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Abstract

Twisting bilayers of two-dimensional topological insulators has the potential to create unique
quantum states of matter. Here, we successfully synthesized a twisted bilayer of germanene on
Ge,Pt(101) with a 21.8° twist angle, corresponding to a commensurate (\/ 7x 7) structure. Using
scanning tunneling microscopy and spectroscopy, we unraveled the structural and electronic
properties of this configuration, revealing a moiré-modulated band gap and a well-defined edge
state. This band gap opens at AB/BA stacked sites and closes at AA stacked sites, a phenomenon
attributed to the electric field induced by the scanning tunneling microscopy tip. Our study further
revealed two van Hove singularities at —0.8 eV and +1.04 eV, resulting in a Fermi velocity of

(8 £1) x 10° m s~ . Our tight-binding results uncover a unique quantum state, where the
topological properties could be regulated through an electric field, potentially triggering two

topological phase transitions.

1. Introduction

Moiré superlattices, formed by vertically stacking
two-dimensional (2D) materials, offer a platform
where unique quantum phenomena can material-
ize, attributed to unexpected alterations in electronic
band structure and topology [1-9]. The properties of
these superlattices are not an aggregate of their con-
stituent layers, but a complex result of factors includ-
ing interlayer coupling, lattice reconstruction, and
twist angle. The strength of the interlayer coupling is
vital, facilitating electron hopping and charge redis-
tribution between layers, thus fostering their unique
properties. In such stacked bilayers the twist angle
introduces an additional degree of freedom. If the
top layer is twisted with respect to the bottom layer,
a moiré superstructure emerges. The periodicity of
this moiré structure is given by A = a/(2sin(9/2)),
where a is the lattice constant of the 2D material and
O the twist angle between the two layers. In graphene,
the twisting leads to a shift of the two Dirac points

© 2024 The Author(s). Published by IOP Publishing Ltd

of the two layers in reciprocal space, resulting in a
crossing of the Dirac cones. Owing to this cross-
ing, novel electronic states emerge in the vicinity of
the Fermi level. These electronic states result in van
Hove singularities in the density of states [8, 10].
These van Hove singularities, which have an appre-
ciable density of states, can be brought arbitrarily
close to the Fermi level by tuning the twist angle or
by gating, leading to electronic instabilities and cor-
related electronic phases, such as superconductivity,
Mott metal-insulator transition, tuneable magnet-
ism, Wigner crystallization etc [9, 11, 12].
Twistronics, traditionally focused on graphene
and graphene-based 2D structures [1], are now
expanding to incorporate non-graphene 2D mater-
ials like silicene and bismuthene [13—16]. This shift
promises potential discoveries of unique topolo-
gical phases and kagome flat band systems [17, 18].
Particularly, when considering 2D topological insu-
lators, the interplay of topology and electron correla-
tions offer fertile grounds for the emergence of exotic
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phases [19-23]. In the same context, germanene—
the germanium analog of graphene with a buckled
honeycomb lattice [24]—offers promising prospects
with its Dirac fermions [25, 26] and strong spin—orbit
coupling [27-29]. In our recent work, we demon-
strated that germanene grown on Ge,Pt [26] is a 2D
topological insulator, exhibiting the quantum spin
Hall effect [29]. Notably, germanene hosts a gapped
interior with spin-polarized topologically protected
edge states at its boundaries [30] and undergoes a
topological phase transition when a perpendicular
electric field is applied.

Inspired by these findings and the potential of
twisting a 2D topological insulator, we have suc-
cessfully grown twisted bilayers of germanene using
the spinodal decomposition of a GePt eutectic alloy.
The twisted bilayers have a twist angle of 21.8°, cor-
responding to a commensurate (N7x\7) structure.
Using scanning tunneling microscopy and spectro-
scopy (STM, STS) at 77 K, we have probed the struc-
tural and electronic properties of these twisted bilay-
ers. Our findings reveal a moiré-modulated band
gap, a metallic edge state, two van Hove singularit-
ies, and a Fermi velocity of (8 £ 1) x 10° m s~ L.
Remarkably, our tight binding calculations indicate
that an applied electric field could trigger two topo-
logical phase transitions.

