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Two-dimensional (2D) heterostructures have attracted a lot of attention due to their novel properties
induced by the synergistic effects of the constituent building blocks. In this work, new lateral
heterostructures (LHSs) formed by stitching germanene and AsSb monolayers are investigated. First-
principles calculations assert the semimetal and semiconductor characters of 2D germanene and AsSb,
respectively. The non-magnetic nature is preserved by forming LHSs along the armchair direction, where
the band gap of the germanene monolayer can be increased to 0.87 eV. Meanwhile, magnetism may
emerge in the zigzag-interline LHSs depending on the chemical composition. Such that, total magnetic
moments up to 0.49 ug can be obtained, being produced mainly at the interfaces. The calculated band
structures show either topological gap or gapless protected interface states, with quantum spin-valley
Hall effects and Weyl semimetal characters. The results introduce new lateral heterostructures with
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. Introduction

Stimulated by the successful investigations and applications of
graphene and its derivatives,"* a large variety of two-
dimensional (2D) materials have been prepared in experi-
ments and predicted by theoretical calculations.*™® In
comparison with their three-dimensional (3D) bulk counter-
parts, 2D materials usually exhibit unique properties that make
them suitable for diverse applications.”** In addition, different
feature-rich characteristics can be obtained by means of surface
modification,*'® doping,'”** application of external strain and
electric field,”?' and formation of heterostructures. Between
them, 2D van der Waals vertical heterostructures (VHSSs) - two
vertically stacked 2D materials — have been commonly investi-
gated, including ones formed by graphene, boron nitride, and
transition metal dichalcogenides (TMDs).>*?* Such VHSs
exhibit good electrical and optical properties and may be
promising candidates for the next generation of optoelectronic
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novel electronic and magnetic properties, which can be controlled by the interline formation.

and electronic devices.”®*” Besides the development of sophis-
ticated experimental methods and equipment, other fasci-
nating heterostructures, namely lateral heterostructures (LHSSs)
- where two 2D materials are in-plane interline-connected -
have also been synthesized.”**' In these cases, the chemical
bonds are formed between constituent edges to create highly
stable materials. Lateral heterostructures provide an effective
solution for contamination and the difficulty of stacking
orientation, that their VHS counterparts suffer, along with the
feasibility of planner device integration.** Until now, research
around LHSs has received much less attention than VHSs, and
this lack of knowledge on LHSs should be resolved in order to
design more 2D materials for practical applications.

The growth of the germanene-2D form of germanium, on
either metallic substrates as Au(111),* Cu(111),** Ag(111),*
Pt(111),°* and Al(111),>” or non-metallic substrates as semi-
conductor MoS, (ref. 38) and semimetal Sb(111) has been re-
ported. A germanene monolayer exhibits semimetallic nature
with a graphene-like Dirac point, possessing high charge carrier
mobility. Therefore, it has been considered as a potential Dirac
fermion material to be applied in field-effect transistors with
high speed and low energy consumption.*>* In addition,
researchers have studied efficient methods to open the germa-
nene monolayer band gap. For example, the semiconductor
character with variable energy gap between 0.02 to 0.31 eV can
be obtained by adsorption of alkali metals,** while a halogena-
tion approach may induce larger values ranging from 0.416 to
1.596 eV depending on the functionalization configuration.*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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On the other hand, stimulated by the successful fabrication
of phosphorene,**** researchers have paid special attention to
2D materials based on VA-group atoms including nitrogene,*>*¢
phosphorene,**® arsenene,**° antimonene,”*> and bismu-
thene.>** Interestingly, they exhibit appropriate electronic
band gaps for electronic and optoelectronic applications, pre-
senting an advantage in comparison with those based on IVA-
group atoms. It has been found that the chemical combina-
tion of VA atoms leads to the fine-tuning of electronic properties
to broaden their applications.®>*® In this regard, semi-
conducting 2D VA-VA haeckelite compounds have been pre-
dicted by Lin et al.,”” which crystallize in a buckled tetragonal
structure. Results indicate good dynamical stability and
moderate band gaps ranging from 0.80 to 2.68 eV of these 2D
compounds. Similarly, Yu et al.>® have investigated the stability
and electronic properties of atomically thin binary V-V semi-
conductor compounds using first-principles calculations.
Crystallizing in the o phase (black phosphorene) and B phase
(blue phosphorene), these 2D materials exhibit moderate direct
and indirect gaps, respectively. Among them, the AsSb mono-
layer has energy gaps of 0.48 and 1.27 eV, respectively.

