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Germanene and stanene on two-dimensional substrates: Dirac cone and Z, invariant
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By using the combination of the ab initio density functional theory and data mining of the Inorganic Crystal
Structure Database, a series of monolayer materials are found to be suitable substrates for germanene or stanene,
including some of the Cdl,-type materials, Cul, and GaGeTe. All of the found materials, when they are used
as the substrate, can almost preserve the quasifreestanding geometry, stability, and band structure of germanene
or stanene. Among them, Cdl, and Znl, can open a relatively large band gap of 0.16-0.18 (0.13-0.16) eV
[without (with) spin-orbit coupling] in germanene, while preserving Dirac-cone-like band structures. Moreover,
the Z, invariants of germanene on Cul and stanene on Cal, are found to be nontrivial. The interaction between
germanene and substrates can be well modeled by the low-energy tight-binding Hamiltonian of germanene under
external fields. Our analysis based on the tight-binding Hamiltonian shows that suitable substrates mainly act like
a “pseudoelectric” field on germanene, and that strong linear correlations are seen among the “pseudoelectric”

field, extrinsic Rashba coefficient, and charge transfer.

DOI: 10.1103/PhysRevB.96.075427

I. INTRODUCTION

Graphene and its various fascinating properties, including
the massless Dirac fermions and the nontrivial topological
state, have stimulated numerous scientific breakthroughs [1,2].
However, the zero-gap nature and the small spin-orbit coupling
(SOCQ) in graphene largely hinder its application [1], which
motivates the search for two-dimensional (2D) materials
beyond graphene [3]. Germanene and stanene [4], as the Ge
and Sn analogs of silicene and graphene, naturally become
two of the candidates. In theory, similar to graphene and
silicene, freestanding germanene and stanene also have the
Dirac cone in their band structures [5], bringing them ultrahigh
carrier mobility and quantum spin Hall effect (QSHE) as
2D topological insulators [2,6,7]. They also can be used
to fabricate vertical transistors based on Dirac materials
[8]. Beyond the similarity, germanene and stanene have
stronger SOC and larger SOC gaps of over 23 and 73 meV
[6,7,9,10], respectively, compared to 1.55 meV in silicene
and 8 peV in graphene [9,11], leading to the possibility of
room-temperature 2D topological insulators [12,13]. Their
buckled structures make their band structures even more
tunable than monolayer graphene by external electric field or
surface atom adsorption [14—18]. Moreover, germanene is pre-
dicted to have doubled intrinsic carrier mobility, one order of
magnitude smaller electron-phonon coupling, and three times
longer spin dephasing length compared to graphene [19-21].
In experiment, germanene has been synthesized on various
kinds of substrates [22], including Pt(111) [23,24], Au(111)
[25], Ge, Pt [26,27], and Al(111) [28], and stanene has been
synthesized on a Bi; Te; surface [29]. Very recently, germanene
was synthesized on MoS, [30], which is the first time that
a 2D semiconducting substrate was used for germanene in
experiment. Although germanene becomes semimetallic in
experiment due to strain [30], theoretical research predicts
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that germanene can keep its nontrivial topological state on
MoS, [31].

However, two problems remain to be solved: (1)
Germanene and stanene still lack suitable semiconducting
substrates. In experiment, most of the reported substrates
are metallic, except for MoS,. On those metallic substrates,
researchers fail to observe solid evidence of the Dirac cone
in germanene and stanene. Even for germanene on MoS,, the
existence of the hole pocket at the I" point induced by the ~5%
strain renders the utilization of the Dirac cone properties at the
K point difficult [30]. Stanene on MoS, was also investigated
theoretically very recently, but there is still controversy over
whether stanene can remain semiconducting or will become
semimetallic [32,33]. Unfortunately, traditional insulating
or semiconducting substrates such as bare SiO, and GaAs
strongly interact with germanene and ruin the Dirac cone
[14,34]. Some of the hydrogen-passivated surfaces have
been predicted to be promising to preserve the properties of
germanene and its cousin materials: for example, H-passivated
Si(111) and Ge(111) surfaces for silicene [35], H-passivated
GaAs(0001) surface for germanene [34], and H-passivated
SiC(0001) for stanene [36]. Stanene is also predicted to
be able to preserve the nontrivial topological phase on the
a-Al,O3 (0001) surface [37]. Nevertheless, substrates that
do not require additional treatment and have small lattice
mismatch remain to be investigated systematically. (2)
Germanene and stanene should be supported or protected
by solid substrates in practice, but the effect of substrate
on the electronic state and Z, topological indexes of
supported germanene and stanene remain to be investigated
systematically. Currently, the Z, invariant of germanene on
MoS,, and ~-BN, and that of stanene on InSe, GaTe, Ge(111),
and H-passivated SiC have been studied [10,31,36,38,39].
Recently, Matthes er al. investigated the topological state
and the frequency-dependent spin Hall conductivity of
germanene and halogenated germanene [40,41]. Whether
germanene and stanene have different topological phases on
other substrates and how to explain the interaction between
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germanene/stanene and 2D substrates in general are still open
questions.

