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ABSTRACT: Three new quaternary germanides with the composition
AELi,In,Ge, (AE = Sr, Ba, Eu) have been synthesized and structurally
characterized. The layered crystal structure of these phases features
homoatomic In—In bonding, but there are no direct Ge—Ge bonds. Such
a crystallographic arrangement can be regarded as an ordered quaternary
derivative of the CaCu,P, structure (trigonal syngony, Pearson code
hR7). Comprehensive analysis of the structural genealogy suggests
relationships with the structures of other layered pnictides and
chalcogenides, which are discussed. Partitioning of the available valence
electrons and the assignment of the formal charges indicate that the
composition of the new germanides is charge-balanced. First-principles
calculations and electrical transport measurements indicate poor metallic
behavior, resulting from significant hybridization of the electronic states.

B INTRODUCTION

The continuous search for new ways of efficient energy storage
has been a major topic in modern science for several decades.
With the rapidly developing exploration of renewable energy
sources, the need to accumulate energy for further trans-
portation and consumption will undoubtedly grow in the near
future. Currently, the most convenient way to store energy is in
the form of electricity. This approach is realized in
rechargeable batteries, with Li ion batteries dominating the
market in this field.

Currently available electrode materials based on transition-
metal oxides suffer from degradation upon electrochemical
cycling, have low charging rates, and can be harmful for the
environment."” For these reasons, finding alternative materials
is essential for the development of efficient energy storage
systems. Several classes of compounds have been explored as
possible candidates for these purposes. Among many others,
bulk metal phosphides, nitrides, and chalcogenides® as well as
two-dimensional carbides and other carbon-based materials*
have been reported to display high performance in electro-
chemical tests, suggesting that non-oxide compounds can be
promising replacements for the conventional oxide electrodes.

Recently, we embarked on studying Si and Ge clathrates for
applications in electrochemical storage. The potential of such
materials with an open framework was recently demonstrated
for the metallic compositions BagAl Siss_, with the clathrate-I
structure. This Si-based clathrate can be a suitable host for Li
insertion and does not show considerable structural changes
upon electrochemical cycling.” By proper adjustment of the
Al/Si ratio or introduction of dopants, charge-balanced
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compositions can be produced. In such compositions, all
atoms in the crystal structure adopt a closed-shell electron
configuration, thereby optimizing the chemical bonding and
driving the system to the semiconducting state. The described
electronic situation constitutes the essence of the so-called
Zintl concept, widely used to rationalize structures and
compositions of intermetallic compounds.® In contrast to the
metallic BagAl Siss_,, the electron-precise BagAl,4Siy, performs
relatively poorly in the lithiation process, unless an amorphous
layer is present on the grain surfaces.” Apparently, the
reduction of the clathrate via Li insertion is unfavorable in
this case, as it will disrupt the optimal electron count.
Different from BagAl Siss_,, upon lithiation, the Ge clathrate
analogues have been found to undergo amorphization to an as
yet unidentified Li-rich phase.® The capacity of BagAl Geyq_,
decreases as the Al content is increased, which has been
correlated with the decrease of framework vacancies in the
material’s crystal structure. Trying to resolve the potential
phases that might form during the lithiation process, we set out
to explore the Ba—Li—Al—Ge phase space. We focused our
attention on the self-flux method, hypothesizing that in using
it, less thermodynamically stable (i.e., kinetic) phases could be
identified. However, the relatively high melting point and the
very reducing nature of the molten Al metal presented
experimental difficulties that hindered the synthesis steps.
Therefore, in an effort to circumvent these challenges, we
turned our attention to the Ba—Li—In—Ge system. Although it
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Table 1. Data Collection Details and Selected Crystallographic Data for AELi,In,Ge, (AE = Sr, Ba, Eu)”

SrLi,In,Ge,
formula wt 476.32
a/A 4.471(2)
/A 26.035(9)
V/A3 450.7(3)
Peac/g cn™ 5.27
Htore/ cm ™! 261.1
R1 (I > 26(1))" 0.018
wR2 (I > 26(I))° 0.040
R1 (all data)® 0.018
wR2 (all data)? 0.040
Appaymin/e A7 0.95, —1.13

BaLi,In,Ge, EuLj,In,Ge,
526.04 540.66
4.520(2) 4.456(1)
26.836(9) 25.538(7)
474.8(4) 439.2(3)
5.52 6.13
2254 283.0
0.023 0.017
0.054 0.041
0.025 0.017
0.055 0.042
1.20, —1.98 1.08, —1.42

“Data for all compounds: space group R3m, Z = 3, T = 200 K, Mo Ka with 4 = 0.71073 A. bR1 = MIE,| — IFJl/YIF; wR2 = [ Y. [w(E> — F2)*]/
S w(F.)?]]Y2, where w = 1/[6°F,F + (AP)* + (BP)] and P = (F,2 + 2F.2)/3. A and B are the respective weight coeficients (see the CIF data).

has previously been studied,”'’ after only a few tries, a new
quaternary phase was successfully identified. An expansion of
these studies to the Sr—Li—In—Ge and Eu—Li—In—Ge systems
afforded two additional members of the series. These
compounds, represented by the general formula AELi,In,Ge,
(AE = Sr, Ba, Eu), are the main subject of this paper. They
crystallize with a layered structure and formally can be
considered as belonging to the family of Zintl phases.

