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Abstract: Although the electronic structures of several tellurides have been recognized by applying
the Zintl-Klemm concept, there are also tellurides whose electronic structures cannot be understood
by applications of the aforementioned idea. To probe the appropriateness of the valence-electron
transfers as implied by Zintl-Klemm treatments of ALnyAgsTes-type tellurides (A = alkaline-metal;
Ln = lanthanide), the electronic structure and, furthermore, the bonding situation was prototypically
explored for RbPryAgsTes. The crystal structure of that type of telluride is discussed for the
examples of RbLnyAgsTes (Ln = Pr, Nd), and it is composed of tunnels which are assembled by the
tellurium atoms and enclose the rubidium, lanthanide, and silver atoms, respectively. Even though a
Zintl-Klemm treatment of RbPrp AgsTes results in an (electron-precise) valence-electron distribution of
(Rb*)(Pr3+)2(Ag+)3(Te2_)5, the bonding analysis based on quantum-chemical means indicates that a
full electron transfer as suggested by the Zintl-Klemm approach should be considered with concern.

Keywords: tellurides; Zintl phases; polar intermetallics

1. Introduction

The understanding and, furthermore, the tailored design of the physical properties for a given
solid-state material requires a proper knowing of its electronic (band) structure [1,2]. In addition,
the knowledge of the total (electronic) energy, which is evaluated from the electronic (band) structure
computations for a given material, also provides valuable information about the structural preferences
and, hence, stability trends for such a substance [3,4]. The total energy of a given material depends on
two elementary energetic contributions, that are, the site energy and the bond energy [2]. Although the
energy arising from the bonds within a given solid-state material plays an important role with regard
to its total energy, the interpretation of the nature of bonding has still remained challenging for
one particular class of solid-state materials, i.e., intermetallic phases [5]. Yet, certain concepts, e.g.,
those stated by Hume-Rothery [6-8] or Zintl and Klemm [9-11], help to understand the distributions
of valence-electrons in some intermetallics. On the other hand, more recent research [1,12] on polar
intermetallic compounds revealed the existence of polyanionic or polycationic units (“clusters”) which
are combined with monoatomic counterions, but are electron-poorer relative to Zintl phases.
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Among the group of intermetallic compounds, tellurides have attracted an enormous interest
because of the employments as materials for diverse applications including thermoelectric energy
conversion [13-15] or data storage [16-18]. The distributions of the valence-electrons in the tellurides
have been typically described by applying the Zintl-Klemm concept [19,20]; however, the application
of the latter to certain tellurides containing low-dimensional tellurium fragments resulted in the
assignments of non-electron-precise charges to the tellurium atoms [20]. In that connection, recent
research [21,22] on the electronic structures of certain tellurides, i.e., LaCu,Te, (0.28 < x < 0.50),
Gd3CuyTey, and Ags_,Tes (—0.25 < x < 1.44), indicated that the valence-electron transfers as suggested
by Zintl-Klemm treatments should be taken with a grain of salt. In fact, analyzing the nature of
bonding for the aforementioned tellurides revealed the presence of strong rare-earth—tellurium as
well as transition-metal-tellurium bonding interactions being in stark contrast to the (complete)
valence-electron transfers as assumed by Zintl-Klemm treatments. The outcome of these examinations
stimulated our impetus to determine the electronic structures and, furthermore, the nature of bonding
for tellurides, which are expected to comprise rather ionic interactions, but also the aforementioned
mixed-metal interactions.

In the quest for tellurides, which are estimated to show rather ionic as well as mixed-metal
interactions, the group of the quaternary alkaline-metal rare-earth transition-metal tellurides has
attracted our interest. Previous research on the group of the quaternary tellurides has focused on
exploring the formations [23,24] of charge density waves, the effectiveness [25-28] for thermoelectric
energy conversion, and the magnetic [29] properties. In this contribution, we examine the electronic
structure and, furthermore, the nature of bonding for one representative of the ALn,AgsTes-type
(A = alkaline-metal; Ln = lanthanide), whose crystal structure will be described for the examples of
RbLnyAgsTes (Ln = Pr, Nd).

