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ABSTRACT: This study employs first-principles calculations to
elucidate the properties of sliding bilayer germanene (BLGe). The
buckled structure of germanene can afford a greater number of
metastable stacking configurations than planar graphene and enrich the
electronic properties. Herein, a detailed analysis of the structural
variety, shift-dependent energy bands, and spatial charge densities of
BLGe is presented. The projected density of states (PDOS) reveals
diverse structures such as plateaus, dips, symmetric/asymmetric peaks,
and shoulders. The low-lying ones of the prominent structures could
correspond to single or multiorbital hybridization, depending on the
stacking configuration.

■ INTRODUCTION
Graphene, the first material composed of an atomically thin
film, possesses unique electronic, optical, thermal, and
mechanical properties.1 Its outstanding performance has
prompted the development of several two-dimensional (2D)
materials in the last few years. These materials include
phosphorene,2,3 arsenene,4−6 transition metal dichalcogenides
(e.g., MoS2, GaSe, WSe2, WTe2),7,8 organic crystals,9 and
artificial 2D lattices.10,11 Among these materials, the 2D
hexagonal structures formed by Si and Ge, namely, silicene and
germanene,12−14 are the most similar to graphene. However, in
contrast to the planar configuration of graphene, silicene and
germanene exhibit low-buckled structures that are more
thermally stable than their planar counterparts12,15,16 (except
that some conditions could lead to quantum phase
transitions17). Because of these buckled structures and the
greater atomic numbers of Ge and Si than that of C, silicene
and germanene have stronger spin−orbit interactions (SOIs).
Theoretical calculations predict that the SOIs induce 1.55 and
23.9 meV band gaps in silicene and germanene, respec-
tively.18−22 SOIs play a key role in the observation of the
quantum spin Hall effect (QSHE) at moderate temper-
atures,23−25 and the buckling structure is useful in tuning the
band gap via an externally applied electrical field. These two
features, which are crucial for the development of field-effect
devices, are more prominent in germanene than in silicene.
Further, the carrier mobility of germanene is predicted to be
2−3 times that of silicene, owing to the greater buckling and
the weaker coupling of charge carriers with in-plane
phonons.22 Therefore, germanene is a potentially better
candidate than silicene for the development of electronic
devices. The functionalized germanenes also attract much
interest due to their wide applications in various fields

including supercapacitors, photocatalysts, and anodes in Li-
ion batteries. For example, germanane and methyl germanane
can be easily synthesized via topotactical deintercalation of the
layered Zintl phase calcium germanide (CaGe2) with aqueous
acid or methyl halide, respectively.26,27

The electronic properties of 2D materials are sensitive to
lattice symmetry. Layer stacking is a practical method of
breaking this symmetry. For instance, AB- (also known as
Bernal) and AA-stacked bilayer graphenes (BLGs) exhibit
parabolic and linear low-energy bands, respectively.28,29

Further, covalent bonding between two monolayer silicene/
germanene sheets could lead to the integration of intrinsic
magnetism and band gap opening.30 Notably, sliding or
twisting a bilayer system can afford multiple metastable
stacking configurations.31−34 In the case of silicene and
germanene, each layer can be divided into top and bottom
sublattices owing to the buckling characteristic, leading to
several stacking patterns that cannot be attained using planar
BLGs. A thorough study of the sliding process can offer a
comprehensive understanding of the stacking-enriched geo-
metric and electric properties. Importantly, germanene has a
greater buckling height than graphene and silicene. Therefore,
exceptionally shift-dependent properties are expected in
germanene.

In this study, density functional theory (DFT), implemented
using the Vienna Ab initio Simulation Package (VASP), is used
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to examine sliding bilayer germanene (BLGe). Specifically, the
geometric structures, energy bands, spatial charge densities,
and orbital-decomposed density of states are studied. The
interlayer−atomic interactions, depending on the stacking
order, result in the different degrees of low-lying band mixings,
the energy splitting/degeneracy between highly symmetric
points, and the different numbers of middle-energy saddle
points, oscillating parabolic subbands, partially flat bands, band
anticrossings, and constant-energy loops. They are associated
with the number, intensity, and divergent forms of van Hove
singularities (vHs) in the density of states (DOS). For
example, the saddle points, band anticrossings, and partially
flat bands can result in logarithmically symmetric DOS peaks.
These prominent vHs, close to or at the Fermi level, might
cause diverse optical/magneto-optical spectra, unusual quan-
tum Hall conductivities, and various single- and many-particle
Coulomb excitations at low frequencies. Further, the magnified
low-lying DOS could generate new phases of matter with
desirable properties, such as superconductivity and density
waves.35 These interesting phenomena hardly occur in
monolayer germanene due to the monotonic V-shape DOS