In addition to the structure and chemical bonding of these
layered germanides with homoatomic In—In bonding,
presented and discussed as well are the preliminary studies
on the versatility of this crystal structure. These results suggest
that the [In,Ge,] layers can adapt to small changes in the
chemical composition and valence electron count. Specifically,
the average structure appears to be retained upon the partial
substitution of Li for In atoms (e.g., [Liy,.In, ,Ge,]), making
the AELi,, In, .Ge, solid solutions suitable candidates for
further electrochemical studies. Such materials will likely be
only of academic interest since they are expensive to make, and
the prospects for their practical applications as battery
electrodes are difficult to foresee.

B EXPERIMENTAL DETAILS

Synthesis. Almost exclusively, procedures involving the starting
materials and the final products were performed in an argon-filled
glovebox or under vacuum. The reagents were purchased from Alfa,
all with purity >99.9 wt %, and used as received.

Single crystals of AELi)In,Ge, (AE = Sr, Ba, Eu) were grown from
excess In, intended as a flux. Mixtures of the elements in the ratio
AE:Li:In:Ge = 1:12:20:2 were loaded in 2 cm® alumina crucibles,
which were subsequently placed in fused silica tubes and loosely
covered with a piece of quartz wool, acting as a filter during the
eventual centrifugation. The tubes were flame-sealed under vacuum,
heated to 473 K at a rate of 10 K/h, and held at this temperature for 2
h to allow Li and In to melt. After that, the temperature was raised to
973 K at a ramp rate of 50 K/h. After annealing at this temperature
for 10 h, cooling to 773 K was initiated at a rate of 5 K/h. At this
point of the synthesis, the sealed tubes were taken out from the
furnace and the molten metallic flux was separated from the crystals
by centrifugation. A large excess of Li used in the reaction was
necessary to compensate for the loss of Li due to evaporation and side
reactions with the reactor walls. The tubes were break-opened inside
the glovebox. The visually inhomogeneous solid product consisted of
long intergrown gray crystals having a featherlike morphology and
hexagonal black plates with metallic luster. The former type of crystals
turned out to be the known binary compound Liln,'' as was
confirmed by powder and single-crystal X-ray diffraction. Testing of
the black plates on a single-crystal diffractometer revealed a

rhombohedral unit cell. The subsequent intensity data collection
and the structure solution and refinement indicated a novel
composition, AELi,In,Ge,.

After the structure and the composition were deduced from single-
crystal diffraction work, efforts to produce the title compounds in bulk
form by direct fusion of the respective elements were undertaken. For
this purpose, stoichiometric mixtures of the elements were placed into
Nb tubes that had been welded shut from one side. The tubes were
filled with mixtures of the elements in the ratio AE:Li:In:Ge = 1:2:2:2
(weighing done in the glovebox), after which the tubes were sealed
with an arc welder under partial pressure of high-purity argon gas. The
welded Nb tubes were then enclosed in fused silica reactors, which
were evacuated and flame-sealed (vacuum below discharge). After
heating to 1023 K with 200 K/h and annealing for 48 h, the mixtures
were cooled to 373 K at a rate of 5 K/h and removed from the
furnace. The final products were multiphase mixtures, as revealed by
powder X-ray diffraction. Careful analysis of the products by single-
crystal X-ray diffraction methods provided other important pieces of
information, specifically that BaLi,, ,In, .Ge, solid solutions with
partial substitution of In by Li atoms exist.

Establishing the full homogeneity ranges in three quaternary
systems is clearly an enormous task. Therefore, to keep with the scope
of this exploratory study, detailed attempts were made to only alter
the In to Li ratio in BaLi,, In,_ ,Ge,. This work was done in order to
ascertain that a gradual structural transformation between two limiting
compositions occurs. Such a line of thinking originates from the
recognition of the fact that the structure of BaLi)In,Ge, (18
electrons/fu) and that of BaMg,Li,Ge, (16 electrons/fu)'* bear a
striking resemblance—notice that both structures are formally
isotypic, but closer inspection reveals that certain aspects of their
crystal chemistry are different (vide infra), which is certainly due to
the different valence electron counts. Therefore, polycrystalline
samples with the nominal compositions BaLi,4;In;;3Ge, and
BaLi;InGe, were prepared by following the protocols mentioned
earlier. The sample “BaLi,4In,;;Ge,” yielded the desired Ba-
Li,,In,_.Ge, phase as the major product (x ~ 0.54), whereas the
main phases observed in the PXRD pattern of the Li-richer
“BaLi;InGe,” specimen were BaLi,_,In,Ge,'"' BaGe,,"’ and
BagGeye_,In,."* BaLi,, In, .Ge, (x ~ 0.66) was identified as a
minor phase, being distinguished from the three other compounds by
the platelike morphology of the grown crystals that could be easily
identified under an optical microscope.