Using 2D layers from three-dimensional (3D) layered
materials as the substrate can be a possible solution to the
first problem and has several advantages. Three-dimensional
layered materials have weaker interaction between each layer
compared to three-dimensional materials, which may help in
protecting the structural integrity of germanene and stanene.
Two-dimensional substrates from 3D layered materials can
also be directly used in the fabrication of the vertical layer-
by-layer heterostructure and vertical field effect transistor
[42,43]. Moreover, besides the potential as substrates, 2D
layers can also act as protective films to prevent germanene
and stanene from being degraded in the ambient environment
[22]. Previously our group and another group had proposed
that 2D GaTe and InSe can be potentially suitable substrates
for germanene and stanene, respectively [38,44]. Nevertheless,
such human selection of substrate candidates by experience,
both in experimental and theoretical studies, is of less
efficiency.

In this work, by using density functional theory (DFT)
and materials informatics, we have dug out several suitable
2D semiconducting substrates for germanene and stanene,
including some of the Cdl,-type materials, Gel,, Cul, and
GaGeTe, from the Inorganic Crystal Structure Database
(ICSD) [45]. After mining and screening by our homemade
program, the structural and electronic behaviors of monolayer
germanene/stanene on the selected candidate substrates are
investigated by using DFT. On these suitable substrates,
germanene and stanene are found to be able to preserve
quasifreestanding geometries and Dirac-cone-like band struc-
tures with band gaps of 0.004-0.157 eV [with spin-orbit
coupling]. The stability of the supported germanene and
stanene is examined by phonon calculations. In addition, we
have performed systematic investigation on the Z, topological
index of the supported germanene and stanene, and have found
that they can even preserve their nontrivial Z, topological
index on Cul and Cal,, respectively. On the other substrates,
germanene and stanene become trivial band insulators, even
though the interaction with substrates are van der Waals—
like. Furthermore, we have demonstrated that the interaction
between germanene/stanene and the substrates can be well
explained by the low-energy Hamiltonian of freestanding
germanene/stanene under uniform external fields.

II. METHOD

We use our homemade program to filter out such materials
from ICSD and get the structure data [46]. In this work, we
aim at providing several suitable substrates within reasonable
computational costs, so we focus on the layered substrates
that can have 1 x 1 stacking configuration with germanene
and stanene. On the basis of the experience gained from our
previous study, we select the substrates using the following
criteria:

(1) They shall be stable in experiment at room temperature
and atmospheric pressure.

(2) They shall have small lattice mismatch (<6%) to
germanene or stanene.
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(3) They shall have symmetry similar to the host material
(hexagonal lattice in this case).

(4) They shall not contain heavy elements and magnetic
elements, namely Co, Cr, Fe, Mn, Mo, Ni, V, W, and
La-Ac series elements. This criterion is added to simplify
the automatic DFT calculation procedure in the later step.
Heavy elements and magnetic elements sometimes require
case-by-case treatment like DFT + U and correct initial guess
of magnetism.

(5) They shall be 2D materials or 3D layered materials.

The above criteria can be easily extended in order to
take into account substrate candidates that may form a larger
rotated commensurate lattice, with one example given in the
Discussion section.

Inspired by the idea of data mining of 2D materials in ICSD
[47], we use our homemade program to filter out suitable 2D
substrate candidates from ICSD for germanene and stanene.
We use an interlayer distance criterion of 3.0 A to select those
materials with large vacuum in the z direction. The above
criterion is selected in consideration of the interlayer distance
of graphene and the balance between computation time and
the success rate in searching for finally suitable substrates (for
details, see the Supplemental Material [48]). The candidate
for suitable substrate derived by the above algorithm is doubly
checked by another algorithm: First, we make the bonding
check between all atom pairs in the material to build a connec-
tion table. The bonding check is made by comparison of the
distance between two atoms and the sum of the covalent radii
of the elements from the database in Mathematica times 1.33
(an empirical coefficient to count all ambiguous interatomic
distances as connected); then we separate the atoms into groups
based on whether they are connected or not and determine
the dimensionality by the comparison between the number of
groups in the primitive cell and the 2 x 2 x 2 super cell. The
bulk structures of the suitable substrates found in this work
are shown in Fig. S1 [48]. After selection, the DFT method
implemented in QUANTUM ESPRESSO is used to examine the
performance of germanene and stanene on their corresponding
substrate candidates [49], and a homemade program is used
for the automation of extensive DFT calculations. Projector
augmented wave (PAW) pseudopotentials from PSlibrary
are employed in geometry optimization, band structure, and
phonon dispersion calculations [50,51]. For each element, we
select the pseudopotential with the highest suggested energy
cutoff and use such cutoff in our calculation. The optB86b-
vdW exchange-correlation functional is used in geometry
optimization to take the van der Waals (vdW) interaction
into account [52-55]. The generalized gradient approximation
(GGA) exchange-correlation functional of the Perdew, Burke,
and Ernzerhof (PBE) parametrization is utilized in electronic
structure calculations with SOC [56]. A Monkhorst-Pack (MP)
k-point grid of 21 x 21 x 1 is chosen for all systems after
testing [57], since our target systems have similar lattice
constants. The energy and force convergence tolerance are
set to 1 x 10-5Ry and 2 x 10~*Ry/A, respectively. We
do not perform variable-cell optimization, so the pressure
convergence is not necessary. Dipole correction is applied and
found to have negligible influence in our systems [58]. Phonon
calculations are performed by using density functional pertur-
bation theory (DFPT) implemented in QUANTUM ESPRESSO
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FIG. 1. (a—d) Top and side view of freestanding germanene and one kind of substrate, a type of bulk Cdl, (ICSD ID: 6066). (¢) Top and
side view of the most preferable geometry of germanene on monolayer Cdl,. The numbers at the bottom (“0210”) denote the high-symmetric
points in the hexagonal cell. (f) Phonon dispersion (left) and phonon partial density of states (PDOS, right) of the germanene-CdlI, system. The
phonon dispersion of freestanding germanene is also given as gray lines in the left figure. (g) Band structure of the germanene-Cdl, system. (h)
Band structure of the germanene-Cdl, system adjacent to the K point in the reciprocal space. The SOC introduces splits in the valence band
and conduction band, so there are four effective masses in germanene. (i) Evolution of Wannier charge center (WCC) over time ¢ (ky in 2D
case) used for the calculation of the Z, invariant. Gray hollow circles are the positions of WCCs, and the red diamonds mark the center of the