2. Results and discussion

Numerous research groups have reported the growth
of germanene by depositing Ge atoms on metal
substrates, such as Pt(111) [31], Au(111) [32], and
Al(111) [33]. Initially, the assumption was that these
structures were pure layers of germanene. However,
more recent investigations have suggested that these
structures are in fact alloys, comprised of Ge atoms
mixed with the atoms of the respective metal substrate
[34-36]. Our methodology, which relies on spinodal
decomposition of eutectic Gey 5Pty 2, droplets into
Ge,Pt and pure Ge, stands apart from this preval-
ent alloying issue. This method circumvents the prob-
lem of alloying as it utilizes all available Pt atoms
already for the formation of the Ge,Pt substrate. The
surplus Ge, in this case, is expelled onto the sur-
face of the Ge,Pt crystals, ensuring the formation of
pure germanene layers. The growth of germanene on
Ge, Pt is based on the methodology we established in
previous research [26, 29, 37]. Initially, Pt is depos-
ited onto a Ge(110) surface in ultra-high vacuum.
Subsequently, the system is heated just above 1047 K
to create Geg73Pt,, eutectic droplets. The eutectic
droplet formation process is extensively discussed
in [38-40]. Upon returning to room temperature,
the spinodal decomposition of these droplets occurs,
leading to a crystalline Ge, Pt phase and a distinct pure
Ge phase [26, 37, 38]. This process results in the form-
ation of germanene layers on Ge,Pt(101), which are
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separated by a buffer layer, as elaborated in [29]. The
germanene layers on top of the buffer layer on Ge,Pt
exhibit a buckled honeycomb structure. This buck-
ling is in agreement with theoretical calculations [41].
We have recently demonstrated that germanene on a
buffer layer/Ge,Pt substrate is a 2D topological insu-
lator that undergoes a topological phase transition
upon the application of an electric field [29]. At the
critical field, the gap closes and germanene is charac-
terized by low-energy linear bands [25, 29].

Figure 1(a) shows a large-scale image of the
germanene/Ge,Pt(101) surface. The STM image dis-
plays two distinct levels with a separation of 0.28 nm,
matching the monoatomic step height of germanene,
evident from the line profile in the inset of figure 1(a).
Figure 1(b) presents a schematic representation of the
germanene/Ge, Pt system, indicating that the first ger-
manium layer on Ge,Pt(101) is electronically dead.
This germanene buffer layer decouples the other ger-
manene layers from the underlying substrate, see also
[29]. An atomic-scale STM image and its correspond-
ing fast Fourier transform (FFT) image of the buffer
layer on Ge,Pt showcases a complex unit cell, see the
left panels of figure 1(c). This complexity is under-
stood by superimposing the honeycomb lattice of ger-
manene with the rhombic lattice of Ge,Pt’s upper Pt
layer [29]. The difference between these two lattices
results in a one-dimensional moiré pattern, identifi-
able in the STM image as well as in the FFT image as
the yellow circled spots in figure 1(c). The subsequent
germanene layer on the buffer (referred to as the first
layer, 1L) demonstrates topological properties [29].
Structurally, this layer’s buckled honeycomb lattice is
clearly visible in the right panels of figure 1(c). In
addition, the buffer/Ge,Pt moiré pattern disappears
and the Ge, Pt spots are barely visible. Germanene on
the buffer layer has a lattice constant of ~4.2-4.3 A
and a buckling of ~0.4 A, as extracted from atomic
resolution STM images.

