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1 Introduction

The advent of themodern information age dawnedin 1947 with the discovery of the transistor
effectby John Bardeen, William Shockley und Walter Brattaiand its subsequent recognition with
the noble prize in physicd! 21 While this effect has been theoretically established befoi® and
prior discoveries like thetip or Schottky diodeg# 5! certainly paved the way, this was the first
working device. Initial constructions were based on Germaniunmyhich was deemed superior to
silicon due to higher carrier concentraion.®! With silicon on the other hand it was possible to
build precise and stable oxide layers. Thiskey feature lead to the development of a
groundbreaking device: themetal oxide semicaductor field effect transistor (MOSFET), enabling
high performing transistors suitable for mass production”] This technology, although refined in
multiple ways, is still the foundation of alltransistor circuits made today.In 2018 it was estimated
that 13 sextillion transistors were manufactured since 19478 Modern daily life would simply be
unthinkable without them. They are the basis of everyday items like smartphones, cameras,
laptops and even cars up to largscale server farms and worldwide communication technolog
But of courseO kere there is light, there must be shadow Ggethe 1773)[9 and so the global
energy consumption has drasticalf risen, not solely because of information technology but partly
This lead to peculiar side effects like thecryptocurrency bitcoin consuming equal amounts of

power like Argentinaltol

Nevertheless,efforts are made to soften the blow on the environment or evenegate the impact
and semiconducting materials play a big role in doing just thafThe mostcommonly associated
topic with green energy based on semiconductors is solar energy. The majority of solar cells is
made from polycrystalline silicon reaching efficiencies up to @4 %. For special applications like
aerospacemulti -junction GaAs cellxanreach up to 31.2% efficiencyltll With the advance of GaN
basedlight emitting diodes (LED9 and new phosphorescent materials, it was possible to produce
warm white LEDs, replacing traditional Edison light bulbs and using said energy efficientince
roughly 1/5 of the worldwide energy consumption fallson lighting. [22-141 Another possibility to
tackle the increasing carbon dioxide emission is to use alternative fuglnamely hydrogenSince
the vast majority of hydrogen is produced via the natural gas dependent steam reforming
processitsl high hopes are resting on efficientcatalytic driven water splitting .[16. 7] Promising
candidates are classical perovskite compounds like BaTa® or tunable solid solutions like
GaN:Zn@¢s. 18] A rather sophisticated approach in producing clean energig to utilize waste heat
energy with thermoelectric generatorsit®l Alas still a niche applicationwith commercially
available devices based on Ble; only reaching conversion efficiencies of ~8%4 19 continuous

advancescould allow conversion efficiencies with up to 20%, painting a promising future 20



2 1 Introduction

But what makes a god semiconductor? It is, as always, depending on the use case.
Semiconductors can foremost be divided into two main groups: elemental and compound
semiconductors. Albeit germanium and selenium had some pertinence as elemental
semiconductors in early transistors, they were completely replaced by the readily available and
easy toprocesssilicon. As shown inFigure 1.1asilicon crystallizes in the diamond structure type
and exhibits an indirect band gap, requiring a change in momentum for an electron to reach the
lowest possible exited state.Binary semiconductors with combinations like 1I-IV (ZnS), I}V
(ZnsAsy), IV-IV (SIC), IWI (PbS) and WI (Bi-Tes) open up a large variety of compoundgl
However, IllI-V compounds like GaAs shown irFigure 1.1b possess themost industrial
importance. They either crystallize in the sphalerite-, or its hexagonal equivalentthe wurtzite
structure type and exhibit mainly direct band gaps. This enables the emittance afphotonupon
the recombination of an exited electron and a hole with no change in momentum need@egure
1.2d). With the addition of a tunable band gapanging from 0.17eV (InSb) to 6.01%V (AIN)
through ternary combinations, it makes them ideal materials for optoectronics covering

everything from infrared (IR) radiation to hard ultraviolet (UV) light. [22-26]
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Figurel.1: Calculatednodified Beckelohnsorband structure of (a) siliconand (b) GaAs showing an indirect
andadirect band gap respectively.

Another way to classify semiconductors is by theirelectrical conductivity, delimiting them from
metals by a negative temperature coefficient. For the example of silicothis is evident by he four
valence electronsbeinglocated inbonded sp3 hybrid orbitals with none present in the conduction
bandat T =0 K. Only upon thermal excitation of an electron into the conduction banas shown in
Figure 1.2a with step (1), electrical conductivity emerges The absence of said electron in the
valence band leaves a hole, which in turn can be filled by neighboring electrons, thus creating hole

conduction. This intrinsic charge carrier density isvery low with 1-101°cm23 for silicon and



2.1-108 cm3 for GaAsat 300 K and often of noapplication-related relevancel2l The p- or n- nature
of the intrinsic electrical conductivity can either be determined directly via Hall effect
measurements or indirectly through evaluating the effective masses of holes and electrons. These
are accessiblefrom electronic band structures obtained fron angle-resolved photoemission
spectroscopy (ARPES) adensity functional theory (DFT) calculationsl|28. 291 The ability to tune the
charge carrier density and alter its nature via doping is one of the key aspeafsemiconducting
material versatility . As shown inFigure 1.2a with steps (2) and (3),the presence of either g- or
n-dopant inserts an energy leveEa or Ep respectively with very little energy needed for an excited
state and therefore increased carer concentration. For e&ample in silicon doped with
phosphorus the Ep-Ec gap is only 45meV and 67meV for the BE~Ea gap upon doping with
aluminum.30 Typical charge carrier concentration achieved aré-10!3 cm=3 for light doping and
1.10t cm3 for heavy doping but with the latter often resulting in so called degenerate

semiconductors with metallike behavior [31]
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Figurel.2: (a) Energycheme for (1) intrinsic, (3 and (3)n-doped samples and their respective excited state
mechanismSchemes oft) a thermoelectrigenerator (TEG) utilizing the Seebeck effeta MOSFEh ohmic
modeand (d an LEDr solar cell.

Precise doping enables the construction of efficieIOSFETs with a general scheme depicted in
Figure 1.2c. Upon applying a voltagéo the gate (G), the field effect permeates the insulating oxide
layer and creates a channel, allowing a current to flow from source (S) to drain (D)pA-junction,
as shown inFigure 1.2d, is used for LEDs and solar cells to emit light or convert it to electrical
energy. Alternating column arrays of p- and n-semiconductors are used forthermoelectric
geneators (TEG) depicted in Figure 1.2b. They rely on the Seebeck effect, which was discovered
by Johann Seebeck in 18232 The application of a temperature gradient induces a voltage via an
electromotive force on both positive and negative charge caers (Figure 1.2b). The extent is
described by the Seebeck coefficierin Volts per Kelvin.However, a high Seebeck coefficient
does not equal a good thermoelectricnaterial. As described in the thermoelectric figure of merit

ZT=A 31/ [, ahigh electrical conductivity A and low thermal conductivity [ are just as important
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Unfortunately, this is a somewhat contradictive relation since good electrical conductors are
generally good thermal conductors. This is where semiconducting materials can shine by
combining reasonable electrical conductiities, through small band gaps and tunable doping
levels with low lattice thermal conductivities by introducing scattering centes through complex

structures, rattling atoms or impurities.[33-35]

Discovering new semiconducting compounds andnvestigating intriguing properties remains a
challenge up to date. Especially amidst a global stiage of semiconducting devices, even affecting
car manufacturersf2él it is crucial to find new materials to improve upon existing onesOne class
of compounds in particular dsplays an evetincreasing research interest. New Zintl phaseshow
tremendous potential for ion conductivity/37-39 nano-structuringl and foremost
thermoelectrics[41-43] Zintl phases are valence precise compounds with a defined stoichiometry,
combining ionic and covalent bonding characteristics. The classical Ziflemm-Busmann
conceptassumesa complete charge transfer froman electropositive alkaline or alkaline earth
metal (A, AE) to an electronegative (semi-)metal of the IlI-VI main group. The structureand
bonding of the resulting polyanionic network follows the(8MN)-rule. A basic example is NaTl with
the T anion forming four bonds resulting in a diamonetype structure. An expansion of this
concept towards ternary systems and the consideration aflectron counting rules like the Wade
and Grimm-Sommerfeld rule leads to a wide variety of compounds with often quite intriate
structures. Dependent on differences in electronegativity within the polyanionic network and an
emphasis towards some degree afiultivalence, an assignment of formal oxidation states instead

of homolytic bond splitting according to the 8N rule is alsofeasible[44]

This thesis is an explorative approach towards new Zintl compounds within the ternary system
M-Ga/GeAs (M =Rb, Cs, Sr, Ba, ElResearch in thisfield has alread/ produced a multitude of
new compounds with numerous structural motifs asexemplary shown in Figure 1.3. They exhibit
an increasing structural complexity and network conectivity with decreasing content of the
electropositive metal, starting with isolated tetrahedra over GeAss motifs, GaAss dumbbells
towards interconnected GeAs, cages.Curiously, compounds with a rather low metal contentas
they occur in other related systems likeSrSizPio or CaSkP14, have hardly been studied to datéts.
461 This thesis focuseson the unexplored low-metal-content side of the spectrum depicted in
Figure 1.3. By employing solidstate syntheses, it was possible tadiscover multiple new
semiconducting compounds featuring complex polyanionic networks with some surprising

relations to known structures and promising indications towards thermoelectric applications.
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Figurel.3: Known structural motifs in the&/ AEGa/GeAssystemordered with decreasing/ AEcontent[47-5

The first part of this thesismainly focuses on theM-Ge As systemwith M =Rb, Cs, Sr, BRor years,
Eisenmannet al. dominated this fieldby discovering a multitude of compounddike BaGaAs, or
SrGeAx 5L 5359 Chapter 2.1 presents the new isostructural compounds SrGeAs,, and
BaGeAsio. Theyexhibit an unprecedented structural complexity by combining three different Ge
As motifs and AsAsbonds with a remarkable mixed valence germanium with the ogiation states
+2, +3 and +4Similar circumstancesare found in the related BaGeP:,, with the addition of an
unusual octahedral GePmotif. Chapter 2.2 is about BaGgAsi4 as a new representative of the
otherwise rare semiconductors with sodalite structure tOET x O A OOAOEA AEOI OAAC
barium atom alongside a mixed Ge/As siteChapter 2.3 adds the isotypic sodalie-type
semiconductors RbGeAs;s and CsGeAsis. DFT calculations of the electrical and thermal transport
properties of the new sodaite-type compounds predict highthermoelectric properties. BaGeAsi4

reaches efficiencies up t&T= 2.7, which is & the level of current record materials.

The second part is abousupertetrahedral structures in the systemM-GaAs with additions of
indium and silicon. A supertetrahedral entity is a tetrahedrally shaped section of the sphalerite
structure type. AGnd6 A A Tsupérikthahedron exhibits n tetrahedra along the edges and is
constituted of t, tetrahedra with t, = n(n+1)(n+2)/6 [0 Such compounds are used for a multitude
of applications ranging from porous materials overwell-defined nanopatrticles, i.e. in aid of
photoelectrode-sensitization, to phosphorescent materials and ion conductivitys?. 38 6163] Since
the vast majority of supertetrahedral compounds are chalcogenides with often large bandgaps,
the field of Tr-As(Tr =group 13 elementg based compounds is largely unexplorede+-6é1 Chapter
3.1reports on the new T5 compounddViisGa-Ass2, and MisIn22Ass2 and the so far unprecedented
T6 compoundsMsGaAss with M = Sr, EuThey form sawtooth like interlocking layers separated

by either strontium or europium, which can be described as hierarchical variaaof the Hgb-type
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structure.[67. 681 The semiconducting properties of all compoundsresemble those of GaAs and InAs
with direct bandgaps of similar magnitude. Magnetization measurements of the europium
compounds indicate low tenperature antiferromagnetism. Chapter 3.2 expandsthis hierarchical
family with the supertetrahedral compounds T2-MSiAs, T3MGaSiAs and polytypic T4
MsGaSiAs (M = Sr, Eu) the latter beingyet unknown in this series.

The last chapteris based onattempts to achieve even larger supertetrahedral units by utilizing
high pressure vyielding the compound SrGaAs:.. The chiral compound contains no

supertetrahedra, but neverthelessiteresting structural motifs, which are discussed in detail.
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2 3D networksand sodalite structures WWAEGeAs

2.1 Mixed Valence and Unusual Germanium Coordination

SrGeAso, BaGegAso, and BaGe#»

Valentin Weippert, Thanh ChayKristian Witthaut and Dirk Johrendt
Published in:Inorganic Chemistry2020, 20, 15447-15453.

Reproduced from reference with permission from the American Chemical Society.

Abstract

The new Zinttcompounds AEG&ASo

(AE=Sr,Ba) and BaGgP1> were synthesized As, A

via solid-state reactions, and their structures e

were determined by single crystal and As, P,
powder X-ray diffraction. SrGegAs,, and

BaGeAs crystallize in the space grougCmce

and show complex 3D networks composed of AE Asm Ba P12

three different GegAs motifs and AgAs bonds with mixed valence of germanim in the oxidation
states +2, 8, and +4. Mixed valences of germanium +3 and +4 occur in Ba&g which crystallizes

in the space groupRo with a 3D network built up of GePs dumbbells and PzP bonds. An
exceptional 6fold coordinated germanium resides in the center of a GeRigonal antiprism. High
temperature X-ray diffraction shows thermal stabilities up to 923953 K. U\zVis and resistivity
measurements reveal a semiconducting nature witlsmall indirect band gaps between 0.02 and
1.6eV. Electronic band structure calculations confirm the semiconducting state and indicate

covalent bonds within the GePnpolyanions.

Introduction

Zintl phases are valence precise intermetallic compounds withllaatoms achieving closed shell
configuration. To satisfy this need of electrons, the anionic part often forms polyanionic units or
frameworks instead of simple isolated anions. This enables quite a range of structural possibilities
with intriguing propert ies. Among the use of Zintl ions in batteriéd or the occurrence of
magnetoresistance in Ewln2P4,21 the main sought after phenomenon is the thermoelectric effect.
The complex structures of Zintl phases often result in low thermal conductivity and facilitate

various possibilities of tuning their transport properties. BalnsShis, YhsMnShi, YbMgSh,

in
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Ba.«KxZmAs,, KGaSh and M14MgBi1 (M = Ca, Sr, Eu) are just a few examples of the numerous

Zintl-compounds with promising thermoelectric properties discovered in the recent year:l

Eisenmann et al. discovered the first alkaline@arth tetrel-pnictides (AET-Pn) in the 1980s. The
members of theAET-Pnfamily (AE= Ca, Sr, Baf = Si, GePn= P, As) are valence precise Zintl
phases with often complex polyanionic T,Pn)"™networks. Germanium or silicon atoms are mostly
in the oxidation state +4 with tetrahedral coordination by four Pnatoms. Ge3 with one Ge bond
and three Pnligands, or +2 with either two Ge and twdPnligands or with three Pnligands and
one lonepair occur less frequently. Mixed valences of two or even three oxidation states in one
compound are rare casesl'he compoundsAET.Pn, crystallize in two structure types with T-Prs
dumbbells10-12] The structure of AEA TP exhibits isolated TP tetrahedra,[13-151 while Ba,GePnp
(Pn= P, As) has the unusual motif of isolated and eclipsed Ba; dumbbellsit¢l Ba;SiuPs is a
(Si*2/Si+%) mixed valence compound and has a unique structure with layers of -Si
chainsinterconnected and surrounded by SiPs clustersit’l An even more intricate structure has
BaGePn (Pn= P, As), with a 3D structure built of interconnected GBn, and GaPrs cagedisl
These early studies mainly focused on the crystal structures, while properties remained

undetermined.

The interest in this field was sparked again in 2015 by Zhang et al. with the discovery of CaS&
supertetrahedral compound, and CgikPi4 featuring a 3Dnetwork of vertex sharing SiR
tetrahedra and CaSiR:.[19 The reexamination of BaG#’r, (Pn= P, Asliél by Chen et al. revealed
NLO properties with large second harmonic generation effects in the far IR regi@f. Similar NLO
properties occur in BaSkPs with chains of edgeand vertex sharing Sik tetrahedra acting as
thermal barriers leading toultralow thermal conductivity. 211 Haffner et al. found two polymorphs
of Ba:SiP, with all SiP, tetrahedra bridged via 2P bondsl?2. 231 The homologuesAESIP, (AE= Sr,
Eu) are isotypic to the low temperature polymorph and exhibit potential as thermoelectricg4
Herein, we report the synthesis, crystal structures, and optical and electrical properties as wal
electronic structure calculations of the new compound?AEGeAs,, (AE= Sr, Ba) and Ba&Pi»,
which crystallize in new structure types with mixed valence germanium and as yet unknown

structural motifs.
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Results and Discussion

Crystal Structure. The crystal structures of the isotypic compounds SrGAs;, and BaGeAsio
were solved from single crystal data by charge flipping and refined in the space gromce
(No.64). A summary of the crystallographic data is given iTable 2.1. Atomic positions and
anisotropic displacement parameters are given ifables A.2A5 (appendix). The crystal structure
of BaGeP:2 was determined frompowder X-ray data due to the laclof suitable single crystals. It
was solved in the space groufRo (No. 148) with the structural model completed via difference
Fourier maps andrefined with the Rietveld methodleading to the final structure summarized in

Table2.1. Atomic postions and isotropic displacement parameters are given ifables A.6A.7.

Table2.1: Single crystal diffraction data of S#B&oand BaGeAsoandPowder Xray diffraction data of BaGB.2
from Rietveld refinement.

formula SrGeAsio BaGeAsio formula BaGeP12
space group CmcegNo. 69 CmcegNo. 69 space group Ro (No. 148)
al A 14.5614(7) 14.5799(3) al A 12.630883(32)
b/ A 10.6452(6) 10.7164(2) b/ A 12.630883(32)
c/A 11.4283(5) 11.5518(2) c/A 9.247182(43)
Veer/ A2 1771.49(15) 1804.90(6) Veer/ A2 1277.637(9)

Z 4 4 z 3

Pxrayl g CM® 5.315 5.400 Pxrayl g cM® 3.967

R/ Rnt 0.0304/ 0.0614 0.0200/ 0.0630

R (P> X(P)/all 0.0262/ 0.0372 0.0165/ 0.0230 R/ Rup 2.099/ 2.762
wR (P> X (P) / all 0.0474/ 0.0503 0.0310/ 0.0335 Rexp / Rbragg 2.484/ 0.980
GooF 1.126 1.119 GooF 1.112

Y Pmaimin/ €A3 +1.252/ -1.547 +0.846/ -1.029

The isotypic compounds SrGg\s;o and BaGeAsio form a new structure type AEGeAs o with the

space groupCmce(No. 64). Its complex polyanionic network consists of three differentGezAs
units. For a beter understanding, we divide thestructure into two sections.Figure 2.1ashows the
first section in the ac-plane with chains of vertexsharing Ge4As, tetrahedra (gray) and Ge2As;
trigonal pyramids (blue) with its lone pair directed toward the AE position. The chains are
interconnected by AgAs bonds with distances of 2.5144(6Q (AE=Sr) and 2.5296(4)A
(AE=Ba), which are close to thewsm of the covalence radii (2.4Q}). Figure 2.1b shows the second
section in the ac-plane with pairs of staggered (G&).Ass dumbbells and the AE position. The
dumbbells contain GgGe bonds with distances of 2.4286(68 (AE=Sr) and 2.4217(4)A
(AE=Ba), respectively, again lose to sum of the covalent radii (2.3&\). These two sections are
connected via common vertices, resulting in a 3Detwork as shown in Figure 2.1c. The
connectivity in the polyanion leads to the formula B&(Ge2),(Ge3)4(Ge4)(As2)4(A3)s, thus
BaGeAsio and SrGeAsp are mixed valence compounds with germanium in three different

oxidation states.
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Figure2.1: Sectionof BaGeAsoin theac-plane with (a) chains of G#\s: tetrahedra (gray) and GéAss trigonall
pyramids (blue) interconnected by &&s bonds (red), (b) pairs of (QeAss dumbbells (orange) with Ba located
in between and (c) the unit cell viewed along tizaxis with the sections connected via common vertices forming
an interconnected 3Metwork.

