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ABSTRACT: CaGe; has been synthesized at high-
pressure, high-temperature conditions. The atomic pattern
comprises intricate germanium layers of condensed
moleculelike dimers. Below T, = 6.8 K, type II super-
conductivity with moderately strong electron—phonon

coupling is observed.
C ovalent bonding in strongly polar intermetallic com-
pounds plays a key role in the understanding of the
interplay between spatial organization of solids and their
electronic structure. Discrete species like clusters, dumbbells,
chains, columns, layers, or frameworks have triggered the
development of basic electron-counting schemes like the Wade
rules' or the Zintl concept.” However, interestingly, com-
pounds violating the conditions for electron-precise frameworks
fulfill the requirements for covalent metals with fascinating and
potentially useful properties like superconductivity or thermo-
electricity.” For example, the germanide BagGe,s (T, = 0.24 K*)
comprises a framework of three- and four-bonded Ge atoms.
According to the 8 — N rule, this connectivity of the
germanium partial structure corresponds to (3b)Ge™ and
uncharged species (4b)Ge’. With the oxidation state 2+ for
barium, this yields an excess of four electrons per formula unit,
(Ba™)o[(3b)GeJ5[ (4b) Ge"] 4o

A different strategy to obtain a sufficient carrier concen-
tration is the realization of unusual coordination environments
in the covalent partial structure by the application of high
pressure.”® Examples for germanium connectivities exceeding
the scope of the 8 — N rule are pentagermanides LnGeg (Ln =
La, Ce, Pr, Nd, Sm, Gd, Tb”) with coordination number (CN)
5 and 8 or the recently synthesized BaGe;® with CN 6. Herein,
we report on the high-pressure synthesis of CaGe; by annealing
mixtures of CaGe, and Ge(cF8) at 10(1) GPa and 1200(120)
K for 1 h before quenching.” The reaction product CaGej is
metastable at ambient pressure and contains only traces of an
unidentified phase. CaGe; is the first germanide adopting this
atomic arrangement.

The atomic pattern of CaGe;'® consists of two-dimensional
germanium units that are separated by Ca atoms (Figure 1).
The complex germanium layers comprise two different
crystallographic positions. Dimer units (Ge2), are arranged
parallel to the c axis in the form of square prisms that are braced
by (Gel), pairs in two perpendicular orientations. This linking
results in (001)-oriented infinite slabs of condensed dumbbells.
Both germanium species, Gel and Ge2, adopt 1 + 4
homonuclear contacts.
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Figure 1. Projection of the crystal structure of CaGe;. Within the
germanium layers, short distances of 254.9(1) pm and of 259.94(8)
pm are displayed as red and orange lines, respectively. Longer contacts
of 276.31(5) and 282.31(7) pm are shown as pink and yellow,
respectively. The crystallographic unit cell is indicated by gray lines.

The atomic coordination makes a contribution to the
interatomic distances owing to the Pauli repulsion.'’ In order
to single out the effect of the connectivity in germanium-rich
compounds, average distances for various numbers of Ge—Ge
contacts are investigated (Figure 2). The dashed curve
corresponds to an empirical scaling for the heteronuclear
near-neighbor distances in binary compounds.'' The approach
describes the experimentally observed average network
distances for alkaline-earth and rare-earth metal germanides
remarkably well. This is taken as an indication of the
distinguished relevance of the homonuclear germanium
interactions in these network structures. However, the
significantly shorter distances for four-bonded Ge atoms in
clathrate patterns reveal that the validity of the scaling is limited
to frameworks with similar bonding properties and related
metal—network interactions.

