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ABSTRACT: High-pressure forms of LiX (X = Si or Ge) that adopt
the simple tetragonal P4/mmm CuAu structure were synthesized by
reacting stoichiometric Li12Si7/5Si mixtures and by transforming
I41/a-LiGe (MgGa structure) at ∼12.5 GPa and 410 and 265 °C,
respectively. P4/mmm-LiGe was recovered in quantitative yield as a
metastable phase at ambient pressure, whereas P4/mmm-LiSi was
partially converted into a hitherto unknown, kinetically more stable
polymorph. The structures of the P4/mmm phases consist of
alternately stacked square planar nets of X (dSi−Si = 2.595 Å, and dGe−Ge = 2.761 Å) and Li atoms. Density functional theory (DFT)-
based electronic structure calculations reveal pronounced polarity, Li0.83+Si0.83− and Li0.84+Ge0.84−, together with strong covalent
bonding between X atoms. Electron−phonon coupling calculations within the Migdal−Eliashberg framework predict
superconducting transition temperatures of ∼7 K for P4/mmm-LiGe and ∼6 K for P4/mmm-LiSi. For LiGe, magnetic susceptibility
measurements show a sharp diamagnetic transition at 6.3 K, in support of the theoretical result.

■ INTRODUCTION
The presence of square (44) nets of atoms in crystal structures
is associated with interesting properties, most notably
superconductivity (e.g., square nets in cuprate and iron-based
superconductors)1−3 and lately exotic properties within the
concept of topological semimetals.4−7 Square net materials
typically crystallize in tetragonal structures, with the 44 nets
embedded between building blocks of varying complexity. In
most cases, these nets are side-centered with respect to the
tetragonal base of the square net material such that dsquare = 1/
√2atet.

7 The most elementary square net structure, however, is
expressed with the intermetallic CuAu structure type (
P4/mmm), which relates to the fcc structure for c/a values
of around √2 (for CuAu, c/a = 1.305) or to the CsCl (bcc)
structure when c/a is closer to 1 (cf. Figure 1). In the inorganic
crystal structure database (ICSD),8 the latter case is
distinguished as the CuTi structure type (for CuTi, c/a =
1.15). Among the CuAu-structured intermetallics, one can
identify a small group of polar representatives, consisting of an
“active” (reducing) metal (alkali, alkaline earth, or lanthanide)
and a p element (X), such as LiBi, NaBi, CaPb, YbSn, YbPb,
EuIn, YbGa, and GdIn.8 In these systems, substantial charge
transfer from the active metal and covalent bonding between
formally reduced X atoms are expected. As a result, the square
net would become an electronically distinct two-dimensional
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Figure 1. Variations of the tetragonal CuAu structure type (P4/mmm
). (a) c/a close to 1, related to bcc (CsCl) (frequently designated as
the CuTi structure type). b) c/a close to √2, related to fcc.
Representatives typically do not have c/a ratios that exceed √2. (c)
Crystal structure of LiSi with a c/a ratio of ≈1.6. (d) Projection of the
CuAu structure along the [001] tetragonal direction.
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polyanion, stabilized by the surrounding nets of active metal
ions.
The electronic structure of a square net built of X atoms

(i.e., involving only s and p orbitals) has been analyzed
numerous times.9−11 Depending on the specific p element, the
extent of s−p mixing, the strength of π-type interaction
between p orbitals, and the degree of p band filling can vary
substantially. Together, these factors give rise to good metallic
behavior, characterized by a high density of states at the Fermi
level. An (s2)p3 electron configuration provides an optimum
bonding situation (with roughly half-filled p bands).6,7

However, regardless the degree of p band filling, the square
net is inherently unstable, at least at low temperatures, with
respect to structural (Peierls) distortions.12 If the net is found
to be stable, then most likely a magnetic or superconducting
state is present, which reduces the total energy of the electronic
system. Indeed, LiBi and NaBi were shown to be super-
conductors, although with modest transition temperatures Tc
(2−2.5 K).13,14 Assuming electron transfer from Li, Bi acquires
a formal p4 electron configuration (or rather p3/22), which
implies the population of antibonding states. The band
structure of a square net built of Bi atoms is special because
relativistic effects will cause a largely detached s band and split
p1/2/p3/2 bands.