largest WCC gap.

with a g-point grid of 5 x5 x 1 [49]. Norm-conserving
pseudopotentials generated by optimized norm-conserving
Vanderbilt pseudopotential (ONCVPSP) using the SG15 data
set are employed in Z, invariant calculations implemented in
Z2PACK supported by WANNIERYO after testing [48,59-63].

To illustrate the research routine applied to each substrate
candidate, let us take Cdl,, a typical substrate candidate for
germanene, as an example. One type of bulk Cdl, [Figs. 1(b)
and 1(d), ICSD: 6066] has a hexagonal lattice with a lattice
constant of 4.24 A. The lattice constant is similar to that of
the freestanding germanene [4.02 /QX, Figs. 1(a) and 1(c)],
so we adopt a 1 x 1 stacking configuration [Fig. 1(e)] for
the germanene-Cdl, system. Such 1 x 1 configuration is
applied to all other cases for the same reason. A monolayer
substrate is chosen to reduce the overall computational cost
and generally should yield results similar to the corresponding
bulk substrate according to our previous study [44], because
all candidates have layered structures. In order to search for
the most energetically favorable geometry, first a randomly
stacked germanene-Cdl, system is optimized at different
lattice constants (Fig. S2 [48]) to obtain the optimal cell
size. Then the most stable stacking pattern of germanene on
CdI, is investigated. Because there are three high-symmetric
points [marked as 0, 1, and 2 below the dashed lines in
Fig. 1(e)] in one hexagonal cell and two different Ge atoms
in germanene, there are (g) = 6 high-symmetric stacking
patterns in total. The six stacking patterns are labeled as
Ge!Ge/I*Cd'T", where i, j, k, I, m =0, 1, 2 denoting the
high-symmetric points. Other non-high-symmetric stacking
patterns are found to be less preferable in our previous research

of similar systems and thus are ignored in this work [44]. The
most stable stacking pattern is found to be Ge'!Ge T1>CdI!
[Fig. 1(e), Fig. S3] [48], which is characterized by an A B-like
tip-to-valley configuration with the highest atoms (“tips”) in
bulked germanene and CdI, aligned to the hollow centers
(“valleys”) in each other like a pair of gears. Such a tip-to-
valley configuration results in a significantly smaller interlayer
distance between germanene and CdI, compared to the other
tip-to-tip configurations (Fig. S3 [48]), leading to a smaller
total energy. Nevertheless, the interlayer distance is still as
large as ~3.2 A, suggesting the weak interaction between the
two materials. Note that although there is another tip-to-valley
configuration named Ge’Ge!T>?Cd°T', which is only 0.01 eV
over the most stable one, the two tip-to-valley configurations
are related by a space inversion operation instead of any lateral
translation of the germanene part and thus actually have a much
higher energy barrier between them according to our previous
research [44].