2. Results and Discussion

The quaternary RbLnyAgsTes (Ln = Pr, Nd; Table 1) were obtained as high-yield products from
reactions of the respective lanthanides, silver, and tellurium in the presence of rubidium chloride,
which was used as a reactive flux [30] (see Section 3.1). Both tellurides are isostructural to the recently
reported [28] RbLnyAgsTes (Ln = Sm, Gd-Dy), which are related to smaller unit cell volumes relative
to the herein reported tellurides as a consequence of the lanthanide contraction [31]. A comparison
of the unit cell volumes of RbLnyAgsTes (Ln = Pr, Nd; Table 1) to those of the cesium-containing
analogues [28], i.e., CsLnyAgsTes (Ln = Pr, Nd), reveals that the unit cells of the rubidium-containing
tellurides are smaller because of an increased atomic radius [32] from rubidium (2.20 A) to cesium
(2.44 A). To provide an insight into the structural features for this type of telluride, the crystal structures
of the quaternary RbLnyAgsTes (Ln = Pr, Nd) will be inspected in detail in the following.

2.1. Structural Details

RbLnyAgsTes (Ln = Pr, Nd) crystallize with the orthorhombic space group Cmcm (Tables 1 and 2)
and their crystal structures are composed of one-dimensional tunnels (Figure 1), which are assembled
by the tellurium atoms and enclose the rubidium, silver, and lanthanide atoms. More specifically,
the rubidium atoms reside in the centers of bicapped trigonal tellurium prisms, [Rb@Teg], that are
condensed via their triangular faces to linear ., [Rb@Teg] chains parallel to the a-axis. Each [Rb@Teg]
unit shares six edges with six nearest neighboring tellurium octahedra enclosing the lanthanide atoms,
[Ln@Teg]. The [Ln@Teg] units are connected via common edges to &, [Ln@Te ¢] double chains, while the
silver atoms occupy the tetrahedral voids located between the . [Rb@Teg] chains and L, [Ln@Te ]
double chains. The tetrahedral [Ag@Te4] units encapsulating the Ag5 atoms (Wyckoff position 8f) join
edges and vertices with neighboring [Ag5@Te,] units to construct ., [Ag5@Te ;] double chains parallel
to the g-axis. Additionally, the tellurium tetrahedra encompassing the Ag6 atoms (Wyckoff position 4c),
[Ag6@Te,], are connected via common tellurium atoms to neighboring units within the ., [Ag6@Te ]
chains as well as nearby ., [Ag5@Te ] double chains. A closer topological inspection of the , [Ag5@Te,]
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double chains reveals the presence of relatively short Ag5-Ag5 contacts (see Table 3). Considering
the covalent atomic radii [32] of silver (1.45 A), such short Ag-Ag separations of ~2.95 A suggest the
presence of Ag—Ag bonding interactions; however, an application of the Zintl-Klemm concept [9-11]
to RbLnyAgsTes (Ln = Pr, Nd) leads to a formal (electron-precise) valence-electron-distribution of
(Rb+)(Ln3+)2(Ag+)3(Te2_)5 disregarding the presence of Ag—Ag bonds. To determine the actual nature
of bonding for this telluride, we followed up with a prototypical examination of the electronic band
structure for RbPr, AgsTes.

Table 1. Details of the crystal structure investigations and refinements for RbLnyAgsTes (Ln = Pr, Nd).

