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ABSTRACT: We report the high-pressure high-temperature synthesis of the
germanium-based framework compounds BaGey (P = 15 GPa, T = 1073 K)
and BaGe,_, (P = 10 GPa, T = 1073 K) which are metastable at ambient
conditions. In BaGeg.,, partial fragmentation of the BaGe4 network involves
incommensurate modulations of both atomic positions and site occupancy.
Bonding analysis in direct space reveals that the defect formation in BaGe,_, is
associated with the establishment of free electron pairs around the defects. In
accordance with the electron precise composition of BaGeg, for x = 0.5,
physical measurements evidence semiconducting electron transport properties

which are combined with low thermal conductivity.

' 15 GPa Covalent metal BaGeg
10 GPa Modulated semiconductor BaGeg,

B INTRODUCTION

The quest for efficient resource recovery stimulates current
interest in basic energy science as a strategic instrument for
discovering innovative yet competitive materials. Preparative
inorganic chemistry offers access to intermetallic host—guest
assemblies as a class of promising compounds which offer
beneficial properties like superconductivity' ™* or thermoelec-
tricity.>® With respect to a rational materials design of covalent
frameworks constituted by main group elements, the 8-N rule
provides a resilient guideline for the interdependence of chemical
composition and network topology.” The broad variety of
structure motifs and chemical compositions provides prospects
for the fine-tuning of electronic structure and charge carrier
concentration. We report here on the high-pressure synthesis of
two binary compounds, BaGes and BaGes_,, with covalently
bonded germanium networks.

B EXPERIMENTAL SECTION

Synthesis. Preparation and sample handling were realized in
argon-filled glove boxes (MBraun, H,O < 0.1 ppm; O, < 0.1 ppm) in
order to avoid contamination of the samples. The precursors with a
nominal composition of Ba:Ge = 1:5.6 were prepared by arc melting of
elemental Ba (Alfa Aesar 99.98%) and Ge (Chempur 99.9999%). The
resulting ingots were ground and loaded in crucibles machined from
hexagonal boron nitride. High pressures were realized with a Walker-
type module employing MgO octahedra of 14 mm edge length.® High
temperatures were achieved by resistive heating of graphite sleeves.
Pressure and temperature calibration had been performed prior to the
experiments by in situ monitoring of the resistance changes of
bismuth® and by performing calibration heating runs with a
thermocouple, respectively. Various conditions for temperature and
pressure have been applied in the ranges 773(50)—1473(120) K and
10(1.0)—15(1.5) GPa.
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A typical experiment included a ramp for compression requiring
approximately 3 h. At the maximum pressure, annealing procedures
preceded an optional cooling ramp before quenching to room
temperature followed by decompression. Single crystals of BaGeg_,
are obtained at a pressure of 10(1) GPa using a temperature of
1073(80) K for 10 min before cooling down to 923 K within 10 h.
After quenching and pressure release, single crystals can be isolated
from the ingot. Metallographic inspection together with WDXS
analysis reveal a single phase with composition Ba, go(1)Ges sy(s) (see
Figure S1 in Supporting Information).

Treatment of BaGey_, at 15 GPa and 1073 K yields mainly BaGe,
mixed with a new high-pressure form of BaGe; (Figure S2 in
Supporting Information). Upon heating at ambient pressure, BaGe,_,
undergoes an irreversible decomposition into @-Ge and the normal-
pressure modification of BaGe; at approximately 689 K (Figures S3
and S$4 in Supporting Information).