around EF = 0. The large variety and tunability of these vHs
mean that it is possible to engineer the abovementioned
physical properties as well as their related applications in
quantum transport, thermoelectric effects, nanolasing, biosens-
ing, etc. The theoretically predicted geometric structures,
valence bands, and density of states could be further validated
by high-resolution measurements using scanning tunneling
microscopy/tunneling electron microscopy (STM/TEM36,37),
angle-resolved photoemission spectroscopy (ARPES38), and
scanning tunneling spectroscopy (STS),39 respectively.

■ GEOMETRIC STRUCTURES
Each bilayer stacking configuration contains four germanium
atoms in a unit cell. The two sublattices A and B in each layer
are equivalent on the (x, y) plane. The sliding BLGe is created
by a relative shift δa (along the armchair direction) or δz (along
the zigzag direction) between the two layers. In our
calculations, the shift distance δa or δz is fixed, but the z
positions of all atoms are relaxed. Further, δa and δz are in units
of their periodic lengths, 3b and √3b, respectively, where b is
the bond length. Notably, the periodic length of the shift

Figure 1. Top (left panels) and side (right panels) views of the geometric structures of BLGes with the relative shifts along the armchair (a−h) and
zigzag (i, j) directions.
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distance δa of sliding BLGe is twice that of sliding BLG owing
to the buckled structure. The several δa and δz values chosen in
this study are shown in Figure 1. Specifically, δa = 0 denotes
the highly symmetric AA-bb stack (Figure 1a). The upper layer
of this stack was shifted along the x direction (the armchair
direction), as shown in Figure 1b−h. Subsequently, the highly
symmetric stacking configurations owing to the shift included
AB-bt (δa = 8/8 in Figure 1d), AA (δa = 12/8 in Figure 1e),
and AB-tb (δa = 16/8 in Figure 1f), where “b” represents the
bottom and “t” corresponds to the top atoms in each sublayer.
Lastly, Figure 1i,j shows configurations for which δz = 1/8 and
3/8, respectively, along the y direction (the zigzag direction),
from δa = 12/8.

The geometric parameters of various monolayer and bilayer
germanenes are shown in Table 1. The latter exhibits a much
lower ground-state energy E0 than that of the former owing to
the considerable attractive forces between the two sublayers.
The lowest E0 occurs in the configuration with δa = 3/8,
suggesting that this is the most stable geometric structure. In
general, the interlayer distance d of the BLGes is shorter than
that of BLG33 (except that of AB-tb BLGe) because of the
buckling. The buckling height h in the BLGes ranges from 0.77
to 1.22 Å, which is greater than that in monolayer germanene,
0.69 Å. The increased h is expected to produce more
prominent multiorbital hybridizations of Ge-(4s, 4px, 4py,
4pz) and considerably affect the fundamental properties.

■ RESULTS AND DISCUSSION
Energy Bands. The low-lying valence and conduction

bands of monolayer germanene are characterized by a pair of
linear bands dominated by the π bonding of the 4pz orbital
around the Fermi level at the K point (Figure 2a). These bands
are generally symmetric about EF = 0, with a narrow gap of
approximately 23.9 meV caused by the SOIs. The π band
initiates at the valley between the Γ and M points and exhibits
a Γ valley at −0.55 eV and a saddle M (M′) point at −1.15 eV.
The M and M′ points are degenerate owing to the sixfold
rotational symmetry. These saddle points accumulate several
electronic states and exhibit prominent optical absorption
peaks. They are observed in various carbon-related sp2-
bonding systems, such as layered graphenes,40−45 carbon
nanotubes,46−48 and graphite.49−54 The σ band, created by the
4s, 4px, and 4py orbitals, initiates at the K valley and shows a
saddle M point at −2 eV. The final valence valley is located at
the Γ point at −0.4 eV, higher than the saddle M point of the π

band. This is in contrast to the cases of graphene and silicene.
The SOI creates π and σ band anticrossings at the Γ valley and
in the Γ−M path. The deep s band, which terminates at the Γ
point at Ev = −0.35 eV, slightly overlaps with the σ band. The
above features illustrate the weak band mixings and the clear
π/σ/s bandwidth in monolayer germanene.