14

In this study, we focus on LiSi and LiGe. The X atoms are
comparatively light and formally attain a p3 electron
configuration. Thus, one would expect strong covalent bonding
within square nets and, because of the smaller size of X,
significant π-interaction. From density functional theory
(DFT) calculations, LiSi and LiGe have been predicted to
attain the P4/mmm CuAu structure at pressures above 2.5−3.3
and 5 GPa, respectively.15,16 Under ambient conditions, LiSi
and LiGe adopt the same ground state structure (MgGa
structure type, I41/a)

17,18 and follow the Zintl−Klemm
concept according to which an electron transfer from Li is
assumed, leading to reduced X atoms (X−), which polymerize
into a 3-bonded polyanionic X network in order to achieve an
octet (Figure S1a and Table S1). While LiGe can be readily
synthesized via fusion of the elements, the formation of LiSi is
kinetically hindered.19 Previous work has shown that these
kinetic barriers can be overcome through ball milling20 or by
applying moderate pressures (1−4 GPa).17,21 For LiGe, high-
pressure treatments near 4 GPa led to the discovery of several
polymorphs (cf. Figure S1b,c and Table S1), but none
corresponded to the predicted P4/mmm phase.22,23 Con-
sequently, experimental results for LiSi and LiGe at pressures
of up to 4 GPa starkly vary from the theoretical predictions.
Here, we report on the synthesis of P4/mmm-LiSi and

P4/mmm-LiGe at pressures above 10 GPa and the character-
ization of the materials after recovery to ambient conditions.
Electronic structure and electron−phonon coupling calcula-
tions confirm the presence of covalently bonded 44 nets and
predict superconductivity in both compounds. For LiGe, this
prediction could be supported by magnetic susceptibility
measurements.

2. MATERIALS AND METHODS

Synthesis of Precursors
I41/a-LiGe was obtained by fusion of a stoichiometric mixture of Li
(99.9%, Alfa Aesar) and Ge (99.999%, Smart Elements) in a Nb
crucible that was sealed in a silica ampule.18,24 As ball-milling
equipment was not available for I41/a-LiSi synthesis, we employed a
stoichiometric mixture of Li12Si7

25 and Si (1:5) as a precursor. Li12Si7

was synthesized from the elements according to the method described
by Thomas et al.26 Si powder (99.9999%, ABCR GmbH) and an
excess of 5 mol % Li (99.9%, Onyxmet) were sealed in a Ta ampule
that was heated in vacuum at 750 °C (120 °C/h) for 1.5 h, and then
the reaction was quenched in air to room temperature. The sample
was annealed afterward at 450 °C for 24 h. The phase purity of the
precursors was confirmed by powder X-ray diffraction (cf. Figures S2
and S3).

High-Pressure Experiments
All steps of sample preparation for high-pressure experiments were
performed in an Ar-filled glovebox. The starting materials (I41/a-LiGe
and Li12Si7/5Si (99.9999%, ABCR GmbH) mixture) were com-
pressed into pellets (1.5 mm outside diameter (OD); h ≈ 1.75 mm)
and sealed in NaCl capsules (3 mm OD; h ≈ 3 mm). The samples
were compressed to pressures between 12 and 12.5 GPa using the
large volume press (LVP) Aster-15 at beamline P61B, DESY,27 and
employing 14/7 multianvil assemblies with a graphite heater.28

Heating was performed with an AC power supply. The sample
temperature was approximated from a precalibrated heater power−
temperature relationship based on type C thermocouples (estimated
T uncertainty of <20 K).

In situ investigations utilized energy dispersive X-ray diffraction
(EDXRD). EDXRD patterns were acquired by using two Ge detectors
positioned at 2θ values of ≈2.9895° and ≈5.0022° to access a wider
range of d spacings. Data were collected during compression and
heating after exposure time for 100 s. The pressure was determined
from NaCl reflections of the sample capsule and using the NaCl
equation of state (EOS) of Matsui et al.29 (estimated p uncertainty of
±0.2 GPa). The in situ EDXRD data were initially evaluated and
handled using PDIndexer,30 and for indexing, the TAUP algorithm31

of the CRYSFIRE suite32 was employed. Lattice parameters were
determined from Le Bail analysis33 in GSAS-II.34

Off-line (ex situ) high-pressure experiments followed the same
setup that was used for the in situ investigations. Applied loads
corresponded to a pressure of ∼12.5 GPa. Heating to 600 °C over 70
min was followed by annealing for 2 h, cooling to room temperature
(RT) within ∼15 min, and subsequent decompression. The products
from both in situ and ex situ high-pressure experiments were recovered
in an Ar-filled glovebox. As shown in Figure S6, initially recovered
samples corresponded to dark gray sintered pellets. Broken pieces
displayed metallic luster.