The AE?2 cations are embedded in this framework and coordinated by distorted AsGe
icosahedra Figure 2.2). The 12 ABMAs/Ge bonds subdivide into six shorter (3.2335(7)z
3.3172(4) A) forming a distorted trigonal antiprism, and six longer (3.6793(73.8237(5) A)
located above the equatorial planes. e to the rigid polyanionic network, theABMAs/Ge distances
are similar, as the difference of the unit cell volumes of the two compounds is only 2@ (Table
A8, apperdix). These values are lower compared to what one might expect from the difference in
ionic radii of Sr2 (1.18 A) and Ba2 (1.35 A) with 3 =14.4%.25] These circumstances result in a
significantly smaller thermal displacement ellipsoid for the larger B#& cation
(Ueq=0.01841(9) A2) compared to the St2 cation (Ueg = 0.0302(2) A2).

a)

@sr
 Ba
@ce
@~s

Figure 2.2: Distorted icosahedral coordination sphere of?Sand Bd&? in (a) SrGeAswo and (b) BaG#sno,
respectively. Thermal displacement ellipsoids are drawn at th&3Bobability level.

The compound BaG#Pi, crystallizes likewise in a new structure type in the space groufRo
(No.148) with comparable structural motifs and a polyanionic 3D network like AEGeASio.
Figure 2.3a shows the building units of BaG#&P:.. Columns of alternately stacked faecsharing
Ge4Ps trigonal antiprisms and BaR: icosahedra run along thec-axis. The high coordination
number 12 is again realized by six shorter (3.493(2) and six longer (3.679(3)A) BaP bonds.
The 6fold coordinated germanium atoms with six identical bonds (2.551(BA GeP) are quite
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unusual and unprecedented so far. The high pressure phase of Gefhtains germanium likewise

in a trigonal antiprism but shifted off the center with three short (2.50A) and three longer (2.85A)
GegP distanceg?¢6l Here, the germanium atom is in the center of the trigonal antiprism. We assume
that the elongation of the octahedron toward trigonal symmetry relies on the fact that the

coordinating phosphorus atoms are part of a rigid covalent networkKigure 2.3c).

c) G Ba @Ge @P

L[110]

Figure2.3: (a) Building units of Ba@®2 with Ge&“Ps trigonal antiprisms (gray), BaFcosahedra (yellow), P
bonds (red) and (G8&:Ps dumbbells (blue). (b) Two 12er ring motifs (green/blue) built of skPGmit connected
via a common G unit (orange) and (c) view along (110).

The columns of BaR icosahedra and GePantiprisms are connected to staggered (G#&:Ps
dumbbells via common vertices or PP bonds with a distance of 2.202(4Q. BaGeP:; has two
independent Ppositions, and both form this RP bond, resulting in R2 for the whole compound.
These motifs and connections result in the mixed valence formula B&Ge3)sGe4(P2)12. The
GePs dumbbells (2.444(2) A GeGe) are connected to each other via common vertices, forming
12er rings (Figure 2.3b, green/blue) surrounding the GePs unit. These rings are linked through
common GePs dumbbells (orange).Figure 2.3c shows the alternately stacked arrangement of the
12er rings. A more expanded \dw of this motif shows Figure A.1 (see appendix)

Powder X-ray Diffraction. X-ray powder diffraction data for SrGeAsin, BaGeAs,, and
BaGeP.» and the respective Rietveld refinements are shown ifrigures A.2A4 (see appendix)
The calculated patterns are in excellent agreement with the measured ones. The sampmestain
minor impurities (< 8 wt.-%) of GeAs, Ge, and SrAddigh temperature Xray powder diffraction
patterns of SrGeAsiy, BaGegAsio, and BaGeP» (Figures A.5A7, appendi®y) indicate thermal
stability up to temperatures of 923, 943, and 95X, respectively.

EDX Measurements. Table 2.2 shows the EDX results of Sr@Aso, BaGeAsio, and BaGeP1».
The experimental values agree with the theoretical ones within the typical error of the method.

UV-Vis Spectroscopy. Figure 2.4a shows the diffuse reflectance spectra of Ba@®, converted
to a Tauc plot. It reveals an indirect optical band gap of approximately 1.6 eV. Although the optical
band gaps of SrG#\sio and BaGeAsio were too small to be detected, their respective Tauc plots

indicate indirect band gaps as well.
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Table2.2: EDX results of Srefsio, BaGeAsioand BaGePr.

Formula AE(at-%) Ge(at-%) Pn(at-%)
AESeAsp (calc.) 5.3 42.1 52.6
SrGeAso 5.3(6) 42.5(5) 52.2(7)
BaGeAso 5.3(2) 41.0(5) 53.7(6)
BaGePi2 (calc.) 5 35 60
BaGePi. 5.3(2) 37.2(7) 57.5(7)

Table2.3: Resistivity and bandgaps of Se&go, BaGeAsio and BaGePro.

formula resistivity i O Y300 K bandgapg (eV)

electrical optical calculated
SrGeAso 43 0.20 - 0.43
BaGeAso 56 0.13 - 0.57
BaGePi2 8 0.02 1.6 1.47

Resistivity Measurements. To determine the bandgaps of SrGAsic and BaGeAso, electrical
resistivity measurements were conducted between 250 and 30K. In this temperature range,
they exhibit semiconducting behavior Figure 2.4b) with rather high resistivities (Table2.3). The
band gaps were determined from Arrhenius plots Figure 2.4c) to values of 0.20 and 0.12&V,
respectively. BaGg&> most likely shows extrinsic semiconducting behavior caused by defects or
impurity doping, which leads to a bwer resistivity of 7.7mA [ A & and & megligible band gap
of 0.02eV (Figure A8, appendi®. The intrinsic region at higher temperatures (sedrigure A.9a,
appendix) is not accessible due to device limitations. Larger band gaps have been reported for the
related compounds BaGg\s; (1.26 eV) or BaGeP, (1.32 eV)[20 We suggest that this comes from
the higher charge of the G@n-Polyanions in the latter compounds, which enhances the ionic

character.
600
a) b) = SrGegAs,,
—Fit 400 4 BaGegAs,,
<]
200 ..“m“"lll-....““‘
35
s 0l— : :
o 250 260 0 280 290 300
T 6.5 K
= (o] :
& ) = SrGeghs,, E,=0.20eV
e __ 604 & BaGegAs,,
= 55 Fit
& E,=0.13eV
=
~ 504
0 45 . . . .
0.0032 0.0034 0.0036 0.0038 0.0040

Energy (eV) T (K)

Figure2.4: (a) Tauc Plot of a Kubelk®unk converted diffuse reflectanceMdVis spectra of BaGRi.. (b)
Resistivity of SrGAsio and BaGgAsioand (9 the respective Arrhenius plots.
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Figure2.5: Total and atom resolved density of states (DOS) forBigaleft), BaGeAso (middle) and BaGe:2
(right). The Fermi levék (dotted line) is the energy reference ael.

Electronic structure. DFT calculations were conducted to support the experimental band gap
values and their nature. Band structure calculations confirm indiret band gaps for all compounds
(Figures A.®-A10, appendiy. The mBJ hybrid functional gives gaps of 0.43/ (SrGeAso),
0.57eV (BaGeAsio), and 1.47eV (BaGePi2) (Table 2.3). These values are in the same order of
magnitude as the experimental values; however, the smaller values of the electrical gap indicate
extrinsic conductivity to some degreeFigure 2.5 shows the density of state plots (DOS). Sr&¥esio

and BaGeAsi o show almost identical patterns. The states below the Fermi level are almost

Ge states. The conduction band shows a certain contribution of Sr and Ba states, but due to the
stoichiometric proportions of AEto Ge/As, it isstill dominated by Ge and As states. The DOS of
BaGePi, shows similar features, but due to P instead of As, a wider band gap and the states below

the Fermi level are dominated by P states.

Table2.4: Oxidatbn states (OS) and Bader charges of $k&e BaGeAsoand BaGePi2.

atom site Oxidation state Bader charges

SrGeAsio SrGeAsio SrGeAso
AE +2 +1.45 +1.34 +1.44
Ge +2 +0.21 +0.21
Ge +3 +0.30 +0.29 +0.48
Ge +4 +0.38 +0.37 +0.70
As (P) -2 -0.24 -0.23 -0.42

As -3 -0.48 -0.46
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To evaluate the bonding character of the compounds, we calculated Bader charges. The results
are summarized inTable2.4. A more detailed list is given infables A.9A.10 (see appendix) The
Bader charges of theAE ions are +1.34 and +1.45 and indicate ionic bonds. The charges of
germanium and arsenic in the polyanionic networks differ greatly from their oxidation states,
which indicates mainly covalent character. The results for Ba@®. show an overall increased
ionic character as can be expected from the more electronegative P instead of As. However, the
values are still far off from the oxidation states, thus also supporting a major covalent character
of the polyanionic network. All charges follow the trend accating to the different oxidation states
of Ge, As, and P. The relatively high Bader charge of thfokl coordinated germanium in BaGePi2
indicates a stronger ionic character of the six G® bonds.

@sr
( Ba Za\
Q©cGe (¥
@-As

@r

Figure 2.6: Electron location function (ELF) of S#@so (Isosurfaces at ELF = 0.8) with the (a) 56
icosahedron, (b) a section of said icosahedra with Gefg®nal pyramids and respective lone pairs and (c) the
GeAs and GeAs; units with the AgAs bond.The ELF of Bag®2 with (d) the Bak: icosahedron, (e) the GBs
dumbbell and BP bond and (f) the GeRrigonal antiprism.

To visualize the electronic environments and bonding conditions, electron localization functions
(ELF) were calculated for all corpounds.Figure 2.6 shows the structural motifs of SrGgAs;o and
BaGeP.,. The respective motifs of BaGAsi o are shown in Figure A1l (see appendix) The
icosahedra of SrGgAsio and BaGeP:> show no localization between the alkaline earth central
atom and the respective ligand atoms, supporting their ionic character as calculated from Bader
charges Figure 2.6a,d). Figure 2.6b shows the GeAsmotif of SrGeAso with a clearly visible lone
pair according tothe oxidation state of G&. The GeAsand GeAss motifs and AgAs and GeGe
bonds of SrGegAsio in Figure 2.6¢ display electron density along all drawn bonds, which is in line
with a covalently bound polyanionic network. The G#% dumbbell and PP bond of BaG#P:, are
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shown in Figure 2.6e. Similar to SrGeAs:o, electron density can be found on all drawn bonds
underlining its covalent character.Figure 2.6f shows the GePRtrigonal antiprism with electron

density directed to the central Ge atom but lacking discrete covalent bonds.

Conclusion

SrGeAsi o and BaGeAsio are isotypic Zintl phases and crystallize in a new structure type in the
space groupCmce They exhibit a complex polyanionic network with a 3D structure comprised of
Ge2As; trigonal pyramids, Ge“As, tetrahedra, and ethanelike (Get3).Ass motifs, including AszAs
bonds and mixed valence germanium +2, +3, and +4. BaB&ecrystallizes in a new structure type

in the space groupRo. It features exceptional éfold coordinated germanium in Ge4Ps trigonal
antiprisms, and an arrangement of (G&€).Ps dumbbells into interconnected 12er rings forming a
3D network. U\ZVis spectroscopy and resistivity measurements reveal semiconducting behavior
for all compounds and indirect bandgaps between 0.02 and 1€8/. DFT band structure
calculations support the semiconductingstate. ELF calculations and Bader charge analysis

indicate a highly covalent character of the polyanionic networks.

Experimental Section

Synthesis. All compounds were synthesized by heating stoichiometric mixtures of the elements
(Sr, 99.95%, SigmaAldrich; Ba, 99.9%6 SigmaAldrich; Ge, 99.99%6, SigmaAldrich; As,
99.99999+ %, Alfa Aesar; R4, 99.999%, Chempur) with typical batch sizes of 300ng. All reaction
steps were performed in alumina crucibles sealed in silica ampules under an atmosphere of
purified argon. To grow single crystals of the arsenide compounds, the mixtures were heated to
1123 K at a rate of 25Kh:?, kept at this temperature for 20h, and cooled to 67X at a rate of
10 Khzi; after that, the furnace was switched off. Singlphasesamples emerged if the mixtures
were heated to 893 and 91X for 60 h for AEGeAsi o and BaGeP12, respectively, with heating and
cooling rates of 25Khzt. The samples were thoroughly homogenized in an argefilled glovebox,
pressed into pellets, and heatedt the same temperatures at rates of 58hz!. The latter step was
repeated five times. Due to a certain evaporation of P in BafPe samples, the weight loss was
Al i DAT OAOAA AU AAAET C O Al rhg) dtér bad s This ocediire ODE | O ¢
yielded black powders, which are stable at air.

Single Crystal X-ray Diffraction. Single crystal data were collected using a Bruker D8 Quest
diffractometer (Mo Ky, Photonll detector). Intensity integration, data reduction, and absorption
corrections were dane with APEX®71 and SADAB®?! the space goups were determined from
systematic absences using XPRER The crystal structures were solved with tke Superfligse]
package and refined with the SHELX3 package.

Powder X-ray Diffraction. Samples were filled ad sealed in glass capillaries of 0.2 or Orhm
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in diameter (Hilgenberg GmbH). The Xay powder patterns were measured using a Stoe Sta
AEEEOAAQT I AOA O-mpnschromatorp NiythenAk dptecriland fitted with the TOPAS
package3?l Peaks were indexed with the SV@&lgorithm, and a suitable space group was chosen
based on systematic extinction&3! Intensities were gathered using the Pawley method, and the
structure solution was performed via chargeflipping.34-36] The structure models were refined
with the Rietveld method.

The deposition humbers 2010143 (SrG&Asio), 2010144 (BaGeAsio), 2010142 (BaGeP:»)
contain the crystallographic data. These are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fdinformationszentrum Karlsruhe Access Structures service
www.ccdc.cam.ac.uk/structures.

High Temperature Powder X -ray Diffraction. Samples were filled in silica capillaries of
0.4mm in diameter (Hilgenberg GmbH) sealed by grease to compensate increasimgssure.
Diffraction data were collected under argon atmosphere with a Stoe Stadi P diffractometer
(Mo Ky 1, Ge(111ymonochromator, IP-PSD detector) equipped with a graphite furnaceThe
samples were heated with K minzt. The data were visualized with WiXPOWS37]

EDX Measurements. Scanning electron microscopy was performed on a Carl Zeiss EWA 10
with SE and BSE detectors controlled by the SmartSEMsoftware. The microscope was equipped
with a Bruker Nano EDX detector (>Flash detector 410M) for EDX investigations using the
QUANTAX 2069 software to collect and evaluate the spectra. Elements contained in the sample
holder and adhesive carbon pads were disregarded.

UV-Vis Spectroscopy. Diffuse reflectance spectra of pader samples were measured with a
Jasco W50 UVVis spectrometer with detectible radiation between 240 to 900hm. Data were
converted according to the KubelkaMunk theoryl4l and plotted as Tauc graphs.

Resistivity Measurements. Samples were pressed into pellets and sintered at 828for 40 h in
corundum crucibles that were sealed irsilica ampules under an atmosphere of purified argon.
Resistivity measurements were conducted with a Quantum Design Inc. PPMS (physical property
measurement system), equipped with a resistivity option, between 250 and 30K. The samples
were contacted with a four point Van der Pauw press contact by Wimbush. Data were collected
with the PPMS MultiVu software package?l

DFT Calculations. First-principles electronic structure calculations were performed using the
Vienna ab initio simulation package (VASPE¥® 43 which is based on density functional theory
(DFT) and plane wave basis sets. Project@ugmented waves (PAW34 were used and
contributions of correlation and exchange were treated in the generalizedradient
approximation (GGA)451 The electron location function (ELF) was used to illustrate atomic
bonds}48 We used the modified Becke€lohnson exchange poteidl (mBJ)47 which yields band
gaps close to experimental values. The Bader analyisimplemented by Henkelman et ak® was

used to extract charges from the electron density distribution.
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Abstract

A new sodalitetype compound, namely
BaGeAsis was synthesized via solid-
state reactions and  structurally
characterized with single crystal Xray
diffraction (space grouplt3m). Vertex
sharing GeAs-tetrahedra form | -cages

with additional Ge/As-mixed sites

located slightly above or below thesix-membered rings. The structureis similar to the borate
mineral rhodizite. Barium atoms are disordereddue to aslight shift off the centers of largey -
cages. This partiallydisordered structure together with a narrow bandgap of 0.42V in linewith
low resistivity (2 x102Llcm), and a high carrier concentration (1.6 x 1020 cm-3)at 300 K

gualifiesBaGegAsi4 as a poential thermo-electric material.

Introduction

Cage compounds represent a fascinating class of solids and attract considerable intef@siThe
group of zeolites, although first mentioned in 1756, is one of the most intensely researched fields
in chemistry, with an increasing tendency. According tdsciFinder it has produced over900
publications annually since 2016. Zeolites allow a multitude of applications ranging from ien
exchange or-absorption, energy storage, thermoelectric materials to catalysts in petrochemical
cracking[51-551 The variety of zeolite frameworks is based on the variations of the Al/Si ratio,
substitution of framework atoms, and different ways to connect cages and other structural motifs.
As of today, the Database of Zeolite Structures lists 252 types of different framewoif&.A base
motif of many zeolites is the sodalite cage, originating frorthe equally named Na(AlsSkO.4)Cl
mineral.l5”l Combined with other cages, it occurs in many framework&! The sodalite framework
(SOD) itself is composed of allace-sharing 1 -cages packed in a bcc arrangement. The different

coordinations of cage positions and the incorporation of guest atoms lead to a large variety of
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sodalite-type compoundsi. 581 Almost all are oxides, such as Z0(BQ)s, [GaGsOi]M or
Nas(SigBest4)C|2,[59‘6l] GuShiS3,
Zn7(P12N24)Ch,[62-651 and [CwZmoCha] are rarelst 661 Consequently, semionducting intermetallic

whereas nonoxide sodalite frameworks such as
compounds with sodalite cages are largely unexplored. But just these compounds can be of

particular interest for high performing thermoelectric materials as they offer the possibility to

incorporate soA AT 1 AA
leads to promising results in skutterudite compounds such as E€oSh., doped CoShand IrSks,
or BasGasTso (T =Si and Ge) for clathrate&7-701 Herein, we present BaG&\s4, the first GgAs-
based sodalie-type compound. It features a disordered Ba position in an unusually large

coordination sphere with promising semiconducting properties.