The band structures are remarkably diversified by layer
stacking. The electronic structure of AA-bb (δa = 0) entails six
valence and four conduction bands, which is double the
number of valence and conduction bands in monolayer
germanene, as shown in Figure 2b. The lowest conduction
band exceeds EF and reaches E = −0.45 eV at the M (M′)
point. Notably, this generates numerous free holes, and thus,
the system is metallic. Further, the weak energy dispersion
around the band-edge state creates constant-energy loops,
which might result in a prominent Van Hove singularity
(presented later in Figure 4). Furthermore, the interlayer
interactions considerably decrease and increase the π valence
and conduction band energies, respectively, at the K point
compared to those of monolayer germanene. However, the
highest-valence saddle M (M′) point among those of the
BLGes, at Ev ≈ −0.9 eV, is higher than that of monolayer
germanene, which is at Ev ≈ −1.15 eV. In the range of Ec,v =
−3−1 eV, there are many band anticrossings due to the SOIs
and the π and σ band mixings. In other words, the composite
valley structures of the π and σ bands in monolayer germanene
(Figure 2a) along Γ → M → K and K → M → Γ, respectively,
cannot survive in this bilayer system. Further, the energy of the
final s band valley at the Γ point increases, while that of the
initial valleys of the π and σ bands, between the Γ and M
points and at the K point, respectively, decreases. This causes a
0.6 (1.8) eV overlap between the s and π (σ) bands. In short,
the interlayer interactions increase the band mixings and
overlaps, making it difficult to determine the bandwidths of the
π, σ, and s bands.

The electronic energy spectrum is sensitive to the relative
shift between the two layers. As δa increases from 0 to 3/8, the
sixfold rotational symmetry becomes twofold symmetry,
resulting in energy splitting (at approximately 0.5 eV) between
the M and M′ points, as shown in Figure 2c. This causes strong
anisotropic energy dispersions along K → M → Γ and K → M′
→ Γ. The saddle-point structures only survive at the M point.
The lowest conduction and highest valance bands exceed EF in
the Γ−M path and at the Γ point, respectively. Consequently,
these bands afford fewer free carriers than those in the δa = 0

Table 1. Geometric Properties of Sliding Bilayer Germanene: Lattice Constant, Interlayer Distances d, Ge−Ge Bond Lengths
b, and Ground-State Energies E0 Per Unit Cell and Per Atoma

lattice E0 E0 b d h

constant (Å) (eV/unit cell) (eV/atom) (Å) (Å) (Å)

monolayer germanene 4.06 −8.02 −4.01 2.44 0.69
δa = 0 (AA-bb) 3.955 −17.34 −4.33 2.53 2.955 1.12

δa = 3/8 4.01 −17.40 −4.35 2.518 2.547 0.95
δa = 6/8 4.012 −17.33 −4.33 2.456 2.585 0.80

δa = 8/8 (AB-bt) 4.011 −17.31 −4.33 2.442 2.598 0.78
δa = 12/8 (AA′) 3.992 −17.23 −4.31 2.458 2.627 0.86

δa = 16/8 (AB-tb) 3.996 −16.96 −4.24 2.428 4.129 0.77
δa = 18/8 3.989 −16.99 −4.25 2.46 3.63 0.85
δa = 21/8 3.993 −17.35 −4.34 2.512 2.736 1.05
δz = 1/8 3.998 −17.26 −4.31 2.469 2.619 0.88
δz = 3/8 3.983 −17.37 −4.34 2.519 2.681 1.06

aBuckling heights h are also shown.
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configuration (Figure 2b). Therefore, this system is similar to a
semimetal. The highest and second highest valence bands
exhibit many band-edge states, including valleys, partially flat
bands, and constant-energy loops, owing to their frequent
anticrossings. The small anticrossings along K → M → Γ are
caused by the SOIs, whereas the large ones along K → M′ → Γ
are mainly induced by the π and σ band mixings. This
anisotropy could impart interesting physical properties, such as
polarization-dependent optical selection rules.55 With a further
shift to δa = 6/8 (Figure 2d), a pair of oscillating parabolic
subbands, mostly contributed by the π electrons, surround EF
= 0. They create the constant-energy loops near the K point
and the two linear bands intersecting at EF = 0 along K → Γ