During the numerous tries to optimize reactions in Nb tubes, yet
another phase, BaLi; g;(;)Ing93Ge,, was identified as a side product. A
similar compound, BaLin, ,Ge, (x ~ 1), has previously been
described to crystallize in the ThCr,Si, structure type.'® From the
experiments described above, a partially ordered solid solution
crystallizing in a superstructure of the common body-centered-
tetragonal ThCr,Si, structure was afforded.

Attempts to expand the AELi,In,Ge, series to include Ca from the
alkaline-earth metals and Yb from the lanthanides, which nominally
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Table 2. Data Collection Details and Selected Crystallographic Data for BaLi,, In,_,Ge, (x = 0.54(1), 0.66(1)) and

BaLil.oz(z)InossGeza

BaLiz.54(1)In1,46Gez

formula wt 468.14
space group R3m

a/A 4.5747(6)
/A 26.381(4)
V/A3 478.1(1)
z 3

Peac/g cm ™ 4.88
Hntore/ e ™! 204.9

RI (I > 26(D))° 0.015
wR2 (I > 26(I))Y 0.038

R1 (all data)® 0.015
wR2 (all data)? 0.038

AP pmin/€ A7 0.75, —=1.10

BaLij g5(1)In; 34Ge, BaLi; gy()Ing 05 Ge,
454.84 401.85
R3m P4,/mcm
4.5742(4) 6.629(1)
26.263(2) 11.163(2)
475.89(9) 490.5(2)

3 4

4.76 544

201.5 244.0
0.014 0.025

0.030 0.085
0.016 0.033

0.030 0.091

1.12, —0.61 0.94, —1.24

“Data for all compounds: T = 200 K, Mo K, with 4 = 0.71073 A. "R1 = YIIFI—IFl/ YIFl; wR, = [ Y [w(F?—=F2)2]/ Y [w(F,})?]]"%, where w =
1/[6*Fy*+(AP)*+(BP)], and P = (Fy*+2F.%)/3; A, B are the respective weight coefficients (see the CIF data).

behaves as a divalent ion in germanides, were unsuccessful. Both the
flux and the traditional high-temperature methods were tried. In
addition to the simple binary germanides, among the products of
these reactions, the quaternary phases Ca,LilnGe, and Yb,LiInGe,
were also identified—both of their structures are known'>'® and do
not appear to form with Ba.

Powder X-ray Diffraction (PXRD). PXRD patterns were taken
on a Rigaku Miniflex diffractometer (Cu Ka radiation, 4 = 1.5418 A)
operating inside a nitrogen-filled glovebox. Data were collected in the
6—0 scan mode with a step size of 0.05° and 2 s/step counting time.
The PXRD patterns were only used for phase identification. Data
gathered for samples as prepared, those treated under an inert
atmosphere and those exposed to ambient air for 24 h suggest that the
title compounds are air-sensitive and decompose if not handled
properly.

Single-Crystal X-ray Diffraction (SCXRD). Single crystals were
handled under dry Paratone-N oil. Suitable crystals were cut to the
desired dimensions and mounted on low-background plastic loops for
measurements. Data collection was performed in a stream of cold
nitrogen at T = 200 K on a Bruker SMART APEX CCD
diffractometer equipped with monochromated Mo Ka radiation (4
= 0.71073 A). Data integration and correction for absorption were
done with the SAINT'” and SADABS'® software packages,
respectively. Crystal structures were solved by dual-space methods
as implemented in SHELXT' and refined by full-matrix least-squares
methods on F? with SHELXL.”® All atoms, including Li, were refined
anisotropically. For the structures with mixed occupied Li/In
positions, the site occupancy factors (SOF) were first refined freely
to establish the range of the deviations and then corefined with SOFs
summed to 100%, with no additional constraints used. Before the final
refinements, atomic coordinates and labels were standardized using
the STRUCTURE TIDY program.”' Details of the data collection and
other relevant crystallographic parameters are given in Tables 1—4.
CIFs have also been deposited with reference numbers in the
sequence from 1899716—1899721.

Atomic coordinates and selected interatomic distances for
BaLij gy(2)Ing93Ge, are summarized in Tables SI and S2 in the
Supporting Information, along with a schematic representation of this
crystal structure (Figure S1).

Scanning Electron Microscopy. Selected single crystals from
different batches were examined on a JEOL JSM-6335F scanning
electron microscope, equipped with an energy-dispersive X-ray
(EDX) spectrometer. The semiquantitative EDX analysis only
confirmed the expected ratios of the heavy elements. The amount
of Li (Z = 3) could not be verified by this method.