The stability of the germanene-Cdl, system is established
by phonon calculations. Its phonon dispersion, shown in
Fig. 1(f), is all positive except for small (<2 cm™!) negative
frequencies near the I' point. The negative frequency is
supposed to be a part of the out-of-plane acoustic (ZA) branch
of germanene and can be also found in freestanding germanene
[5]. Such minor negative frequency pocket can be eliminated
[64,65], for example, by improving the optimization accuracy
[gray lines in Fig. 1(f) by this group]. As a result, we believe
that it does not affect the stability of the system and do not
further optimize the phonon calculations due to the lack of
computational resource and significance.
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TABLE 1. Structural properties, including the lattice constant of bulk substrate (ayp,) and system of monolayer substrate with
germanene/stanene (dsys), final lattice mismatch ay;; between the system and freestanding germanene/stanene, stacking pattern, buckling A,
vertical distance between substrate and germanene/stanene d,, binding energy E,, and phonon stability, of the systems of germanene/stanene

supported by different 2D substrates.

Name  ICSDID  aup (A) gy (A) s (%) Stacking pattern AR) d (A) E,(meVA ") Phonon stability
Znl, 77058 4.5 4.03 0.2 Ge!Ge'I*Zn’T! 0.695 3.185 15.7 Stable
Cdl, 6066 4.24 4.11 22 Ge!Ge"12Cd°T 0.672 3.182 14.8 Stable
Gel, 23176 4.13 4.05 0.7 Ge!Ge’I2Ge' 12 0.694 3.133 16.0 Stable
GaGeTe 35386  4.048 4.06 1.0 Ge'Ge’Te’Ga!Ge'Ge’Ga’Te?  0.698  3.028 19.4 Stable
Mgl 52279 415 4.08 1.5 Ge'! Ge'I*Mg°T! 0.684 3.310 15.5 Stable
Cul 30363 4.25 4.06 1.0 Ge!Ge’I*Cu! Cu?I! 0.691 3.152 16.3 Stable
CdBr, 31536 3.985 4.00 -0.5 Ge'!Ge’Br2Cd!Br” 0.695 3.166 13.7 Stable
CuBr 30091  4.096 4.02 0.0 Ge!'Ge’Cu'Br? 0.821 1.716 162.5 Unstable
ZrTe, 653213 3.952 3.99 —0.7 Ge!Ge’TeZr>Te! 0.782  3.010 29.3 Unstable
Y,,Ga, 417149  4.179 4.12 2.5 Ge!Ge'I2Y!Ga’Ga?Y!T? 0.666 3.273 15.0 Unstable
HfTe, 603713 3.910 3.97 -12 Ge!GeTeHf! Te" 0.724  3.058 22.0 Unstable
In;Te, 44665 4.27 4.22 5 Ge!Ge’Te?In’Te' In?Te’In'Te?  0.701  2.811 22.5 X
PbL,° 23762 4.56 4.61 -13 Sn!Sn°I2Pb!1° 0.890 3.164 232 Stable
Cal,® 52280  4.49 4.57 -2.1 Sn!'Sn’I2Ca'1° 0.906  3.349 225 Stable

#Fail to converge.
bStanene substrates.

III. RESULTS

The overall data for the candidate substrates are listed
in Tables I and II for geometric and electronic properties,
respectively. Using the procedure described above, we filter
out nine 2D materials from more than 185000 entries in
ICSD. Among them, seven and two candidates are suitable
for germanene and stanene, respectively. All of the candidate
materials can be found in the experimental literature with the
experimental condition at room temperature and atmospheric
pressure, and most of them are iodides. Some of them have
been used as the substrate for van der Waals epitaxy (VDWE)
before, for example, Cdl, and Pbl, [66]. Moreover, thin
films of single-crystal Pbl, with a lateral scale over tens of
micrometers have been successfully synthesized very recently
[67], which can serve as a planar substrate and capping layer.

From the structural parameters listed in Table I, one can
find that the optimized lattice constants are almost between

TABLE II. Electronic parameters, including the band gap without SOC (E,) and with SOC (E,.soc), average effective mass m

the bulk lattices of the substrates and those of the freestanding
germanene (4.02 A) and stanene (4.67 A). The majority of
the most preferable stacking patterns follows a similar pattern
beginning with A'A°X?, where A = Ge/Sn and X are the
surface atoms of the substrate. The substrates that do not follow
this rule are found to be unstable in their phonon dispersion.
The A'A°X? stacking patterns, as described above, have
tip-to-valley configurations with a much reduced interlayer
distance compared to the other type of configurations. The
buckling distance of germanene/stanene on substrates gener-
ally becomes smaller if the optimized system has a larger lattice
constant. For germanene on substrate, 1% lattice mismatch
causes roughly 1.5% change in the buckling distance, similar
to and slightly larger than the value of ~1.2% for freestanding
germanene under 1% strain [68]. The vertical distance between
germanene/stanene and substrates are almost all above SA,
and the binding energies between the layers are as small as

ave» Charge

transfer g from substrate to germanene, spin expectation value s in the z direction for the VB-1 band, fitted paramters of the interaction model
E., Ar1, Aso, Aso-suw, and M, and the Z, invariant of the system. Note that stanene’s “Z,” on Cal, is unphysical due to its semimetallic nature
in this case, but becomes physical when it becomes semiconducting by, e.g., applying strain.