Results and Discussion

Crystal structure. The crystal structure of BaGgAsi4 was analyzed using singlerystal X-ray
data via chargeflipping and refining in the It3m space group (no. 217)Table 2.5 summarizes

main results, with detailed crystallographic datatabulated in Tables A.11z A.14 (see appendiy.

Table2.5: Single crystal diffraction data of BagB&.4.

formula BaGeAsis
space group In3m (No. 217)
alA 10.3145(2)
Vear/ A3 1097.35(6)

z 2

Pxrayl g cmi® 5.35

R/ Rat 0.0113/0.0408

R (P> X(R)/all
WR (B> X (P) / all
GooF

Y Pmaimin/ €A3

0.0123/0.0132
0.0301/0.0303
1.33

+0.597 /-0.598

The BaGeAsis compound crystallizes in a sodalitetype structure with the typical -cage, as
shown in Figure 2.7a (without arsenic atoms) andFigure 2.7b (with GeAs tetrahedra). Barium
atoms located near the centers of Gecages are slightly shifted off the high symmetry 2 (t3m)
site by 0.358A along [111] to the & (3m) site. Figure 2.7b shows GeAs tetrahedra at cage
positions sharing common vertices. The GeAsys mixed site is slightly above or below the centers
of the 6er rings of the Ges cage unlike in the related structure of rhodizitewith a Be atom centerel
in its 6er ring.l’21 The mixed site forms (Ge/A%As; trigonal pyramids (Figure 2.8) with the
(GelAs)zAs bond length of 2.504(2)A, which are in the range of typical G&\s or AgAs bonds.
This arrangement allows the B&(Ge4)s(Ge2)2(As?)2(As™®)s(AsS™)s charge neutral
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c‘——

lees

Figue 2.7: (a) Ges cage with a disordered Baosition and (b) the complete cage with vertex sharing GeAs
tetrahedra with a mixed Ge/As position. Thermal displacement ellipsoids show the@bbability level.

Figure 2.8 shows the environment of the disordered Ba position. Th&3m symmetry at the
center results in a tetrahedral array of Ba atoms (each occupying 2b). The coordination is a
pseudo-FrankzKasper polyhedron with CN=9 + 7, comprising four Ge/As and twelve As with two
sets of distancesd; »  =3¢607(2)z3.869(2) A andd; » . =4q113(2)74.271(2) A (Figure 2.8)

3.607(2) A

c 3.809(2) A ¢
g, ’
4.113(2) A
a b @)
Figure2.8: The Ba coordination sphere with a EB+7 pseudeFranicKasper polyhedra (selected the central
Ba atom in red) and the (Ge/As¥Asgonal pyramid motif (grey).

Low-temperature single-crystal X-ray experiments demonstrate that the displacement of Ba
atoms is static. The corresponding crystallographic data, atomic positions, and anisotropic
displacement parameters are thulated in Tables A.15z A.23 (see appendix).Only the disordered
Ba position yielded excellent results with small residuals. &inements with Ba at the centel2a)
position result in large displacement parameters, which do not extrapolate to zero at low

temperatures (Figure 2.9).
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Figure2.9: The W, of an ordered Ba position at 2a (0, 0, 0), and Ge and As positions ir/aGe 293 218,
189, 143, and 103 K with regression lines.

Since Ge and As are indistinguishable through laboratoigcale Xray diffraction, we checked a
possible ordering of the Ge/As site with selected area electron diffraction (SAED) experiments.
SAED simulatiors with the ordered structure in the Pt 3m space group with As and Ge on different
4e sites show additional weak spots (withh+k+1E2n), which are not visible in measured
patterns (Figure A.12, appendiX). Thus, the bodycentred space group is correct. Further, STEM
HAADF images Figure 2.10 and Figure A.13, appendix) perfectly coincide with the structure

overlay, which further supports the structure.

Figure2.10: The crystal structure of Bagei4in the [111] direction combined with a projection of caoeit cell
from the STEM HAADF imagé-igureA.13 (see appendix(Ba: yebbw, Ge: brown and As: black).

Given the chargeneutral formula, we expected semiconducting properties. The optical bandgap
from UV-Vis-NIR measurements assuming indirect or direct transitions in the Kubelkavunk
function is 0.43eV or 0.45eV, respectively(Figure 2.11a). The resistivity of a compacted and
sintered BaGeAsi4 pellet is 2.2x 10™ mcm at 300K, and increases with a decreasing temperature
(Figure A.14a, appendiy. From the fit of the Arrheniusplot (Figure A.14b, appendi®, we obtain

very small activation energies of 0.01 to 0.08V, similar to the observation in related
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compoundsl?2 This indicates extrinsic conductivity through dopant levels close to the conduction

band. The small amounts of impurities hardly contribute to the optical absorption; thusthe

optical band gap is much larger and closer to the intrinsic value. Hall effect measurements indicate

the p-type nature of the BaGgAsis compound (Figure A15, appendix) and vyield the carrier
concentrations of 1.6x 1020 cm™ (300 K) and 2.3x 1020 cm® (400 K), which are typical for a

doped semiconductor (ptype GaAs: & 10i8cm™®)BIx EQE 1 1 x [ | ABlci@@ust.O0Al OAO
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Figure2.11: (a) The Tauc plots of a diffuse reflectance spectrum of the Beaecompound for direct and
indirect band gap transitiongb) The PBE band structure of the Ba&g4 compound indicating an indirect band

gap.

DFT band structure calculations reveal the idirect band gaps of 0.3&V, 0.52eV, and 0.8&V
(Figure 2.11b) using PBEsol74 PBE®! and SCANS! functionals, respectively We did not expect
an accurately calculated band gapecause we cannot treat the disorder and thus have used an
ordered structure in the Pt3m space group. However, calculations indicate that the measured
optical gap of 0.43eV was that of the indirect band gap. The density of states plot (D@®jure
A.16, appendiX) shows the significant contributions of Ge and As states below the Fermi level,
while Ba states are in the conduction band.The Bader analysis yields the charygutral formula
as Ba47+(Gev-38+) (G- 13+) ,(Asm 8 y(AsT 8 ¢)g(AsT 8 9)w M he Ba position has a high charge while the
charges of the polyanionic network are significantly smaller than the formal oxidation states in
Bat2(Ge4)s(Ge2)2(As)2(AsM?)s(ASM®)s. This indicates a strong covalent character of the Ge/As
network.

The Rietveld refinements of Xray powder diffraction data (Figure 2.12) support the single-
crystal structure (TableA.25,appendix). The sample consists of 9@t% BaGeAsia with 3 % GeAs
and 1% Ge impurity phases. High temperature powder -Xay diffraction patterns (Figure A.18,
appendiX) reveal that the BaGgAsi1s compound is stable up to 83 K.
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Figure2.12: The powder Xay diffraction pattern and Rietveld refinement of the BaG&&4 compound with the
minor impurities of GeAsand Ge.

EDX measurements confirm the composition of the Bages;s compound within 5 %, which is
the typical error of the method: Ba 4.4(3at% [4.3], Ge 33.0(7at% [34.8], and As 62.6(8at%

[60.9]. The values given in square brackets were calculated from the forrau

Conclusion

BaGeAsu4, to the best of our knowledgeis the first Ge/Asbased sodalitetype compound. Barium
atoms are too small to fit into the large sodalite framework, and are therefore disordered around
the center. A GgsAsys-mixed site introduces additional disorder; such structural disorders act as
phonon scattering centers, which typically reduce the thermal conductivity[. However, the
BaGeAsi» compound is a relatively good electronic conductor, with low resistivity v nr =+
2.2x10™mcm). Both properties together are promising prerequisites for a thermoelectric
material, where the product mf needs to be small for high efficiency, while being difficult to

optimize.

Experimental

Synthesis. BaGeAsis was synthesized via high temperaturesolid-state reactions. Stochiometric
mixtures of Ba (99.99% Sigma Aldrich), Ge (99.99%o, Sigma Aldrich) and As (99.99999%, Alfa
Aesar) were filled in a corundum crucible (=40 mm, & =10 mm, & =6 mm) and sealed in silica
ampoules ( =60 mm, & =14 mm, g=11 mm) under an atmosphere of purified argon. To obtain
suitable single crystals, the mixture was heated to 112R with a rate of 25Kh-, kept at this
temperature for 20h and cooled to 673 with a rate of 10Kh! after which the furnace was
switched off. For the synthesis of phase pure samples the mixture was heated to 873or 60h
with heating and cooling rates of 25Kh-1. After that the samples were thoroughly ground, pressed

into pellets and treated with the same temperature program. Tis procedure was repeated twice.
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The reactions yielded either silver shards or black powder respectively. The compound is stable
in air and water.

Single Crystal X-ray Diffraction. A suitable single crystal was isolated in paraffin oil and
inserted and se#ed into a glass capillary (Hilgenberg GmbH) of 012m in diameter. Single crystal
data at room temperature was collected with a Bruker D8 Quest diffractometer (Mo 4 Photonl
detector). Low temperature single crystal data was collected between 293 and3 K with a
Bruker D8 Venture (Mo + 4 Photonll detector) equipped with a Kryoflex Il cooling unit.
Integration and absorption correction were performed with APEX3 and SADAB.28] The space
group was determined with XPREP based on systematically absent reflectidt#%.The phase
problem was solved with Superflip and the model was refined with the SHELXL packagpe3!!

The deposition numbers 2015241 (293K), 2017129 (218K), 2017128 (189K), 2017127
(143 K) and 2017126 (103K) contain the crystallographic data for this paper. These data are
provided free of charge by tle joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures serviogww.ccdc.cam.ac.uk/structures

Powder X-ray Diffraction. A powdered sample was filled and sealed in a glass capillary
(Hilgenberg GmbH) of 0.2nm in diameter. The Xray powder pattern was obtained with a Stoe
StadiP diffractometer (Cu Kj1, Ge(11l}ymonochromator, Mythen 1k detector). The Topas
software packagé? was used for data analysis and Rietveld refinement of the model obtained
from single crystal data.

High Temperature Powder X -ray Diffraction. A powdered sample was filled and sealed with
greas in a silica capillary (Hilgenberg GmbH) of 0.shm in diameter. Data were collected between
298 and 1273K with a Stoe Stadi P diffractometer (Md&K) 1, Ge(111}ymonochromator, IRPPSD
detector) equipped with a graphite furnace. The data was analyzed with WP OW37]

EDX Measurements. A Carl Zeiss EVAMA 10 with SE and BSE detectors controlled by the
SmartSEMp8l software was used for scanning electron microscopy. EDX measurements were
performed with the attached Bruker Nano EDX detector (klash detector 416M). Data
evaluation was performed with the QUANTAX 20€oftware 39 Signals from the aluminum sample
holder and adhesive carbon tabs were disregarded.

UV-Vis-NIR Measurements. A diffuse reflectance spectrum of a powdered sample was
measured wih a VARIAN Cary 500 UWis-NIR spectrophotometer equipped with a DRACA5500
integrating sphere between 400 and 2006im. To account for the black color of BaG#si4, the
sample was mixed with BaS© To determine optical bandgaps the data was converted ke on
the Kubelka-Munk theory [40]

Resistivity and Hall Effect Measurements. A Sample was pressed into a pellet and sintered at
853 K for 60 h with heating and cooling rates of 5&Kh-1in a corundum crucible sealed in a silica
ampule under an atmosphere of purified argon. Resistivity and Hall Effect measurements were

performed with a Quantum Design Inc. PPMS (physical property measurement system) equipped
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with a resistivity option. The pellet was contacted with four point Van der Pauw press contact by
Wimbush. Data were collected with the MultiVu software between 150 and 30K with field
strengths of £50kOe[41]

TEM and STEM investigations. BaGgAs;s was ground in an agate mortar, suspended in pure
ethanol and drop-cast on a TEM Grid with holey carbofilm (Plano GmbH, Germany). The grid
xAO 1101 0AA 11T A AT OAI AZOEI O EI 1 AA@reckd FtanOOAT O A&
AEATEO onm j&%w h 53!'q 4%- ANOEDPPAA xEOQOE 8Z&%' I
US1000XP/FT camera system (Gatan, Germany)&n A xET AT x1 AOOh 1 ZNOAAOQAI
AAROAAOI 08 4%- EiIi ACAO xAOA OAAT OAAA OOET C A tEupn
operated at 300E6 AAAAI AOAOCET ¢ Oi1 OACA A O 3! %$ AT A 34
16.6 mrad, 50um aperture, detector inrer half angle 33mrad for 245 mm camera length). For
evaluation of the TEM data, the following software was used: Digital Micrograph (Fourier filtering
of STEM images), ProcessDiffraction7 (geometric calculations for SAED), JEMS (SAED
simulations).[76-78]

DFT Calculations. We performed first principle electronic structure calculations with the
Vienna Ab initio Simulation Package (VASP¥, 431 based on density functional theory (DFT) and
plane wave basis sets. Projecteaugmented waves (PAWJ4 were applied and contributions of
correlation and exchange were treated in the generalizedradient approximation (GGA) using
PBE®S! PBEsol4 or SCANE! functionals. The Brillouin-zone was sampled with a 19103 10 k-
mesh. The structure parameters have been optimized until the energy changes are belowsHY
and forces between atoms below 18eV/A. To extract charges from the electron density we used
the Bader analysig48l implemented by Henkelmanet al“9 Mixed and fractional occupancies
cannot be treated with VASP. Therefore, we reduced the symmetry of the structure to the
subgroup Pt3m (No. 215), which allows ordering of the mixed Ge/As sité8cto 2x4e). The split
Ba position was idealized as fully occupied positior2@). The results of the structure relaxations
are shown inTableA.24 andFigureA.17. The DOS and band structure were plotted using the sumo

tools.[79]
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2.3 High thermoelectric properties in the sodalite compounds

BaGeAss andAGeAss (A= Rb, Cs)

Valentin Weippert, Kristian Witthaut, Monika Pointner, Lucien Eisenburger and Dirk Johrendt

submitted

Abstract

RbGeAs;s and CsGgAs;s have been
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caesium are highly coordinated by 16
arsenic or germanium atoms and perfectly fit into the sodaliteceage due to their bigger ionic radii
compared to barium, which is displaced from the center. The compounds are narrewand p-type
semiconducbrs with electrical conductivities of 1.23-104 S/m at 300 K and carrier densities of
1-2-1020 cnrl. First principles DFT calculations give clear evidence of ultralow lattice thermal
conductivity around 0.5Wm-1K-1 in BaGeAsi4 due to the position disorderof the barium atoms
and the anharmonicity of its thermal movement. Frozen phonon calculations indicate that rattling
probably decreases the lattice thermal conductivity of BaGAsi4 even further. These effects are
chemically switched off in RbG#As:s with a parabolic potential and no signs of rattling, leading to
a four times higher lattice thermal conductivity. The calculated transport properties agree with
the measured data, and their combination predicts a thermoelectric efficienc¥T up to 2.7 for

BaGeAs.4, reaching the value of current record materials.

Introduction

Thermoelectric materials directly convert thermal energy into electricity and enable the
harnessing of heat from any source including otherwise unused waste heat. Compact

thermoelectric devices rank among the smartest ways of energgonversion thanks to neither
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moving parts nor any emissionggo 811 The key to costeffective applications is a high conversion
efficiency of thermoelectricmaterials, defined aZT=A 3T/( [a+{L). A good performance requires
a high electrical conductivity A, a large Seebeck coefficien® and low thermal conductivity

J =Jat+[L. Since the electrical conductivityA inevitably enforces a high electronic thermal
conductivity e, a lot of effort is put into minimizing the charge carriefindependent lattice
thermal conductivity [.. Lowering [ is possible by nanestructuring techniques/82 83l introducing
disorder through heteroatoms, point defect®4 or grain-boundary engineering(®! Another
approach are compounds with intrinsically low [.. Prerequisites found so far are complex
structures like AgTITes,©8 or the valence precise Zintl phase YibMnShii5 871 as well as the
OPEITTIATQAADDO T AOUOOAT & j 0' %#ike lon thérmaRcbr@uctvity AT 1 AET
and good electrical conductivity®8 This situation is favored by high crystal symmetry, heavy
elements with small electronegativity difference and narrow band gap®8? Framework structures
have further advantages enabling the incorporation of loosely bondedt@ms in cagelike
structures. This has been realized in skutteruditeand clathrate-type compounds where secalled
OOAOQOI ETCo AOI I O AAO WO wel Pdssibienew@andidaiésXudiling fis AAT OA C
concept may be found amongst the large family of abte-like structures.’51-53, 55, 56, 9395] Their
underlying sodalite framework itself offers a unique playground. It consists of accarrangement

I Acages built up fromvierer- and sechserings (4668) with guest atom sites in thesechseirings
and the cage centers. Apart from very few exceptiorts;ssl the majority of the sodalite materials
are oxides and electrical insulator$?6! However, related cage compounds with networks made of
heavier main group elements offer beneficial conditions for thermoelectric materials. Following
this idea, we recently reported on the synthesis and crystal structure of the sodalite compound
BaGeAsis and its possible thermoelectric properties®” Indeed, it exhibits all of the

aforementioned conditions favoring a low lattice thermal conductivityJ,.

Ther -cages in BaG#\s,4 are apparently too large for the barium atoms, which are displaced from

the center in a disordered manner. A therefore presumably low lattice thermal conductivity

together with a good electrical conductivity and favorable charge carrier density are good
prerequisites for thermoelectric properties. To chemically control the disorder in thg -cage, we

replaced barium in BaGgAsi4 by larger rubidium or caesium atoms. Here we report on the crystal

structures of the isotypic compounds RbGé&s;s and CsGgAsis. We demonstrate that the disorder

in the cage is absent in these compounds, and from fingrinciple DFT calculationg$?8 we predict

ultralow thermal conductivity only in BaGe:Asisdue to static disorder combined with anharmonic

effects, which are both switched off in RbGAs:s and CsGgAsis. The calculated thermoelectric
efficiency for BaGeAsuof ZTE ¢8x EO AO OEA 1 AOGA1T 1T &£ O1 AAU8O OA
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Results and Discussion

Crystal Structure. The crystal structures of the isotypic compounds RbGAasis and CsG#As:s
were determined from Xray single crystal data using charge flipping to solve the phase problem
followed by refinement in the space grouplt3m (no. 217). Table 2.6 shows the main results.
Detailed crystallographic data including atomic positions, anisotropic displacement parameters
and selected interatomic distances are given ifables A.26A.31, low temperature datain Tables
A.32-49 (see appendix).