In this study, our main aim is to examine the structural,
electronic, and magnetic properties of LHSs formed from ger-
manene and AsSb monolayers using density functional theory
(DFT) calculations. In total, 14 LHSs with both armchair and
zigzag interlines are considered. It is anticipated that the semi-
conductor nature is obtained by the armchair interlines, which
may be a good choice to increase the germanene band gap.
Interestingly, despite the non magnetic nature of both building
blocks, the zigzag-connection leads to the emergence of a topo-
logical phase with significant magnetic properties. Results
suggest that the LHS formation may induce novel properties that
are not found in the separate constituent monolayers.

II. Computational details

First-principles calculations based on density functional theory
(DFT)* are performed in the Vienna ab initio Simulation
Package (VASP).**** The projector augmented wave (PAW) and
generalized gradient approximation in the Perdew-Burke-Ern-
zerhof (GGA-PBE) version® are adopted in the calculations.
Usually, standard GGA functionals underestimate a materials
electronic band gap, this defect can be solved with some
advanced approaches such as the hybrid HSE functional.®®**
However, HSE-based calculations require high computational
cost, specially for large systems containing a large number of
atoms. Therefore, we have employed the HSE06 functional only
for the AsSb monolayer, meanwhile PBE-based calculations are
performed for the LHSs since the PBE functional is proven to
describe the electronic profile and magnetic properties of
materials well. The plane-wave cutoff kinetic-energy is set to
500 eV, and the first Brillouin zone is integrated using a k-grid
size of 2 x 12 x 1, which is generated withing the framework of
the Monkhorst-Pack method.®® A vacuum gap of 14 A is set to
minimize the periodic interactions between adjacent images.
Structural optimization of all considered LHSs is realized by
relaxing the constituent atoms until the forces are less than

© 2023 The Author(s). Published by the Royal Society of Chemistry
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0.01 eV A~ In all calculations, self-consistent calculations are
iterated until reaching the energy convergence of 10° eV.

[ll. Results and discussion
A. Germanene and AsSb monolayers

Germanene monolayers adopt a buckled hexagonal honeycomb
structure, belonging to the P3m1 (no. 164) space group. There
are two equivalent germanium (Ge) atoms in a unit cell as dis-
played in Fig. 1a. The structure of germanene is optimized by
relaxing freely atomic positions and unit cell geometry. Our
calculations yield the following optimal parameters: (1) lattice
constant a = 4.06 A; (2) chemical bond length dge_ge = 2.44 A;
(3) buckling height 4ge ge = 0.69; and (4) interatomic angle
/ = 112.34°, which are in good agreement with previous
calculations.®® Fig. 2a shows the calculated electronic band

NP

Fig. 1 Atomic structure (unit cell is marked) of (a) germanene and (b)
AsSb monolayer.
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Fig. 2 Electronic band structure and projected density of states of (a)
germanene and (b) AsSb monolayer.
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structure and projected density of states (PDOS) of the germa-
nene monolayer. The semimetallic character can be noted with
a Dirac cone at the K point. In the considered energy from —4 to
4 eV, the band structure is formed from both the s orbital (s
state) and p orbital (p,, and p, states). As a characteristic of
hexagonal 2D materials, p, and p, are degenerate,*”*® and are
submerged in both the valence band and conduction band of
the germanene monolayer. Meanwhile, the p, state is the main
contributor at the vicinity of the Fermi level to the Dirac cone.