Band gap (eV) mjvg (m,)
Name E, E,soc Light Heavy ¢ (le]) s E.(Vnm™) Az (meV) Aiso (meV) Agop (MeV) M (meV) Z,
Znl, 0.185 0.157 0.080 0.107 —0.022 0.994 2.7 10.8 14.0 1.1 6.2 0
Cdl, 0.158 0.132  0.069 0.095 —0.023 0.996 24 7.6 13.3 0.4 5.6 0
Gel, 0.101  0.085 0.052 0.060 —-0.043 0.980 1.4 10.0 8.3 —4.6 —1.3 0
GaGeTe 0.100 0.078 0.041 0.062 —0.043 1.000 1.4 0.0 11.3 —1.6 0.3 0
Mgl, 0.075 0.055 0.030 0.047 -0.031 0.998 1.1 2.5 10.3 2.6 1.2 0
CdBr, 0.018 0.004 0.014 0.023 -0.019 0.986 0.3 2.1 9.0 -39 14 0
Cul 0.002 0.006 0.018 0.018 —0.058 0.766 0.1 3.9 6.8 —6.1 1.5 1
Pbl,* 0.069 0.020 0.021 0.101 -0.038 0.92 0.9 19.8 31.0 -5.9 7.1 0
Cal,? 0.017 Metal -0.021 0.86 0.3 5.3 335 -33 2.9 “17

4Stanene substrates.
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13.7-29.3 meV 13;2, which can be treated as a sign of weak
vdW interaction. In contrast, the germanene-CuBr system
has a small interlayer distance and large binding energy of

162.5 meV IOA_Z, suggesting that the two materials are actually
bonded.

Phonon calculations (Fig. S4 in the Suplemental Material)
demonstrate that the presence of substrates only has a minor
effect on the phonon dispersion of germanene and stanene,
if the system is stable [48]. As shown in Fig. S4, all of the
stable phonon dispersions seem to be the combination of
the substrate part and the germanene/stanene part [48]. The
acoustic and the I' point out-of-plane optical (ZO) modes
of the phonon dispersions of the germanene/stanene part
remain nearly the same as those of the freestanding cases.
Nevertheless, the existence of substrate still leads to a small
shift of the in-plane longitudinal and transverse optical (LO,
TO) and K point ZO frequencies, the magnitude of which
generally increases with lattice mismatch (Fig. S5 [48]). The
phonon dispersions of germanene on ZrTe,, Y,I,Ga,, CuBr,
and HfTe, (Fig. S6) have large negative frequencies away
from the I point and thus are marked as unstable [48]. In;Tey4
is also categorized as an unstable substrate due to the relatively
large lattice mismatch and failure of convergence in phonon
dispersion calculation. However, it might be a result of the
relatively lower accuracy in our choice for the parameters used
in the automatic phonon calculations compared to manually
fine-tuned calculations. Further calculation might be required
to confirm their stability. Unless specified, we will exclude
these unstable substrates in our discussion below. In addition,
we have calculated the infrared (IR) activities to provide more
fingerprints of the supported germanene systems (Fig. S4 [48]).
The most significant peaks in all systems do not correspond to
any intrinsic mode of germanene, so we believe that they come
from the substrate or germanene-substrate interlayer modes.

After the structural investigation, the electronic properties,
including the band structure, effective masses, charge transfer,
and Z, topological index, are examined for the candidate
systems. Let us take the germanene-Cdl, system as the
example again. Figure 1(g) clearly demonstrates a Dirac-cone-
like band structure of germanene on Cdl, with a band gap
opened at the K point. Unlike the metallic germanene on
MoS, [30], germanene on CdI, remains semiconducting with
a gap of 0.16 eV (0.13 eV with SOC), which suggests the
possibility of the fabrication of the first germanene field effect
transistor (FET). The SOC split in the valence band (VB) and
conduction band (CB) of germanene introduces extra effective
masses, namely, the heavy hole/electron masses mj ,/m} ,
and light hole/electron masses m; ,/m?*,. While a band gap
is opened, the calculated effective masses remain as small as
0.07 free electron mass m, for light carriers. Since the intrinsic
germanene is a topological insulator and has different phases
under different external fields [6], it is worthy of investigation
on the topological state of germanene under the influence
of the substrate. The Z, topological index of germanene is
calculated from the evolution of the Wannier charge centers
(WCCs) shown in Fig. 1(i) [61]. In this case, the trajectory
of the center of the largest WCC gap crosses over the WCC
routes an even number of times, so the Z, invariant is 0. Even
though the interaction between Cdl, and germanene is weak,
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it is large enough to be above the critical point and induce a
phase transition in germanene from a topological insulator to
a trivial one.