(shown in Figure S1a of the Supporting Information). The few
existing free carriers are induced by the valence σ parabolic
valley touching EF at the Γ point. Therefore, the system is
similar to a zero-gap semiconductor.

At δa = 8/8, the bilayer yields the highly symmetric AB-bt
stack with sixfold rotational symmetry, as demonstrated by the
degenerate M and M′ points (Figure 2e). Two π-bands
intersect at the K point near EF = 0. They are roughly linearly
dispersive along K → M (M′), similar to those in monolayer
germanene, but are parabolic and exhibit a tiny overlap near EF
along K → Γ (shown in Figure S1b in the Supporting
Information). The cone structure arising from the π-electrons
suggests that the low-energy physical properties, e.g., the

Figure 2. 2D band structures for monolayer germanene in (a) and BLGes with the relative shifts along the armchair (b−i) and zigzag (j, k)
directions. The first Brillouin zone with highly symmetric points is illustrated in (a). Also, the inset in (a) demonstrates a gap of approximately 23.9
meV.
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magnetic quantization56 and magneto-optical selection rules,57

of this configuration could be simulated using the phenom-
enological model. From δa = 8/8 to 12/8 (AA′ stack in Figure
2f), the degeneracy of M and M′ points is destroyed, and the
pair of linear bands moves toward the M point. The small band
overlap along K → Γ is replaced by the highly asymmetric
parabolic dispersions against EF = 0. Furthermore, the σ
parabolic valley creates an increased number of free electrons
at the Γ point.

Another highly symmetric stack, AB-tb, is obtained when δa
= 16/8 (Figure 2g). This system has the longest interlayer
distance and the shortest buckling height (Table 1). Notably,
the vdWs force plays an important role in stabilizing this
structure and has a substantial impact on energy dispersions.
The low-lying bands around the K point are characterized by a
pair of parabolic valleys with zero energy spacing between
them. These parabolic valleys belong to the oscillating
parabolic subbands along K → M (M′) → Γ. Similar to the
case of δa = 8/8 (AB-bt), the two parabolic valleys have a tiny
overlap along K → Γ (Figure S1c in the Supporting
Information). Because of the weak interlayer coupling, the
other valence bands distant from EF = 0 behave similarly to
those of monolayer germanene. That is, the π and σ bands
exhibit composite valley structures along Γ → M → K and K
→ M → Γ, respectively, with very tiny band anticrossings.

The low-lying paired parabolic bands in AB-tb are destroyed
completely with a slight shift to δa = 18/8 (Figure 2h). This is
owing to the breaking of the sixfold rotation symmetry and the
enhanced π and σ band mixings. With a further shift to δa =
21/8 (Figure 2i), numerous free holes and electrons appear at
the M and Γ points, respectively. Further, the energy of the
initial parabolic K valley is lowered, causing more overlapping
with the s bands. The band anticrossings along K → M → Γ
are enlarged and are relatively similar to those in the case of δa
= 0 (δa = 24/8). Nevertheless, the energy splitting between the
M and M′ points remains prominent, illustrating the sensitivity
of the highly symmetric points to the shift.

Sliding an AA′ stack (δa = 12/8) in the zigzag direction
results in the initial AA-bb stack (δa = 0). In this process, the
band anticrossings along all paths are enlarged, increasing the
number of parabolic valleys and constant-energy loops, as
shown in Figure 2j,k for δz = 1/8 and 3/8, respectively.
Further, additional energy splitting is generated between the
M′ and M″ points owing to the breaking of mirror symmetry
about the dimer lines. The lowest conduction band-edge states
are moved from the K to the M′ (M″) points when δz
increases; furthermore, a few saddle M′ (M″) points are
gradually formed in the middle-energy region. Consequently,
the system transforms from a semimetal-like one (δz = 1/8) to
a metal-like one (δz = 3/8).