A similar structure is considered for the AsSb monolayer (B
phase) by alternating the arsenic (As) and antimony (Sb) atoms
in a unit cell (see Fig. 1b). The following structural parameters
can describe the optimized unit cell: (1) lattice constant a = 3.86
A; (2) chemical bond length das_sp, = 2.70 A; (3) wrinkle 4,5 s, =
1.52 A; and (4) interatomic angle /AsSbAs = /SbAsSb =
91.47°. To examine the stability of this monolayer, the phonon
dispersion curves are calculated. The results are displayed in

300

250

M r

Fig. 3 Phonon dispersion curves of the AsSb monolayer.
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Fig. 3. Considering two atoms (N = 2) in a primitive cell, the
phonon spectra are composed of 3N = 6 phonon modes
(between them 3 acoustic modes and 3N — 3 = 3 optical modes).
Most importantly, there is no imaginary phonon frequency to
confirm that the AsSb monolayer is dynamically stable. The
band structure and PDOS spectra are given in Fig. 2b. The AsSb
monolayer is an indirect gap semiconductor considering the
valence band maximum (VBM) and conduction band minimum
(CBM) located at the I' point and along the MI direction,
respectively. The obtained indirect gap value is 1.47 eV, which
agrees well with previous calculations.”® In addition, HSE06-
based calculations provide a larger band gap of 2.05 eV (see
Fig. S1 of the ESIf). In the considered energy range, both
constituents form the band structure: due to their similar
valence electronic configurations, the As(4s4p*) and Sb(5s%5p°)
atoms exhibit similar PDOS spectra, where the band gap origi-
nates from the separation of electronic states belonging to the p
orbitals.

Next, the formation of lateral heterostructures was studied.
The lattice mismatch m is calculated as follows:*

o 2 x |agcrmancnc - aAsSb|

m= x 100%

(1)

Agermanene + dassb

A small lattice mismatch of 5.05% is obtained, suggesting
the feasibility of constructing lateral heterostructures from
germanene and AsSb monolayers. In this work, a new set of
(Ge),—(AsSb)g_,,, with both armchair (A-) and zigzag (Z-) inter-
lines are investigated. Fig. 4 shows the atomic structure of A-
(Ge),—~(AsSb), and Z-(Ge),—(AsSb), LHSs with 32 atoms in a unit
cell, where the initial building blocks are clearly indicated. The
formation energy E; is calculated using the following
expression:*®
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Fig. 4 Atomic structure of (a) armchair- and (b) zigzag-interline (Ge)4—(AsSb)4 lateral heterostructures.
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Ef = ELHS - 2WlE‘germanene - 2(8 - m)EAsSb (2)

where the total energies of the LHS, germanene, and AsSb
monolayer are denoted by Eyrns, Egermanenes aNd Eagsh, respec-
tively. The results are given in Fig. 5. A slight variation of Ef with
chemical composition is found. Moreover, the formation of A-
LHSs (with E; between 0.44 and 0.54 eV) require higher energy
than Z-LHSs (between 0.32 and 0.44 eV). In order to analyze the
thermal stability of (Ge),,~(AsSb)s_,, LHSs, Ab Initio Molecular
Dynamics (AIMD) simulations are carried out. The results
indicate that all studied LHSs are thermally stable at 300 K
considering the absence of structural destruction over a large
time range of up to 3000 fs (see Fig. S2 of the ESIT). It is sug-
gested to prepare these LHSs by means of chemical vapor
deposition” or molecular beam epitaxy,” methods which have
been widely used to grow a large variety of 2D materials of large
size and high quality. So far, experimental investigations have
reported the preferable formation of a zigzag interface, mean-
while the armchair interline is only occasionally seen.**”
Therefore, germanene-AsSb Z-LHSs are expected to be formed
more easily than their A-counterpart, which is in agreement
with the calculated formation energies.