Formula RbPr,AgzTes RbNd;AgsTes
from wt. 1328.90 1335.56
space group Cmcm (no. 63)
a(A) 4.618(2) 4.607(2)
b (A) 16.014(7) 16.031(7)
c(A) 18.644(8) 18.594(8)
volume (A3) 1378.7(10) 1373.1(10)
V4 4
density (calc.), g/cm? 6.402 6.461
p (mm~1) 24.946 25,513
F (000) 2224 2232
0 range (°) 2.19-25.76 2.19-25.67
-5<h<5 -5<h<5
index ranges -18<k<19 -19<k<18
-22<1<22 -20<1<22
reflections collected 4203 3900
independent reflections 774 762
refinement method full-matrix least-squares on F2
data/restraints/parameters 774/0/37 762/0/37
goodness-of-fit on F2 1.16 1.15
final R indices [I > 20(I)] Ry =0.036; wR, = 0.081 Ry =0.066; wR, = 0.156
R indices (all data) Ry =0.040; wR, = 0.082 Ry =0.068; wR, = 0.158
Rint 0.068 0.098
largest diff. peak and hole, e /A3 1.99 and -3.90 3.25and —6.84

Table 2. Atomic positions and equivalent anisotropic displacement parameters for RbPr, Ag;Tes and

RbNdzAg3T65.

Atom Position x y z Ueq, A2

RbPryAgsTes
Pr1l 8f 0 0.3096(1) 0.5945(1) 0.0114(2)
Te2 8f 1/2 0.4421(1) 0.6232(1) 0.0124(3)
Te3 8f 0 0.3289(1) 0.4264(1) 0.0110(3)
Te4d 4c 0 0.2389(1) 3/4 0.0128(3)
Agb 8f 0 0.0864(1) 0.5275(1) 0.0208(3)
Agb 4c 1/2 0.3360(1) 3/4 0.0229(4)
Rb7 4c 0 0.5587(1) 3/4 0.0227(5)

RbNdzAg3TE5
Nd1 8f 0 0.3095(1) 0.5945(1) 0.0071(4)
Te2 8f 1/2 0.4417(1) 0.6230(1) 0.0084(4)
Te3 8f 0 0.3281(1) 0.4265(1) 0.0071(4)
Te4 4c 0 0.2390(1) 3/4 0.0082(5)
Agb 8f 0 0.0865(1) 0.5281(1) 0.0161(5)
Agb 4c 1/2 0.3359(2) 3/4 0.0185(6)

Rb7 4c 0 0.5587(2) 3/4 0.0182(7)
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Figure 1. View on the unit cell of RbLn;AgsTes (Ln = Pr, Nd) along a: the crystal structures of the
tellurides are composed of tunnels which are assembled by the tellurium atoms and enclose the
rubidium, lanthanide, and silver atoms, respectively. The diverse types of tellurium (blue) polyhedra
surrounding the rubidium (red), lanthanide (black), and silver atoms (orange) are shown in the insets.

Table 3. Distances, numbers of bonds, -ICOHP/bond values, average -ICOHP/bond values,
cumulative -ICOHP/cell, and percentage contributions to the net bonding capability of the diverse
contacts in RbPr, AgsTes.

No. of -ICOHP/bond Ave.-ICOHP/bond

Interaction  Distance (A) Cum. -ICOHP/cell %

Bonds (eV/bond) (eV/bond)

Pr1-Te2 3.182(1) 16 1.103

Pr1-Te3 3.150(2) 8 1.363

Pr1-Te3 3.225(1) 16 0.936 1123 53.892 437
Pr1-Te4 3.112(2) 8 1.295

Rb7-Te2 3.796(2) 16 0.045

Rb7-Te3 3.749(2) 8 0.038 0.045 1.425 1.1
Rb7-Ted 3.696(2) 8 0.050
Ag5-Agh 2.952(2) 4 0.455 0.455 1.819 1.5
Ag5-Te2 2.846(2) 8 1.385