Table2.6: Single crystal diffraction data of Rb@asand CsGéss.

formula RbGeAss CsGeAss
space group In3m (no. 217)

alA 10.3642(2) 10.38170(10)
Veer/ A3 1113.29(6) 1118.94(3)

z 2

“xrayl g cm® 5.123 5.238

R / Rt 0.0104 / 0.0467 0.0074 /0.0385
R(PH HY)/@lC 0.0128/0.0134 0.0069 /0.0078
WR (PBH HY) /@&IC 0.0284 /0.0285 0.0144/0.0147
GooF 1.269 1.221

N mamin/ €A3 +0.643 /-0.800 +0.411 /-0.286

The new compounds crystallize with a sodalitdype structure isotypic to BaGeAs14.[971 A Gea
[ -cage Figure 2.13a), is the core structure of the polyanionic network of vertex sharing GeAs
tetrahedra (Figure 2.13b). This network can be described as overollapsed with large tilt angles
of 3 54 ° and little change upon cooling Figure A.19, appendiy. A comparative explanation of
different degrees of network expansions is shown ifrigure A.20 (seeappendix). The rubidium or
AAAGEOGI AAOGEIT O Acdgebigue28A] OAOO T £ OEA

a) ‘\‘

Figure2.13: (a) GesJ -cage of RbGéssand (b) vertex sharing tetrahedra network with a statistically occupied
(Ga.2sA.79)Az trigonal pyramid (red).
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To check for disorder as known from BaGésis, we measured the crystal structures of
RbGeAs;s and CsG@As;s at low temperatures. Figure 2.14 shows the thermal displacement
parameters versus temperature of the new compounds and those of BaBes for comparison.
The latter exhibits a static disorder by displacing the barium atoms off the high symmetryt@m)
site at the cage centers. This is evident from a narero extrapolation of the thermal displacement
parameter Ugqto about 0.89 atT = 01971 The effect is absent in RbGAsis and Cs@;As;s, where the
Ueq extrapolate to 0.01 and 0.005, respectivelyRigure 2.14). Thus the rubidium and caesium
atoms remain at the cage centers due to their bigger ionic radii compared with (Ba1.35A, RE+:
1.52A, Cs+: 1.67A).25 This leads to highly coordinated Rb/Cs atoms surrounded by 16 As/Ge
atoms at almost identical distances which vary by 1% only. Ts, the heavy alkaline atoms

perfectly fit into the sodalite cage.
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Figure2.14: Ueq of RbGeAsis, CsGeAss and BaGgAs4®’! with regression lines indicating static disorder in
BaGeAsa.

In contrast, thedistances to the 16 As/Ge around the offenter barium atoms in BaGgAsi4 vary
by 12% because the Bé ions are too small to fill the cage. The GeAsys mixed site in BaGeAs 4
generates (GesAs.5)Ass trigonal pyramids.[7 The lower charge of Rband Cs changes this site
to Ge2sA%.75 in order to achieve the charge neutral formulaA+(Ger4)sGe2(As?)3(AS2)s(AS3)s6
(A=RDb, Cs). The resulting (GesAs.75)As; trigonal pyramids are shown in Figure 2.13a. EDX

measurements {Table 2.7) confirm the compositions RbGeAs;s and CsGeASs.

Table2.7: EDX results of Rb@esis and CsG&\sis.

formula A Ge As
AGeAss (calc.) 4.4 30.4 65.2
RbGeAss 4.8(4) 28(1) 66(1)

CsGeAss 4.8(3) 28.6(7) 66.6(8)
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Structure models for RbGeAsis and CsGeAsis with Ge/As ordering arise from symmetry
reduction from the space grouplt3m to the translationsgleiche subgroup R3m (no. 160).
Refinements of high resolution single crystal data ¢ >0.58A) yielded lower R-values for the
disordered (It3m) than for the ordered structure (R3m) as shown inTable 2.8. Considering the
Ge/As disorder in BaGgAsi4 confirmed by SAED?7 we assume likewise Ge/As disorder at the3
sites in RbGeAs;s and CsGeAs;s.

Table2.8: Rvalues for the disorderedr(3m) and ordered structuresRBm) of RbGeAsis and CsGA\ss.

compound R: (In3m) R (R3m) WR (In3m) wR: (R3m)
RbGeAss 0.0134 0.0189 0.0285 0.0336
CsGeAss 0.0078 0.0116 0.0147 0.0209

STEMHAADF images of RbGAs;s perfectly agree with the structure overlays Figure 2.15 and
A.21). Atomic positions are verified with STEMEDX mapping as shown ifigure 2.15 and Figures
A.22-A.23(see appendiy. Regions rich of respective element are clearly sepsdle.

Rietveld refinements Figures A.40A.41 andTable A55 in the appendiX) revealed a minor
(3 wt-%) germanium impurity in CsGeAs:s while the RbGeAsis sample wassingle phase.
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Figure2.15: STEMHAADF image and high resolution STHIX maps of Rb@ess along [100] with structural
overlays.

Optical Properties. The Tauc plots of Kubelka Munk converted diffuse reflectance spectra of
RbGeAs;s (Figure 2.16a) and CsG#As:s (Figure A.24, appendix) both indicate indirect band gaps
with 0.44 and 0.43eV, respectively, and direct transitions at 0.48V. These results are almost
identical to the values we found for BaG#\s14 with 0.43 and 0.45eV for indirect and direct band
gapslo7l
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Figure2.16: (a) Tauc plots of a Kubelka Munk converted diffuse reflectance spectra otARb@xhibiting an
indirect band gap of 0.44V and a direct bangap of 0.4G&V.Resistivity of RbGAsisand CsG&\ss (b) and their
respective Arrhenius plots)c

Electronic Properties. RbGeAs;s and CsGgAs;s are semiconductors. Figure 2.16b shows
increasing resistivities at lower temperatures. The electronic bandgaps extracted from Arrhenius
plots give very small activation energies of 0.008 and 0.002V for RbGeAsis and CsGgAS;s,
respectively (Figure 2.16c). This indicates extrinsic behavior through dopant (impurity) levels
close to the valence band, similar to Ba@&s:4 and other related canpounds72 971 Hall effect data
at 300K (Figure A.25, appendiX) reveal ap-type nature of RbGeAs;s and CsGgAsis with carrier
concentrations of 1.3-18° cm3and 8.2-10° cnmr3 and mobilities pof 5.8cm2V-1stand 21cm?V-1s?,
respectively, similar to BaGgAsis with p=2.3-10° cm3 and g = 2 cm2V-151[97]

Electronic Structure. DFT is not able to handle the Ge/Asnixed atom sites. We have used an
ordered structure model of RbGeAs;s and CsGeAs;s in the space groupgR3m. The GesAsys Site in
BaGeAsu4 allows two ordered variants in the space groug3m, and one each in the space groups
Ptg,m and Fmm2. We denote these ordered structure models aBR-1-, hR-2-, tP- and oF
BaGeAsiws. The results of the ionic relaxations are shown ifrigures A.26A.27 andTables A.50
A.52in the appendix While the alkaline metals irRbGeAs;s and C&eAsss retains its position at
the center of the sodalite cage, barium is shifted off this position o~ andtP-BaGeAsuw4 in perfect
agreement with the crystal structure data®”l However, relaxations ofhR-1- and hR-2-BaGegAsi4
did not fully converge.The electronic band structuresshown in Figure 2.17 reveal indirect band
gaps of 0.42, 0.58, and 0.48V for RbGeAs;s, CeGgAs;s, and tP-BaGeAsw4, respectively. o
BaGeAsi4 has a smaller direct gap of 0.28V. Values withother GGApotentials are given inTable
A53 (appendix). The density of states (DOS) shows only small contributions of Rb, Cs or Ba in the
conduction bands. Thus, the band gaps are in thdp-bands of the GeAdrameworks as in binary
semiconductors like GaAs. Bader charge analysis indicate a ionic character wittPRband C877+
ions, and a covalently bonded polyanionic network Gé3+(Ged-37+)g(As0-04) 3(As0-22) g(ASP-37) 4. This

covalence is visualized by the electron location function (ELF) ligure A.28 (see appendix).
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Electronic transport. To calculate the Seebeck coefficier8 the electrical conductivityA and
the electronic thermal conductivity [e it is necessary to determine the relaxation timeg for both
holes and electrons., which is based on the deformation potential constakbp, the effective
masses of holes and electronsi* and elastic constants g (Table2.9). Figures A.29A.30show the
band edge energyEeq4e0f the VBM and CBM as a function of the relative shift in lattice parameters.
The resulting Vop values are linear with slightly lower values for holes than for electrons foo~
/ tP-BaGeAsws. The efective masses of the holes (0.50.81mg) are roughly 2 to 3 times larger
than the effective masses of the electrons (0.19.24 m¢, Table4), which is due to different band
dispersions. This results in 9 to 22 times higher mobility values and 3 to 6 timdsnger lifetimes
for electrons compared to holes Table2.9).

A summary of the calculated thermoelectric properties at 30K is given inFigure 2.18. Detailed
temperature and dopant dependent data are inFigures A.3138 (appendiX). The Seebeck
coefficient is rather low with ~90 and ~-v 1 {1 ®rt+ow p- and n-doping levels, respectiely. The
higher values for p-doping can be explained with the proportional relation of the Seebeck
coefficient and the effective mas&9 The values forA and [e follow the typical counteracting

relationship to S The calculated values fof are in good agreement with the experimental ones at
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similar carrier concentration (Table A54, appendix), thus supporting the validity of our
calculations. SinceéPFis defined as2A it reaches its maximum at doping concentrations between
1.1020 and 4-1° cm3, which is in the range of doping levels we measured for our samples
(8.2-10197 2.3-1(?° cm-3).[97]

Table2.9: Deformation potential constantor effective massn* (me is the free electron mass) and exemplary
values for mobility p and relaxation timeat 300K of electrons and holes 8GeAss and BaGgAs4 as vell as
elastic modulicy1.

compound carrier Vor(eV) m* (Me) Mzook (CMPV1s?) _3o0(fS) cu1(GPa)
n -27.05 0.23 494 64

RbGeAss 148
p -27.70 0.78 22 10
n -26.43 0.24 457 63

CsGeAsss 150
p -26.95 0.81 21 10
n -28.58 0.19 666 73

oFBaGeAsu4 143
p -25.84 0.51 717 21
n -28.28 0.20 648 72

tP-BaGeAs4 144
p -25.31 0.56 58.4 19
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Figure2.18: (a) Seebeck coefficie (b) electrical conductivity log), (c) electronic thermal conductivitgg(€ e
and (d) Power FactoPFof all compounds withp-type andn-type doping at 30K and increasing dopant
concentration.

Lattice thermal transport. Figure 2.19 shows the calculated phonon spectra and their

respective pDOS. There are no imaginary frequencies present, indicating mechanical stability of

OEA T OAAOAA OAOEAT 008 !'11 1T A& OEAk-1AmEmMMERO AAI O
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threefold degeneracy at tih -pwint. The optical bands show very little dispersion forAGeAs:s
(Figure 2.19a,b) and slightly more for both ordered variants of BaG&sis (Figure 2.19¢,d). The
pDOS can be dividedi OT &I 00 OAAOE b7 ToI8an&dTHy - ATGALOIA Ge aAd@s 5
are present, whereasfor574 ( U OEA OOAOAO AOA Ad2THzibARDACS orA U
Ba. The distribution of Rb and Cs states is very narrow but less so for Ba, whiglmiost likely due

to its shifted position mentioned earlier.
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Figure2.19: Calculated phonon spectra with optical (green) and acoustic (orange) bands of (a)ARb(®H
CsGeAsss (c)oRBaGeAss and (d)tP-BaGeAss and their projected phonon DOS.

The calculated values for the lattice thermal conductivity, are shown inFigure 2.20. RbGeAs:s
and CsGgAs;s exhibit nearly identical values with ~1.9Wm-1K-1 at 300 K, which is slightly higher
than other cage compounds likédsAlsSios (A= Rb, Cs; ~IWm-1K-1),[1000 AEsGasGeo (AE= Sr, Ba;
0.9-1.1 Wm-1K1)i101, 102] or CZmnsSrye (1.1 Wm-1K1).[1031 BaGgAsis on the other hand shows
ultralow values ranging from 0.43 to 0.53Wm-tK-1 for the orthorhombic and tetragonal variant
respectively. This almost rivals some of the lowest values reported so far like GECo6SM12
(0.28 Wm-1K-1),i881 AgeTITes (0.22 Wm-1K-1)861 and BaAuisPs0 (0.18 WnriK-1).[104]
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Figure2.20: (a)Lattice thermal conductivity. as a function of the temperaturand (b) relative cumulative lattice
thermal conductivity*L at 300K as a function of the mean free path of Rb&ses (black) CsGéAss (red) o~
BaGeAsu (blue) andtP-BaGeAsis (green).

As mentioned above, lattice therral conduction can be reduced by disorder and/or rattling. The
latter is a dynamic effect that requires a flat energy curve as a function of the atomic position.
Since the Ge/As disorder is present in all compounds, the large difference in lattice thermal
conductivity between Rb/CsGeAs;s and BaGeAs;4 is probably due to the misorientation of the
barium atoms in the cage. To investigate this, we have performed frozgamonon calculations. The
structures were first relaxed with rubidium or barium atoms fixed a the cage centres. These
atoms were then displaced from their positions and the respective energies were calculated. The

results are shown inFigure 2.21a.
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Figure2.21: (a) Energy changes versus the displacement of the rubidium or barium atoms from the cage center

for different ordered structure variants. (b) Energy changes at small displacements from the minimanid i{a)
the range of typical thermal movement. Dashed lines are parabolic fits to the data.

The rubidium atoms perfectly fill the cages, consequently we find a symmetric parabolic
potential. The energy minima otP- and oFBaGeAsu4 are significantly shifted away from the cage
centersin agreement with the crystallographic data and the full relaxation of the structures. This

full relaxation failed for the rhombohedral variants of BaGgAs14, and the reason becomes clear
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from the blue curves inFigure 2.21a. We find a very flat doublewell potential with a tiny energy
barrier of only 5 meV between the two minima. Thus, the barium atoms in theR-1 and hR-2
structures can move in the cage without significant energy change, tantamount to the rattling
effect. Unfortunately, we were unable to calculate the thermoelectric parameters of these variants
due to the poor convergence of the structural relaxations, which is clearly amgequence of this
flat potential. However, phonon dispersions of thehR-1 structure show imaginary modes
originating from the barium atoms, as expectedRigure A.39 in the appendiX).

Figure 2.21b shows the energy changes at small displacements from the minimakigure 2.21a,
respectively, in the range of realistic thermal movement. Deviations from the parabolic fits
(dashed lines) indicate anharmonic contributions intP- and oF~BaGegAsi4, while the fit is much
better for RbGeAs;s. From this we conclude that the ultralow lattice thermal conductivity of
BaGeAsis comes from the static offcenter disorder of the barium atoms and from anharmonic
contributions in its thermal motion. Our calculations give clear evidence for a rattling effect, which
we could not consider in the calculations of the thermoelectric properties. However, it cannot be
ruled out that the actual lattice thermal conductivity will be reduced even further by the ratihg

effect.

=— p RbGe,As,5 ¢ p oF-BaGegAs,,

—0—n RbGe;As;; —<— noF-BaGegAs,,
A—p CsGe,As; g *— p tP-BaGegAs,,
—~—n CsGe,Ass; —*— n tP-BaGegAs,,
3.0
- 0000900000090 *o
‘.0 ********t**

OOOOGGAN
:ﬂuﬁ”mmd

” iEHHE=:Elll-ll--

T T T T T T T
100 200 300 400 500 600 700 800
T(K)

Figure2.22: Maximum figure of meriZ Tmaxof all compounds aa function of the temperature.

Figure of merit. The figure of meritZT of all compounds as function of temperature and doping
is shown inFigures A.31eA.38e(see appendiy. For each temperatureZTreaches a maximum at
a certain doping concentration. Thes&ZTnax are shown in Figure 2.22. The maximum values
achieved forp- and n-doped AGe/As;s and n-doped BaGeAsi4 range from ZTmax = 0.55-1.53, which
is in line with known values of clathrates like BaCuwaZnPsp (ZT=0.62)1105, BaGasGeo
(ZT=1.1)2086] or (K,Ba)ks(Ga,Snss (ZT=1.19).[207 p-doped BaGeAsi4 on the other hand ehibits
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large ZT values of ZTmax = 2.3-2.7 depending on the ordering of the Ge/Asites. ComparableZT
values are only found so far in Bires/Sb,Tes superlattices (ZT = 2.4)i108] or for SnSe single crystals
along theb-axis (ZT = 2.6).109]

Conclusion

RbGeAs;s and CsGgAs;s are new narrow-gap semiconductors wih the sodalite-type structure
isotypic to BaGeAs;4. Rubidium and caesium perfectly fit into the sodalitecage due to their bigger
ionic radii compared to barium, which is displaced from the center. First principles DFT
calculations give clear evidence ofiltralow lattice thermal conductivity around 0.5 Wm-1K-1 in
BaGeAsi4 which is a consequence of both the disordered position of the barium atoms and the
anharmonicity of its thermal movement. Frozen phonon calculations indicate that rattling may
further decrease the lattice thermal conductivity of BaGési.. These effects are chemically
switched off in Rb/CsGaAs;s which shows a parabolic potential and no signs of rattling, leading
to a four times higher lattice thermal conductivity. The predicted thermoedctric efficiency ZTis

up to 2.7 for BaGgAsi4, reaching the value of current record materials.

Experimental Section

Synthesis. RbGeAs;s and CsGgAsis were synthesized via high temperature soligstate
reactions. Starting materials were stoichiometric nxtures of RbAs or CsAs, Ge (99.999, Sigma
Aldrich) and As (99.99999+%, Alfa Aesar). The precursors RbAs and CsAs were synthesized by
heating the elements Rb (99.784, Alfa Aesar) or Cs (99.986, smart elements) and As for 15 h at
973 K in alumina crucbles in sealed steel ampules sealed in silica ampules under purified argon.
Mixtures of the starting compounds were thoroughly homogenized, filled in alumina crucibles and
sealed in silica ampules under argon atmosphere. The samples were heated to &®&ith 25 Kh-1
for 60 h and cooled down to room temperature with 25Kh-1, Suitable single crystals were isolated
from these polycrystalline samples. Single phase materials resulted after homogenizing, pressing
to pellets and heating at 873 K for 250 h. The cgmounds are black powders stable in air and
water. Phase purity was confirmed with PXRD. All manipulations were conducted in an argon
filled Glovebox.

Single Crystal X-ray Diffraction. Single Crystal Data were collected with a Bruker D8 Venture
j -1 + jtom lI-Defektor, Kryoflex Il cooling unit). APEX & and SADAB® were used for
intensity integration and absorption correction. The space group was chosen with XPREMased

on systematic absences. The phase problem was solved with the SUPERPFLIPackage and
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refinement of the structure was performed with the SHELX#B! package.

The deposition numbers 2008533-2078542 (detailed in Table A85; appendiX contain the
crystallographic data for this paper. These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access Structures service

www.ccdc.cam.ac.uk/structures

Powder X-ray Diffraction. Powdered samples were filled and sealed in glass capillariex
0.2mm diameter (Hilgenberg GmbH). Data were collected with a STOE St&ddiffractometer (Cu
+1ph "Ajpppq 1111 AEOI T AGI ORF - UEOA im0 patkagh BaBeli A 01 O
on single crystal data.