The predominant structure of the few-layer ger-
manene atop the buffer layer on Ge, Pt (101) typically
adopts an AA stacking pattern, as shown in the right
panel of figure 1(c). Density functional theory calcu-
lations have shown that AA stacking is more favor-
able than AB stacking [24]. Approximately 10% of
few-layer germanene/buffer/Ge, Pt areas exhibit a dis-
tinctive and large superstructure. This is illustrated
in the large-scale STM image of figure 1(d) and the
detailed close-up in figure 1(e). The superstructure’s
unit cell, as depicted in figure 1(e), has a dimen-
sion of ~1.1 nm, which is significantly larger than
the lattice constant of monolayer germanene (right
panel of figure 1(c)). In order to unravel the exact
details of the superstructure we performed an FFT of
the STM image in panel (e). The FFT image, shown
in figure 1(f), reveals many spots that can all be
explained by a twisted germanene bilayer. The yel-
low hexagon represents the reciprocal lattice of the
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Figure 1. (a) Large scale scanning tunneling microscopy image of few-layer germanene on Ge,Pt. Inset: line profile across the step
edge with a monoatomic germanene height of 0.28 nm. Sample bias —1.5 V and tunnel current 0.2 nA, (b) cartoon of the
different germanene layers (buffer layer, 1L germanene and twisted bilayer germanene) on Ge,Pt(101) (c) small-scale STM images
and the corresponding FFT images of a buffer layer germanene (left) and a monolayer (1L) germanene on buffer/Ge,Pt (right).
The top left panel shows germanene (honeycomb), Ge, Pt (rhombic) and moiré lattices (one-dimensional). The top right panel
shows the low-buckled honeycomb lattice of germanene. Sample bias —1.3 V and tunnel current 0.3 nA. (d) A large-scale image
on a few-layer germanene/Ge; Pt cluster, showing a larger hexagonal periodicity. The image has been flatten (second order
polynomial) for clarity. Sample bias —1.5 V and tunnel current 0.2 nA. (e) A zoom-in on one of these regions revealing a complex
structure corresponding to a 21.8° twisted bilayer germanene. Sample bias —1.3 V and tunnel current 0.3 nA. (f) Fast Fourier
transform of the image shown in panel (e). 6 is the angle between the honeycomb lattice of the top layer germanene and the moiré
lattice. The yellow and white hexagons represent the reciprocal lattice of the germanene honeycomb lattice and the moiré lattice,
respectively. The dotted circles are replicas of the moiré unit cell at the first order spots of reciprocal lattice of germanene. (g)
Atomic resolution STM image (high-pass filtered) of a 21.8° twisted bilayer germanene, showing the AA, AB and BA sites. Sample
bias —1.3 V and tunnel current 0.3 nA. (h) Structural model of 21.8° twisted bilayer buckled germanene. The green arrows refer
to the locations where only one atom is observed in either the top layer or the bottom layer. (i) dI(V)/dV spectra recorded on
Ge,Pt, 11 germanene and twisted bilayer germanene for a tip induced electric field of approximately 2 V nm™". The spectra are
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offset for clarity, the zero level is indicated with dark blue lines. Setpoint sample bias —0.5 V and setpoint tunnel current 1 nA.

(1 x 1) germanene unit cell. The size of the white
hexagon is smaller by a factor v/7 and refers to the
reciprocal lattice of the (\ﬁ X \ﬁ) moiré unit cell of
the twisted bilayer germanene. Replicas of the moiré
unit cell are visible around the (1 x 1) spots of the
germanene unit cell (outlined by dashed white lines).
The rotation angle between the moiré unit cell and the
honeycomb lattice of the top germanene layer, 6, is
estimated to be ~17 = 1°. The twist angle between the
two germanene layers, ¢, can be determined using the
relation ¥ = 30° — /2 and amounts ~21.5 £0.5°,
i.e. consistent with 21.8°, which is one of the com-
mensurate angles. For specific twist angles, such as
21.8° and 38.2°, the moiré structure is commensur-
ate with the honeycomb lattice and forms a perfectly
periodic structure [42—45]. Twist angles of 21.8° and
60° — 21.8° = 38.2° both have a (v/7 x /7) moiré
unit cell, but they have opposite sublattice-exchange
parities. The structure with odd parity exhibits a C;
symmetry, whereas the structure with even parity has
a Cg symmetry. Structurally we cannot discriminate
between the two. It is worthwhile to mention here that
21.8° is also a preferred twist angle of twisted bilayer
silicene [13, 14].