First-Principles Calculations. Electronic structures were calcu-
lated for BaLi,In,Ge, and SrLi,In,Ge, within the density functional
theory framework (DFT) employing the TB-LMTO-ASA code.” For

Table 3. Atomic Coordinates and Equivalent Displacement
Parameters (A”) for AELi,In,Ge, (AE = Sr, Ba, Eu)

atom site x y z Ueq”

SrLi,In,Ge,

Sr 3a 0 0 0 0.0106(3)

Li 6¢ 0 0 0.1500(5) 0.027(4)

In 6¢ 0 0 0.44159(2) 0.0127(3)

Ge 6¢ 0 0 0.25849(3) 0.0098(3)
BaLi,In,Ge,

Ba 3a 0 0 0 0.0115(3)

Li 6¢ 0 0 0.156(2) 0.09(2)

In 6¢ 0 0 0.44355(3) 0.0137(3)

Ge 6¢ 0 0 0.25520(5) 0.0110(3)
EuLi,In,Ge,

Eu 3a 0 0 0 0.0087(2)

Li 6¢ 0 0 0.153(1) 0.058(7)

In 6¢ 0 0 0.44042(2) 0.0121(2)

Ge 6¢ 0 0 0.26076(4) 0.0094(3)

“U,q is defined as one-third of the trace of the orthogonalized Uj
tensor.

Table 4. Atomic Coordinates and Equivalent Displacement
Parameters (A?) for BaLi,, In, ,Ge, (x ~ 0.54, 0.66)

atom site x y z Uy”

BaLi, 54(1)In; 46Ge;,

Ba 3a 0 0 0 0.0106(2)
Li 6¢ 0 0 0.1447(4) 0.025(2)
In/Li® 6¢ 0 0 0.44032(2) 0.0127(2)
Ge 6¢ 0 0 0.25017(2) 0.0112(2)
BaLi ¢5(1)In; 34Ge,
Ba 3a 0 0 0 0.0115(2)
Li 6¢ 0 0 0.1438(5) 0.024(3)
In/Li¢ 6¢ 0 0 0.43866(3) 0.0139(3)
Ge 6¢ 0 0 0.24882(3) 0.0117(2)

“U,q is defined as one-third of the trace of the orthogonalized Uj
tensor. “In/Li = 0.731(2)In + 0.269Li. “In/Li = 0.670(3)In + 0.330Li.

comparison, the electronic density of states (DOS) was evaluated also
for the structurally related BaMgZLizGez.12 The von Barth—Hedin
version of the local density approximation functional (LDA) was
used.”® To satisfy the atomic sphere approximation (ASA), the
introduction of empty spheres was executed with the automatic
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procedure implemented in the LMTO code. The Brillouin zone was
sampled by a 24 X 24 X 24 k-point grid after checking for
convergence.

Chemical bonding was examined using crystal orbital Hamilton
population curves (COHP) and electron localization function (ELF),
which were calculated with the dedicated modules of the LMTO
program. Bader charges were calculated with the program Critic2.”*
For the integration, the primitive cell was sampled by a 350 X 350 X
350 point grid.

Electrical Transport Measurements. The temperature depend-
ence of electrical resistivity was measured only for a small, bar-shaped
single crystal from the SrLi,In,Ge, sample. Crystals of BaLi,In,Ge,
and EuLi,In,Ge, were not suitable—they were either too air-sensitive
(Ba) or too small (Eu); hence, no electrical contacts could be placed
on them. The measurements were carried out in the temperature
range 10—300 K, using a four-probe setup on a Quantum Design
Physical Property Measurement System (PPMS). The surface of the
crystal was gently cleaned using fine-grit sandpaper and rinsing with
dry acetone. Platinum-metal wires were attached using a conductive
silver paint. The measurements were performed upon cooling and
heating to ensure reproducibility.

Bl RESULTS AND DISCUSSION

The AELi,In,Ge, compounds (AE = Sr, Ba, Eu) crystallize in
space group R3m (No. 166), and the structure is schematically
shown in Figure 1(a). There are four independent positions in

Figure 1. Crystal structures of BaLi)In,Ge, (a) and of BaMg,Li,Si,
and BaMg,Li,Ge, (b). The symmetry-unique atomic positions are
labeled.