X-ray Diffraction Data Collection and Processing. Phase
identification was performed by powder X-ray diffraction (PXRD)
experiments at room temperature. Data collection was realized in
transmission mode with a Huber Imaging Plate Guinier camera G670
(Cu Ka, radiation, A = 1.540 56 A, 10° < 26 < 90°, step width 0.005°,
6 X 30 min scans). Unit cell parameters were refined by a least-squares
procedure using the WinCSD program package.'® For measurements
with LaBy as an internal standard (a = 4.156 92 A), a STOE-STADIP-
MP diffractometer (Bragg—Brentano geometry, Ge-monochromator,
Cu Ka, radiation, 4 = 1.540 56 A, 3° < 20 < 120°, step width 0.02°,
4 X 10 h scans) was used. Single crystal X-ray diffraction data
were collected using a Rigaku AFC 7 diffractometer equipped with
a Saturn 724 CCD detector (monochromatic Mo Ka radiation,
A =10.71073 A). Absorption correction was performed by a multiscan
mode. Crystal structure solution and refinement were performed
by means of the WinCSD (BaGey_,) and JANA2006 (BaGe) software
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Table 1. Crystallographic Data for the Powder X-ray
Diffraction Data Refinement of BaGeg

chemical formula BaGeg

space group Cmcm

T/K 293

a/A 4.7690(7)
b/A 10.777(2)
¢/ A 12.385(2)
V/A® 636.6(2)
formula units, Z 4

radiation, wavelength/A Cu Kal, 1.540 51
diffraction system Huber G670
measured points, reflns 18 056, 201

measured range, step/deg 10.025 < 26 < 100.300, 0.005

h(min), k(min), /(min) 0,0,0
h(max), k(max), I(max) 4, 10, 12
R(E), R(wP) 0.057, 0.089
GOF 3.45

refined params total, profile 35,24

Table 2. Atomic Coordinates and Isotropic Displacement
Parameters for BaGeg

atom  Wyckoff position  x/a y/b z/c Uyo
Ba 4c 0 0.270(2) A 0.014(S)
Gel 8f 0 02493)  0.536(1)  0.017(3)
Ge2 8f 0 0446(2)  0.644(2)  Ug(Gel)
Ge3 8f 0 0023(2)  0598(2)  Ug(Gel)

packages; estimated standard deviations for the full profile refinements
were calculated using an algorithm taking into account local cor-
relations.'”

Thermal Analysis. Differential scanning calorimetry (DSC)
experiments took place in a sealed niobium crucible, using a Netzsch
DSC 404C apparatus. Heating and cooling rates of 10 K/min were
applied between room temperature and 1273 K.

Energy Dispersive X-ray Analysis. For the metallographic
analysis, the samples were polished by using discs of micrometer-sized
diamond powders (6, 3, 0.25 ym) in paraffin and investigated with a
Philips XL 30 scanning electron microscope (LaBg cathode). Energy
dispersive X-ray spectroscopy (EDXS) was performed with an attached
EDAX Si(Li) detector. The composition of BaGe,_, was determined by
wavelength dispersive X-ray spectroscopy (WDXS, Cameca SX 100).
For that purpose, BasGe,s and Ge(cF8) were used as standards for Ba
and Ge, respectively. The WDXS measurements were performed at 10
different spots on the polished surface of a bulk piece (Figure S1 in
Supporting Information). Optical microscope images were obtained by a
light optical polarization microscope (Zeiss Axioplan 2).

Physical Properties Measurements. Magnetic susceptibility
measurements were carried out with a SQUID magnetometer (MPMS
XL-7, Quantum Design) on bulk samples of BaGe,_, (x = 0.50;
34.5 mg). External fields between 100 Oe and 70 kOe were applied in
the temperature range from 1.8 to 400 K. Electrical resistivity
measurements were carried out between 2 and 400 K by a standard ac
four-probe technique (PPMS, Quantum Design). For this purpose, a
pressed pellet of a polycrystalline sample was prepared with
dimensions of 4 X 2 X 2 mm® and a mass of approximately 80 mg;
because of the uncertainties of the contact geometry, the inaccuracy of
the electrical resistivity is estimated to amount to +20%.