TEM and STEM Investigations. RbGeAs;s was ground thoroughly, distributed on a Cu grid
covered with a carbon film (Plano GmbH, Germany) and mounted on double tilt holder.
%P@DAOEI AT 6O xAOA OAAI EUAA xEOE A 4EOAT 4EAIEO o
electron source, a Cs DCOR prolserrector, a US1000XP/FT camera system (Gatan, Germany)
ATA A xET AT xI AOO 1 ZNOAAOAT ém Babddpdrader at arvapcelerdidhOA A O C
voltage of 300kV. A 4k x 4k FEI Ceta CMOS camera (FEI, USA) was used for TEM images. Data
processing and Fourier filtering were performed with JEMS (SAED simulatiori®) and Velox v3.0
(STEM images, EDX map#g}!

EDX Measurements. EDX spectra were measured using a Carl Zeiss EM®@ 10 scanning
electron microscopy with SE and BSE detectors and equipped with a BrukeridaEDX detector
(X-Flash detector 410M). Data were collected and processed with the SmartSBM and
QUANTAX 20069 software. Elements contained in the sample holder and adhesive carbon tabs
were disregarded.

UV-Vis-NIR Spectroscopy. A VARIAN Cary 500 U¥is-NIR spectrophotomete with a DRACA
5500 integrating sphere was used to collect diffuse reflectance spectra between 2000 and
3000 nm. To account for a strong absorption, the samples were diluted with Bags@he data were
converted according to the KubelkaMunk theoryi o and plotted as Tauc graphs.

Resistivity and Hall -Effect Measurements. Powdered sampés were pressed into pellets of
4 mm in diameter and 0.5mm in thickness. They were put into alumina crucibles, sealed in silica
ampules under an atmosphere of purified argon and sintered at 838 for 60 h with heating and
cooling rates of 50Khl. Resistvity and Hall-Effect measurements were conducted with a
Quantum Design Inc. PPMS (physical property measurement system) equipped with a DC
resistivity option. The pellet was contacted using Wimbush foupoint Van der Pauw press
contacts. Data were collecte between 150 and 30K and field strengths of £5kOe with the
MultiVu software packagég4!]

DFT Calculations. The progress of theoretical approaches for thermoelectrics etes
predictions in excellent agreement with experimental value®8 and screening of thousands of

compounds accelerates research in this field rapidli§i2-1141 First principle electronic structure
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calculations were performed based on density functional theory (DFT) and plane wave basis sets
using the Vienna ab initio simulation package (VASP}: 431 Projector augmented waves (PAVA4
were used and contributions of correlation and exchange were treated in the generalizepladient
approximation (GGA)451 Depending on the accordance with experimental lattice parameters,
PBERs! PBEsol’4 or SCAN! potentials were used. The Brillouinzones were sampled with
10310310 (AGeAs:is, o0FBaGeAsis) and & 83 8 (tP- and hR-BaGegAsi4) Monkhorst Packk-point
meshes and a plane wave energy cutoff of 5@&¥. Structure parameters were optimized until
interatomic forces are below10-4 eVA¢.

Phonon dispersions and lattice thermal conductivitied. were calculated from interatomic force
constants (IFC) using the supercell approach 22 2) implemented in phonopy and phono3py
codeslt15. 116] Respective electronic relaxation calculations of supercell structures were performed
at the 3-point only with a 4A cutoff for third-order force constants to keep computational costs
xEOEET 1 EI EOO8 3AIPIEIC 1T &£ OEA ménteled iI811PBAAOET A
(AGeAsis, 0FFBaGeAsi4) or 92 93 9 (tP-BaGeAsi4) g-meshes. The Seebeck coefficiet electricd
conductivity A and electronic thermal conductivity [« were calculated using the Boltzmann
transport theory with the BoltzTraP2 packagéil’l The necessary relaxation time values for this
approach were calcuated based on the deformation potential (DP) theoriti8l The respective
effective masses were obtained with the EMC packa@®] Further detail are in the ESI. The
electron location function (ELF)#! was calculated to visualize chemical bonding and the Bader

analysig4d to extract charges from the electron density.
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3 Layered gpertetraheda compounds: a hierarchical
family

3.1 Supertetrahedralayers Based on GaAs or InAs

Valentin Weippert, Arthur Haffner, Alexis 8&amatopoulosand Dirk Johrendt
Published in:Journal of the American Chemical Soci@§19,141, 1124511252.

Reproducedfrom reference with permission from the American Chemical Saociety.

Abstract

The solid-state compoundsMisTr22Ass2 and

AVVV VVVAWQA
M:GaAss (M = Sr, Eu;Tr = Ga, | i\ AN\ AP A AN AN
Gads (M = St EuTr = Ga, In) were \Dolindi fp AINSSS
synthesized by heating the elements, and V/»/ VWV NV~
their crystal structures were determined by % A
o 4,
single-crystal and powder Xray diffraction b A\ ) 7 7D\
/A/A/A/AIA
(space group C2/c). The structures are AAA /A/A/4A

A4 VAVAV V \ N\ AA7\7 Al

hierarchical variants of the Hgt type and

consist of layers of polymertc T5 MisTr2ASs2) or T6 supertetrahedra Ms:GaAss), separated by
strontium or europium cations. These compounds constitute hitherto unknown GaA®r InAs-
based supertetrahedral structures and represent the first binary vacancfree T5 and T6
supertetrahedra. Vacancies or mixednetal strategies for charge compensation, as known from
related chalcogenides, are not required for supertetrahedra based on chargeutral GaAs or InAs.
Optical band gap, resistivity, and Haléffect measurements together with DFT alculations reveal
that the supertetrahedral compounds are direct band gap semiconductors similar to binary GaAs
or InAs. Magnetic susceptibility measurements confirm B in EuisGa»ASs2, Euslnz:Ass,, and

EusGaAss and indicate antiferromagnetic orderingbelow 10 K.

Introduction

Crystalline supertetrahedral structures have attracted increasing attention since they combine
well-defined sizes and compositions with properties of nanoparticles and quantum dots.2l
Supertetrahedra also offer unique structural building blocks for porous networks, metabrganic
frameworks with huge pores, or discrete nanocluster&:5! These fields are dominated by main

group and transition-metal chalcogenide compounds which usually rely on organic spacers and
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capping agentg8-91 With the introduction of group Ill and IV pnictides of the alkaline and alkaline
earth metals, their application possibilities expanded even further. Utilizing the supertetrahect
network as host matrix, Wagatha et al. presented GasLiio.s[AlssNss]:Eu2* as a highly efficient red
emitting luminescent phosphorit® With Li,SiP, LiSkP;, NagShzPzs, NasShoPss, NasSbsPus,
Nax3SkrPs7, and NaSiP; Haffner et al. synthesized a family of fast solidtate Lir and Na ion
conductorsitl. 121 One of the main endeavors of this research is creatingever-larger
supertetrahedral building blocks. In 2002 the first T5 cluster based on InS was present&dOnly

in 2018 did Xu et al. synthesize a T6 ZnInS cluster with organic spacer throughhdamnations of
aliovalent metals for charge compensatioft3! In the ternary systems S¢Tr-As and EuTr-As (Tr =
Ga, In) a variety of compounds have been synthesizé#19 Their structures contain isolated
tetrahedra, chains, or layers with corner and edgesharing tetrahedra. However, as of today, no
lll-V supertetrahedral systems based on either GaAs or InAs are known. Since supertetrahedra
can be seen as sectiond cubic GaAs (sphalerite type), such compounds may exhibit interesting
properties that differ from either individual clusters or the bulk. Pure GaAs is used in the
semiconductor industry for many purposes. Although it has some drawbacks to conventional Si
semiconductor materials such as high costs and difficulties in manufacturing, it has advantages in
certain areas. In contrast to Si, GaAs features a direct band gap, making it an ideal material for
highly efficient solar cellsi20 With a higher intrinsic electron mobility in comparison to Sit allows
higher frequency processors and 5G modules in smartphoné&s.221 Combining it with other triel
elements leads to quantum dot systems such as InGaAs/GaAs with photoluminescent
properties 23] In this paper, we present the first supertetrahedral structures based on GaAs and
InAs. Our approach to large supertetrahedra circumvents the problem of charge compensation
simply by underlying chargeneutral binaries GaAs and InAs, which can principally form
supertetrahedral clusters of any size without defects caused by charge imbalance. The new
compounds SisGa»Ass2, EusGarAss2, SkslnzAsse, and EusInz,Asse exhibit TS supertetrahedra
consisting of 35TrAs, tetrahedra. With SEGaAss and EusGaAss, we introduce the first binary T6
supertetrahedra without the aid of organic spacers or mixednetal strategies. These contain 56
GaAs tetrahedra with an unprecedented fusion of the supertetrahedra via T2 units. To compare
the new supertetrahedral compound with binary GaAs or InAs, we have measured basic

semiconductor properties and performed electronic structure calculations.

Results and Discussion

Crystal Structure. The crystal structures of all compoundswere solved from Xray single-
crystal data by charge flipping and refined in the monoclinic space groupC2/c (No. 15).
Crystallographic data are summarized inTable 3.1, and detaileddata, atomic positions, and

anisotropic displacement parametersare given inTables A.56'A.66in the appendix.
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Table3.1: Ciystalbgraphic Data of SEGa2A%2, EusGaAS2, StislnzzeAsz, EusinzzAsz, SEGaAs, and EeGaAs.

Formula StsGaAs2 EusGaAs? StislN22AS:2 EuslnzAs SEGaAs EuGaAs
Space group Q/c(No. 15) Q/c(No. 15) Q/c(No. 15) Q/c(No. 15) Q/c(No. 15) Q/c(No. 15)
alA 22.9660 (4) 22.8204 (7) 23.838 (5) 23.703 (2) 22.8363 (13) 22.740 (3)
b/ A 22.9639 (3) 22.8257 (7) 23.818 (4) 23.702 (2) 22.8335 (13) 22.747 (3)
c/A 19.8929 (3) 19.7972 (6) 20.763 (4) 22.337 (2) 26.8169 (15) 25.505 (3)
Ir° 98.2290 (10) 98.2370 (10) 98.244 (6) 113.473 (2) 108.613 (2) 96.393 (2)
Vear/ A3 10383.3 (3) 10205.8 (5) 11667 (4) 11511 (2) 13251.8 (13) 13111 (3)

z 6 6 6 6 32 32

xrayl g3 5.033 6.063 5.327 6.235 5.135 5.972

R (P> X(P)/all 0.0365/0.0793  0.0724/0.0926 0.0403/0.0535 0.0553/0.0749 0.1159/0.1884  0.1306/0.1663
WR (P> X(P))/all 0.0642/0.0765 0.1573/0.1674 0.0853/0.0912 0.1499/0.1640 0.3198/0.3773  0.2890/0.3120
GooF 1.011 1.085 1.044 1.059 1.067 1177

Y Pmaimin/ €A +1.594/1.877  +4.783t4.542  +7.071/3.141  +6.113/4.099  +16.374/5.380 +9.028+9.518

The new structure types consist of layers of T5 or Tupertetrahedra, fused by common T1 or
T2 tetrahedra as shown in Figure 3.1.These motifs represent hierarchical variantsof the
tetragonal structure of red Hgk, which exhibitsanalogous layers of Hg}. tetrahedra (T1).24 The
orange modification of Hgl, forms tetragonal polymorphs whichcontain layers of cornersharing
Haul10 supertetrahedra (T2).28 Filling of cations between charged layers of this topology leads
the large family of compounds with the TIGaSetype structure, which crystallize in the space

group C2/ c.[26-33]

({4
dis, dis  fads ddds,
4 N 1K) U
//l %“A’N /[/ “‘ /l \ A %AA/A I/, v/%‘t/“ v
bid,

///"r, v,&‘ Ifre
IR s

Figure 3.1: Supertetrahedra of (a) MTr2As2 (T5) sharing one common TrARtrahedron (blue) and (b)
MsGasAs (T6) sharing a T2 supertetrahedron (blue).

The next hierarchic level represents the structure of CsMnInTe with [MnalneTex]142
supertetrahedra (T3), fused by onecommon InTe tetrahedron.34 While an analogous T4
structure is currently unknown, the new gallium and indium arsenides presented here
consequently expand this hierarchicakeries by T5 and T6 supertetrahedraWe do not observe
cation vacancies inside the supertetrahedras found in SiP+- or InSr-based compoundsg!2. 131 This
is because the new compounds derive from GaAs or In8karge-neutral binaries; therefore, no

charge compensation isnecessary as the supertetrahedra sizes increase and the atonnétios



51

approach 1:1.TrAs-based T6 supertetrahedra have dower negative charge on the surface in
comparison to T5 orsmaller supertetrahedra, which is dampened further by sharing T2 unit
(Figure 3.1b).

The supertetrahedral layers are stacked along the crystallographic axis in a sawtoothlike
manner. This is exemplarilyshown in Figure 3.2a, where 56 GaAstetrahedra are combined to
one tetrahedron which represents a T6 supertetrahedronrespectively. This general structure
motif of stacked layers of supertetrahedra is known from the orange modification of Hgivith
edgesharing T2 units of Hgli0.1251 Therein, stackingvariants generate diferent polytypes of
orange Hgb and stacking faults occurThe TIGaSgtype compounds are likewise strongly affected
by stacking disorder(28. 291 However, the layers of the larger T®nd T6 supertetrahedra partially
interpenetrate into each other,which allows translational degrees of freedom of the layers only
perpendicular to the direction of the sawtooth interlocking (Figure 3.2a). As a consequencef
different stacking motifs, the new compoundsMisTr2Ass, and MsGaAss form two polytypes,
respectively, distinguishable by the monocliniangles (T5:D98 or D113 °; T6:D96 or D108 °; see
Table 3.1). The stacking variants result from different shifts of the adjacent supertetrahedral

layers along [110] and[1p0], as depictedin Figure 3.2.

a)

[
b
a

Figure3.2: (a) SawtootHike stacking of supertetrahedral layers in@G®sAs. Each tetrahedron represents a T6
unit. [110] shifts of adjacat supertetrahedral layersbj T5Eusinz2As2; (€) T5ShsGaA%2, EusGa2As2, and
Snslnz2As; (d) T6SEGaAS; (€) TEELGaAS.

In the first case with a largerr angle, the centers othe supertetrahedra nearly coincide in the
[110] direction (Figure 3.2b,d); their relative shift is exactly 1/8 of thetranslation period z, where
Z corresponds to half of thea,bface diagonal. The other polymorph emerges if thE10] shift is
3/8 z (Figure 3.2c,e), which means that their centers aralmost at the gaps of the other. The same
shift principle applies for the [1p0] direction. The shifts of the T5 and T6 supertetrahedra are
identical, because in both cases one [110] translation comprises eightrAs, tetrahedra,
respectively. Since the larger T6 units sharewo common TrAs, tetrahedra, the same periodz,

emerges forthe T5units, which share only oneTrAs; tetrahedron (Figure 3.2).
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a) b) 18+

AAAAA
VAVAVAVAV

I VVVV.V VW ®Eu
I VVVVVVVN S
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Figure3.3: (a) Coordination of the Etions between the T6 supertetrahedra indBaAs. EuAsoctahedra are
blue, and EuAgrigonal prisms are gray. (b, c) Arrangements of the catimighedralin SeGasAs and EuGaAs.

Trigonal prisms perpendicular to theanslation_ mark the positions of adjacent supertetrahedral layevsjch

are shifted by 1/8 or 3/8 _ relative toeach other.

The relative shifts of the layers are not arbitrary because dahe coordination requirements of
the interjacent strontium or europium atoms, respectively. The surfaces of the supertetrahedra
exhibit triangular nets of arsenic atoms, and tha@ext surface is aligned in a way that its triangles
are rotated by 180°, thus forming octahedra of arsenide ions, which are filled wittsr2+ or Eu+
ions (Figure 3.3a). The smallest possible distanc&éetween neighboring octahedra along [110] is
1/4 z; thus, nooffsets other than 1/8z or 3/8 z between the supertetrahedracan occur. Two
double chains of facesharing SrAs octahedra are over the surfaces ofthe T5 and T6
supertetrahedra (blue polyhedra in Figure 3.3). Chains ofMAss trigonal prisms run along the
edges in the T6 compounds (gray polyhedran Figure 3.3b,¢). The perpendicular trigonal prisms
mark the position of the next supertetrahedral layers and exhibit thesame 1/8 or 3/8 shifts. Since
the two rows of octahedra requirea shift of 1/8, it becomes clear why the layers cannot coincide

with zero shift.

a) b)

AAAAA
VAVAVAVAV

A 'V AW
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AAAAAAAAAAL ®ns \ .
= &

Figure3.4: (a) Coordination of the Btions between the T5 supertetrahedra iniHuz2As:2. EuAsoctahedra are
blue, EuAstrigonal prisms are gray, and Eufgntagonal bipyramids are red. (b, c) Arrangements of the cation
polyhedra in Etsln2As2 and StsGa2Ase. Pairs of pentagonal bipyramids mark the positions of adjacent
supertetrahedral layers, which are shifted by 1/8r 3/8 _ relative to each other.
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The voids at the crossing points of the supertetrahedral layers are larger in the T5 than in the T6
compounds.For this reason the rows of identical trigonal prisms inFigure 3.3b,c (T6) become
rows of two trigonal prisms alternating with two distorted -pentagonal prisms Figure 3.4a). The
latter mark the crossings of the adjacentayers and underlie the same [110] shift principle as
discussed aboveKigure 3.4b,c).Figure 3.5 emphasizes the coordination of the disordered Sr(Eu)

atoms in the polyhedra at the crossing voids in the T5 structures.

Figure3.5: Sr coordination in &¥Gaz2As:2 at the crosssection of two perpendicular rows with trigonal prisms
(gray) and pentagonal bipyramids (red). Ellipsoids are drawn wié 6obability.

Since the correlation between a supertetrahedral layer and the adjacent layer is weak, the
stacking along thec axis may not comply with ideal periodicity, and stacking faults can occur.
Figure 3.6 shows reconstructed diffraction patterns of the kl, hll, andhll layers of a EuGaAss
crystal. The spots are smeared to streaks alomy, while they are sharp in thea* andb* directions.
This smearing is caused by stacking faults of the layers, and these are the reason for the goor
values of the singlecrystal refinements with high residual electron densities Table 3.1). This
problem occurs only in theT6 structures. We suggest that the different coordination of the Sr/Eu
atoms at the crossing points in the T5 structuresHigure 3.3 and Figure 3.4) as mentioned above

act as fixation points between the layers, which makes stacking faults less probable.

'i

: H ‘ ". | R .
Ig | A \\ ¥ e s
|| ' : e
8

b

1K h1l hk1

Figure3.6: Diffraction patterns of the &, hll andhkl sections of BEGaAs.
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SrGaAss and EuGaAss are the first examples of binary T6supertetrahedra. As mentioned
above, mixed cation strategiesss in the recently reported T6 ZnhS structurg3l are notnecessary
because the charge of the GaAar InAs-basedsupertetrahedra decreases with increasing size, in
contrast to known compounds that derive from formally charged binariesuch asinSt or SiP. For
this reason,we believe that the 1IFV basedcompounds have the potential to form supertetrahedra
even larger than T6.