the asymmetric unit—one for each atom of the respective
elements (Table 3)—and the corresponding Pearson code is
hR7. The crystal structure can be regarded as an ordered
quaternary variant of the CaCu,P, structure (Figure Za,b).25
The anionic substructure consists of two-dimensional slabs
built up of ethane-like In,Ges units in a staggered
conformation linked via Ge atoms. The lithium atoms reside
within the slabs, whereas the larger AE atoms are located in the
space between adjacent slabs. The arrangement of the Ge
atoms resembles a distorted hexagonal close packing. In this
description, the Li atoms occupy half of the tetrahedral voids
and the AE atoms fill half of the octahedral cavities in an
alternating layer-by-layer manner along the ¢ direction (in the
hexagonal setting). Each In atom has a pseudotetrahedral

coordination by three near-neighbor Ge atoms and an In atom.
Thus, due to the presence of an In—In bond, a charge of +2
should be assigned to the In atoms, leading to the electron-
precise notation (AE**)(Li*),(In**),(Ge*"),. Alternatively, the
valence electrons can be partitioned as follows: (AE*")-
(Li*),[(4b-In'"),(3b-Ge'"),], where polyanionic [In,Ge,]*"
layers are considered, in which the atoms of In (4-bonded)
and Ge (3-bonded) are assigned a formal charge of —1 each.
The derived formal charge distribution suggests that the
AELj)In,Ge, (AE = Sr, Ba, Eu) compositions belong to the
broad class of Zintl phases.

A similar crystal structure is adopted by the quaternary
compositions BaMg,Li, Tt, (Tt = Si, Ge),'” as shown in Figure
1b. Formally, the two structures are isopointal, but from the
chosen projections in Figure 1, one can readily notice that the
Mg and Li atomic positions in BaMg,Li,Tt, are interchanged
relative to the Li and In positions in AELi,In,Ge,. In other
words, in the former structure, the Li atoms are trigonally
coordinated by the tetrel element, while in AELi,In,Ge,,
similar coordination is observed for the In atoms. It is worth
noting that the Li atoms in BaMg,Li,Tt, reside in trigonal-
planar LiTt; units forming almost flat layers with no direct Li—
Li interactions (the separation between adjacent layers is too
great, more than 3.6 A in the case of BaMg,Li,Ge,)."” As
discussed above, this is not the case in AELi,In,Ge,, where the
In atoms are tetrahedrally coordinated (three closer Ge
neighbors and a bit more distant In—vide supra) and double
layers of corrugated InGe sheets are formed. The apparent
requirement for a charge-balanced composition calls for
divalent cations in the intralayer space; hence, Mg is present
in place of Li, resulting in the electron-precise formula
(Ba™)(Mg™),(Li")5(Tt),.

By imaginary removal of the Li atoms from the AELi,In,Ge,
structure, the composition AEIn,Ge, can be derived. To
sustain the charge balance without perturbing the homoatomic
bonding in the slabs, Ge ought to be replaced by a group 15
element which will have one more valence electron. Indeed,
the envisioned “1—2—2” structure is adopted by the ternary
Zintl phase CaGa,As, = (Ca?*)(Ga?*),(As>"),,*® where Ca
and Ga isovalently replace heavier AE and In, respectively, and
As aliovalently replaces Ge (Figure 2c). Note that, in the
electron-partitioning scheme above, Ga in CaGa,As, is
assigned a charge of +2 due to the presence of Ga—Ga
bonds, just like the In atoms in AELi,In,Ge,. In accordance
with the charge-balanced formula for CaGa,As,, first-principles
calculations reveal that the Fermi level in this compound is
located inside a deep pseudogap.

In the example above, the crystal structure of CaGa,As, was
derived from that of AELi,In,Ge, by imaginary cation
extraction and element substitution, while the structure and
stacking of the two-dimensional anionic slabs are preserved.
Following this line of thinking, it is possible to imagine a
structure where the interlayer cations are also removed, leaving
a van der Waals gap between the slabs. To preserve the
electron count, such a transformation would require a
chalcogen atom (group 16 element) in place of the As atom,
if one considers the CaGa,As, structure as an intermediate step
in this Gedanken experiment. In fact, the hypothetical
structure constructed this way is adopted by the metastable
gallium sulfide GaS (3R) = Ga,S,, which can be similarly
formulated as an electron-precise compound, (Ga**),(S*"),
(Figure 2d).”
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Figure 2. Structural relationships among (a) CaCu,P,, (b) AELi,In,Ge, (AE = Sr, Ba, Eu), (c) CaGa,As,, and (d) GaS.

Table 5. Selected Interatomic Distances (A) for AELi,In,Ge, (AE = Sr, Ba, Eu) and BaLi,, In, ,Ge, (x ~ 0.54, 0.66)

AE

atoms Sr Ba Eu Ba (x = 0.54(1)) Ba (x = 0.66(1))
AE—Ge X 6 3.2343(9) 3.348(1) 3.1708(9) 3.4336(5) 3.4497(5)
AE-In X 6 3.8220(8) 3.944(1) 3.7547(9) 3.8654(5) 3.8243(5)
Li—-In X 3 2.801(6) 2.88(3) 2.82(1) 2.822(4) 2.828(5)
Li—In x 3 3.237(9) 3.18(3) 3.19(2) 3.409(7) 3.445(8)
Li—Ge 2.82(1) 2.67(6) 2.76(3) 2.78(1) 2.76(1)
Li—Ge X 3 3.239(9) 3.34(3) 329(2) 3.100(6) 3.066(6)
In—Ge X 3 2.7239(9) 2.748(1) 2.7195(8) 2.7149(4) 2.6969(3)
In—In 3.041(2) 3.030(2) 3.043(1) 3.149(1) 3.222(1)