In general, germanene and stanene preserve many of their
freestanding electronic properties on these substrates. As
demonstrated in Fig. 2 (and Fig. S7 for a clearer view at the
Fermi level around K [48]), germanene and stanene still have
their Dirac-cone-like band structures on most of the candidate
substrates. Notably, they become semiconducting and remain
neutral on Cdl,, Mgl,, Gel,, Znl,, Cul, CdBr,, and GaGeTe
for germanene and on Pbl, for stanene, with a band gap E,
ranging from 0.002 (0.004) to 0.185 (0.157) eV for non-SOC
(SOC) cases, as listed in Table II. As is known to all, the lower
limit of the band gap in the channel materials of traditional
FETs is around 0.4 eV. The maximum Eggoc of 0.157 eV
in this work is closer to such limit compared to 0.10 eV
in our previous study and can be enhanced by cooperation
with other gap-opening techniques, such as vertical electric
field and surface adsorption, for further tunability [14,16,44].
The reason for the gap opening in germanene and stanene
is the symmetry-breaking effect induced by the substrates, and
the gap size is related, but not simply proportional, to the in-
teraction strength between substrates and germanene/stanene.
The corresponding tight-binding model will be discussed later
to explain the phenomenon.

Although a band gap is opened, germanene (stanene) still
preserves small effective masses m™ of 0.014 (0.018)-0.080
(0.107) m, for light (heavy) carriers (Table II), where m,
denotes the mass of free electrons. Since the phonon dispersion
of freestanding germanene and the supported one here are alike
(Fig. S4 [48]), we assume that the relaxation time T in our case
is similar to that of the freestanding case (t = 5.3 ps). Then the
carrier mobility p of germanene on our candidate substrates
estimated by u = et/m* can be 1-9 x 10° cm?> V~'s~! for
light carriers. In comparison, the theoretical intrinsic carrier
mobility of freestanding graphene and silicene are ~3 x 10°
and ~2 x 10° cm? V~!s7!, respectively, without a significant
band gap [19]. Note that the maximum value can exceed
the intrinsic u of germanene, because germanene on Cul
and CdBr; has an even smaller band gap than freestanding
germanene considering SOC. We find that Eysoc and m* of
germanene on substrates have a linear relationship of m* ~
Eysoc/2 [Fig. 3(a)], which is well known as the trade-off
between the gap size and mobility. If such a trade-off rule
is not violated at Eqsoc ~ 0.4eV, which is true under the
tight-binding model (Fig. S10 [48]), germanene would still
have a high carrier mobility over 4 x 10*cm?>V=!s~!. As a
comparison, the best carrier mobility of black phosphorus
reported in experiment is on the order of 10*cm?V~!s~!
[69], and that of MoS, is on the order of 10> cm?V~!s~!
[70]. Impressively, germanene on Cul and stanene on Cal,
have a nontrivial Z, topological index (see Fig. S11 for WCC
evolution diagrams [48]). For stanene on Cal,, although it is
a semimetal [Fig. 2(i)], two groups of bands are separated by
an energy “gap” near the Fermi level in the whole reciprocal
space, so a topological index for the lower group of bands
still can be defined [61]. Although the Z, index seems to be
“unphysical” here, one may apply strain on the stanene/Cal,
system to turn it into a semiconductor and then Z, will become
meaningful. Considering that (1) the Z; index of freestanding
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FIG. 2. (a—g) Band structures of some germanene-substrate systems with Dirac-cone-like band structures: (a) Cdl,, (b) Mgl,, (c) Gel,,
(d) Znl,, (e) Cul, (f) GaGeTe, and (g) CdBr;. (h,i) Band structures of stanene-substrate systems with Dirac-cone-like band structures. Note that
the Cal,-stanene system is semiconducting without SOC, but becomes metallic when SOC is employed.

stanene does not change when the strain is between —12% and (—2.1% strain) is likely to turn back into semiconducting while
3% [71], and (2) freestanding stanene is semiconducting when  preserving the nontrivial Z, index when a small positive strain
the strain is between —2% and 1% [71], Cal, supported stanene is applied to the system. On the rest of the substrates, where
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FIG. 3. (a) Relationship between the averaged light effective mass m, ., and Egsoc of germanene on different substrates. The dashed
line is the linear fit of the data of this work. Some other substrates from our previous work [44] (blue dots) are also shown for comparison.
(b) Relationship between E and the fitted Aso, Aso-subs Ar1, and M. Red dashed line is the linear fit between E, and Ag;. (c) Charge transfer ¢
between germanene and substrate (red) and Ge atoms inside germanene (blue) as a function of E,. Dashed lines are corresponding linear fits.
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germanene and stanene open a larger band gap, they transit to
band insulators, even though the interaction with the substrate
is as weak as the vdW interaction.