X-ray Powder Diffraction. Rietveld refinements of Xray powder diffraction patterns based on
single-crystal structure data are given in theFigures A.4%A.48in the appendix. The refinements
show acceptable accordance with the observed patterns. However, all of them show intensity
problems to different extents, most likely caused by the discussed stacking faults. This plkem
also occurs for the T5 compounds, which show no diffuse diffraction in the measured single
crystals. It is therefore probable that the T5 bulk samples exhibit stacking faults to some extent as
well. No or few phase impurities (Iwt-% GaAs in SGaAss) were detected.

EDX Measurements. EDX data are in excellent agreement with the expected values within the
typical error of the method and confirm the compositions obtained from singlerystal data. The

results are shown inTable A.67.

Table3.2: Optical Band Gdf, Electrical Resistivity, Charge Carrier Density and Hall Mobility> of M15Tr2ASs2,
M3sGaAg, GaAs3% and InAg3® 4042

Formula B (eV) ?300k(@CM) Nsook (CnT3) Y300k (CMPV1s)
ShisGaAS2 1.2 1.6 1.6x 10 2.6
EusGaAs: 1.0 1.7 1.8x10% 0.2
Shisln2AS2 1.0 1.1x107? 1.3x 108 453
EuslnzAs: 0.8 34 1.1x10 17
SEGaAs 1.2 5.0 1.3x10 0.9
EuGaAs 1.2 2.2 1.2x 10 2.4
GaAsr. 1.42 3.3x1C° 2.1x10° 400
GaASioped 1.2¢1.7 5.6x 103 8.12x 108 131
INAShtr. 0.36 0.13 1x10% 500
INASdoped 0.29¢0.57 1403 1x101% 10000

56 M6 EOM. ) 2 3 DTAcAdD<oiptdA $p&rtb8were converted to Tauglots (Figures
A.4951) and OAOAAT AA AEOAAO 1 bOEeNAdr théAdalliuhm ar§eAide©and £ p 8 n
1 8 Y MY Brmthe indium arsenides Table 3.2). Roomtemperature band gaps of GaAs between
1.2 and 1.7eV have been reportedss 371 thus, our GaAgbased supertetrahedral materials have
band gaps similar tothose of the binary. In contrast, the gaps of our InAsased compounds are
significantly greater than expected, since the roomtemperature band gap of cubic InAs is
0.36 eVl However, band gaps depend strongly on tiny amounts of impurities and crystal defects.

Our synthesis methods yield puities of 99 % at best, which is far from an intrinsic semiconductor.
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In order to get an idea of this, we have synthesized GaAs in a fashion similar to that for our new
compounds and found an optical band gap df2 eV (Figure A52 in the appendix).

Resistivity and Hall -Effect Measurements. The samples are gype semiconductors with
relatively high resistivities up to 5nem at 300K (Table 3.2; additional data for 400K are given in
Table A.68). We ascribe this mainly to grain boundary effects in the compacted polycrystalline
pellets. The carrier densities in the range of 4.8 1016 M1.8 x 101° cm™ are comparable with those
of doped GaAs or InAs. In contrast, the Hall mobilities are much smaller except forsBr22ASs.
This may be a consequence of the high sample resistivity values or is caused by specific band
structure features of the supertetrahedral compounds. We note that séoonductor data often
span ranges of several magnitudes depending on the sample purity. However, our synthesis
preparation methods are not intended to producesamples, whichallow measurements of intrinsic
properties. We have control neither of the dopindevel nor of crystallite sizes or grain boundaries.
Therefore, the results inTable 3.2 should be considered as orienting values, which nevertheless
clearly support that the supertetrahedral compounds exhibit semiconducting properties similar
to those of GaAs or InAs.

Table3.3: Effective Magnetic Momentsei and Weisgt S Y LIS NI (i dzNT®AS:. énd RsBaAG:.dz

Formula EusGaAs: EuslnzAs:2 EuGaAs
Yeri/ Yo 7.871(1) 7.934(1) 7.7870(8)
i /K 7.45(6) 5.04(6) 8.60(4)

Magnetization Measurements. The Eucontaining compounds are paramagnetic and obey the
Curie7 AEOO 1 Ax 10K aslis exeinplarfty shown inFigure 3.7a for Euisinz,Ass,. The
inverse magnetic susceptibilities of EusGay,As:; and EuGaAss are similar (Figure A53). The
resulting effective magnetic moments are close to the theoretical value of £u which is
ter=7.941 843 (Table 3.3). Magnetizaton isotherms at 2K show values lower than an ideal
paramagnetic state, indicating antiferromagnetic ordering Figure A54MA.14) despite small
positive Weiss constantsy.

Electronic Structure. The electronic band structure of the T6 compound SGaAss was
calculated as an example and compared with that of cubic GaAs. The T5 structures were not
treatable due to the disordered Sr(Eu) positionsFigure 3.7b shows the total and atomresolved
density of states (DOS, pDOS). The DOS distributions of both compounds are remarkably similar;
especially, the gallium andarsenic contributions of SeGaAss and cubic GaAs largely coincide.
-1 OAT OAOh OEA AAT A CAPO 1T &£ AiI OE AT i BI OT A0 AOA
1.57 eV using the modified Beckelohnson potential44 This is in excellent agreement (+3%6) with

the experimental value of 1.52V for cubic GaAs at absolute zef¥]

Al
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Figure3.7: (a) Inverse magnetic susceptibility ofifm2As2 with CurieWeiss fit (red).(b) Total and atomn
resolved electronic density of states fBeGa&As and for GaAs with the cubic sphaleritge structure. The
energy zerosire taken at the Fermi levels.

One may actually expect a larger gap for 8aAss, which has a higher ionic character due to the
less electronegative strontium atoms. However, one must consider that ins&aAss some of the
GaAs tetrahedra are inside theT6 supertetrahedra without contacts to the strontium atoms.
AEAOCA ETT1 EKEGAG DAOOAEAAOA OEIT O1I A EAOGA A AEAOCA
tetrahedra at the surface with contacts to the strontium atoms are expected to have higher
negative charges. In order to compare these species, we have calculated the Bader charges for

SrGaAss and cubic GaAs. The results are summarized Trable 3 4.

Table3.4: Bader Charges ins&&As and Cubic GaAs

Compound Sr Ga As(i) As(s)
SEGaAs +1.38 +0.57 -0.57 -1.03
GaAs +0.57 -0.57

aAs(i) and As(s) denote arsenic atoms inside (i) or at the surface (s)of the supertetrahedidalues for S§GaAss are averages of
theequivalent positions.

The primitive unit cell of SrGaAss contains 128 arsenic toms; 24 of them are inside the
supertetrahedra and are solely bonded to gallium, and 104 of them are at the surface and are

bonded to gallium and strontium. The Bader charges of the latter (As(s) ifable 3.4) are much

o

I AOCAO AAAAOOA T &# OEA EEGCEAO EATTEAEOU Th& A 30V

charge of the inner arsenic atoms (As(i) iTable3.4) is identical with that of arsenic in cubic GaAs;
thus, the inner GaAstetrahedra in the supertetrahedra have indeed the same charge distribution
as in the binary GaAs. However, the gap is concretely danined by the splitting between the

valence band with mainly As character and the conduction band with combined Sr and Ga
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character. Figure 3.7b shows that the contribution of the Sr atoms to the conduction band (red

line) is in the same energy range as that for the Ga atoms (green line); thus, the lower
electronegativity of Sr does not increase the gap. For comparison we have calculated the band

gaps of the Siricher compounds SEGaAs and SeGaAs, which are 1.37 and 1.3®V, respectively.

Also in these cases the gap does not increase relative to GaAs, in spite of the high content of weakly
electronegative Sr. It appears that the ternary Sr compounds with GaAsetrahedra have

bandgaps similar to that of GaAs. This means that the gap is mainly determined through the band

Obl EOOET ¢ AAOOAA AU OEA 0OO6OIT ¢ AT OGAT AT O ' AM! O Al

Conclusion

We have reported the first supertetrahedal compounds based on GaAs or InAs. 185a:ASsy2,
EuisGazAssz, Shslna Ass2, and Eusinz,Asze exhibit layers of T5 supertetrahedra sharing one
common TrAs tetrahedron. With SrGaAss and EwGaAss we have discovered T6
supertetrahedral structures without mixed-metal strategies, vacancies, or organic spacers. They
likewise form a layered structure with T6 supertetrahedra sharing T2 units. The new structures
are hierarchical extensions of the tetragnal Hgh-type structure. All GaAsased compounds show
direct optical band gaps similar to those of cubic GaAs, which was exemplarily confirmed by DFT
calculations on SgGaAss. The InAsbased compounds show a slightly higher optical band gap in
comparisonto pure InAs. Our samples are4ype semiconductors with carrier concentrations in
the range of 106 M 109cm™ similar to those of doped GaAs and InAs. Magnetization
measurements confirm E@+ for all Eu-containing compounds and indicate a possible
antiferromagnetic ground state at temperatures below 1&. These new compounds represent a
unique way to confine the semiconductors GaAs and InAs, which may yield interestimgperties

in the future.

Experimental Section

Synthesis. The compounds were synthesigd by heating stoichiometric mixtures of the
respective elements in alumina crucibles sealed in silica ampules under an atmosphere of purified
argon. Singlephase samples oM;GaAss (M = Sr, Eu) were obtained in a onstep synthesis. The
mixtures were heated to 1323K at a rate of 25K h, kept at this temperature for 60h, and cooled
to 1123 K at a rate of K h™ followed by switching off the furnace. To obtaiMisTrASs (Tr = Ga,
In), the mixtures were heated to 122X and cooled to 102X at thesame rates. The multphase
samples were ground and heated at 132K for 60h. The reactions yielded silver to black plate
like crystals, which are stable in air (see appendikigure A42).

Single-Crystal X-ray Diffraction. Singlecrystal data were collected using a Bruker D8 Quest
AEEAEOAAOQT | A OA Oll detector). iemsity indtdtiocd,[data reduction, and absorption
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corrections were done withAPEX3*%! and SADAB®S¢! The crystal structures were solved with the
Superflipl47. 48 package and refined with the SHELX4! package.

Powder X-ray Diffraction. The Xray powder patterns were obtained with either a Stoe StadP
j-T +4p¥#0 +4ph "Ajpppq 1 TTTAEOT T AOT Oh - UOEAT pE
monochromator, image plate detector) diffractometer and fitted using TOPASI

EDX Measurements. Scanning electron microscopy of singlecrystalline and polycrystalline
samples was performed on a Carl Zeiss EM®A 10 instrument with SE and BSE detectors, which
were controlled by the SmartSENAL software. The microscope was equipped with a Bruker Nano
EDX detector (XFlash detector 410M) for EDX investigations using the QUANTAX 289
software to collect and evaluate the spectra. Elements contained in the sample holder and
adhesive carbon pads were disregarded.

Resistivity and Hall -Effect Measurements. Samples were pressed into pellets and sintered at
1073 K for 12h in glasy-carbon crucibles sealed in silica ampules under an atmosphere of
purified argon. Resistivity and HalEffect measurements were conducted with a Quantum Design
Inc. PPMS (physical property measurement system) apparatus at 300 and 4KOwith field
strengths of £30kOe. The samples were contacted with a foypoint Van der Pauw press contact
by Wimbush. Data were collected with the PPMS MultiVu software packaef.

Magnetizatio n Measurements. Magnetization isotherms and susceptibility measurements of
powder samples were performed with a Quantum Design Inc. PPMS apparatus with field strengths
of £50kOe and between temperatures of 1.9 and 30Q. Data were collected with the PPMS
MultiVu software packagd53]

56 M6 EOM. ) 2 3 ED¥fAs® éefletdntebspkstra of powder samples were measured
xEOE AT I CEI AT O 4AAETTI1T CEAG O4AQAWDAON 1jnm) tBhéy 61E M.
spectra were converted on the basis of the Kubelkislunk®4 theory to determine optical
bandgaps.

DFT Calculations. First-principles electronic structure calculations were performed using the
Vienna ab initio simulation package (VASRH%: 561 which is based on density functional theory
(DFT) and plane wave basis sets. Project@ugmented waves (PAW3 were used, and
contributions of correlation and exchange were treated in the generalizedradient
approximation (GGA)58l We used the modified Beckelohnson exchange potential (mBJ¥] which
yields band gaps close to experimental values. The Bader analy8ismplemented by Henkelman

et all®d was used to extract charges from the electron density distribution.
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3.2 New layered supertetrahedral compounds -M3iAs,

T3MGaSiAsand polytypic TMsGaSiAs (M =Sr, Eu)

Valentin Weippert, Arthur Haffner and Dirk Johrendt
Published in:Zeitschrift fur Naturforschung B2020, 75, 983-989.

Reproduced from reference with permission from De Gruyter.

todn

The new supertetrahedral compounddSiAs, MGaSiAsand md tI-MsGaSiAs (M = Sr, Eu) have

WY, jil, ¢»

Abstract

been synthesized by soliestate reactions at high temperatures. The structures were determined
by single crystal or powder Xray diffraction. MSiAs and MGaSiAs crystallize in the monoclinic
TIGaSe- and RbCuSn$type structures, respectively (space group2/ ¢). These are topologically
hierarchical variants of the tetragonal Hgl-type structure with stacked layers of T2 or T3
supertetrahedra. The T4 compounddM.GaSiAs are dimorphic and form new structure types in
the space group<2/ c and 141/ amd, respectively. The latter exhibits coinciding layer stacking as
known from tetragonal Hgk. The T4 compounds close the gap between the longer known T2 types
and the recently reported compounds with T5 and T6 supertetrahedra. Measurementd the
optical band gap, electrical resistivity and Hall Effect support the semiconducting nature of
MsGaSiAs. Magnetization measurements confirm B in EwGaSiAs and indicate

ferromagnetism belowT =2 K.

Introduction

Supertetrahedral compounds exhilii a large structural variety thanks to the different sizes and
connectivity motifs of the supertetrahedral unitsB 79 61631 The size of the supertetrahedra
currently ranges from the smallest T2L 291 up to large T6 units, which consist of 56 base
tetrahedra. [13. 641 Supertetrahedra occur isolateds 65 connected via common vertice$: 7-10. 62]
sharing common base tetrahedrf? 641 or combining the latter two caseg!? This often results in

complex 3D networks with giant cavities[®2l pathways for fast ion conductivityill. 121 or ion
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exchange propertiegéél On the other hand, supertetrahedral compounds surprisingly often
exhibit layered structures with 2/ cspace group symmetry. These represent hierarchat variants

of tetragonal Hgb polymorphs. The red modification contains layers of cornesharing Hgl
tetrahedra (T1)24 and the orange polymorph layers of cornessharing T2 supertetrahedral2s The
TIGaSe-type structure has analogous layers of cornesharing T2 supertetrahedra with cations in
between. The stacked layers of supertetrahedra are often shifted, resulting in the monoclinic
space groupC2/cl34 Numerous ATrX. compounds crystallize with the TIGaSgtype structure
(A=Li, Na, K, Rb, Cs, TIr = Al, Ga, InX=S, Se, T&35-33 Frequently occurring stacking faults
cause diffuse scattering, which often makes structure refinements of these compuis difficult.

In 2004, Kienle et al. gained insights into the nature of these stacking faults via higésolution
transmission electron microscopy. They observed statistically disordered stacking sequences but
also ordered variantsl2?l The next step in this hierarchy is the RboCuSa$ype structure type with
layers of T3 supertetrahedra fused by one common Isa tetrahedronl34 6769 Some members of
this family are discussed as possible materials for-May andr-ray radiation detection.68. 691 While

a corresponding T4 structure was unknown so far, we recently found the TS5 compounds
MisTr22Ass2 and the T6 compoundsM;GaAss (M =Sr, Eu;Tr = Ga, In) which have expanded the
structural hierarchy [64 These compounds hav€2/ c symmetry and form two polymorphs. In the
course of our systematic synthesis attempts in the systerl-(Ga/Si)-As (M =Sr, Eu) we came
across the six new compounddSiAs, MGaSiAsand MsGaSiAs (M = Sr, Eu). The latter close the
gap existing owing to the hithertomissing T4 compound in the hierarchical sequence of Hgtype

derivatives.

Results and Discussion

Crystal Structure. The crystal structures of SrSiAg EuSiAs, SrGaSiAs and EuGaSiAswere
determined from powder X-ray diffraction data based on the isotpic monoclinic (C2/c)
structures of RbGagand CsMnInTe, respectively3t 341 The structures of tI-SrGaSiAs and
MGEwGaSIiAs were determined from powder and singlecrystal data. Resulting crystallographic
data from the Rietveld refinements are compiled inTable 3.5, atomic positions and isotopic
displacement parameters are given irmables A.69A.72 (see appendiy. Due to serious stacking
faults, which frequently occur in such compoundg®. ¢4 all strontium based compounds show
mediocre R values. Samples of the T2 and T3 structures contain significant fractions of other
phases Figures A.57A.60; appendix), which make the refinements even more difficult. Samples
of the T4 structures are always mixtures of the two polymorphs without impurity phasesFigures
A.61-A.62, appendix). However, since the problematic structures are either additionally refined
from single crystal data (T4) or known from the literature (T2, T3), we assumdhat the

assignments and structural data are correct.
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Table 3.5: Powder Xay diffraction data of SrSiAsEuSiAs SrGaSiAs EuGaSiAs mGSnGaSiAs, and
t-EwGaSiAs from Rietveld refinements.

formula SrSiAs EuSiAs SrGaSiAs EuGaSiAs mGSuGaSiAs  tI-EuGaSiAs
space group Q/c(No. 15) Q/c(No. 15) Q/c(No. 15) Q/c(No. 15) QJ/c(No. 15) 144/amd(No. 141)
alA 10.68318(14) 10.6369(3) 10.8992(2) 10.8783(12) 16.9442(7) 11.9167(6)
b/A 10.6832(2) 10.6371(4) 10.9089(2) 10.8766(9) 16.9333(10) 11.9167(6)
c/A 14.3500(3) 14.2022(4) 19.8354(3) 19.6704(9) 19.938837(2) 39.260(5)
Ir° 100.7272(9) 100.7923(13) 97.900(3) 97.957(9) 98.143(4) 90

Vear/ A3 1609.16(5) 1578.49(9) 2336.02(8) 2305.0(3) 5663.2(4) 5575.2(9)

z 16 16 16 16 12 12

“xray/ g c® 4.384 5.553 4.665 5.471 4.914 5.935

R 12.997 1.999 6.027 1.818 14.379 3.777

Rwp 16.498 2.688 8.367 2.442 18.126 5.224

GooF 1.463 2.760 5.337 1.853 1.584 2.010

Table3.6: Single crystal data @f-SuGaSiAs and MGEwGaSiAs.

formula tI-SuGaSiAs MGEuGaSiAs
space group 144/amd(No. 141) Q/c(No. 15)
alA 11.9653(13) 16.8498(3)
b/A 11.9653(13) 16.8496(3)
cl/A 39.458(4) 19.8216(3)

[1° 90 98.1550(10)
Veer/ A3 5649.1(14) 5570.69(16)

z 12 12

“xray/ g cm® 4.943 5.934

>/ mm? 34.007 36.381

¢-range / ° 6.184¢ 61.058 5.116¢ 76.644
refl. measured 54449 100625
independent refl. 2249 9680
parameters 83 262

R 0.0512 0.0186

Rt 0.1021 0.0369

R(PH H))/@lC 0.0758 /0.0938 0.0241/0.0356
WR (PB  HY) /@alC 0.2072/0.2238 0.0485 / 0.0532

The single crystal data of the T4 compound$-SrGaSiAs and MGEwGaSiAs are compiled in
Table3.6, and atomic positions and anisotropic displacement parameters are givenTiables A.73
A.76 (appendix). Both T4 compounds form new structure types. MonoclinienGEwGaSiAs
crystallizes in the space groupQ/c following the aforementioned hierarchy. Tetragonal
tI-SuGaSiAs crystallizes in the space group4./ amd and differs from all other compounds by a
coinciding (not shifted) stacking sequence of the layers similar to the orange modificati of
Hgl..251 The high residual electron density and the rather pooR values are again caused by
stacking faults, manifesting in diffuse scattering. Based on single crystal data, the structures of

SnGaSiAs and EuGaSiAs were additionally refined from powder X-ray diffraction data, which
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revealed that both form the monoclint and tetragonal polymorphs, respectivelyseeTables A.77
A.78; appendix).