Early attempts to synthesize the AELi,In,Ge, compositions
by conventional high-temperature annealing produced samples
with varying unit cell parameters for a given AE metal used,
suggesting that a possible homogeneity range exists. Since Li is
known to substitute for certain p elements, e.g, Ga,*® In, >
and Sn,”” in the crystal structures of intermetallic compounds,
directed synthesis of Li-substituted samples with the nominal
general composition BaLi,, In, .Ge, was carried out in sealed
tubes. Careful crystal structure analysis confirmed partial
replacement of In by Li atoms, with no other sites in the
structure displaying mixed occupation (Table 4). As the Li
occupancy of the In site increases, the formal positive charge of
this position is expected to be reduced, thereby driving the
system out of the charge-balanced state to the electron-poorer
region. To counteract this effect, the distance between the
bound In atoms elongates, weakening the In—In interaction
and supplying electrons necessary to retain the charge balance.
Upon going from BaLi,In,Ge,, which is devoid of disorder, to
the solid solution BaLi,, In, ,Ge, (x = 0.66), the In—In
interatomic separation changes from 3.03 to 3.22 A,
respectively. From the above, it might be reasoned that the
In—In contact can no longer be viewed as a two-center, two-
electron bond. These metrics ought to be compared with
caution, of course, since from the structure refinements it is
apparent that the In position ca. 30% of the time is occupied
by a Li atom—this renders the description of In, dimers in
Bali,, In, ,Ge, somewhat ambiguous, since the Li substitu-
tion leads to loss of In—In contacts and the manifestation of
In—Li contacts. Even the less probable Li—Li pairs will be
statistically possible. Thus, there are two basic ways such an

effect on the distances can be rationalized. (1) By exaggeration
of the ionicity of the bonding in this compound, its
composition can be represented as (Ba’")-
(Li"),66(In**"), 3,(Ge*"),, where the fractional formal charge
of In reflects this peculiar bonding situation. In the limiting
case, when homoatomic In—In bonding is absent, the In atoms
would be assigned as +3, as expected from the charge-balanced
formula (Ba**)(Li*);(In**)Ge,. In other words, in order to
understand the structural change, which accompanies the
partial replacement of In atoms by Li atoms on the In site of
the structure, one has to view it as the result of a formal
oxidation process (BaLi,In,Ge, has a total of 18 electrons/fu,
while BaLi,, In, Ge, (x ~ 0.66) has ca. 16.7 electrons). (2)
Alternatively, when the covalency of the bonding is
exaggerated”' and an In:Li ratio of 2:1 is considered, the
following formula breakdown can be proposed: (AE*")-
(Li+)2.66[(4b'1n1_)0.67(3b‘1n0)0.67(3b'Gel_)1.33(0b‘Ge4_)o.67]-
In the case of BaLizInGe,, i.e,, the structure where exactly half
of the In atoms are replaced by Li atoms and homoatomic In—
In bonding can be completely avoided, the formula could be
expressed as (AE*")(Li*);[(3b-In°)(3b-Ge'™)(0b-Ge*")].
From this point of view, the covalent [In,Ge,]*” layers in
BaLiyIn,Ge, will become [InGe,]’” in BaLijInGe,: ie, a
formal chemical reduction should be considered. The latter
process must be accompanied by lone pair formation or some
other localized electronic feature at the Ge and In sites, which
neighbor the “extra” Li.

Following the preceding discussion, one might hypothesize
that two compounds with compositions that satisfy/validate
the presented arguments would be likely to exist: (1)
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Figure 3. (a) Crystal structure of AELi,In,Ge, (AE = Sr, Ba, Eu) viewed as a stacking of [AEGe,] (green) and [Li,In,] (orange) slabs. (b)

Coordination environment of the atomic sites in AELi,In,Ge,.

BaLi;InGe,, which was discussed in the context of a limiting
case for the solid solution BaLi,, In, ,Ge, (x = 1), ie., the
structure where exactly half of the In atoms are replaced by Li,
and (2) Baln,Ge,, where all the Li atoms are removed from the
parent BaLi,In,Ge, structure. Up until now, neither these
compositions nor their imaginary solid solution BaLi; In, ,Ge,
has been experimentally observed. From our inability to
prepare these compounds and from the apparent destabiliza-
tion of the overall electronic structure when the In—In
interactions are disrupted, it can be surmised that the
weakened In—In bonding in BaLi,,JIn, ,Ge, (x ~ 0.66)
represents a two-center, one-electron interaction: i.e., a single
electron is occupying the bonding state. As such, this
composition can be suggested to be the boundary of existence
of this structure—beyond it, bonding patterns similar to those
already discussed could be realized but with different elements,
as shown by the example of BaMgZLiZGeZ.12

Another view of the crystal structure of AELi,In,Ge, (AE =
Sr, Ba, Eu) suggests that it can be considered a stacking
sequence of alternating isolated rock-salt-type [AEGe,] and
anti-AlB,-type [Li,In,] slabs. In contrast to the planar B sheets
in AIB,, the Li atoms here form a rippled hexagonal net, similar
to the Ge network in the EuGe, structure (Figure 3a).”

