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ABSTRACT: The new metastable binary silicides MSi;
(M = Ca, Y, Lu) have been synthesized by high-pressure,
high-temperature reactions at pressures between 12(2)
and 15(2) GPa and temperatures from 900(100) to
1400(150) K. The atomic patterns comprise intricate
silicon layers of condensed molecule-like Si, dimers. The
alkaline-earth element adopts the oxidation state +2, while
the rare-earth and transition metals realize +3. All of the
compounds exhibit BCS-type superconductivity with weak
electron—phonon coupling below critical temperatures of
up to 7 K.

he consequent development of in situ high-pressure

technology has substantially expanded the map of high-
temperature superconductors as much as it has stimulated
profound studies of the underlying principles.' These phases
often expand the spectrum of atomic arrangements in solids by
providing access to configurations with unusual and normally
enhanced coordination numbers. These local atomic environ-
ments can play a decisive role in numerous physical properties.
For example, the expanded coordination spheres of compacted
phases often provide sufficient dispersion of the bands to
induce metallization. In framework compounds, the combina-
tion of homopolar interactions with significant charge-carrier
concentrations gives rise to the character of a covalent metal, a
scenario most favorable for phonon-mediated high-temperature
superconductivity.

A method for accessing the beneficial effects of compression
at ambient pressure is provided by synthesizing metastable
compounds under extreme conditions.” In this work, we
investigated the potential of silicon-based motifs by combining
efforts on high-pressure, high-temperature preparation and on
total energy calculations, which yielded new framework
compounds MSi; housing a large variety of metallic elements
(M = Ca, Y, Lu). From the already extensive family of silicon
networks, we first developed the novel compound CaSi; by
systematically exploring binary metal—silicon mixtures under
high-pressure, high-temperature conditions. The new silicide
was synthesized from CaSi, and Si(cF8) (Alpha Aesar,
99.9999%) at pressures between 12(2) and 15(2) GPa and
temperatures from 900(100) to 1400(150) K. The crystal
structure motif is isotypic to that of the recently described
CaGe;® and involves two types of Si, dumbbell species [Figure
1; also see the Supporting Information (SI)]. Within these
diatomic groups, the refined short interatomic distances are
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Figure 1. Crystal structure of CaSi; and the isotypic trisilicides YSi,
and LuSi; synthesized at elevated pressures and temperatures. Green
spheres indicate silicon atoms, and blue spheres indicate metal atoms.
The connectivity of the silicon framework is indicated by colored lines:
nearest-neighbor distances d(Sil—Sil) = 239.0(1) pm and dgy(Si2—
Si2) =240.37(8) pm (pink) and longer near-neighbor contacts d(Sil—
Si2) = 258.39(9) pm and d, (Si2—Si2) = 270.37(6) pm (blue). Twelve
M-Si distances per metal atom cover the range from 307.88(2) to
331.80(5) pm for CaSi,.

well-compatible with covalent single bonds. Four significantly
longer contacts aggregate the isolated dimers into intricate
layers that are separated by the calcium atoms. According to the
results of ab initio band structure computations,” the robust
structure pattern of silicon tolerates a broad variety of metallic
components. Target-oriented subsequent syntheses yielded
isotypic variants such as LuSi; and YSi; (see the SI) under
high-temperature, high-pressure conditions similar to those
used to manufacture the calcium prototype.’

The fivefold connectivity of the silicon atoms impeded the
application of the empirical 8 — N rule (where N is the number
of valence electrons) or the elementary Zintl concept® for
correlating the electron count with the chemical bonding. Thus,
a relevant picture of covalent interactions required elaborate
quantum-mechanical calculations. Herein, quantities operating
directl_}l in real space, such as the electron localizability indicator
(ELI)” and the charge density, were combined with k-space
tools such as the electronic density of states (DOS).® The value
of the ELI-D functional® is proportional to the electronic
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population required for the formation of same-spin electron
pairs around certain points in space. The distribution of the ELI
is spherically symmetric for noninteracting free atoms. In
contrast, local maxima of the ELI, especially in the valence
region, are fingerprints of covalent bonding.10 In CaSi;, the
shapes of the ELI domains around the centers of the Si
dumbbells (Figure 2b,c) clearly indicate covalent two-center

Figure 2. Chemical bonding in CaSi;. (a) Atomic shapes evaluated
applying the QTAIM technique."' The integration of the electron
density within these volumes yields the electron populations of the
calcium (18.7 e~ and 18.5 e”) and silicon (14.4 e~ and 14.5 ™) atoms.
(b) ELI-D distributions within the Si, dumbbells and around the Ca
atoms, with maxima shown in white revealing covalently bonded
silicon dimers. (c) Isosurfaces of high ELI-D values around the Sil and
Si2 atoms, visualizing the positions and shapes of the maxima
indicating bonding character for the short (pink) Si—Si contacts.
Additional maxima in the region of the long contacts (blue) provide
evidence for covalent Si—Si interactions involving Ca—Si contribu-
tions.