B. Armchair-interline lateral heterostructures

As a first step, the LHSs structures are optimized by freely
relaxing the constituent atoms and unit cell geometry. Fig. 6
shows the calculated lattice constants. Remembering that ger-
manene has a larger lattice constant than the AsSb monolayer,
consequently, the LHSs unit cell dimensions increase nearly
linearly with the number of germanene units. Moreover, there is
an abrupt variation of the buckling height at the interface due to
each side preserving its original wrinkle (see Fig. 4a).

The calculated band structures are displayed in Fig. 7, which
show the semiconductor nature of the armchair-interline lateral
heterostructures. The direct gap character of (Ge)s—(AsSb); and
(Ge),~(AsSb); LHSs can be noted, considering the location of
both the VBM and CBM at the X point, meanwhile the
remaining LHSs are indirect gap semiconductors since their
VBM and CBM take place at different high symmetry points.
Therefore, the indirect-to-direct gap transition may occur by
simply varying the number of building blocks in the lateral
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Fig. 5 Formation energy of (Ge),,—(AsSb)s_,, lateral heterostructures
with armchair- and zigzag-interline.
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heterostructure. The calculated energy gaps are given in Fig. 8.
Note that this parameter depends strongly on the chemical
composition. The largest band gap of 0.87 eV is obtained with
25% germanene (m = 2). Meanwhile, a large germanene
composition of 87.5% (m = 7) leads to a strong reduction of the
band gap to 0.04 eV. From the atom-decomposed DOS spectra
in Fig. 9, one can see that the Ge atom only, is the origin of the
flat energy branches at the vicinity of the Fermi level, which
mainly regulates the semiconductor phase of the lateral heter-
ostructures. To obtain more insight into the band gap origin,
the PDOS spectra of interline Ge atoms are calculated, the
results are given in Fig. 10. One can see that both the upper part
of the valence band and the lower part of the conduction band
are formed mainly by the p, state. Such that the band gap

1 —
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S o6l ]
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0.2} 0.23 0.17 0.13 i
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Fig. 8 Electronic band gap of armchair-interline (Ge),,—(AsSb)g_m
lateral heterostructures.
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Fig. 10 Projected density of states of interline Ge atoms of armchair-
interline (Ge)4—(AsSb), lateral heterostructure: Ge atom of (a) Ge—-As
and (b) Ge-Sb chemical bonds.
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appears due to the separation of Ge-p, and its value may be
impacted by the charge redistribution in this electronic state,
which depends on the width of germanene layers. Therefore, it
can be concluded that the germanene monolayer band gap can
be significantly increased by in-plane interfacial engineering
with semiconductor monolayers.

C. Zigzag-interline lateral heterostructures

Similar to the previous cases of armchair-interline LHSs, the
atomic structures of the zigzag structures are optimized before
proceeding with the calculation of electronic and magnetic
properties. The variation of unit cell dimensions as a function
of chemical composition (number of germanene units) is
illustrated in Fig. 11. As expected, the lattice constants increase
in order to incorporate more germanene blocks into the lateral
heterostructures to satisfy the size criterion, exhibiting a nearly
linear relation.