Figure 1(g) presents an atomic resolution STM
image, showcasing the unique structure of twisted

germanene. Within this image, both the moiré super-
lattice and the 1 x 1 honeycomb lattice of germanene
are distinctly observed. In figure 1(h), we provide a
structural model of the twisted bilayer. The model
depicts two layers of germanene with a twist angle of
21.8°. This model aligns closely with the actual STM
image displayed in figure 1(g), serving as a guide for
identifying different stacking configurations within
the superlattice. The model helps to identify and cat-
egorize the superlattice sites. AA sites occur at loc-
ations where the germanium atoms of the top and
bottom layers align directly above each other. Sites
labeled as AB have an atom in the top layer in between
a honeycomb cell of the bottom layer. Conversely, BA
sites have an atom in the bottom layer in between a
honeycomb cell of the top layer. Therefore, the AB
sites are brighter than the BA sites in an STM image,
see figure 1(g).

The electronic properties of twisted bilayer ger-
manene substantially differ when compared to 1L ger-
manene. Figure 1(i) shows differential conductivity
spectra (dI(V)/dV) obtained using a lock-in ampli-
fier with a modulation voltage of 20 mV and a fre-
quency of 1.1 kHz. The spectra are shown for twisted
bilayer germanene (in red), 1L germanene (in blue),
and, for a baseline comparison, on Ge,Pt (in black).
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Figure 2. (a) Differential conductivity (dI(V)/dV) of an AB/BA stacked area showing a band gap with a width of ~0.2 eV (blue
line) and a AA stacked area without a band gap (red line). Inset: Small scale STM image of 21.8° twisted bilayer germanene. The
bright spots are AA stacked regions. Setpoint sample bias —0.5 V and setpoint tunnel current 1 nA. (b) dI(V)/dV recorded along
the green line shown in panel (a), showing that the size of the band gap is modulated by the moiré pattern. (c) dI(V)/dV spectra
recorded at the edge (black) and compared to the AA (red) and AB/BA (blue) sites. Inset: topography showing the edge of the
twisted bilayer, outlined by the dashed black box. Setpoint sample bias —0.5 V and setpoint tunnel current 1 nA, (d) dI(V)/dV
spectra of 21.8° twisted bilayer germanene versus sample bias recorded at various locations. The two van Hove singularities
(VHS), which arise due to the crossing of the Dirac cones of the two germanene layers, are located at —0.8 eV and 1.04 eV, in all
curves. The spectra are offset for clarity, the zero level is indicated with dark blue lines. Setpoint sample bias —1.5 V and setpoint
tunnel current 1 nA, (e) Schematic diagram of the formation of van Hove singularities in twisted bilayer germanene. Calculated
(f) and measured (g) density of states versus energy of 21.8° twisted bilayer germanene. We have chosen an intralayer hopping
parameter of 0.92 eV, an interlayer hopping parameter of 0.3 eV, an interlayer bias of 0.5 V and a spin—orbit coupling of 70 meV
for the tight-binding calculations. The calculated density of states is shifted such that the Fermi level coincides with the center of

the band gap in the dI/dV spectrum. The red dotted lines mark the locations of the van Hove singularities.

The topological state of 1L germanene (and thus its
local density of states) can be influenced by the elec-
tric field induced by the STM tip [29]. We have chosen
atip-induced electric field of 1.95 V nm !, which cor-
responds to a semimetallic state [29], as evident from
the V-shape dI(V)/dV in figure 1(i). In stark contrast,
the twisted bilayer germanene, under a similar electric
field, exhibits a significant gap-like feature in its spec-
trum, indicating different electronic properties. For
context, the Ge,Pt surface shows a featureless metal-
lic dI(V)/dV spectrum.