Figure 3.8 shows the supertetrahedral building blocks of the different structure types. The
compoundsMSiAs contain T2 supertetrahedra connected via common vertices, leaving voids in
the layers with edge lengths of two base tetrahedra Kigure 3.8a). MGaSiAs consists of T3
supertetrahedra, which are fused by one common base tetrahedron, creating voids with edge
lengths of only one tetrahedron (Figure 3.8b). The T4 supertetrahedra inMsGaSiAs are fused by
one common tetrahedron as well. This creates voids in the layers with edge leéhg of two

tetrahedra as inMSiAs (Figure 3.8¢).

a)

@si ( Gasi @As

Figure3.8: Supertetrahedral units of (a) MSiAs connected by common vertices, (b)-WB5aSiAsand (c)
T4M4GaSiAs sharing one common tetrahedron (blue).

The layer stacking oftl-MsGaSiAs is exemplarily shown inFigure 3.9a. The similar stacking
sequences 0MSiAs, MGaSiAs and mMGM,GaSiAs are shown in Figure A56 (appendix). Both
polytypes of MsGaSiAs feature an interlocked sawtooth like stacking of the supertetrahedral

layers.MSiAs and MGaSiAsfollow this stacking principle as well,but the layers do not interlock.
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Figure 3.9: (a) Layered structure ofl-M4sGa&SiAs with a saw toothlike arrangement. Each tetrahedron
represents one T4 supertetrahedron. (Bjstances (A) found in (Ga/Si)Astrahedra of MSiAs, MGaSiAs

MiGaSiAs, M1sGaAs2, andMsGaAsi® (dashed line as a guide the eye).
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With decreasing supertetrahedron size, the surface to volume ratio increases, leaving an
increasing negative charge. This is compensated by a certain degree of fusion of the
supertetrahedra. Because this approach has practical limits, and inevitably ressilin cubic GaAs,
silicon was introduced to compensate the negative charge. This results in a Ga to Si ratio of 5:1 for
MsGaSiAs, 1:1 forMGaSiAsand 0:1 forMSiAs. Different silicon contents lead to slightly changed
Ga/SirAs distances in (Ga/Si)Asbase tetrahedra as shown irFigure 3.9b. No Ga/Si ordering was
detected in single crystal refinements oMsGaSiAs. This is different inMGaSiAs. The highest Si
contents are found in the fused tetrahedra, followed by the positions situated along the edges
running parallel to (001) (Figure 3.10). CsMnInTe has a similar distribution but forms an ordered
variant with In 3+ exclusively occupying the positions of the higher Sicontent and Mr#* in place

of the positions of the higher G& content when compared toMGaSiAs34

b)

@si
( Ga
@~4s

Figure3.10: T3 supertetrahedral units with Ga (turquoise)/Si (orange) distrioutf (a) SrGaSiAsnd (b)
EuGaSiAs

In our recent work about T5 and T6 supertetrahedral compounds, we described the shifts of
adjacent layers and the formation of polytypes with different monoclinic angleg4 Adjacent
supertetrahedral layers are shifted relative to each other by fractions of thab diagonal (z). These
shifts occur along [110] and [11.0]. The same description applies tiMSiAs, MGaSiAs and mG
MsGaSiAs. Figure 3.11a-c shows the respective supertetrahedral layers and their shiftg, which
is zero in the tetragonal polytypetl-MsGaSiAs (Figure 3.11d).

b) ¢ 13« d)

1/4 Tis

" e[110] —e[110] e [110]

Figure3.11: Fractional (110) shifts of the supertetrahedral layers relative to the translational period(a)
MSiAs, (b)MGaSiAs (c)mGMsGaSiAs and the lack thereof in (d)-MaG&SiAs.
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These concrete shifts are caused by the respective coordination of the Sr/Eu cations. The
trigonal prisms of the adjacent layers (violet) are in the voids of the supertetrahedral layers
(Figure 3.8). MSiAs exhibits two separated rows of facesharing MAss trigonal prisms for each
supertetrahedral layer (Figure 3.12a). MGaSiAs shows the same motif, but due to the reduced
size of the void with an edge length of only one tetrahedrorF{gure 3.8b), the rows of adjacent
layers do not share common facesHgure 3.12b). The T4 compoundsmCM.GaSiAs and tl-
MsGaSiAs feature two rows of face-sharing MAss trigonal prisms, which are connected via
common vertices through one row of edgeharing MAss octahedra (Figure 3.12c-d). This
arrangement enables one tilted and one coinciding arrangement of the supertetrahedral layers
without unfavorable electrostatic interactions.

1/4 Tpy
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Figure3.12: Coordination of the Sr/Eu positions and fractional (110) shifts of (a) SrfsSrGaSiAs(c)
MCGEwGaSiAs, and (d)tl-SuGaSiAs with chains of facesharing trigonal prisms (grey) and trigonal prisms
(violet) of the adjacensupertetrahedral layer as well as chains of edparing chains of octahedra (red).

EDXmeasurements. Table 3.7 shows EDX results oMSiAs, MGaSiAs and MsGaSiAs. Within
the typical error of the method, the experimental values are in good agreement with the

theoretical values.

Table3.7: EDX results dflSiAs, MGaSiAsand MsGaSiAs.

Formula M (at-%) Ga (at%) Si (at%) As (at%)
MSiAs (calc.) 25 - 25 50
SrSiAs 24(1) - 24(1) 52.6(8)
EuSiAs 26.0(8) - 24(1) 50(1)
MGasSiAs(calc.) 16.7 16.7 16.7 50
SrGaSiAs 18(1) 16(1) 16(1) 50(2)
EuGaSiAs 17.8(6) 18.4(9) 15.0(9) 49(2)
M.GaSiAs (calc.) 21.1 26.3 5.3 47.4
SuGaSiAs 21(1) 26(1) 4(1) 49(2)

EuGaSiAs 22(1) 27(1) 4.5(3) 47(2)
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UV/Vis spectroscopy. Only the samples ofMsGaSiAs allowed measurements of physical
properties. We do not expect a significant impact of the polymorphism on the properties, because
the modifications only differ by small shifts of the layers. Tauc plots of 88aSiAs and EuGaSiAs
are given inFigure A.63 (appendix). Using the KubelkaMunk function F(R), hawas plotted versus
(AR} hg)¥nwith n=1/2 for a direct band gap andn =2 for an indirect band gap. As the better
results were obtained with n =2, SpGaSiAs and EuGaSiAs are assumed to be indirect band
gap semiconductors with optical band gaps of 1.6 and 1€V, respectively. These values are
slightly higher than those for T5-M1sGa2Ass2 (E;=1.0z1.2eV) and T6Mz:GaAss (Eg=1.2eV)e4,
which is as expected due to the partial substitution of Gawith the more highly charged Si+.
Because of the mixed Ga/Si occupancy of the supertetrahedra, we were not able to support these
results with electronic structure calculations.

Resistivity and Hall Effect measurements. To investigate the semiconducting nature of
SnGaSiAs and EuGaSiAs, electrical resistivity and Hall Effect were measured. At =300 K, the
compounds show dc electrical resisvities of 5.7 and 0.74mcm, charge carrier densities of
1.7x 1018 and 6.1x 1018 cm" and Hall mobilities of 0.66 and 1.4 c@Vzl sM, respectively. These
are in the order of doped GaAs, which resembles the silicon substituted supertetrahedral
network .39 Additional values atT =400 K are given inTable A.79 (appendiX). Even though these
values clearly support the semiconducting nature of the new compounds, our synthesis method
is not suitable to produce samples pure enough for measurements of intrinsic properties.

Therefore, these results are considered as estimates.

B=3T
vo| Hen=7.85(1) g
0=8.0(1)K

1/4o1 (Mol cm™®)
[$,]
1

. . : . . . .
0 50 100 150 200 250 300
T(K)

Figure3.13: Inverse magnetic susceptibility of £&SiAs with CurieWeiss fit(red).

Magnetization measurements. Figure 3.13 shows the inverse magnetic susceptibility of
EwGaSiAs with a linear paramagnetic behavior according to the Curi&Veiss law down to
TD ¢ K. The fit reveals an effective magnetic moment @&« = 7.85(1) ps which is in agreement
with the theoretical value ofplest = 7.94 s for Euz+1431 Magnetization isotherms forT =2 and 300K

are shown inFigure A.64a (appendix). At 2K the magnetization tends to saturate against 2fs



67

per formula unit (4 x g;JEuU2*]) with a small hysteresis Figure A.64; appendix), indicating

ferromagnetism at low temperatures in line with the positive Weiss temperaturey = 8.0(1) K.

Conclusion

The new compounds SrSiAs EuSiAs, SrGaSiAs EuGaSiAs mQd tl-SGaSiAs, and md tl-
EwGaSiAg contain T2-T4 supertetrahedra and expand the series of topologically hierarchical
variants of the tetragonal Hg} structure type. While MSiAs (T2) and MGaSiAs (T3) crystallize in
the known TIGaSe and RbCuSn$type structures, respectively, the T4 compunds mdQ tl-
MsGaSiAs form new structure types. Their interlocking layered structures contain T4
supertetrahedra fused by one common tetrahedron. The two polytypes differ by their respective
shifts of the adjacent supertetrahedral layers. The monoclinicype is shifted byz=1/3 along
(110), whereas the tetragonal type shows coinciding stacking of the layers witq =0. The
syntheses yielded mixtures of both polytypes. $6aSiAs and EuGaSiAs exhibit indirect optical
band gaps between 1.6 and 1.&V. Resistivity and Hall Effect measurements support their
semiconducting nature with resistivity and charge carrier densities in the order of doped GaAs.
Magnetization measurements confirm E#& in EuGaSiAs and indicate weak ferromagnetism
below T=2K.

Experimental section

Synthesis. The title compounds were obtained from stoichiometric mixtures of either
SrAs/EuAs, Si and As foMSiAs or the respective elements forMGaSiAs and MsGaSiAs in
alumina crucibles sealed in silica ampoules under an atmosphere of purified argon. The samples
MSiAs, MGaSiAsand MsGaSiAs were heated toT =1173, 1223 and 1323K, respectively, with a
rate of 25K h™, kept at this temperature for 60h and cooleddown to 973, 1023 and 1123,
respectively, with a rate of 3K h™ after which the furnace was switched off. The reactions yielded
deep red, for MSiAs, and black, forMGaSiAs and MsGaSiAs, lustre metallic shards. With
increasing Si content, the compownds were increasingly sensitive to air and moisture. Therefore,
all manipulations were conducted in an argorfilled glovebox.

Single crystal X-ray diffraction. Single crystal data were collected using a Bruker D8 Quest
diffractometer (Mo K] radiation, Photon-II detector). Intensity integration, data reduction, and
absorption corrections were done with the programs AREX45 and SADABS46l Based on
systemically absent reflections the space groups were determined withPRER?0 The crystal
structures were solved with the Siperflip packagel4”. 481 and refined with the SHELXL packagé?!

Powder X-ray diffraction. Samples were filled and sealed in glass capillaries of 0.2 and
diameter (Hilgenberg GmbH) to avoid hydrolysis. The-Xay powder patterns were obtained with
a STOE Stadp diffractometer (Mo K| 1/Cu K] 1 radiation, Ge(111}monochromator, Mythen 1K
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detector) and were indexed and refined with models obtained from singlerystal data and
database entrie§1l using TOPAS2

The deposition numbers CSE1971148 (SrSiAs), 1971149 (MGSiGaSiAg), 1971150
(EuSiAs), 1971151 (SrGaSiAg, 1971152 (MGEwGaSiAs, SC), 1971153 t(-EwGaSiAs),
1971154 (EuGaSiAg, and 1971155 (I-SiuGaSiAs, SC) contain the supplementary
crystallographic data for this paper. These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Kisruhe Access Structures service
www.ccdc.cam.ac.uk/structures

EDX measurements. Scanning electron microscopy was performed on a Carl Zeiss EWA 10
instrument with SE and BSE detectors, which were controlled by the SmartSEMsoftware. The
microscope was equipped with a Bruker Nano EDX detector {®{ash detector 416M) for EDX
investigations using the QWANTAX2000521 software to collect and evaluate the spectra. Elements
contained in the sample holder, oxygen from partial hydrolysis and adhesive carbon pads were
disregarded.

UV/Vis spectroscopy. Diffuse reflectance spectra opowder samples were measured with a
Jasco W50 UV/Vis spectrometer with radiation between 240 and 90hm. Data were converted
based on the KubelkaMunk theoryf54 and plotted as Tauc graphs.

Resistivity and Hall Effect measurements. Samples were pressed into pellets and sintered at
T=1073K for 12h in glassy carbon crucibles seall in silica ampoules under an atmosphere of
purified argon. Resistivity and Hall Effect measurements were conducted with a Quantum Design
Inc. PPMS (physical property measurement system), equipped with a resistivity option, Bit= 300
and 400K with field strengths of +30kOe (1kOe=7.96 x 104 A m'). The samples were contacted
with a four point Van der Pauw press contact by Wimbush. Data were collected with the PPMS
MultiVu software packagés3]

Magnetization measurements. Magnetization isotherms and susceptibility measurements of
powder samples were performed with a Quantum Design Inc. PPMS, equipped with a VSM
(vibrating sample magnetometer) option, with field strengths of +9kOe and temperatures of
2-300 K. Data were collected with the PPMS MultiVu software package
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Abstract

Strontium tetragallate(ll,Ill) tetra arsenide, SrGaAss, was synthesized in a Walketype multianvil
apparatus under highpressure/high-temperature conditions of 8GPa and 1573. The com
pound crystallizes in a new structure type P3,21, Z=3) as a threedimensional (3D) framework
of corner-sharing SrAs quadratic antiprisms with strontium situated on a twofold rotation axis
(Wyckoff position 3b). This arrangement is surrounded by a 3Dframework which can be
described as alternately stackd layers of either condensed G8As tetrahedra or honeycomblike

layers built up from distorted ethanelike Gd';,Ass units comprising GgGa bonds.

Chemical context

The ternary systemsAzTrzAs (A=Ca, Sr or Balr = Ga or In) contain numerous compounds with
different crystal structures based onTrAs, tetrahedra which occur isolatedl as dimers, as
chainsf2 31 condensed to ethandike Tr,Ass groupsi4-€l or as large supertetrahedral unitd?
SrGaAs, is the first high-pressure compound in this system and contains an unprecedented

layer-like framework, thus expanding the structural variety of theAzTrzAs family.

Structural Commentary

SrGaAs crystallizes in the space grouP3,21 (No. 154) and constitutes a new structug type.
Strontium is coordinated in a quadratic antiprismatic manner by eight As atomd={gure 4.1a). The
antiprisms are slightly distorted, with their quadratic planestwisted by ~34° relative to each
other instead of 45° for an ideal quadratic antprism. SizAs distances range from 3.2665(4) to
3.4560(4) A. The SrAspolyhedra are connected through common corners, each Asoat shared
by two quadratic antiprisms, building up a threedimensional (3D) framework. A similar
structural motif is known for RbAgSbS, which crystallizes in the space groug”3:21.8 The

surrounding construct in the two crystal structures differs however.
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@sr

¢ Ga
b qi. a @~

Figure4.1: (a) The unit cell of SrGAs;, viewed along gp0], with the quadraticantiprismatic strontium
coordination spheres shown as red polyhedfa) Edge and cornersharing GaAgetrahedra forminga layer
with triangular voids viewed along [001].

SrGaAs; contains a 3D Ga/As framework that can be subdivided into two types of layers with an
AB stacking sequence along the axis. The first type is built up from corner and edgesharing
GaAs tetrahedra forming sheets with triangular voids(Figure 4.1b). The tetrahedra are distorted,
with angles in the range of 100.790(19127.996(19)°, and have typical GaAs distances of
2.4384(5)72.5470(5) A. The second layer type consists of distorted ethankke GaAss groups
with nearly eclipsed conformations. The Gs\ss groups are connectedvia common corners,

forming a honeycomblike sheet (Figure 4.2a).
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Figure4.2: (a) Cornersharing GgAs dumbbells with disordered Ga positions forming a honeycdikd layer
viewed along [001](b) GaAs groups with disordered Ga positions having an occupancy of 50%. Displacement
ellipsoids are drawn atthe@5 LINB Ol 6 Af A G & SO SHHOX bt SY MESiiliyNE z HD;ZiR S & Y
XY+1,z+1 (Vy+1,x+MZ+E @)y +1,xZ z#m T 9€AMXBY+Hz+IT  OyEA XKWy, zBT 0 PHeA A 0
Xby+1,z+'T  OXAfE B+t H 32+
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The GaA and GaB positions of the GgGa dumbbell are disordered and were treated with split
positions having an occupancy of 580 each Figure 4.2b). The coordination of each of these &
sites consists of three As atoms and one Ga atom forming trigonal pyramid$iowing torsion
angles of 114.%1)° for AslvizGalAzGalAzAslv and 119.31)° for As2zGalBzGalBizAs2i (for
symmetry codes, sedrigure 4.2b). The GgGa distances range between 2.542(8) and 2.578) A
and are considered as G@a bonds, which is consistent with a chargeeutral compound. GgAs
distances between 2.4774) and 2.694(2) A for GalAare near to the covalent radii sum of 2.4@& [l
In comparison, the trigonal pyramidaround GaBis elongated, with GaAs distances of 2.415(4
2.845(2) A.

Synthesis and Crystallization

The starting material SrAs was synthesized by heating stoichiometric amounts of Sr (Sigma
Aldrich, 99.95%) and As (Alfa Aesar, 99.99999%0) in an alumina crucible, sealed ina silica
ampule under an atmosphere of purified argon for 2th at 1223K. The title conpound was
obtained via high-pressure synthesis using a modified Walketype multianvil set-up driven by a
1000t hydraulic press (Voggenreiter, Manleus, Germany). A GOs-substituted (6 %) MgO
octahedron (Ceramic Substrates & Components, Isle of Wight, UK) with an edge length ofrii8,
housing a ZrQ sleeve with graphite sleeves (Schunk, Heuchelheim, Germany) for heating and-a h
BN crucible (HenzeKempten, Germany), was compressed with tungsten carbide cubes (Hawedia,
Marklkofen, Germany) with an edge length of 1inm. The starting materials SrAs (73.4ng,
0.452mmol), Ga (66.5mg, 0.953mmol, Alfa Aesar, 99.999%) and As (60.1hg, 0.802mmol) were
mixed in a glovebox (H.O, Q <1 ppm) and filled into the octahedron assembly. The reaction was
carried out at 8GPa and 157X, with a dwell time of 3h. The temperature was increased and
decreased over a period of h. The assembly was opened in a gloumx, revealing crystals with a

metallic luster.