The connectivity of five for the Ge atoms clearly violates the
8 — N rule, demanding a more elaborate analysis of the
chemical bonding. Computations of the electron localizability
indicator (ELI)"* within the local density approximation'*"*
reveal the formation of two-center bonds Gel—Gel and Ge2—
Ge2 in accordance with the shortest interatomic distances (see
local maxima, indicated in white, between the Ge atoms in
Figure 3, left and right). The attractors at the exterior of the
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Figure 2. Interdependence of interatomic distances d(Ge—Ge) and
the number of Ge—Ge contacts CNy.'> The selection considers
compounds in which the pure germanium substructure is completely
organized in the form of networks”'® and is complemented by recent
data for BaGe,® with columnar units. The dashed curve visualizes the
scaling’' d = dg(CNy/CNy)Y%. The reference distance dy = 256.1 pm
corresponds to the average value for germanium environments in
compounds AEGe, (AE = Ca, Sr, Ba) with CNy = 3.
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Figure 3. Bonding features of the five-connected Ge atoms in CaGe;
visualized by the ELI-D distribution around the Ge, pairs (left and
right) in comparison to the distribution of the electron localization
function in the hypothetical molecule Ge, [middle; d(Ge—Ge) = 246
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dumbbell stand for lone-pair behavior in the isolated molecule
Ge,, and their respective basins have axial symmetry (Figure 3,
middle). In CaGe,, the shapes of the basins for these attractors
deviate strongly from this situation. This reveals the influence
of the neighboring Ca atoms on the Ge, units and represents
multicenter Ca—Ge interactions. The fourth shell of the Ca
atoms is to a large extent featureless in the ELI-D distribution,
lending support to substantial charge transfer from Ca to the
Ge, dumbbells. The five connectivity of the Ge atoms is
supported by packing effects and undirected interactions rather
than being caused by pure covalent bonding between the Ge,
species. This finding is well in agreement with the bonding and
connectivity in the modification Ge(hR8)."”

The room temperature resistivity of the present sample,"
Paook & 136 u€2 cm, with its residual resistivity of pyx ~ 86 u2
cm, is rather high, implying poor contact between the grains. A
drop in the electrical resistivity indicates a transition into the
superconducting state below 6.2 K. The magnetic susceptibility
of a zero-field-cooled sample exhibits a strong diamagnetic
signal (inset of Figure 4). For poH = 2 mT, the transition
temperature is determined by a tangent to the steepest slope of
Z2ie(T) resulting in T, = 6.8(1) K. The shielded sample volume
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Figure 4. Specific heat capacity of CaGe; for different magnetic fields
H plotted as c,/T against T? (colored symbols). The data for poH =
500 mT represent the normal conducting state (dashed line). The

inset shows the magnetic susceptibility for a nominal field y,H = 2 mT
showing the shielding and the Meissner effect.

suggests bulk superconductivity. The very small field-cooling
Meissner effect (inset of Figure 4) is assigned to strong flux-line
pinning in a hard type II superconductor.

At low temperatures, the specific heat ¢,(T) (Figure 4) shows
a clear second-order-type phase transition that is affected by
magnetic fields of less than 0.1 T. The appearance of this
significant anomaly confirms the bulk character of the
superconductivity in CaGe;. The normal-state specific-heat
data between 4.0 and 8.0 K measured in an overcritical field of
0.5 T are well fitted by the approach cy(T) = yT + ST° + ST .
Here, yy is the electronic specific heat (Sommerfeld) coefficient
and BT 3 + 6T 3 are the first terms of the harmonic lattice
approximation for the phonon contribution. The fit results in
¥n = 6.31(7) mJ mol™ K™ and the value of 3 corresponds to
an initial Debye temperature of ®p(0) = 330 K. The weak-
coupling BCS theory falls far short to describe the difference
specific heat Ac = ¢5(T) — cxg(T) close to the critical
temperature T.. A fit using the phenomenological @ model,*
which scales the superconducting energy gap AE at the Fermi
level Ep with the parameter @ = AE/kgT,, describes the data
quite well for @ = 1.94(4) and y = 5.6(2) mJ mol™! K 2 The
value of « is significantly larger than that for the weak-coupling
limit of the BCS theory (a = 1.76) and indicates that CaGe, is a
superconductor with moderately strong electron—phonon
coupling. Using the field dependence of the superconducting
transition in ¢,(T), the upper critical field is estimated by a
WHH ex‘crapolation21 to amount to uyH, ~ 290 mT.

The computed density of states at E; adds up to 1.49 states
eV~ per formula unit, which converts to a “bare” electronic
specific heat coefficient 7, = 3.5 mJ mol™" K2 In conjunction
with the experimental value yy, an electron—phonon coupling 4
= 0.80 can be estimated by the relation yy = (1 + 1)y, for the
electron—phonon enhancement. Using the McMillan formula
In(1.45 T./Op) = —1.04(1 + 1)/[A — u*(1 + 0.624)] with the
common value of u* = 0.15, 1 can also be evaluated from the
ratio of the superconducting T, and the Debye temperature Op,
With our experimental values, we obtain A = 0.72, which is fairly
close to the A value estimated above. This agreement gives
strong evidence that the superconductivity in CaGe; is phonon-
mediated.
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