Electronic Structure Calculations. For band structure calcu-
lation and bonding analysis of BaGeg and Ba,Ges, the TB-LMTO-
ASA program package was used.'' The Barth—Hedin exchange
potential> was employed for the LDA calculations. The radial
scalar-relativistic Dirac equation was solved to obtain the partial waves.
The calculation within the atomic sphere approximation (ASA)
includes corrections for the neglect of interstitial regions and partial

¥ (4b)Ge3
(4b)Ge1

0%
9
04,
.
04,
e
04
9
04,
9
04_
be-
o
de-
od

Figure 1. Crystal structures of BaGey (left) and the commensurate
model of BaGe,_, (Ba,Ge,, right). The germanium zigzag chain of
BaGeg which is fragmented in BaGe4_, is shown in blue; other short
Ge—Ge contacts are indicated in red.

Figure 2. Axial oscillation photo around [100] of BaGe,_,. The
indexing refers to the structure description in 3 + 1 dimensions. Main
reflections are marked as O0kI0 and 1kl0, respectively; satellite
reflections are indicated by OkIl1 or 1kI—1.

waves of higher order;'* an addition of empty spheres was not nec-
essary. The following radii of the atomic spheres were applied for the
calculations: r(Bal) = 2.540 A, r(Gel) = 1.540 A, r(Ge2) = 1.539 A,
r(Ge3) = 1.518 A for BaGeg; r(Ba) = 2.455—2.566 A, and r(Ge) =
1.480—1.711 A for Ba,Gesy (a complete list may be obtained from
the corresponding author). Basis sets containing Ba(6s, 5d, 4f) and
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Table 3. Experimental Details for the Crystal Structure Determination of BaGeg_,

commensurate model

BaGess; (Ba;Ges)

chemical formula
Cmc2,
293

space/superspace group
T/K

modulation wave vector

incommensurate model

BaGe; s
Cmcm(a00)00s
293

q = 0.5700(1)a*

centering (0,0,0), (*/5 /5 0) (0,0,0,0), (*/,,'/, 0,0)
a/A® 29.5729(8) 4.2251(2)

b/A® 11.2228(3) 11.2208(5)

/A% 12.7992(3) 12.7992(5)

V/A3 4247.9(4) 606.79(8)
formula units, Z 28(4) 4

radiation Mo Ka, 0.710 73 Mo Ka, 0.71073
diffractometer Rigaku AFC-7 Rigaku AFC-7
abs correction multiscan multiscan
measured reflns 12 063 12 063

unique reflns 4416 2872

h(min), k(mm), l(mm)(, M(min)) —42, —17, -8 0, 0, 0, 0

h(max), k(max), l(max)(, M(max)) 45, 14, 19 5, 15,17, 3
refinement F > 596(F) F > 40(F)

R(F), R(w) [all], reflns
R(F), R(w) [hki0]
R(F), R(w) [hki1]
R(F), R(w) [hkI2]
R(F), R(w) [hkI3]

GOF 1.01
refined params 217
APy AP/ A -2.67,

0.039, 0.041 (1708)

3.63

0.034, 0.036 (991)
0.025, 0.027 (586)
0.063, 0.065 (340)
0.070, 0.071 (63)
0.057, 0.059 (2)
1.01

72

—1.26, 1.83

“Cell parameters are refined using powder X-ray diffraction data (Figure SS and Table S2 in Supporting Information).

Ge(4s, 4p) orbitals were employed for a self-consistent calculation
with Ba(6p) and Ge(4d) functions being down-folded. The electron
localizability indicator (ELIL, Y’) was evaluated in the ELI-D
representation'* with the ELI-D module within the program package
TB-LMTO-ASA."" Topological analysis of the electron density
(estimation of the shapes, volumes, and charges of the QTAIM
atoms after Bader)'® and of the electron localizability indicator
(distribution of ELI-D and localization of the ELI-D maxima as
indicators of the direct covalent atomic interaction) was performed
with the program DGrid.'®

B RESULTS AND DISCUSSION

Crystal Structures. Refinement of powder X-ray diffraction
data (Tables 1 and 2) using full profiles (Figure S2 in
Supporting Information) evidence that BaGe, (Figure 1 left) is
isoty‘gic to the binary silicon compounds MSi,; (M = Ca, Sr, Ba;