The conposition of SrGaAs was verified by EDX measurements using Carl Zeiss EVAA 10
instrument with a Bruker Nano EDX detector. The experiental values [Sr 1Z1) at%, Ga
44(2) at% and As 45(1) at%] are in excellent agreement with the expected values (Sr 11&t%,
Ga 44.4at% and As 44.4at%) within the typical error of the method, and confirm the composition

obtained from single-crystal X-ray diffraction data.

Refinement

Crystal data, data collection andstructure refinement details are summarized inTable 4.1.
Detailed data, atomic positions,anisotropic displacement parametersas well as geometric

parameters are give in the appendix (Tables A.81A.84). The Ga® and GaB positions were
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introduced as halfoccupied split positions since one fully occupied position with a prolate
ellipsoid caused residual densities in the order of 2.2A'8. Upon exclusion of the GaGalB
positions, the contour difference map iNnPLATON shows two clearly separated maxima
justifying this approach. Structural data were standardized wittSTRUCTURHEIDY 11

Tabled.1: Single crystal data of Sri@a:.

Formula SrGaAs

space group P3;21 (No. 154)

alA 6.3615(1)

clA 16.5792(2)

Veer/ A3 581.05(2)

z 3

Vxray/ g3 5711

R: / Rint 0.0135/ 0.0337

R (P> X(P)/al 0.0116/0.0120

WR (P> X (P) / all 0.0253/0.0254

GooF 1.172

Y Pmaxmin/ €A3 +0.51 /-0.69
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5 Summary

This thesis adds numerous new compounds to the system-Ga/GeAs (M=Rb, Cs, Sr, B&u),
which has not been coprehensively studied to date A special focus was on compounds wittow
metal contents, resulting in unprecedented structure types or advancing into fields largely
dominated by chalcogenideswith only sparse examples d¢ small band gap semiconductordike
the ones presented hereThe determination of the intricate structures through single crystal %
ray diffraction presented multiple challengesarising from occupational and static-disorder,
similar atom scattering factors or staking faults. They were solved with the assistance of SAED
and elemental analysis A wide range of analytical methods like high temperature PXRD, s
NIR spectroscopy, resistivity, Halleffect and susceptibility-measurementswas utilized. DFT
calculations were employed to support theg findings, as well as explorelectronic structuresand
transport properties. Altogether they revealed small bandgap semiconductoiss well asfavorable

properties for thermoelectric applications in some compounds.

Mixed Valence and Unusual Germanium Coordination in SrGe sAsio0, BaGaAsio, and
BaGePi2

The isotypic SrGeAsip and BaGeAs)o crystallize in a new structure type in the space grougmce
They were obtained from a multistep solid-state synthesis with only minor impurities. The
structure was determined by single crystal Xay diffraction and consists of Ge2As; trigonal
pyramids, (Ge3),Ass dumbbells and Ge“As, tetrahedra. Linked via conmon vertices and AsAs
bonds they form a 3D network,thus icosahedrally enclosing strontium or barium.BaGeP:»
crystallizes in the space groupRo and was obtained from multi-step solid-state synthesis
however small amounts of phosphorus needed to be addeafter each step. DFT calculations
predicted indirect band gaps of 0.43 and 0.5&V for the strongly covalent SrG#\sio and BaGeAsio
and 1.47eV for BaGeP.» with a more ionic character. Their respective bonding situation was
evaluated with Bader charge and ELF calculations. Either resistivity ddV-Vis measirements

confirmed those values

BaGesAsi4: a semiconducting sodalite type compound

BaGeAss representsthe first Ge As based sodalite type compound. It is easily obtained as a phase
pure sample from the elements at 87X through multiple sintering steps. The sodalite cages
comprised of GeAstetrahedra with a statistically occupiedGe s/Asos position residing in the 6er
rings of the cageThis disorder was supported through SAERvith none of the required reflections
present for an ordered variant. Temperature dependent single crystal Xay diffraction revealed

A OOAOGEA AEOI OA A Otral bériundaom O énticbn@uiting natur©dE BaGdsh, 1
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was determined from optical and electrical properties witha small indirect band gap (0.42V),
low resistivity (2.2-102L1cm) and high carrier concentration (1.61020cm3) at 300K. These
results were supported via DFT calculations, which also indicated a strong covalent character of

the sodalite framework.

High thermoelectric properties in the sodalite compounds BaGe sAsi4 and AGerAsis
(A=Rb, Cs)

RbGeAs;s and CsGgAsis have been synthesized antheir structures determined by single-crystal
X-ray diffraction and STEMHAADF/EDX.They crystallize with a cubic sodalitetype structure in
the space groupt3m isotypic to BaGeAsis. Rubidium and caesium are highly coordinated by 16
arsenic or germanium atoms and perfectly fit into the sodalitecage due to their bigger ionic radii
compared to barium, which is displaced from the center. The compounds are narrewand p-type
semiconducbrs with electrical conductivities of 1.23-104 S/m at 300 K and carrier densities of
1-2-1020 cnrl. First principles DFT calculations give clear evidence of ultralow lattice thermal
conductivity around 0.5Wm-1K-1 in BaGeAsi4 due to the position disorderof the barium atoms
and the anharmonicity of its thermal movement. Frozen phonon calculations indicate that rattling
probably decreases the lattice thermal conductivity of BaGAsi4 even further. These effects are
chemically switched off in RbGgAs:is with a parabolic potential and no signs of rattling, leading to
a four times higher lattice thermal conductivity. The calculated transport properties agree with
the measured data, and their combination predicts a thermoelectric efficienc¥T up to 2.7 for

BaGeAsu4, reaching the value of current record materials.

Supertetrahedral Layers Based on GaAs or InAs

Several new supertetrahedral compounds based on either GaAs or InAs wetiecovered They
are hierarchical extensions of tetragonal Hgland crystallize in the space group2/ c with saw-
tooth like interlocking layers. With M:GaAss (M=Sr, Eu) the first T6 supertetrahedral
compounds were presented, requiring neither mixed metal strategies for charge compensation
nor organic spacers forstabilization. The T6 supertetrahedra unitsof each layerare fused via
common T2 supertetrahedra Stacking with different shifts of the layers relative to each other
results in two different polymorphs with different monoclinic angles. Similar circumstanes were
found for the T5 compoundsMisTr2»Ass, (M= Sr, Eu;Tr =Ga, In). Their T5 supertetrahedra are
fused via common tetrahedra andorm two polymorphs as well. This polymorphism is the source
of some serious stacking faults in the T6 compounds but ledsr the TS5 compounds. All
compoundsexhibit direct bandgaps of similar magnitude compared t@&aAs or InAs, which was
exemplary confirmed with DFT calculations for iGaAss. All compounds displayed low electrical

resistivities between 1.35.0 LI cm and Hal effect measurements indicateg-type semiconducting
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behavior with carrier concentrations between 106-101° cm3. Magnetization measurements
indicate an antiferromagnetic ordering below T=10K and confirm E&* in all europium-

containing compounds.

New layered supertetrahedral compounds T2 -MSiAs,, T3-MGaSiAs and polytypic
T4-MaGasSiAs (M = Sr, Eu)

Through systematic synthesis attemptdased on the T5 and T6 compounds in Chaptér1, the
compounds T2-MSiAs, T3MGaSiAs and T4-mGC/ tI-M.GaSiAs (M =Sr, Eu)were discovered.
Together they form a hierarchical family of layered supertetrahedral compounds ranging from
small vertex sharing T2 units up to large fused T@ntities. Owed to the increased surface to
volume ratio and subsequent increased negative charge density of smaller supertetrahedra3Ga
had to be replaced incrementally with Si. The compoundsT2-MSiAs and T3-MGaSiAs are
isotypic to known structure types and thus were refined from powder Xay diffraction data. Due
to their small size and therefore limited possibilities to shift adjacent supertetrahedral layers
relative to each other, they do not form polymorphsT4-MsGaSiAs on the otherhand formstwo
new structure types with a tilted monoclinic polymorph and a tetragonal polymorph with
coinciding layers. Contrary to the T5 and T6 compounds, they exhibit indirect optical bandgaps of
1.6-1.7eV and magnetization measurements for EuGAiAs indicate a weak ferromagnetic

ordering below T=2K.

High-pressure synthesis and crystal structure of SrGa 4Ass

The attempt to expand the aforementioned supertetrahedral family byadding high pressureto
the equation and creating even larger T7 supertetrahedraresuted in the compound SrGaAs;.
The synthesis at 157X and 8GPa in amodified Walker-type multianvil press yielded black
crystals with a metallic luster. SrGaAs, crystallizes in the chiral space grougd3,21 with a 3D
network comprised of GaAs tetrahedra, GaAss dumbbells with a disordered Ga position and
corner sharing SrAs quadratic antiprisms. The structure was determinedthrough single crystal

X-ray diffraction and the chemical composition confirmed with EDX.
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6 Conclusion

This thesis stows that explorative research inarather neglected system, namell-Ga/GeAs, can
yield an astonishing variety of new compounds with intriguing propertiesA new branch in this
field was found by usinglower fractions of alkaline or alkaline earth metalsas in earlier studies

with elements known to form polyanionic networks, like Ga/GeAs.

Intricate 3D networks were found in AEGeAsio (AE= Sr, Ba)and BaGeP1,> with the first example
of germanium in three different oxidation statesand sixfold coordinatedin an unusual GePmotif.
Upon utilizing other elements like alkaline metals or lighter ad heavier elemental homologues

like silicon or antimony, this field could yield a large number of new compounds.

The salalite compounds BaGgAsis» and AGe/Asis (A=Rb, Cs) on the othethand demonstrated
that it is not of the utmost importance to provide new structuretypes but rather revisit well
established ones, albeit with different elements. DFT studies were performed on the notion that
the underlying structural features of these compoundsdisorder, anharmonicity, and rattling
along with low electrical resistivities, are in favor of good thermoelectric properties. Indeed the
calculations resulted in overwhelmingpredictions like ultralow lattice thermal conductivity and
up to ZT=2.7 in BaGgAsi4. Of course these results need to experimentally verified in future
studies, but a well established DFT procedure can be used as a good indicator and sitipough

a better understanding of underlying mechanisms.

The supertetrahedral hierarchical family ranging from T2to T6 supertetrahedra isa unique way
to confine GaAs om hypothetical SiAs to well defind nanoclusterlike units. Although almost all
these supertetrahedral compounds suffer from stacking faults making the structure
determination rather difficult, this disorder could also have some merit for possible
thermoelectric properties by acting as scattering centergdo phonons or invoke quantum dot

effects Future studies are necessary to determine this possibility.

In the end the exploration of the systemM-Ga/GeAsyielded a multitude of compounds wit a lot

of potential for real world application and a lot more potential to explore.
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A Appendix

A Appendix

A.1 Mixed Valence and Unusual

SrGeAso, BaGegAso, and BaGe#»

Germanium Coordination

TableA.1: Detailed single crystal diffraction data of Sg&®oand BaGgAs.o.

formula SrGeAsio BaGeAsio
space group Cmce(No. 64) Cmceg(No. 64)
alA 14.5614(7) 14.5799(3)
b/A 10.6452(6) 10.7164(2)
cl/A 11.4283(5) 11.5518(2)
Veer/ A3 1771.49(15) 1804.90(6)

z 4 4

“xrayl g cm® 5.315 5.400

crystal size / mm

diffractometer

radiation type €/ nm)

T/K

>/ mm?
F(000)
¢-range / °

hkl range

refl. measured

independent r
parameters
R / Rnt

R(PH H?9)/@aIC
WR (PH HY))/@lC

GooF
_n, maximin / ehs

efl.

0.064 x 0.048 x 0.018

34.872

2496

5.931¢ 61.076
A XK K XK mdpT ]
16410

1402

49
0.0304/0.0614
0.0262/0.0372
0.0474/0.0503
1.126

+1.252 /-1.547

0.141 x 0.047 x 0.033

Bruker D8 QUEST

ondTMANTOOL

293

33.440
2568

5.890¢ 60.980

K X pmMdT 1 X pmMpT |
29495

1373

50

0.0200 / 0.0630

0.0165/ 0.0230

0.0310/0.0335

1.119

+0.846 /-1.029

TableA.2: Atomic coordinates and equivalent displacement parametefs $AGeAso from single crystal data.

atom Wyckoff X y Ueq

Sr1 4a 0 0 0 0.0302(2)
Gel 169 0.12748(3) 0.43658(4) 0.08832(4) 0.00986(10)
Ge2 af 0 0.22784(6) 0.30155(6) 0.01243(14)
Ge3 8e 0.25 0.19641(6) 0.25 0.00978(13)
Asl 16g 0.11490(3) 0.06440(4) 0.23495(4) 0.01120(10)
As2 16g 0.27674(3) 0.32871(4) 0.07460(4) 0.01103(10)
As3 af 0 0.28889(6) 0.08742(5) 0.01048(12)
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TableA.3: Anisotropic displacement parametersjAf SrGeAso from single crystal data.

atom Un Uz2 Uss Uzs Uis U2

Srl 0.0421(6) 0.0295(6) 0.0189(5) -0.0133(4) 0 0

Gel 0.0102(2) 0.0088(2) 0.0106(2) 0.00062(16) 0.00097(15) 0.00055(15)
Ge2 0.0120(3) 0.0149(3) 0.0105(3) 0.0014(2) 0 0

Ge3 0.0088(3) 0.0109(3) 0.0096(3) 0 -0.0003(2) 0

Asl 0.0100(2) 0.0119(2) 0.0117(2) 0.00137(17) -0.00185(14) -0.00103(16)
As2 0.0119(2) 0.0108(2) 0.0104(2) -0.00029(15) -0.00055(15) 0.00142(15)
As3 0.0109(3) 0.0090(3) 0.0115(3) 0.0005(2) 0 0

TableA.4: Atomic coordinates and equivalent displacement paramete?s BAGeAso from single crystal data.

atom Wyckoff X y z Ueq

Bal 4a 0 0 0 0.01841(9)
Gel 169 0.12780(2) 0.43885(3) 0.08814(2) 0.00972(7)
Ge2 8f 0 0.22897(4) 0.30256(4) 0.01284(10)
Ge3 8e 0.25 0.20017(4) 0.25 0.00972(9)
Asl 169 0.11637(2) 0.06748(3) 0.23842(2) 0.01079(7)
As2 169 0.27598(2) 0.32922(3) 0.07424(2) 0.01110(7)
As3 8f 0 0.29373(4) 0.09062(3) 0.01017(8)

TableA5: Anisotropic displacement parametersj&f BaGeAso from single crystal data.

atom Un Uz Uss Uzs Uiz Uiz

Bal 0.0248(2) 0.01806(17) 0.01242(17) -0.00575(13) 0 0

Gel 0.01008(14) 0.00915(14) 0.00992(14) 0.00052(10) 0.00104(10) 0.00039(10)
Ge2 0.0118(2) 0.0148(2) 0.0118(2) 0.00127(15) 0 0

Ge3 0.00807(19) 0.01156(19) 0.00953(19) 0 -0.00034(14) 0

Asl 0.00935(14) 0.01231(14) 0.01070(14) 0.00107(10) -0.00196(10) -0.00146(10)
As2 0.01121(14) 0.01131(13) 0.01079(14) -0.00010(10) -0.00040(10) 0.00125(10)
As3 0.01030(18) 0.00877(17) 0.01144(19) -0.00012(14) 0 0

TableA.6: Detailed pwder Xray diffraction data of BaGEi2 from Rietveld refinement.

formula BaGeP12
spacegroup Ro (No. 148)
alA 12.630883(32)
c/A 9.247182(43)
Veen/ A2 1277.637(9)

V4 3

“xrayl g M@ 3.96729
diffractometer Stoe Stadi P
radiation type €/ nm) CuYhm omdpnnpcdo
T/K 293

>/ mm? 41.672729
F(000) 1380
2¢-range / ° 5.000- 92.420
refl. measured 251
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parameters 23
background parameter 14

R/ Rup 2.099/2.762
Rexp/ Reragg 2.484/0.980
GooF 1.112

TableA.7: Atomic coordinates ani$otropic displacement parameteBso (A2 Bso=8*" 2 Uiso) of BaGeP12 from
Rietveld refinement.

atom Wyckoff X y z Biso

Bal 3b 0 0 0.5 2.09(5)
Gel 18f 0.30323(12) 0.06508(10) 0.11946(11) 1.13(3)
Ge2 3a 0 0 0 1.20(7)
P1 18f 0.06724(30) 0.17276(23) 0.18339(24) 1.10(8)
P2 18f 0.23796(20) 0.34108(22) 0.12833(23) 1.18(8)

TableA.8: AEAs andAEGe distances of thAEAsoGe icosahedra, cell volume, ionic radii and their respective
differences ofAEG&ASi0.

count dseasice(R) / volume (A) / rsran(pm) deaasice(R) / volume (A) / reagy(pm) no o630
Asl 4x 3.2371(5) 3.3147(3) 2.4
As2 4x 3.8237(5) 3.8410(3) 05
As3 2x 3.2335(7) 3.3172(4) 2.6
Ge2 2x 3.6793(7) 3.6930(4) 0.4
volume 1771.49(15) 1804.90(6) 1.9
AE 118 135 14.4

.

T3
i

FigureA.1: 2x2x2 supercell of Ba@®&2 showing the interconnected 12er ring arrangements composed efPGe
dumbbellsalong thec-axis (left) and along (110) (right)
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FigureA2: X-ray powder diffraction pattern s, Cukhl), Rietveld fit (¥ and difference curve (grey) of

SrGeAsioand GeAs, Ge and SgAas minor side phases.
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FigureA3: Xray powder diffractionpattern (¥ps, CukKh1), Rietveld fit (¥ and difference curve (grey) of

BaGeAsoand GeAs and Ge as minor side phases. An unknown phase is marked with asterisks.
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FigureA4: X-ray powder diffraction pttern (Ybs, Cukh 1), Rietveld fit (¥ and difference curve (grey) of

BaGePi2 and Ge as a minor side phase.
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FigureA.5: High Temperature Xay powder diffraction patterns (Mih 1) of SrGgAsobetween 393K and 108K
with steps of 5K for 393y T TKrand 2K for 773Y TH ™ K.yntensities of SrGAso decreasing foil
X  dikuTde overall low intensities are owed to the strong fluorescence of Sr, Ge and Asnl\adiation.

Figure A.6: High Temperature Xay powder diffraction patterns (Md&" 1) of BaG#Asio between 393K and
1173K with steps of 5& for 393Y TX ™ K gnd 2K for 773Y TX ™ K.yntensities of BaGa&scdecreasing
for T  dinTde overall low intensities are owed to the strong fluorescence of Ba, Ge and At hdiation.












































































































































































