Ex Situ Powder X-ray Diffraction (PXRD) Characterization
of Products
PXRD patterns of recovered LiSi and LiGe samples were collected at
beamline P02.1, PETRA III, DESY,35 using monochromatic
synchrotron radiation (E ≈ 60 keV; λ = 0.20734, 0.20738, and
0.20740 Å at the three different occasions of measurements). Samples
were broken apart and sealed (as sintered pieces without grinding)
inside 1.0 mm diameter capillaries. For variable-temperature measure-
ments, fused silica capillaries were heated with a mini hot air blower,
which is one of the sample environments available at P02.1. Rietveld
refinement of the PXRD data was performed using FullProf.36 Further
details are provided in the Supporting Information.

Magnetic Property Measurements
Magnetic susceptibility measurements were performed by using a
SQUID magnetometer (Quantum Design MPMS 7XL). A lightly
crushed sample (1−3 mg) was placed in a gelatin capsule that was
subsequently mounted in a sample holder straw under dry argon. The
sample was cooled in the absence of a magnetic field. After the
introduction of a 10 G field, magnetic data were recorded while the
sample was warmed (“diamagnetic shielding”) and then cooled
(“Meissner effect”).

Computational Details
DFT calculations utilized the Quantum ESPRESSO (QE) pack-
age.37−39 Vibrational properties were calculated within density
functional perturbation theory (DFPT),40 using optimized norm-
conserving Vanderbilt (ONCV) pseudopotentials41,42 in combination
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with the PBE43 exchange-correlation functional. The kinetic energy
cutoff for the wave functions was set to 80 Ry, and the convergence
threshold for the electronic self-consistency to 10−10 Ry. A
Methfessel−Paxton smearing44 value of 0.02 Ry was used for the
metallic occupation numbers. For the self-consistent field calculations,
we adopted an unshifted 18 × 18 × 12 k-grid for the P4/mmm
structures in the conventional tetragonal unit cell containing two
atoms and an unshifted 10 × 10 × 10 k-grid for the I41/a structures in
the primitive body-centered tetragonal unit cell containing 16 atoms.
These settings provide a numerical accuracy for the total energy on
the order of 1 meV/atom with respect to selected reference
calculations with an energy cutoff of 300 Ry and a k-grid tripled
along each reciprocal lattice vector.
The phonon self-consistency threshold was set to 10−16, and the

phonon and electron−phonon quantities were calculated on 6 × 6 ×
4 q-grids. The electron−phonon matrix elements were integrated over
a denser 54 × 54 × 36 k-grid and evaluated for 30 double-delta
smearing values in the range of 0.001−0.030 Ry, where a value of
0.020 Ry was chosen for the presented results in combination with a
phonon smearing value of 0.2 THz for the q-grid integration. The
calculated Eliashberg function and density of states (DOS) were then
used to solve the isotropic Migdal−Eliashberg (ME) equations using
the IsoME package45 and applying a typical μ* value of 0.1 for the
Morel−Anderson pseudopotential.46 The ME Tc values represent the
temperatures at which the superconducting gaps vanish.47 The ME
equations are solved in two different flavors, namely, in the constant-
DOS approximation and in the full-bandwidth formulation, and both
approaches result in the same Tc. The DOS were calculated on k-grids
tripled along each reciprocal lattice vector and using the tetrahedron
method for the metallic occupations.
Bader analysis of electron densities was carried out within the

Critic2 package48,49 using the YT approach50 and the Henkelman
group approach.51−53 Electron localization functions (ELF) and
charge densities were calculated within QE’s postprocessing tools and
plotted using VESTA.54 The charge densities needed for the Bader
analysis were calculated using kjPAW55 pseudopotentials from the
PSLibrary56 with a kinetic energy cutoff of 120 Ry for the wave
functions and 960 Ry for the charge density.