The described representation of the structure provides
visualization of the local coordination environment for the
cation sites. The AE—Ge contacts for all studied compounds
fall in the typical range of bonding distances found in other AE
germanides.”'”'>'*°*7% The octahedral coordination of the
AE atoms in AELi,In,Ge, can be extended by including the six
In atoms from the adjacent [Li,In,] slabs (Figure 3b, top left).
The corresponding AE—In distances are somewhat longer than
the typical bonding contacts (Table S). However, several AE
indides with elongated AE—In bonds have been reported.**™*
Our first-principles calculations indicate that the AE—In
interactions do show bonding character, although they are
comparably weak (vide infra).

The Li atoms reside in a distorted-trigonal-prismatic
coordination of the In atoms. In addition, four Ge atoms are
located in the vertices of a distorted tetrahedron around every
Li atom (Figure 3b, top right). Three out of six Li—In
distances are virtually unaffected by the AE metal or Li/In
mixing in the substituted series and measure about 2.8 A, in
good agreement with the sum of the single-bonded Pauling
radii (r; = 1.23 A, r1, = 1.50 A>”). The remaining three Li—In
contacts preserve approximately the same lengths of about 3.2
A for the unsubstituted AELi,In,Ge, phases but stretch up to
more than 3.4 A in the solid solution BaLi,, In, Ge, (x =~
0.54, 0.66), concomitant with the elongation of the In—In
bond: ie., the height of the Lilng trigonal prism. An opposite
trend is observed for the Li—Ge contacts. One of the four Li—
Ge distances stays almost the same for all studied
compositions, with dj;_g. ~ 2.7—2.8 A, which is somewhat
longer than the sum of the atomic radii (r;; = 1.23 A, rg. = 1.22
A’%) but falls in the usual range of bonding Li—Ge contacts in
other lithium germanides.'”'%******! The other three Li—Ge
distances range from 3.2 to 3.3 A in the AELi,In,Ge,
compositions and decrease considerably upon introducing Li
on the In site, dropping to about 3.1 A for the solid solution
BaLi,, In, ,Ge, (x &~ 0.54, 0.66). These changes result in a
more regular shape of the LiGe, tetrahedron and stronger Li—
Ge bonding, while at the same time, the distortion of the Liln,
trigonal prism leads to weakening of some of the Li—In
interactions. Apparently, such variations of the interatomic
distances retain the electrostatic potential of the formally
cationic Li* and optimize the bonding.

Electronic Structure and Chemical Bonding. The
electronic density of states (DOS) for BaLi,In,Ge, is shown
in Figure 4a. Although the formal electron counting yields a
charge-balanced composition, which would suggest a semi-
conducting ground state, BaLi,In,Ge, displays a pseudogap at
the Fermi level (Eg), and therefore metallic behavior is
expected for this phase. This apparent “contradiction” is a
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Figure 4. (a) Electronic density of states (DOS) for BaLi,In,Ge,. (b—e) Crystal orbital Hamilton population curves (COHP) for selected
interactions. (f) Electron localization function (ELF) in the vicinity of an In,Geg unit in BaLi,In,Ge, evaluated at the # = 0.69 isosurface level. For

clarity, the ELF distribution around only one of the Ge atoms is shown.

known shortcoming of the Zintl approach, which simply
overestimates the extent to which an electron transfer occurs
between the cations and anions. If significant orbital hybrid-
ization between the formally cationic and anionic units
develops, smearing of the electronic states may close the
band gap that would otherwise be observed for highly polar
bonding. In fact, metallic Zintl phases are not unusual per se
and have been described in various chemical systems.’’ In
many cases, isostructural compounds display a crossover from
semiconducting to metallic behavior upon replacement of the
nonmetal or metalloid element constituting the Zintl anion
with congeners from later periods, as this change is
accompanied by a decrease in the bonding ionicity.”” In
Zintl tetrelides, i.e., compounds with group 14 anions, metallic
properties are also frequently observed despite the formal
charge balance.””*¥**

Indeed, in BaLi,In,Ge,, there is a sizable orbital contribution
from all atomic sites at the Fermi level. The considerable

hybridization persists even well below Ep down to about E —
Ep = —=7.5 eV. Below this energy, localized states displaying
primarily Ge(4s) character are situated. They correspond to
the lone pairs of the Ge atoms in the structure. A comparable
electronic spectrum was determined for the structurally similar
BaMg,Li,Ge, (Figure S3 in the Supporting Information). It is
worthwhile to note that, despite the substantial mixing of the
electronic states, the formal charge assignment (Ba®')-
(Li*),(In*"),(Ge*"), appears to be a reasonable approxima-
tion, as suggested by the calculated Bader charges: Ba, +1.57;
Li, +0.98; In, +1.73; Ge, —3.49.