bonding. Integration of the electron density in the regions
assigned to these homopolar interactions yielded 2.1 and 2.2
electrons for the Sil—Sil and Si2—Si2 contacts, respectively. In
agreement with the refined interatomic distances, this is
consistent with conventional two-center, two-electron bonds.
Interestingly, similar pair formation was observed previously in
a high-pressure modification of elemental silicon, Si(0C16)."2
In the regions opposite to the bonds within the dumbbells,
additional maxima were found (Figure 2b,c). For an isolated Si,
pair, such a feature would represent lone-pair-like behavior, as
was shown earlier for discrete molecules such as N,'* and
Ge,." In CaSi,, however, these characteristic domains visualize
multicenter interactions involving the calcium atoms. This
attribution was supported by the partial DOS contributions
(Figure 3), which revealed hybridization of Si 3p and Ca 3d
orbitals, mainly in some of the bands crossing the Fermi energy
and in the energy range between —2 and —1 eV. Integration of
the electron density within the atomic volumes using the
quantum theory of atoms in molecules (QTAIM) technique"’
(Figure 2 a) yielded charges of +1.3 and +1.5 for the calcium
atoms and —0.4 and —0.5 for silicon, respectively. These values
are typical for strongly polar framework compounds (e.g,
Mg'* [B®7~],'*) and are well in line with the electronegativity
differences of the constituent elements.

In agreement with the calculated charge transfer, measure-
ments of the physical properties'® revealed diamagnetism of
MSi; (M = Ca; Y; Lu), indicating oxidation states of +2 for
calcium and +3 for yttrium and lutetium. At low temperatures,
distinctive anomalies in the magnetic susceptibility signaled
transitions into the superconducting state. In small magnetic
fields, the shielded volume fractions, with uncorrected values of

Density of States (states / eV / cell)

Energy (eV)

Figure 3. Density of states with partial contributions of the metal and
the silicon atoms as well as the Fermi surfaces of (a) LuSiy and (b)
CaSi;. The Fermi velocities (indicated by the coloring from blue to red
for increasing values) evidence a reduction of the anisotropy with
increasing metal contributions in proceeding from CaSi; to LuSis.

1.4 for CaSi; and YSi; and 2.1 for LuSi; indicated bulk
superconductivity with critical temperatures (T,) ranging from
4.50(5) K for CaSi; to 7.1(1) K for LuSi; (see the SI). For
comparison, electrical resistance data indicated onset temper-
atures of 4.5(3) K for CaSi; and 7.0(3) K for LuSis;, which
represents the hitherto only superconducting phase in the Lu—
Si system. The bulk character of the superconductivity was
confirmed for all of the compounds by specific heat data
(Figure 4). The specific heat anomalies associated to the
transitions were determined as the differences Ac between the
superconducting-state data cg(T) and the normal-state data
enae(T) in the vicinity of T.. With Sommerfeld coefficients
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Figure 4. Specific heat capacity (plotted as ¢,/T vs T?) for LuSi; and
YSi; (vertically shifted by 15 mJ mol™ K2) at different magnetic fields
(values in mT). Extrapolation revealed that suppression of the
superconductivity required upper critical magnetic fields poH, of
234(5) and 80(3) mT for LuSiy and YSi;, respectively. The inset
shows the magnetic susceptibility, which displays shielding [zero-field
cooling (zfc)] and the Meissner effect [field cooling (fc)], indicating
superconductivity.
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specific heat, ratios Ac/y, T of 1.41 for YSi; and 1.50 for LuSis
were calculated. The resulting numbers are in accordance with
the value of 1.43 predicted by the Bardeen—Cooper—Schrieffer
(BCS) theory for weak electron—phonon coupling.

To identify the specific electronic states associated with
superconductivity, the total and partial DOS were analyzed in
detail (Figure 3; also see the SI). In all of the compounds, the
lower part of the valence band (below —6 V) is dominated by
bonding silicon states, and the two species Sil and Si2 behave
rather similarly. For YSi; and LuSi;, the contribution of the
metal atoms is larger for those parts of the valence band that are
closer to the Fermi level, and at Ey, it is even larger than the Si
contribution per atom. The hybridization of metal d states near
Eg with the Si 3p bands indicates important participation in the
superconductivity. This statement holds to a lesser extent for
the related compound CaSi;. Despite the pronounced similarity
of the network-related silicon bands, the participation of metal-
connected d states impedes a simple rigid-band approach. For
substantial d contributions, the calculated total DOS at Eg (1.7
states per eV and formula unit) in conjunction with the
experimental Sommerfeld coefficient 7., allows to estimate the
electron—phonon coupling strength. Within the theory of
conventional electron—phonon-coupled superconductivity (a
short systematic discussion is given in a recent study'®), the
resulting A values of 0.6 for YSi; and 0.65 for LuSi; are in line
with sizable coupling that facilitates the formation of Cooper
pairs even for moderate densities of states at the Fermi level.

The topology of the bands and Fermi surfaces (Figure 3)
shows for all of the MSi; compounds considerable anisotropy,
with the dispersion being significantly stronger within the plane
of the layers than perpendicular to them. The ratios of the
computed Fermi velocities parallel and orthogonal to the
covalent units varied from 2.9 in CaSi; to 1.4 in LuSi;. With the
rather unique situation that the silicon network remains
essentially the same despite the chemical diversity of the
involved metal atoms, the theoretical findings eftectively filter
out the relevance of metal d contributions for the direction
dependence of the physical properties. This identification is
considered an essential component for the effective tailoring of
metal—network interactions in structure families of phonon-
driven high-T. materials. Moreover, the theory-guided realiza-
tion of BCS-type electron—phonon coupling in these emergent
metal—network ensembles underlines that combining high-
pressure synthesis techniques with predictive theoretical
analysis offers significant potential for the materials chemistry
of metastable covalent metals.
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