IV. DISCUSSIONS

Here we will discuss the physical origin of the differ-
ent performances of germanene/stanene on these substrates.
The Hamiltonian in the vicinity of the K point of ger-
manene/stanene under a uniform external field can be written
as [0]

Hy (k) = hivpk - T—AE, 7, + AsoT,0,
+ %)‘-Rl(? X 8)z — (l)\.Rz‘L'Z(]_é X 3)z =+ MO’Z,
(D

where k is the relative reciprocal vector near K. ¢ and T
are Pauli matrices representing the spin and the A-B sublattice
pseudospin in germanene/stanene, respectively. v is the Fermi
velocity. The second term is the staggered sublattice potential
term, where A is half of the buckling of germanene/stanene
and E, is the vertical “pseudoelectric” field applied to
germanene/stanene by the substrate. Aso = Aso-dirac + ASO-sub
corresponds to the sum of the intrinsic SOC term in the
Dirac material (germanene/stanene) Aso.girac and the SOC term
induced by the substrate, Aso.sub- Ar1 = ¢ E, is the first Rashba
SOC term induced by E.. Ag, is the second Rashba SOC
term associated with the next-nearest-neighbor hopping. M
is the “pseudomagnetic” field included to better describe the
symmetry-breaking effect other than the “pseudoelectric” term
[31]. This term is added because it is known that strain will
induce pseudomagnetic field in graphene [72], which rpight
apply in germanene/stanene as well. At the K point, k =0
and the Az, term vanishes, so the eigenvalues become very
simple:

€12 =Aso £ (AE, — M),
2

34 = —)\so + \/(AEZ + M)2 + )»%“,

The parameters fitted by the DFT eigenvalues are presented
in Table II. Several interesting relationships can be found
between them. First, Az, should be proportional to E, in
theory for freestanding graphene and germanene [73-75],
which is found to be true also for supported germanene under
a pseudoelectric field E, induced by the substrate in our
cases, as shown in Fig. 3(b). The fitted o in Ag; = «E; is
around 0.04 A with a Pearson’s product-moment correlation
coefficient r above 0.88. The inclusion of Ag; changes the
band gap by 0.3%—-3%. The «a of germanene is around two
orders of magnitude larger than o ~ 6 x 107* A in silicene
[6], partly due to the larger intrinsic Agp and A in germanene.
If o becomes larger and gets closer to the value of A, which
is possible to happen in stanene considering its even larger
Aso, the correction of Ag; on E,. would be significant, and
the second critical electric field E. might be observable in
practice.

Second, the charge transfer between germanene and the
substrate, as well as the charge transfer between the two Ge
atoms in germanene, is also proportional to E,, as shown
in Fig. 3(c). It can be understood in two ways: either the
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vertical electric field E, drives the electrons to redistribute
from substrate to germanene and inside germanene, or E, is
actually a result of such charge redistribution. In any case, E,
should be linear to the charge transfer, which is confirmed by
the good linear fitting displayed in Fig. 3(c).

Finally, the perfect trade-off between Egsoc and the
average light effective mass mﬂghl_avg shown in Fig. 3(a) can
also be explained by this model. Using the Fermi velocity of
freestanding germanene vy = 8.8 x 10° ms™' [76], we calcu-
late the reciprocal for the second-order derivative of the bands
atthe K point, 1/E;, = [82E(kx,ky,EZ)/Bk)%]’1 |k, =k,=0 under
the assumption of M = Ag, = 0 and Ag; = 0.04E, (Fig. S10
[48]). Since m o< 1/E} , Fig. S10 can also demonstrate
the relationship between m} . and Eysoc [48]. The average
light effective mass is almost perfectly proportional to Eg_soc
when E,;soc < 0.4eV. Note that germanene on all suitable
substrates in this work satisfies the condition. All of the
correlations found above can be viewed as a cross validation
for the correctness of the model and support the opinion that
the different behaviors of germanene on substrates are the
result of the external fields, mainly electric field, applied by
the substrate.

Note that the PBE functional usually underestimates the
band-gap size, which can be improved by using hybrid func-
tionals like HSEQ6 [77-79]. However, we do not expect that
such replacement would affect the above general conclusion
for suitable substrates, because we previously found that using
HSEO06 only enlarges the gap size by ~30% compared to the
PBE functional without SOC and does not change the shape
of the Dirac cone for germanene on suitable substrates [44].
Moreover, the SOC effect will almost cancel such an increase
of band gap in germanene [44], so the HSE06 4+ SOC band
gap might be similar to the PBE band gap without SOC in
germanene. For example, the band gaps of germanene on
GaTe and InSe are 0.12, 0.10, and 0.16 eV and 0.11, 0.08,
and 0.14 eV, respectively, for PBE, PBE4+SOC, and HSE06
calculations [44]. We have performed the HSE06 calculation
of germanene on Cul as a test with a k grid of 3 x 3 x 1 and
the identical g grid (Fig. S18 [48]). The band gap predicted
by HSEO6 at the K point is 10 meV, similar to the value
of PBE 4+ SOC (6 meV). Hence we believe that using the
HSEO6 functional would not have significant impact on our
conclusions about the selection of suitable substrates.

The change of the band gap size by using a hybrid functional
may also lead to a different Z, invariant [40,80]. However,
it does not matter for most substrates found in this work,
on which germanene is predicted to have even Z,, since
germanene is more likely to be topologically trivial with a
larger band gap. On Cul, germanene is predicted to have odd
Z, on the PBE level. There is the possibility that the result
would be different by using a different functional, but the band
gap given by HSEOQ6 is only 10 meV, which is still within the
possible range of the topologically nontrivial phase (~23 meV)
[9].