Agb5-Te2 2.919(2) 8 0.930

Ag5-Te3 2.812(1) 16 1.412 1.381 66.265 53.7
Ag6-Te2 2.913(2) 8 1.323

Ag6-Ted 2.783(2) 8 1.821

2.2. Electronic Structure and Chemical Bonding Analysis

An examination of the densities-of-states (DOS) curves for RbPryAgsTes (Figure 2) reveals that the
occupied states close to the Fermi level, Ef, originate to a large extent from the Ag-d and Te-p atomic
orbitals beside minor contributions from the Pr-d states. This outcome implies that the majority of
the valence electrons and, hence, bonding interactions reside between the Ag-Te, Pr-Te, and Ag-Ag
contacts. A further integration of the energy regions near Ex also bares that the contributions arising
from the Rb-s bands are rather negligible (not shown in Figure 2). Accordingly, one may infer that
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rubidium acts as a one-electron donor in the telluride. Because the Fermi level in RbPr, AgsTes falls in
a band gap of 0.93 eV, an electronically favorable situation is achieved for this telluride. Furthermore,
the presence of the band gap at the Fermi level is in full accordance with the formal valence-electron
distribution as proposed by the application of the Zintl-Klemm concept. Yet, there are the Ag-Ag
separations of ~2.95 A suggesting the presence of Ag-Ag bonding interactions which are not predicted
by a Zintl-Klemm treatment.

To provide an insight into the bonding situation in RbPr,AgsTes, we followed up with an
examination of the crystal orbital Hamilton population curves (COHP; Figure 2) and their respective
integrated values (Table 3). In this context, the cumulative -ICOHP/cell values, i.e., the sums of the
negative ICOHP/bond values of all nearest neighboring contacts within one unit cell, were projected as
percentages of the net bonding capabilities for each sort of interaction to identify roles of the diverse
interactions in overall bonding—a procedure that has been largely employed elsewhere [21,22,33-36].

A comparison of all -ICOHP/bond values bares that the largest values correspond to the
heteroatomic Pr—Te and Ag-Te interactions, which contribute 43.7% (Pr-Te) and 53.7% (Ag-Te) to
the total bonding capabilities. Therefore, it may be concluded that the vast majority of the bonding
populations is located between the Pr-Te and Ag-Te interactions. The Rb—Te interactions are related
to rather small -ICOHP/bond values, which contribute 1.1% to the net bonding capabilities. Under
consideration of previous research [37,38] on the electronic structures of alkaline-metal-containing
polar intermetallics, this outcome suggests that the Rb—Te interactions should be considered as ionic
interactions, while the Pr-Te and Ag-Te interactions should be regarded as rather strong, polar,
mixed-metal bonds. This outcome also indicates that a full valence-electron transfer as proposed by an
application of the Zintl-Klemm concept should be regarded with suspicion—a consequence which has
also been identified by recent explorations of the electronic structures of rare-earth transition-metal
tellurides [22] as well as silver tellurides [21]. The homoatomic Ag-Ag interactions change from
bonding to considerable antibonding states at —4.41 eV, which may be regarded as attributes of the
d10-410 closed-shell [39,40] interactions; however, the Ag—Ag —-ICOHP values are indicative of a net
bonding character for these interactions. Because of the rather low bond frequency of the Ag-Ag
separations, these interactions solely contribute 1.5% to the net bonding capabilities.

3
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Figure 2. Densities-of-states (DOS) and crystal orbital Hamilton population (COHP) curves of
RbPryAgsTes: the Fermi level, Eg, is given by the black horizontal line, while the atom-projected
DOS (blue) of praseodymium, silver, and tellurium are shown in (a)—(c), respectively. Additionally,
the orbital-projected DOS (red) which provide the largest contributions to the states near E for a given
sort of atom have been included.
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3. Materials and Methods