3. RESULTS
Although theoretical studies predicted that P4/mmm-LiSi and
P4/mmm-LiGe should form at relatively low pressures,
previous experimental work demonstrated that applying
pressures of up to 4 GPa is insufficient to obtain these
phases.17,21−23 Our initial experiments (see the Supporting
Information) similarly indicated that pressures above 10 GPa
are required (Figures S4 and S5). Indeed, synthesis attempts at
∼12.5 GPa and 600 °C yielded P4/mmm-LiX. However,
samples recovered to ambient pressure contained a secondary
phase: minor in LiGe and substantial in LiSi (Figures S7 and
S8). Subsequent in situ experiments then provided deeper
insight into the formation conditions of P4/mmm-LiSi and
P4/mmm-LiGe.
Figure 2a presents the evolution of EDXRD patterns of the

Li12Si7/5Si reaction mixture during heating at 12.3 GPa. At
around 100 °C, Si began transforming into the Si-II (β-Sn)
phase. At ∼225 °C, reflections of P4/mmm-LiSi appeared.
Concurrently, reflections of an unidentified additional phase (d
= 4.28 and 2.14 Å) emerged, although their intensities did not
noticeably increase with further heating. Reflections from the
starting materials disappeared at 325 °C, and the reflections of
the unidentified phase vanished upon annealing at 410 °C. At
this stage, the pattern corresponded to phase-pure
P4/mmm-LiSi. Upon cooling to RT, the pressure decreased
to 11.7 GPa while the sample remained in the single-phase P4/
mmm-LiSi phase. However, after complete pressure release,

weak and broad additional reflections became visible. Figure 2b
displays the PXRD pattern of the recovered sample (measured
∼2 weeks after the in situ experiment), which was virtually

Figure 2. (a) Diffraction patterns acquired for the Li12Si7/5Si mixture
compressed to 12.3 GPa (black) and subsequently heated to 410 °C
(red), cooled to room temperature (blue), and decompressed to
nearly ambient pressure (violet) at 2θ ≈ 3.0°. The formation of P4/
mmm-LiSi is indicated by black arrows. Reflections of P4/mmm-LiSi,
Si-II (β-Sn structure), and the salt capsule are marked with red
diamonds, yellow diamonds, and black triangles, respectively.
Reflections from an unknown, intermediate phase are marked with
green circles. Secondary Pb fluorescence peaks (from the detector
shielding) are marked as dashed gray vertical lines. A broad reflection,
marked with an asterisk, stems from MgO, which is a part of the
pressure cell assembly. Broad and weak reflections in the pattern after
decompression are marked with gray arrows. (b) Synchrotron PXRD
pattern (λ = 0.20735(1) Å) of the product from the Li12Si7 + 5Si
reaction at 12.3 GPa and 410 °C (panel a), revealing a mixture of P4/
mmm-LiSi and LiSi-III.
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identical to the pattern from the off-line synthesis product
obtained at 600 °C (cf. Figure S7). Both samples exhibit a
substantial fraction of a secondary phase with characteristic
broad reflections. Table 1 summarizes the lattice parameters
and interatomic distances of P4/mmm-LiSi under ambient
conditions. A collection of lattice parameters at high pressure
and temperature is provided in Table S2.
From this experiment, we infer that P4/mmm-LiSi exhibits a

rather low kinetic stability. Instead of directly reverting into the
ground state (I41/a-LiSi), it transformed over time into a
hitherto unknown polymorph, here termed LiSi-III. The broad
reflections suggest either a very small crystallite size or a high
degree of structural disorder. Upon heating the recovered
sample at ambient pressure, P4/mmm-LiSi began to transition
above ∼100 °C, while the broad Bragg peaks of LiSi-III
sharpened and intensified (Figures S9−S11). A preliminary
structural characterization of LiSi-III is presented in Figure S16
and Table S7. At temperatures above 250 °C, the onset of
transformation to ground state I41/a-LiSi was observed, and
LiSi-III completely converted into I41/a-LiSi at approximately
330 °C.
Figure 3a shows the evolution of the EDXRD patterns for

I41/a-LiGe during heating at 12.4 GPa. Around 100 °C, I41/a-
LiGe began to transform into a previously unknown
polymorph, indexed here as P2/m-LiGe (isostructural with
LiSn (cf. Table S3)). Upon annealing at 210 °C, reflections of
P4/mmm-LiGe became apparent. The P2/m phase remained
stable up to 245 °C but vanished during annealing at this
temperature. A clean P4/mmm-LiGe pattern was obtained at
265 °C and remained unchanged after cooling and subsequent
decompression. The PXRD pattern of the recovered sample
(Figure 3b) confirms the formation of nearly phase-pure P4/
mmm-LiGe. However, a few tiny reflections coincided with
those of the secondary phase (designated here as LiGe-V)
previously found in the product synthesized at 600 °C (Figure
S8). In contrast to the LiSi analogue, the P4/mmm-LiGe phase
appears to be stable over time. The lattice parameters and
interatomic distances of P4/mmm-LiGe under ambient
conditions are listed in Table 1, and lattice parameters for
high-pressure and -temperature conditions are provided in
Tables S2 and S3.
Heating the sample synthesized at 600 °C (containing a