We have made several additional investigations on the
stability of germanene supported by Cul. First, we have
performed molecular dynamics (MD) simulation for a 3 x 3
germanene-Cul supercell with an initial temperature of 800 K
for about 2 ps (see the caption of Fig. S12 for computational
details [48]). The hexagonal structure of germanene on Cul is
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almost preserved after 2 ps (Fig. S12 [48]). There is oscillation
in the buckling of germanene, but the buckled structure is
generally preserved (Fig. S13 [48]). Notably, such oscillation
for germanene on Cul seems to be smaller than the case without
Cul (Fig. S13 [48]), implying that Cul might help stabilize
germanene in the vertical direction. Second, a 1 x 1 unit cell
might enforce the system to fake stability. We have performed
geometry optimization for the 5 x 5 supercell of germanene on
Cul (Fig. S15) and found no significant change in the geometry
of germanene and Cul [48].

In this work, we focused on candidate substrates that
can form 1 x 1 stacking patterns with our target materials,
germanene and stanene. It is possible for germanene and
stanene to take a supercell other than 1 x 1 on substrates.
In theory, a large coincident lattice with rotations can be used
for 2D crystals with different lattice constants to achieve very
small mismatch, around 1% [81]. However, such coincident
lattice is not used in this work due to the following reasons.
(1) Such a coincident lattice does not necessarily represent
the real configuration in experiment, even if it has very small
mismatch, below 1%. For example, germanene on MoS, takes
the nonrotated 5 x 5 supercell on 6 x 6 MoS, with 5% strain
[30], instead of the 27.8° rotated configuration with 0.7% strain
proposed in theory [31]. This may be because germanene
is somehow flexible in its planar lattice constant due to its
buckled geometry. Considering the large lattice mismatch
of germanene and MoS;, we believe it is more likely for
germanene to take nonrotated configurations on substrates with
<6% lattice mismatch in our case. (2) We have performed
the calculation of +/21 x +/21 R 72.656 germanene on
/19 x 4/19 Cul. The lattice mismatch is 0.4%. The result of
geometry optimization and band structure shows features very
similar to the 1 x 1 stacking case (Fig. S17 [48]), so Cul is still
a suitable substrate for germanene with such rotated cell. We
believe that the suitable substrates found in our work will still
be suitable using the rotated coincident lattice. In addition, our
methodology can be easily extended to take into account those
substrates with incommensurate lattice constants compared to
the target material (germanene and stanene in our case). Since
computations on such coincident lattices with rotation are quite
time consuming, extensive investigations remain as a future
task.

In addition to being the substrate guide for experimentalists,
our research might lead to at least two types of future study.
First, one can make a vertical heterojunction, i.e., sandwiched
germanene/stanene between different types of substrates, to
tune their electronic properties and protect them from the
ambient environment. The pseudoelectric fields from the effect
of the two capping layers may either cancel or enhance with
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each other. If germanene is sandwiched between two substrates
similar to Znl, that have E, ~ 2.5V nm~! with an enhanced
effect, it is possible to double the band gap in germanene to
~0.4 eV to make it suitable for FET application. In contrast,
two substrates with a canceled effect may lead to small or
zero electric field, resulting in a nontrivial Z, invariant in
germanene. Second, it is interesting to put germanene on
the junction of two types of the substrates, say Cul and
Znl,, to see whether it will have the topological edge state
in germanene/stanene at the boundary of two substrates (or
“topological domain wall” [10]). Note that in such a system,
germanene can be intact without any geometric boundary.

V. CONCLUSIONS

We have found several suitable 2D substrate candidates,
including some of the Cdl,-type materials, Cul, and GaGeTe,
for germanene and stanene by using the combination of
density functional theory and materials informatics. We have
succeeded in finding more candidates than previous manual
searches, and some of them show better performance than
those previously found. The suitable substrates can preserve
the quasifreestanding geometry and the Dirac-cone-like band
structure of germanene and stanene with a band gap of
0.004-0.157 eV opened at the Dirac point. Germanene on
Cul and stanene on Cal, are found to have odd Z, invariant,
and the former one is a topological insulator. In addition,
we have found that the interaction between germanene and
the substrates can be well described by the tight-binding
Hamiltonian of germanene under uniform external fields. The
analysis using the Hamiltonian shows that suitable substrates
mainly act like a “pseudoelectric” field on germanene, whose
field strength dominates the band gap and topological phase
of germanene. The linear trade-off between the band gap and
the average light effective mass can be well reproduced when
the band gap is below 0.4 eV. The fitted extrinsic Rashba
coefficient is found to be almost linear to the “pseudoelectric”
field, similar to its behavior under real electric field. We
hope our research can shed light on the first synthesis of
germanene and stanene with semiconducting Dirac-cone-like
band structure and open up alternative areas of research for
them.
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