomposition confirms the T(d) participation for T=Ag, Pt and Au. Here, the Ba2-T ELI-D
attractors show up when the lower limit of the energy window is chosen above the energy ranges
dominated by the T(d) states. The upper limit is taken as the Fermi energy. The lower limits for the
chosen energy windows are -4.15, -2.88 and -3.95 eV for Ag, Pt and Au, respectively. In these energy
ranges Ba 5d contributions start to rise and transition metal d contribution remain below 10 states eV,
However, for T = Cd similar analysis failed to isolate an energy window where Ba2 — Cd ELI-D bond
attractors occur. Here, the Ba— Cd bonding attractor results from the contributions of the whole
valence manifold of Cd.

Lattice Thermal Conductivity ( W-m'K")
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Fig. 9. Experimental minimum lattice thermal conductivity values
at temperatures above 200 K for the BagT,Gese.x phases (100 K for T = Ir).
Red points mark the T elements forming Ba — T bonds (cf. text).

Analysis of the lattice thermal conductivity k,_ of the ternary type-l clathrates BagT,Gessxy Yy
reported in the literature reveals strongly reduced values for all compounds having Ba2 — T bonds
(Fig. 9). The «_ is around 0.9 and 1.0 W m™ K™ for Ag and Pt [30, 34], respectively; it varies between
0.5-1.5and 0.5-1.0 W m™ K™ for Cd and Au [16, 31, 65], respectively. As a comparison, «, values
are above 1.4 — 1.5 W m™ K™ for Ir [66], Ni [18, 19] and Zn [23], and above 2.0 W m™ K™ for Pd [29].
Moreover, the «_ values for the Rb;gsAu, 47Gessss Clathrate are higher than 1.5 W m? K?, and the ELI-D
analysis on RbgAusGe4 found no dedicated maxima on the Rb — Au contacts [67]. The exceptional
case is that of T = Cu: the minimum value of «_ is reported to be around 0.8 W m™* K™ [68], but the
ELI-D analysis finds no Ba2 — Cu interaction with an dedicated attractor. Usually the low lattice
thermal conductivities obtained for heavier T elements are explained as a mass effect, however the
systematic investigation of the BagAu,Gess« Clathrate in very narrow range of 5.25 < x < 5.50 revealed
the change of x from 0.55 to 0.9 W m™ K™ confirming rather the role of the Ba — Au bonding [65].
Furthermore, the iridium-containing clathrate with heavy T component does not show reduced lattice
thermal conductivity, being in agreement with the absence of Ba — Ir interaction [66]. However, a role
of the covalent Ba2 — T interactions deserves further investigation. In particular, further experimental
work on Hg —and Cu - containing clathrates will be illuminating, because mercury is heavy and no
Ba2 — T bonds were detected in the ELI-D analysis, and the vice versa case represents T = Cu,
whereby the experimental data differ quite strongly from 0.8 to 1.5 W m™ K™ [21, 68] (Fig. 9).
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Summary

The chemical bonding in ternary Ba — Ge - based clathrate-1 phases is investigated by applying
the QTAIM and electron localizability approach. The composition BagTsGeyo is used for the quantum
chemical calculations where T atoms occupy the 6¢c Wyckoff position. The QTAIM analysis of the
electron density shows that Ba atoms transfer about 1.2 — 1.3 electrons to the [T¢Ge,o] framework. The
Ge2 atoms coordinated only by germanium receive 0.1 — 0.2 electrons. The Ge3 atoms have T atoms
in the first coordination sphere; thus, the effective charges of Ge3 vary more strongly from -0.05 to -0.60
depending on the polarity of the Ge3 — T bond. The Ge — T interactions are found to be essentially of
two-center character with negligible Ba2 contributions. Ba — framework interactions are mostly ionic
as expected from the Zintl-Klemm concept. However, the electrons in the 5" (penultimate) shell of Ba
atoms do participate in atomic interactions with the framework atoms as judged from the non-
spherical ELI-D distribution in these shells (structuring) and from the electronic DOS. Moreover,
for T=Cd, Ag, Pt and Au, there are dedicated ELI-D bond attractors indicating two-center Ba2 — T
interactions. Coexistence of different types of bonding in the clathrates BagT¢Geyo is named as bonding
inhomogeneity. The lattice thermal conductivity of the clathrate-1 phases with these Ba2 — T bonds
were reported to be lower in comparison with the phases without Ba2 — T bonding suggesting that
such bonds play a role in heat transfer reduction.
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