Spatial Charge Density. Spatial charge distributions can
be employed to identify and examine single- and multiorbital
hybridizations due to various chemical bondings.58−60

Monolayer germanene possesses σ (the red part) and π (the
green part) bondings between neighboring atoms, as shown in
Figure 3a. In planar graphene, the red part is almost a
rectangle, indicating the strong directionality of the σ bonding
and the orthogonality between the σ and π bondings.
However, in germanene, the red part is similar to a dumbbell,
indicating a small degree of nonorthogonality between the σ
and π bondings due to the buckled structure. The non-
orthogonality could be further enhanced by the interlayer
interactions.

The exceptional variation in the spatial charge density
distributions owing to the interlayer interactions is shown in
Figure 3b−k. The charge densities are transferred from each
monolayer to the interlayer spacing, forming π, σ, or sp3

bondings, depending on the stacking configuration. The weak
and low-directional interlayer π-bondings (the green part),
similar to those in the cases with δa = 0, 21/8 and δz = 3/8,
afford several free carriers, and thus, the systems are metals.
The opposite is true for σ or sp3 interlayer bondings (the red
and yellow parts), such as those in the cases with δa = 3/8−12/
8 and δz = 1/8, wherein the systems exhibit semimetallic
features. In some cases, such as for δa = 16/8 and 18/8, the
charge density between two layers is small, and the interlayer
coupling mainly relies on the vdWs force. The interlayer sp3

bonding (the yellow part) gradually weakens upon shifting
from δa = 12/8 (Figure 3f) to δz = 1/8 (Figure 3j) and 3/8
(Figure 3k) and is replaced by π-bonding, changing the system
from semimetallic to metallic.

Density of States. The projected density of states (PDOS)
reveals the contributions of the 4s, 4px, 4py, and 4pz orbitals
and is useful in distinguishing various orbital hybridizations.
Special structures in energy bands, such as the extreme states
of parabolic dispersions, saddle points, and constant-energy
loops, shown in Figure 2, can result in prominent shoulders,
logarithmically symmetric peaks, and asymmetric structures in
the square-root form, respectively, as shown in Figure 4. For
monolayer germanene (Figure 4a), the DOSs reveal a linear
energy dependence that is asymmetric about EF = 0,
corresponding to a modified Dirac cone. The shoulder
structure at −0.5 eV is related to the parabolic valley of the
σ band at the Γ point, and the symmetric peak at −1.1 eV is

Figure 3. Spatial charge densities on the (x, z)-plane for monolayer
germanene in (a) and BLGes with the relative shifts along the
armchair (b−i) and zigzag (j, k) directions.
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associated with the saddle M point of the π band. The energy
of the shoulder structure is greater than that of the symmetric
peak, and this scenario is opposite to that in monolayer
graphene and silicene,34 wherein the 3px and 3py orbitals are
negligible over the symmetric peak. The other symmetric peak
at −1.6 eV is caused by the anticrossing between the π and σ
bands, while the peak at −2 eV is associated with the saddle M
point of the σ band. All orbitals exhibit a peak at the latter
position, and among them, the 4px, 4py, and 4pz orbitals have
comparable peak intensities. In the −3.5 eV < E < −2.3 eV
region, the contributions of the 4s and 4pz orbitals almost
vanish. The peak at E = −3.5 eV denotes the overlap between
the σ and s bands. Beyond this peak, the 4s orbital becomes

dominant. Thus, it was possible to characterize the initial,
middle, and final energies of the π, σ, and s bands.