)" and the ternary phase EuGa,Ge,'®" The atomic
arrangement comprises three symmetry-independent four-
bonded germanium atoms which form infinite zigzag chains
along the [100] direction. These one-dimensional building
units are interconnected to a three-dimensional network. The
resulting tubular voids house the barium atoms. The shortest
Ge—Ge distances from 2.48(4) to 2.63(3) A within the
network are consistent with the values usually observed in Ge-
rich intermetallic compounds."**° According to the Zintl
concept, the electron balance of this connectivity pattern
corresponds to BaGey = [Ba”*][(4b)Ge"]4 X 2e™ revealing two
excess electrons per formula unit. This is quite a remarkable
finding since clathrates with germanium as majority component
usually reveal chemical compositions which are charge
balanced.

For the germanium-poorer compound BaGey_,, the strong-
est X-ray diffraction reflections of single crystals indicate an

12701

orthorhombic unit cell which is similar to that of BaGe4: b and ¢
of BaGeq_, are larger by 4% and 3%, respectively, while a is
12% shorter. However, long-time X-ray diffraction exposures
around the substantially shorter [100] direction reveal a second
set of diffraction data with lower intensities (labeled as satellite
reflections in Figure 2). In first approximation, the positions of
these extra spots are compatible with a 7-fold superstructure
along [100].

The solution assuming a commensurate superstructure to the
BaGe4 motif succeeds in space group Cmc2; (Tables 3 and 4).
The projection along [010] shows that this atomic arrangement
with composition Ba,Gey, provides characteristic defects at
some Gel positions of the BaGey motif plus displacements of
the surrounding framework atoms (Figure 1, right). The
majority of the germanium atoms establishes four short
contacts, but species at the end of the chain fragments and
others surrounding the resulting voids form only three
connections. Longer Ge—Ge contacts of these atoms amount
to at least 3.017(9) A and will not be considered here. In
comparison to BaGes the altered composition and the
modified connectivity of the model for BaGey_, result in a
significant reduction of the electron excess according to
[Ba**];/,[(3b)Ge'"]1,/5[(4b)Ge’]yy /7 X 2/7¢7

However, the three-dimensional description of BaGeg_, re-
mains imperfect, e.g., with respect to the large range of displace-
ment parameters resulting for the germanium atoms (Table 4
and Table S1 in Supporting Information). Moreover, the finding
that the positions of the superstructure reflections diverge slightly
from a commensurate periodicity (see below) is another
indication for the inadequacy of the commensurate model.

For advancing to a four-dimensional (3 + 1D) description
of the modulation, single-crystal diffraction intensities of the
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Table 4. Atomic Coordinates and Equivalent Displacement
Parameters for the Commensurate Model of BaGe,_, with
composition BaGe; g, (Ba,Ges,)