3.1. Syntheses

RbLnyAgsTes (Ln = Pr, Nd) were obtained from reactions of the respective rare-earth-elements
(smart—elements®, Vienna, Austria, Pr: 99.9%, Nd: 99.9%), silver (Alfa®, Haverhill, MA, USA,
>99.99%), and tellurium (Merck®, Darmstadt, Germany, >99%) in the presence of rubidium chloride
(Sigma Aldrich®, St. Louis, MO, USA, 99.8%), which was employed as a reactive [30] flux. Powders of
the rare-earth elements were obtained from filing large ingots, whose surfaces were polished prior to
every use. All reactants were stored and handled in an argon-filled glove box with strict exclusion of
air and moisture (MBraun®, Garching, Germany; O, < 0.1 ppm by volume; H,O < 0.3 ppm by volume).
In the glove box, mixtures of 0.3 mmol Ln, 0.45 mmol Ag, 0.75 mmol Te, and 0.5 mmol RbCl were first
weighed, then pesteled and, finally, loaded in one-side-closed silica tubes, which were subsequently
flame-sealed under a dynamic vacuum of at least 2 X 10~ mbar. The samples were heated using
computer-controlled tube furnaces and the following temperature program: heat to 400 °C in 5 h,
slowly warm up to 850 °C with a rate of 10 °C/h, keep that temperature for 100 h, slowly cool to
300 °C with a rate of 2 °C/h, and equilibrate to room temperature within 25 h. The excess flux was
removed with the aid of deionized water, and the products appeared as grey powders containing small
crystals. Phase analyses based on powder X-ray diffraction techniques (see Figure 3 and Section 3.2)
revealed that the products, which remained stable in air for at least two weeks, were obtained in
high yields. Further research, which has been conducted under similar conditions and started from
the reactants holmium, silver, tellurium, and a RbCl/LiCl flux, resulted in the identification of the
respective holmium-containing telluride (2 = 4.52(1) A;b=16.144) A; c = 18.30(4) A).

E o v —— RDPrAgsTes (exp.)
RbPrAgsTes (sim.)
v: Pr:O12

Intensity (arb. units)

20 0 80
26 (°)
m I — RbNd:Ag:Tes (exp.)
wlvww v RbNd:2AgsTes (sim.)
v: NdTe1s
:Te

Intensity (arb. units)

20 40 60 80
26 (°)

Figure 3. Measured and simulated powder X-ray diffraction patterns of (a) RbPryAgsTes and
(b) RbNd,AgsTes: reflections corresponding to the by-products, i.e., Pr;O1, [41], NdTe; g [42,43],
and tellurium [44], have been denoted by the different triangles.
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3.2. X-ray Diffraction Studies and Determinations of the Crystal Structures

Sets of powder X-ray diffraction (PXRD) data were collected to identify the yields of RbLny AgsTes
(Ln = Pr, Nd) and feasible side-products by comparing the measured PXRD patterns to those which
were simulated for RbLnyAgsTes (Ln = Pr, Nd) and plausible side-products. To measure the samples,
the obtained products were first finely ground and, then, dispersed on Mylar sheets with grease,
which were fixed between split aluminum rings. The sets of PXRD data were collected at room
temperature with the aid of a STOE StadiP diffractometer (Stoe® & Cie, Darmstadt, Germany;
area detector; Cu Ko radiation; A = 1.54059 A). The WinXPow software package [45] was utilized for
control of the measurements and further processing of the measured PXRD patterns, while phase
analyses were conducted using the Match! [46] code.

For the collections of the sets of single-crystal X-ray intensity data, samples were selected from the
bulk, mounted on capillaries with grease and, finally, transferred to a Bruker APEX CCD diffractometer
(Bruker Inc.®, Madison, WI, USA; Mo K« radiation; A = 0.71073 A). The diffractometer was employed
for initial inspections of the quality of the samples and the collections of the X-ray intensity data at room
temperature. The programs SAINT+ and SADABS [47] were employed for the integrations of the raw
X-ray intensity data and multi-scan absorption corrections, respectively. Applications of the reflection
conditions to the collected X-ray intensity data were accomplished with the XPREP [48] algorithms
and indicated space group Cmcm (no. 63) for both tellurides. The structures were solved using direct
methods (SHELXS-97 [49]) in the aforementioned space group, while the structure refinements, which
also included anisotropic atomic displacement parameters for all sites, were carried out in full matrix
least-squares on F? with the SHELXL-2014 [49,50] code. CCDC 1911953 and 1911960 contain the
crystallographic data for this paper (see Supplementary Materials). These data can also be obtained
free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html or from the CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK; Fax: +44-1223-336033; E-Mail: deposit@ccdc.cam.ac.uk.