substantial fraction of LiGe-V) at ambient pressure resulted in
the emergence of reflections associated with ground state I41/
a-LiGe at ∼90 °C. The P4/mmm phase was completely
decomposed above 150 °C (Figures S12−S14). Similar to the
behavior observed for LiSi-III, the Bragg peaks of LiGe-V
sharpened and intensified upon heating. During annealing at
210 °C, LiGe-V was fully converted into I41/a-LiGe. Unlike
P4/mmm-LiSi, the LiGe analogue appears to transform directly
into the ground state phase rather than via LiGe-V, leaving the
origin of LiGe-V unresolved (see the Supporting Information).
Figure 4 presents the result of dc magnetic measurements on

the P4/mmm-LiGe sample in the temperature range of 2−15 K
under an applied magnetic field of 10 G. Due to the limited
sample mass and the extreme sensitivity of P4/mmm-LiGe
toward moisture, the measurement is primarily qualitative.

Nevertheless, the data provide clear evidence of super-
conductivity. After zero-field cooling below the critical

Table 1. Crystallographic Data for P4/mmm-LiX under Ambient Conditions (Li on 1a (0, 0, 0), X on 1d (1/2, 1/2, 1/2))

a (Å) c (Å) c/a V (Å3) ρ (g/cm3) dX−X (Å) dLi−X (Å)

LiSi 2.5951(2) 4.1665(4) 1.606 28.058(3) 2.072(1) 2.5951(1) 2.7762(2)
LiGe 2.76081(2) 4.15115(4) 1.504 31.6404(4) 4.175(1) 2.7608(1) 2.8494(1)

Figure 3. (a) Diffraction patterns acquired for I41/a-LiGe compressed
to 12.4 GPa (black) and subsequently heated to 265 °C (red), cooled
to room temperature (blue), and decompressed to nearly ambient
pressure (violet) at 2θ ≈ 3.0°. The formation of P4/mmm-LiGe is
indicated by black arrows, and reflections of P4/mmm-LiGe are
marked with red diamonds. Reflections of intermediate P2/m-LiGe
and reflections from the salt capsule are marked with green diamonds
and black triangles, respectively. Secondary Pb fluorescence peaks
(from the detector shielding) are marked as dashed gray vertical lines.
A broad reflection, marked with an asterisk, stems from MgO, which
is a part of the pressure cell assembly. (b) Rietveld fit to the
synchrotron PXRD pattern (λ = 0.20735(1) Å) of the product from
I41/a-LiGe conversion at 12.4 GPa and 265 °C (panel a). Rp = 3.0%.
Rwp = 4.14%. Rexp = 0.76%. For P4/mmm-LiGe, Rf = 1.23% and RBragg
= 2.45%.
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temperature (Tc), warming under applied fields yields negative
susceptibility values characteristic of diamagnetic shielding.
Diamagnetism is suppressed above a Tc of approximately 6.5 K.
This trend is retained upon cooling under an applied magnetic
field, consistent with a Meissner response. The magnetic
behavior of P4/mmm-LiGe is, therefore, consistent with that of
a type II superconductor. Full characterization of super-
conducting will require complementary electrical transport and
heat capacity measurements. A corresponding measurement
for P4/mmm-LiSi could not be achieved due to its limited
temporal stability (Figure S7).