Wyckoff
atom position x/a y/b z/c B
Bal 4a 0 0.2858(4) 025 1.1(1)
Ba2 8b 0.4295(1) 0.2852(2)  02589(5)  1.11(8)
Ba3 8b 0.1416(1) 0.2915(3)  0.2689(4)  0.84(7)
Ba4 8b 0.28665(8)  0.2943(3)  0.2550(6)  0.85(9)
Gel 4a 0 0.5638(7)  0.3565(7)  0.5(2)
Ge2 4a 0 0.0348(9)  09145(8)  1.1(3)
Ge3 4a 0 0.5815(8)  0.1536(8)  0.7(3)
Ge4 4a 0 0.2452(8)  09739(7)  0.8(2)
GeS 4a 0 0.0490(8)  0.6033(8)  1.2(3)
Ge6 8b 0.0723(2) 0.0672(5)  0.3590(6)  0.9(2)
Ge7 8b 0.3551(2) 0.0820(5)  0.3618(6)  0.8(1)
Ge8 8b 0.3548(1) 0.2508(4)  0.0415(5)  0.9(1)
Ge9 8b 0.4283(3) 0.0324(8)  09135(7)  1.6(2)
Gel0 8b 0.2135(3) 0.0768(5)  0.3553(6)  1.4(2)
Gell 8b 0.0714(3) 0.0743(6)  0.1556(6)  0.8(2)
Gel2 8b 0.1434(3) 0.0273(5)  0.6001(6)  1.0(1)
Gel3 8b 0.4275(2) 0.0396(5)  0.6005(6)  0.8(2)
Gel4 8b 0.1428(4) 0.0434(6)  09160(6)  1.0(1)
Gel$ 8b 0.2859(2) 0.0296(6)  0.9207(6)  0.5(2)
Gel6 8b 0.3568(3) 0.0681(5)  0.1622(5)  0.5(1)
Gel7 8b 0.2147(2) 0.0732(7)  01581(7)  L1(2)
Gel8 8b 0.2859(2) 0.0331(5)  0.6024(6)  0.6(2)
Gel9 8b 02772(2) 02576(5)  09776(6)  1.4(2)
Ge20 8b 0.0865(2) 02569(4)  0.0384(6)  1.4(1)
Ge2l 8b 0.1902(1) 0.2454(4)  0.0264(5)  1.3(1)
Ge22 8b 0.4435(2) 02516(6)  0.9809(6)  1.2(1)

“Beq = 4/3[ Bi1(a*)*a® + ... 2B,;b*c¥be cos(a)].

substructure are assigned to indices of the type (hkl0), and the
weaker superstructure reflections are interpreted as satellites of
index (hklm) with m = +0, 1, 2, 3. The reflections which are
classified as observed comply with the additional extinction
condition hkOm: m = 2n vyielding the four-dimensional
superspace”" group Cmcm(a00)00s (Table 3).

For a precise determination of lattice parameters and
modulation vector, powder X-ray diffraction data are analyzed
(Figure SS and Table S2 in Supporting Information). With a*
being the reciprocal lattice vector of the substructure, the
refined modulation vector corresponds to g = 0.5700(1)a* in
comparison to the value of */,a* (0.5714a*) for the identity
period of the 7-fold commensurate supercell.

The crystal structure solution of the incommensurate model
starts in the three-dimensional space group Cmcm using direct
methods and the single-crystal X-ray diffraction intensities of
the main reflections. Thorou{gh analysis of the resulting
EuGa,Ge,-like atomic pattern'®'® reveals additional maxima
of the difference electron density above and below the Gel
position in [100] direction (Figure 3). With these features
described by introducing the additional germanium position
Ge4, the modulation parameters are obtained by least-squares
refinements in the superspace group Cmcm(00)00s using all
reflections (including satellites up to 3 order). Refinements
proceed by including atomic coordinates and their symmetry-
allowed positional modulation amplitudes as well as the atomic
displacement parameters in anisotropic approximation. At
this stage, the symmetry-allowed occupational modulation
amplitudes for the Gel and Ge4 position are included. The

1.0 : K

00 - .

0.0 1:0 4 2.0
x4

Figure 3. Difference electron density in the x1, x4 plane of the
positions Gel and Ge4 (defect occupation, top and bottom,
respectively) as well as that of Ge2 (full occupation for comparison,
middle) in BaGeg_,. The isolines are drawn with a step size of 25 e/A>.
The dashed lines indicate the x1 positions of the atoms Gel (x = 0.5,
y =0.7477, z = 0.5363), Ge2 (x = 0.5, y = 0.07334, z = 0.350 26), and
Ge4 (x = 0.5 + 0.187, y = 0.7557, z = 0.5132), respectively.

calculation range for the occupation modulation amplitudes is
obtained from the distribution of the electron density in the
(%1, x4) plane for the Gel and Ge4 positions (Figure 3).