Fig. 12 shows the calculated band structures of Z-(Ge),,~(-
AsSb)g_,,, LHSs considering the energy range —2 to 2 eV, where
all exhibit clear spin polarization except for m = 1 (Fig. 12a). In
all cases, the multivalley in both the valence band and
conduction band, induces the quantum valley Hall effect. The
valence band and conduction band are connected by flat energy
branches, leading to the appearance of topological phases.
Normally, the topological phases are obtained in nanoribbons,
where the edge states connect the valence band and conduction
band.”®”* Therefore, our results may introduce a new efficient
approach to obtain a topological phase in 2D materials, with
both gap and gapless topological interface states. Moreover,
new (Ge),,—(AsSb)s_, LHSs can be considered as potential
materials for spintronic applications with quantum spin-valley
Hall effects. To analyze the band structure formation, the
atom-decomposed DOS spectra are given in Fig. 13. Note that
the flat states around the Fermi level are formed mainly from Ge
atoms. Therefore, one can conclude that the interface states
originate mainly from Ge atoms at the interfaces. Interestingly,
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Fig. 11 Lattice constants of zigzag-interline (Ge),,—(AsSb)g_,, lateral
heterostructures.
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Interestingly, our simulations show the emergence of
magnetism in zigzag-interline (Ge),,~(AsSb)s_,, LHSs depend-
ing on their chemical composition. This feature is reflected in
the total magnetic moments, which are given in Fig. 14. Note
that the non-magnetic nature of separated monolayers is
preserved when forming the (Ge);—(AsSb), LHS. The magneti-
zation takes place with germanene composition between 25%
(m =2) and 75% (m = 6) with magnetic moments between 0.46
ug and 0.49 ug. Meanwhile, a small value of only 0.01 ugp is
obtained for the (Ge),~(AsSb); LHS, suggesting its low magne-
tization. The origin of magnetism is examined through the spin
density illustrated in Fig. 15. From the figure, one can see that
the magnetic properties are produced mainly at interfaces.
Herein, the spin-up state of Ge atoms plays a key role in the
origin of magnetism, meanwhile As and Sb atoms exhibit
a small contribution. All these features agree well with the band
structure profiles, where the spin polarization (m = 2 to 7) is
observed only for edge states. The PDOS spectra of Ge, As, and
Sb atoms at the interlines of (Ge),—~(AsSb), LHS are displayed in
Fig. 16, as an example, to provide more insight. The degree of
spin asymmetry can be attributed to the LHS magnetization of
the Ge-p, state. However, we should not neglect the role of the
Ge-s, As(Sb)-p,, and As(Sb)-p, states considering their presence
at the vicinity of the Fermi level, which generate the edge states
along with the Ge-p, state.
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the interface states show Weyl semimetal character with the
presence of Fermi-arc states™ (see Fig. S3 of the ESIt for band
structures from —0.5 to 0.5 eV) enriching the ground state Fig. 15 Spin density (red surface: spin-up state; green surface: spin-
properties of the studied lateral heterostructures, making them down state; iso-surface value: 0.0005 e A=3) in (Ge),—(AsSb)g_m

promising candidates for practical applications. lateral heterostructures with (@) m =2, (b)m =3, (c)m =4, (d) m =5,
and (e) m = 6.
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IV. Conclusions

In summary, first-principles calculations have been performed
to investigate the structural, electronic, and magnetic proper-
ties of germanene and AsSb monolayers, as well as their lateral
heterostructures. Germanene is a 2D semimetal with Dirac cone
at the K point. Meanwhile, the AsSb monolayer is proven to be
dynamically stable and exhibits semiconductor character with
a band gap of 1.47 eV. A small lattice mismatch of 2.53% may
favor the formation of lateral heterostructures, where Z-LHSSs
are energetically more favorable than A-LHSs due to their
smaller formation energy. Following the size criterion, the unit
cell dimensions increase according to increasing germanene
composition. The main contribution of Ge atoms at the vicinity
of the Fermi level suggest a band gap increase of the germanene
monolayer caused by the in-plane interfacial contact with
semiconductor AsSb monolayer along the armchair line.
Meanwhile, the Z-LHSs band structure shows rich electronic
features with topological phase, where the valence band and
conduction band are connected by interface states. The multi-
valley profiles of both the valence band and conduction band
may suggest the quantum spin-valley Hall effects for different
magnetic applications. In these cases, magnetic properties are
produced mainly by the spin-up of interface Ge atoms (Ge-p,
state). Our findings may pave a new way to obtain new 2D
materials with either semiconductor or topological phases, with
the latter rare in 2D materials at equilibrium.
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