The interlayer interactions complicate the DOSs, as shown
in Figure 4b−k. The semimetallic and metallic properties of
the various configurations are reflected in the DOS values at
EF. Weakly dispersive energy bands that exceed EF can impart a
high DOS (>0.2) and metallicity, such as in the cases with δa =
0, 8/8, 12/8, and 18/8 and δz = 3/8. For δa = 6/8, 16/8, and δz
= 1/8, the DOSs exhibit asymmetric V shapes around EF = 0,
corresponding to modified linear bands or a pair of parabolic
valleys. Such systems are categorized as semimetals. In these
systems, the low-energy DOSs (in the range of |Ec,v| < 0.5 eV)
are mainly dominated by 4pz orbitals. In general, it is difficult

Figure 4. Orbital-projected densities of states for monolayer germanene in (a) and BLGes with the relative shifts along the armchair (b−i) and
zigzag (j, k) directions.
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to distinguish the initial, middle, and final π and σ bands
because all 4s, 4px, 4py, and 4pz orbitals have considerable
contributions for E > −3 eV in all stacking configurations.
Furthermore, the newly created saddle M (M′) points, energy
splitting between highly symmetric points, oscillating parabolic
subbands, and frequent band anticrossings can result in several
symmetric and asymmetric peaks. Specifically, many stacking
configurations possess up to two symmetric peaks with
prominent sp3 hybridization at E = −1 to −0.8 eV, e.g., δa =
3/8, 6/8, 8/8, 12/8, and 21/8 and δz = 3/8. Such peaks
correspond to the saddle M (M′) points, band anticrossings,
and partially flat bands. STS measurements may be used to
examine the abovementioned structures in the DOSs and to
distinguish the effect of the π and sp3 bondings on the low- and
middle-energy physical properties.

■ CONCLUSIONS
The fundamental properties of sliding BLGes were explored
using first-principles calculations. Stacking-dependent inter-
layer interactions, including π, σ, sp3 bondings, and the vdWs
force, diversified the electronic properties. The feature-rich
energy bands exhibited low-lying band mixings, energy
splitting/degeneracy between highly symmetric points, several
middle-energy saddle points, oscillating parabolic subbands,
partially flat bands, many band anticrossings, and constant-
energy loops. This induced multiple symmetric/asymmetric
peaks in the PDOS, corresponding to various degrees of orbital
hybridizations. Compared to sliding bilayer silicene, sliding
BLGes has a greater buckling height and stronger interlayer
coupling, which enhances the band mixings and creates more
partially flat bands and anticrossings, leading to more low-lying
logarithmically symmetric peaks in the DOS. Further, the
energy dispersion, free-carrier density, and energy splitting/
degeneracy between the highly symmetric points are more
sensitive to the stacking order, e.g., bt or tb stack. Hence, the
shift distance considered in this work is twice larger than that
in the previous study on sliding bilayer silicene.34 The larger
shift distance affords a larger variety of electronic properties
and van Hove singularities. In the future, STS measurements
may be used to examine the number of middle-energy
symmetric peaks and to verify the degeneracy, splitting, or
destruction of saddle M and M′ points. These results are useful
in understanding the properties of BLGes with subangstrom
misalignments that may occur by design or unintentionally in
experiments.61−63 Further, a sliding bilayer system is helpful to
understand/explain the complicated electronic properties of a
twisted bilayer system due to their similar stacking orders in
certain regions.64 Especially, the more prominent buckled
structure and the stronger interlayer coupling of germanene
than those of graphene and silicene could allow a larger
rotation angle and further diversify/complicate the electronic
properties.

■ METHODS
First-principles calculations based on DFT were performed
using VASP.65 The projector-augmented wave approach
(PAW; pseudopotentials in refs 66, 67) was employed to
characterize the electron-ion crystal potential. Electron−
electron interactions were evaluated using an exchange−
correlation functional based on Perdew−Burke−Ernzerhof
(PBE) generalized gradient approximation.68 The cutoff
energy of the Bloch wave functions, which were built from

complete plane waves, was set to 500 eV. A sufficiently large
vacuum layer (20 Å) was added to replicate systems along the
perpendicular direction and to avoid artificial interactions
between neighboring supercells. Furthermore, Grimme’s
semiempirical DFT-D2 correction was adopted to calculate
the van der Waals (vdWs) interactions.69 All atomic
coordinates were relaxed until the Hellmann−Feynman force
was less than 0.01 eV/Å, along with a total energy difference of
ΔE < 10−5 eV. For specific calculations of optimal geometric
structures and electronic properties, the first Brillouin zones
were sampled using 100 × 100 × 1 k-points via the γ scheme.
The orbital-projected DOS calculation was performed with
150 × 150 × 1 k-points. Finally, spin−orbital coupling (SOC)
configurations were included in the VASP calculations of the
total ground-state energies.70
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