4. DISCUSSION
Metastable P4/mmm-LiSi and P4/mmm-LiGe can be synthe-
sized at pressures that can be accessed with large-volume press
(LVP) techniques. Unlike diamond anvil cell methods, LVP
synthesis enables the production of significantly larger sample
quantities suitable for detailed postsynthetic characterization.
However, successful synthesis requires precise knowledge of
narrow p−T formation windows dictated by complex
polymorphic phase relations, and recovery is further
complicated by the low kinetic stability of these phases.
While P4/mmm-LiGe can be recovered as a phase-pure sample
at ambient pressure, it remains uncertain whether this can be
achieved as well for P4/mmm-LiSi.
At ambient pressure, the densities of P4/mmm-LiSi (2.072

g/cm3) and P4/mmm-LiGe (4.175 g/cm3) exceed those of
their I41/a ground state analogues (1.851 and 3.782 g/cm3,
respectively) by 10−12% (Table 1). The interatomic X−X
distances within the square planar nets are 2.595 Å (Si) and
2.761 Å (Ge). Relative to the 3-bonded networks in the
corresponding ground state phases (LiSi, 2.417 Å × 2 and
2.502 Å (average of 2.445 Å); LiGe, 2.554 Å × 2 and 2.601 Å
(average of 2.570 Å)), these values represent an average
elongation of roughly 7%. The c/a ratios for P4/mmm-LiSi
(1.606) and P4/mmm-LiGe (1.504) are markedly larger than
√2, making them the first CuAu-type representatives with
such enhanced axial ratios (cf. LiBi = 1.262; NaBi = 1.387).8

These unusually high c/a values likely reflect strong covalent
bonding interaction between square net-forming X atoms,
which drives contraction of the a lattice parameter.

The structural parameters of the P4/mmm-LiX phases are
accurately reproduced by our DFT calculations (Table 2).

Figure 5 shows the electronic band structure and atom-
projected DOS, which appear broadly similar at first glance. As
expected for Zintl phases, the occupied states are dominated by
contributions from the X atoms. Notably, the pz and pxy bands
do not mix along high-symmetry lines, which simplifies the
analysis of the band structures: The pz band dispersion along
the Γ−X path reflects the strength of π-interactions within
square nets; the behavior at point M provides insight into the
degree of s−pxy mixing, and the dispersion of the second band
along the Γ−Z path (mixed pz−sLi) indicates the interaction
strength between nets.10

Although the energy positions of the s band minimum are
nearly identical in both LiSi and LiGe, its dispersion is
significantly larger in LiSi. This results in an avoided crossing
with the pxy bands at M, signaling strong s−p mixing. By
contrast, the s and p bands in LiGe remain clearly separated.
The pz band dispersion along the Γ−X path is ∼4.2 eV for LiSi
and ∼3.6 eV for LiGe, indicating stronger π-interactions in
LiSi. Interestingly, the inter-net interaction appears more
pronounced in LiGe, as reflected in the larger dispersion of the
second Γ−Z band (∼2.3 eV vs ∼2.0 eV for LiSi), which may
correlate with its smaller c/a ratio. Small differences also
appear in the vicinity of the Fermi level, particularly along the
A−Z path. The DOS at the Fermi level, N(EF), is slightly
higher for LiGe (0.6 state eV−1 formula unit−1) than for LiSi
(0.52 state eV−1 formula units−1) (Table 2).
Figure 6 presents the electron density (ρ) and electron

localization function (ELF)57 maps, which support the analysis
of the band structures. Bader analysis58 indicates substantial
charge transfer in the P4/mmm phases, with values of 0.83 and
−0.83 (Table 2), essentially identical to those of the I41/a
Zintl phase ground state structures (0.85 and −0.85 (Table
S8)). The Bader volumes for Li+ are comparable in both
structure types, whereas those of X− are considerably smaller in
the P4/mmm phases. The ρ maps show a (3, −1) critical point
(“bond critical point”)58 midway between the X atoms,
confirming the presence of covalently bonded square nets.
Both ELF and ρ attain local minima at the center of the X4
squares (ring critical points) and show low electron density
around Li sites, consistent with dominantly ionic Li−X
interactions.59 A notable feature is that ELF maxima
(“attractors”)60 in the valence region are not located between
two X atoms (or on a line perpendicular to the X−X distances

Figure 4. Magnetic behavior of P4/mmm-LiGe at low temperatures:
field-cooled (○) and zero-field-cooled (■) at 10 G.