Analysis of the chemical bonding using crystal orbital
Hamilton population curves (COHP) shows that, for the Ba—
Ge and Ba—In contacts, the interactions are of purely bonding
nature and are somewhat underoptimized at Ep, with the
negative integrated COHP values at the Fermi level
(—ICOHP) of 0.41 eV/bond and 0.06 eV/bond for the Ba—
Ge and Ba—In contacts, respectively (Figure 4b).
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Other interactions in the structure appear to be more
complex. They display combinations of states having different
characters below the Fermi level. For the two symmetrically
independent Li—Ge contacts, the competition between the
bonding and antibonding interactions results in almost
optimized bonding at Eg, with strikingly different —ICOHP
magnitudes of 0.56 and 0.06 eV/bond for the shorter and
longer contacts, respectively (Figure 4c). Interestingly, the two
Li—In contacts, which also demonstrate notably different
lengths, are found to have a much smaller spread of the
—ICOHP values, with 0.24 and 0.18 eV/bond, with the first
value corresponding to the shorter Li—In bond (Figure 4d).
The small difference in the _ICOHP numbers likely indicates
a more delocalized nature of the Li—In interactions in
comparison with Li—Ge.

Whereas the In—Ge contact shows almost exclusively
bonding character below Eg, the In—In interaction is
hallmarked by the presence of bonding and antibonding
peaks in the COHP curve (Figure 4e). Both bonds are
optimized at the Fermi level and display similar —ICOHP
magnitudes of 1.64 and 1.58 eV/bond for In—Ge and In—In,
respectively. Such large values point toward strong covalent
bonding. In accordance with the COHP analysis, examination
of the electron localization function (ELF) distribution reveals
a localized domain in the middle of the In—In contact,
corresponding to a nonpolar covalent interaction, and
flattening of the ELF around the Ge atoms, perpendicular to
the In—Ge contacts, indicating polar covalent bonding (Figure
4).

Electrical Transport Properties. The temperature
dependence of the electrical resistivity for a SrLi,In,Ge, single
crystal is shown in Figure S. In accordance with our first-

0.20
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" 1 " "
0 50 100 150 200 250 300
T (K)

o

Figure 5. Temperature dependence of electrical resistivity measured
on a single crystal of SrLi,In,Ge,.

principles calculations, the studied compound displays metallic
behavior in the whole measured temperature range. However,
the p(T) curve does not follow a simple linear dependence at
high temperatures, which would be expected for typical metals.
This might be related to short mean free paths of charge
carriers resulting from extensive scattering. The room-temper-
ature resistivity is on the order of 107! mQ cm, which is
comparable to the values found in some Ge-based clathrates,
e.g., the type-I SrgZngGe,g. Altogether, SrLi,In,Ge, exhibits
properties typical for bad metals.* Similar behavior was
previously reported for other formally electron-precise

germanides, such as CasGe;” and CaGe,,*” both showing
pseudogaps at the Fermi level in their electronic structures.

B CONCLUSIONS

The quaternary compounds AELi,In,Ge, (AE = Sr, Ba, Eu)
constitute a new structural family of formally electron-precise
germanides. The crystal structure of these phases is described
as an ordered quaternary derivative of the CaCu,P, structure
type. The charge balance in AELi,In,Ge, (AE = Sr, Ba, Eu) is
achieved owing to the formation of homoatomic In—In bonds.
The interactions between the In atoms in the two-dimensional
[In,Ge,] slabs can be disrupted by the partial substitution of Li
for In atoms, as shown for the Bali,, In,_.Ge, solid solution.
Li/In mixing up to the ratio 2:1 allows the average structure to
be retained, although the chemical bonding is subtly different.
On the basis of the structural analysis and consideration of the
valence electron count, it can be suggested that the limiting
member of the BaLi,, In,_,Ge, solid solution on the “Li-rich”
side is the phase where one-third of the In atoms are replaced
by Li atoms (x ~ 0.66), whereas the phase BaLi,In,Ge,, in
which there is no disorder, is the end member on the “Li-poor”
side. First-principles calculations and electrical transport
measurements indicate metallic behavior of the studied
compounds. Considerable hybridization of the electronic states
prevents opening of a band gap, resulting in the Fermi level
located inside a pseudogap instead. The low values of the
electrical resistivity and the apparent electronic stability of the
average crystal structure against small variations makes the title
compounds interesting candidates for electrochemical testing,
providing that further optimization of the synthetic conditions
yields single-phase samples in bulk quantities.
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