For the least-squares refinements of the modulated crystal
structure, the Crenel-function technique®® is applied as
implemented in the program package WinCSD.'® Final
refinements include atomic coordinates, their positional
modulation amplitudes, atomic displacement parameters,
and occupational modulation amplitudes (Tables S and 6 as
well as Tables S3 and S4 in Supporting Information). The
refinement yields a residual value of Ry = 0.034, and the
resulting interatomic distances (Figure 4) fall into the range
from 2.346 to 2.861 A. The total composition in non-
commensurate description corresponds to BaGeg_, with x =
0.49, so that the description resembles the electron-precise
situation [Ba**][(3b)Ge'],.[(4b)Ge"]s, X 0e” (x = 0.5)
within experimental uncertainty.

Electronic Structure Calculations. The chemical bonding
of BaGes and BaGeg_, is characterized in direct space by
quantum chemical calculations of the electron localizability
indicator (ELI).>* Noninteracting atoms would exhibit
spherical symmetry of the ELI distribution while variations,
especially in the valence region, are fingerprints of atomic
interactions, i.e., covalent bonds or lone pairs. The ELI
distribution in BaGe4 reveals that the sixth shell of Ba is
basically not visible (Figure S, top). This finding is attributed to
a substantial charge transfer from barium to the electronegative
germanium framework. Around the germanium atoms, five
ELI-D attractors are observed. Four of these which are located
close to the shortest Ge—Ge contacts visualize covalent
interactions of the germanium atoms. Beside these four
attractors, additional maxima are found for each germanium
atom (red in Figure S, bottom). Such features are absent in the
corresponding ELF distribution of the isotypic electron-precise
compound EuGa,Ge,."” Thus, these features are assigned to
the electron excess of BaGe.

The ELI-D distribution in Ba,Gey, (as a commensurate
model for BaGe,_,) reveals essentially the same charge transfer
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Table 5. Atomic Coordinates, Equivalent Displacement Parameters B, and Site Occupancy G for BaGeg_, (x = 0.5) in

Incommensurate Description

atom Wyckoff position x/a z/c By, G

Ba 4c 0 0.28989(5) ', 1.03(2) 1

Gel 8f 0 0.2476(5) 0.5362(3) 0.80(4) 0.618(4)

Ge2 8f 0 0.57333(6) 0.35025(5) 0.81(2) 1

Ge3 8f 0 0.03511(6) 0.59242(5) 0.71(4) 1

Ge4 16h 0.186(2) 0.2556(7) 0.5131(5) 1.0(3) 0.067(2)
Table 6. Site Occupancy Modulation Parameters for BaGe,_
(x =0.5) in InconIl)mecrfsurate Description o ooy < oot 4 09 °‘°° ‘00

atom cos(2mx,) sin(27x,) cos(4mx,) sin(47x,)
Gel® 0.335(7), ~0071(3),
Ged 0.100(2), -0.038(3), 0.031(3), -0.026(2),
“Crenel Function: A = 049, x4 = 0.36.
T T T T
GeZ-Ge4}r
Ge2-Ge4 |

Ge-Ge distance / A

X4 coordinate

Figure 4. Distances d(Ge—Ge) in BaGe,_, (x = 0.5) as a function of
the coordinate x4.%>

[o01]
[100] * I

[010]

Ge1

Ba
Ge3

Ge2

Ge1

o ‘%\ éE
°Ge2 ‘ Ge3
Figure 5. Calculated electron localizability indicator (ELI-D) in

BaGeg: (top) distribution in planes perpendicular to the directions
[100] and [010]; (bottom) isosurfaces around the germanium atoms.

[010]
' °
00
Ba . ' op °, 00
o® o
(3b)Ge
(4b)Ge
0 °°
009
0.5 NN 1.55
r o
A %
(3b)Ge3 ° (4b)Ge9

Figure 6. Electron localizability indicator (ELI-D) in Ba,Ges, as a
commensurate model for BaGe,,: (top) distribution in the plane
perpendicular to [100]; (bottom) isosurfaces around a selected three-
bonded (left) and four-bonded (right) germanium atom, respectively.
The numbering of the germanium atoms refers to that of Table 4.

from barium to the germanium framework as in BaGe, (Figure 6,
top). Only four ELI-D attractors are observed around each
germanium atom (Figure 6, bottom). Most of these are located
close to Ge—Ge contacts visualizing two-center bonds.
However, some of the attractors are monosynaptic; i.e., their
basins contact only the core basin of one germanium atom, thus
visualizing three-bonded germanium atoms with lone-pair-like
features.