Table 2. Calculated Structure Parameters and Properties for
the P4/mmm-LiX Phasesa

P4/mmm-LiSi P4/mmm-LiGe

a (Å) 2.597 2.789
c (Å) 4.118 4.103
c/a 1.59 1.47
Bader charge z (e) 0.828/−0.828 0.838/−0.838
Bader volume of Li (Å3) 23.6 25.4
Bader volume of X (Å3) 163.8 190.1
λ 0.55 0.75
ωlog (meV) 28 15
N(EF) (eV−1) (%X) 0.52 (96) 0.60 (97)
Tc(ME) (K) 6 7

aFor the I41/a ground state phases, see Figures S23 and S24 and
Table S8.
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and the tetragonal plane, as perhaps expected for π-bonding)
but above and below the X atoms (see also Figure S24a). In
contrast, the ELF distribution in the I41/a ground state
structures aligns with the VSEPR picture of a 3-bonded Si
network, displaying three bond attractors and one lone pair
attractor (cf. Figure S24b).60

Figure 7 shows the phonon dispersion relations, the phonon
density of states, F(ω), the Eliashberg electron−phonon
coupling function, α2F(ω), and the cumulative electron−
phonon coupling constant, λ(ω), for P4/mmm-LiX, with
calculated superconducting parameters included in Table 2.
The two atoms in the primitive cell yield three optic and three
acoustic phonon modes, with the heavier X atom contributing
predominantly to the acoustic modes. Both acoustic and
optical dispersions are significantly narrower for LiGe, and the
Li- and Ge-derived modes are well separated. The acoustic
region (largely X-based vibrations) accounts for ∼90% of the
total λ(ω), indicating that coupling between X vibrations and
X-derived electronic states is substantially more effective for
Ge. This arises from the weaker dispersion of the acoustic
modes, which enhances their contribution to α2F(ω), together
with the higher N(EF) in LiGe. Although LiSi exhibits a higher
logarithmically averaged frequency ωlog, for weak-coupling
superconductors (λ < 1) the value of λ typically dominates.

Even a modest increase in λ can lead to significant
enhancements in Tc, often outweighing the effect of decreased
phonon energies.

5. CONCLUSIONS
LiSi and LiGe (LiX) display rich polymorphism at moderate
pressures. Phases adopting the simple P4/mmm CuAu-type
structure, characterized by square nets of X atoms, can be
synthesized at ∼12.5 GPa and comparatively low temperatures
(<410 °C). P4/mmm-LiGe can be recovered as an almost

Figure 5. Electronic band structure and atom-projected density of states (DOS) for (a) P4/mmm-LiSi and (b) P4/mmm-LiGe. The contributions
of X atom pz and pxy orbitals to bands are depicted as “fat bands”, colored red and blue, respectively. See Figure S22 for different fat band
presentations of the band structures. The Brillouin zone is adapted with permission from ref 61. Copyright 2010 Elsevier.

Figure 6. (a) Electron density ρ and (b) electron localization function
(ELF) plots for the planes (001), containing X atom square nets, and
(110) for P4/mmm-LiSi (left) and P4/mmm-LiGe (right). The unit
for ρ is e per Bohr3 (ao ≈ 0.52917 Å). Isolines are plotted in intervals
of 0.005 e/ao3 with the value of 0.0035 highlighted in bold. ELF values
are restricted between 0 and 1. Isolines are drawn in intervals of 0.05
with the value of 0.5 highlighted in bold.

Figure 7. Phonon dispersions, phonon density of states (PHDOS)
decomposed into atomic contributions, and Eliashberg function
α2F(ω) (from left to right, respectively) with electron−phonon
coupling constant λ(ω) for (a) P4/mmm-LiSi and (b) P4/mmm-LiGe.
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phase-pure material, whereas P4/mmm-LiSi is obtained only in
mixtures containing a previously unknown polymorph, LiSi-III,
into which it gradually transforms under ambient conditions.
Chemical bonding between square net-forming X atoms is
strongly covalent, imparting a distinctly two-dimensional
character to the electronic band structure and supporting
classification of these compounds as square net materials.
However, additional studies are needed to elucidate the
expected anisotropic behavior in their electronic and
mechanical properties.
Electron−phonon coupling calculations indicate that the

P4/mmm-LiX phases are superconductors with a Tc between 6
and 7 K. The calculations further show that the electron−
phonon coupling is dominated by acoustic phonons associated
with X atom vibrations. Because the X atoms also provide the
primary contributions to the DOS at the Fermi level, we
conclude, analogous to the case of the LiBi compound,14 that
superconductivity is primarily rooted in the square nets formed
by the X atoms. A comprehensive experimental investigation of
the superconducting properties of the P4/mmm-LiX phases
remains an outstanding challenge, owing to their extreme air
and moisture sensitivity and, in the case of LiSi, its gradual
decomposition under ambient conditions. However, the
synthesis conditions developed in the present work provide a
viable route to producing larger sample quantities to enable
such studies.
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