3.3. Computational Details

Full structural optimizations (lattice parameters and atomic positions) and electronic band
structure computations for RbPr, AgsTes were accomplished utilizing the projector augmented wave
(PAW) method [51] as implemented in the Vienna ab initio Simulation Package [52-56] (VASP).
Correlation and exchange were depicted by the generalized gradient approximation of Perdew, Burke,
and Ernzerhof (GGA-PBE [57]), while the energy cutoff of the plane-wave basis set was 500 eV and
a mesh of 12 x 3 X 3 k-points was used to sample the first Brillouin zone. All computations were
considered converged once the energy differences between two iterative steps of the electronic (and
ionic) relaxations fell below 108 (and 107°) eV/cell.

A chemical bonding analysis of RbPr,AgsTe; was accomplished based on the crystal orbital
Hamilton population (COHP [36,58]) method, in which the off-site projected DOS are weighted
with the respective Hamilton matrix elements to identify bonding, non-bonding, and antibonding
interactions. The COHP curves and the corresponding integrated values ICOHP) were computed
utilizing the tight-binding linear-mulffin-tin orbital (TB-LMTO) method in the atomic sphere
approximation (ASA) [59-61] and employing the von Barth-Hedin [62] exchange-correlation functional.
The Wigner-Seitz (WS) radii were automatically generated, while empty spheres were included to
accomplish optimal approximations of full potentials. The following orbitals were employed as basis
sets in the computations (downfolded [63] orbitals in parentheses): Rb-5s/(-5p)/(-44)/(-4f); Pr-6s/(-6p)/-5d;
Ag-5s/-5p/-4d/(-4f); Te-5s/-5p/(-5d)/(-4f) with the corresponding WS radii (A): Rb, 4.73; Pr, 3.58; Ag,
2.86-2.89; Te, 3.24-3.35. The praseodymium 4f states were treated as core-like states—a procedure
that has been widely used elsewhere [34,35,64,65]. More specifically, the aforementioned handling
of the rare-earth-metal 4f states has been substantiated by previous explorations [34,35,65-67] on the
electronic structures of rare-earth-containing compounds. Namely, the bands corresponding to the
rare-earth-metal 4f atomic orbitals are typically related to modest dispersions and, hence, are rather
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localized such that these states scarcely participate in overall bonding. Reciprocal space integrations
were achieved employing the tetrahedron method [68] with a 12 x 12 X 6 k-points set.

4. Conclusions

The appropriateness of valence-electron transfers as proposed by Zintl-Klemm treatments has been
probed for tellurides which crystallize with the ALnyAgsTes-type of structure (A = alkaline-metal;
Ln = lanthanide). The crystal structure of that type of telluride has been described for the examples of
the previously unknown RbLnyAgsTes (Ln = Pr, Nd) containing tunnels which are constituted by the
tellurium atoms and encapsulate the rubidium, lanthanide, and silver atoms, respectively. Although an
application of the Zintl-Klemm concept to RbLnyAgsTes (Ln = Pr, Nd) leads to an electron-precise
valence-electron distribution of (Rb*)(Ln3*),(Ag*)3(Te?")s, yet, the bonding analysis based on the
COHP method indicates that a full electron transfer as suggested by such a Zintl-Klemm treatment
should be considered with concern. In fact, the majority of the bonding population is located between
the Pr-Te and Ag-Te contacts showing characteristics of strong, polar mixed-metal bonds, while the
Rb-Te interactions may be regarded as rather ionic bonds. Even though the Ag-Ag interactions
change from bonding to antibonding states below the Fermi level as a consequence of closed-shell
interactions, an integration of the -COHP curves for these homoatomic interactions indicates a net
bonding character.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/7/6/70/s1:
CIF and checkCIF files.
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