The electronic density of states (DOS) for BaGeg reveals a
high density of states at the Fermi level and a rudimentary
pseudogap at E & —0.6 eV (Figure 7, top). The top of the
valence band is mainly formed by Ge(p) states, and more than
half of these are contributed by Gel, implying the important role
of these atoms in the electrical conductivity of the compound.

The formation of defects in BaGeg_, (Ba,Ge,y) does not only
shift the Fermi level to lower energies, but opens also a
pronounced pseudogap by reducing the DOS around the Fermi
level by a factor of 3 in comparison to BaGe, (Figure 7, bottom).
These changes close to Eg are in full accord with a substantial
reduction of the electron excess by the vacancy formation.

Physical Properties. In agreement with the observed
systematics of the electronic density of states, the high-field
magnetic susceptibility y(T) = M/H of BaGe,_, (Figure S6 in
Supporting Information) is negative indicating diamagnetic
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1ol BaGe,

total
— Ba(s)
8} —— Ba(d)
—— Ge(s)
Ge(p)

DOS / (states eV (4f.u.)")
)

DOS / (states eV (4f.u.)")
)

Energy /eV

Figure 7. Electronic density of states for BaGeg (top) and the
commensurate structure model of BaGes_, (Ba;Geso bottom). The
DOS of BaGe,_, is scaled to one Ba atom as in BaGeg; ie., one
formula unit of Ba;Gey, is renormalized to Ba;;,Ge;y/; or BaGes;.
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Figure 8. Electronic and thermal transport properties of BaGeg_, at
temperatures between 2 and 353 K.

behavior. The value y, of —120(10) X 107 emu mol™ at T = 0
is in fair a§reement with the sum of the diamagnetic
increments®>*® which results in —90 X 107° emu mol ™ for
BaGes_, (x = 0.5). These results evidence diamagnetic and,
thus, semiconducting behavior of the Ge-deficient sample.
Consistently, the electrical resistivity p(T) decreases slightly
and almost linearly with temperature indicating a semi-
conducting characteristic. The high absolute values indicate a
strongly doped (defects, impurities) semiconductor with the
result that also the Seebeck coeflicient Sy, i is reduced to a
value of 10 VK" which would be more typical for a metallic
conductor. The thermal conductivity x(T) of the modulated

framework ensemble (k300 x = 1.7 W m™" K™) is low (Figure 8)
and of the typical order found in cage compounds, e.g., clathrates
like BagNis sGe,1[Jo4 ([ represents a vacancy).”” The resulting
thermoelectric figure of merit, ZT = S* X T/(k X p), remains
small because the effects caused by the high charge-carrier
concentration clearly overcompensate for the beneficial con-
tribution of the low thermal conductivity.

B CONCLUSION

The crystal structures of BaGeg and BaGeg_,, (x = 0.5) exhibit a
clear interdependence of network topology and electron
balance. BaGey features four-bonded framework atoms and a
surplus of electrons, a situation more frequently observed for
silicon-rich compouncls.17 In BaGeg_,, those germanium atoms
which engird the defects are three-bonded. The simultaneous
localization of excess electrons in lone pairs provides efficient
electron traps and, thus, an effective decoupling of electrical and
thermal conductivity. Although similar phenomena have already
been observed in phases like the structurally related
SrGes[os™® or type-I clathrates like KyGeyy[T,,” the arrange-
ment of defects normally preserves conventional three-
dimensional symmetry. The unique feature of BaGey_, is that
the requirements for an electron-precise phase according to the
8-N rule and the Zintl concept are fulfilled by the formation of
lattice defects exhibiting incommensurate modulations.
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