In order to determine the origin of the band gap
of twisted bilayer germanene, we have recorded spa-
tially resolved dI(V)/dV spectra along the moiré unit
cell. Figure 2(a) compares dI(V)/dV curves recorded
at AA and AB/BA sites, see inset for the location.
The dI(V)/dV spectrum of the AB/BA sites reveals a
gap of about 0.15 eV. The middle of the gap is loc-
ated at about 0.07 eV above the Fermi level. In con-
trast, the AA sites are metallic and exhibit a V-shape
density of states, similar to 1L germanene, but the
Dirac point is about 0.02 eV above the Fermi level, see
figure 1(i). For the determination of the gap we refer
to the supplementary information. In figure 2(b) we

show a dI(V)/dV line spectroscopy map taken along
the green line shown in the inset of figure 2(a). It
shows that the size of the band gap is modulated by
the moiré pattern. The chirality of the Dirac fermi-
ons prevents the opening of a band gap [46], thus
our dI(V)/dV results, have to be explained by another
mechanism. Our STM experiments reveal that the
moiré-modulated band gap opening is caused by the
electric field in the STM tunnel junction. This elec-
tric field originates from the difference in work func-
tion between the STM tip and the substrate [29, 47,
48]. The work function of a Pt/PtIr scanning tunnel-
ing microscopy tip is ~5.7 eV, whereas the germanene
substrate has a work function of ~4 eV [47]. For a
typical tip-substrate distance of ~0.85 nm we find an
electric field of ~2 V nm™~! [29]. Tight-binding cal-
culations show that the application of an electric field
normal to the germanene layers leads to the opening
of a band gap in the AB and BA stacked regions, see
[49, 50]. The size of this band gap (A) is given by [51],

A=\J(@ve) /(@ +ev)) )
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where V is the applied electrostatic potential across
the two germanene layers, ¢, the interlayer hopping
parameter and e the elementary charge. For an inter-
layer hopping parameter in the range of 0.2-0.3 eV
and an interlayer bias of 0.2 V to 0.5 V, the band gap
lies in the range of 0.15-0.25 eV, in good agreement
with the experimentally obtained gap. We note that
exact matching of the experimental values with the
calculations is difficult due to offsets in estimating
the tip-induced electric field [29, 48]. In contrast, and
for the same electric field, in AA regions the topo-
logical gap closes making germanene a topological
semimetal owing to the buckling, in line with [29].
In figure 2(c), we present dI(V)/dV spectra from the
edge of a twisted flake, comparing it to the AA and
AB/BA regions. The edge is metallic, as we discuss in
the next section our tight-binding calculations sug-
gest that this state is topological in nature.

Next, we investigate the density of states of twis-
ted bilayer germanene at higher energies. Figure 2(d)
shows averaged spectra (each spectrum is the res-
ult of averaging a few hundred dI(V)/dV spectra on
both AA and AB/BA sites) recorded at different loc-
ations on the twisted bilayer germanene. The spectra
in figure 2(d) exhibit distinct peaks at approximately
—0.8 eV and +1.04 eV. These two peaks are identified
as van Hove singularities that arise due to the crossing
of the Dirac cones of the top and bottom germanene
layers [8, 52—54]. In figure 2(e) we show a schem-
atic diagram of the electronic band structure of twis-
ted bilayer germanene (without spin—orbit coupling).
The twist angle results in a shift AK=TK; —I'K; =
ITK; »|sin (9/2), where K , refers to the K points
of the top and bottom germanene layer, respectively.
The crossing of the two Dirac cones results in two
additional states that are symmetrically located on
both sides of the Dirac point in energy scale. The
energy gap between these two van Hove singularit-
ies is referred to as the van Hove gap, AEyys, and
amounts to ~1.84 eV. AEyys is given by [8, 55, 56],

AEVHS = 2hV1: |K‘ sin (’19/2) — 2w (2)

where 7 is the reduced Planck constant, v¢ the Fermi
velocity, 1 = 21.8° the twist angle between the two
germanene layers, |[K| = 4m /3a is the length of the
TK vector, a=4.2 A the lattice constant of ger-
manene and w the hybridization energy [55]. A
good estimate of the hybridization energy is w =
0.4t) ~0.12 eV (assuming an interlayer hopping
parameter t; = 0.3 eV). Therefore, the van Hove gap
of 1.84 eV results in a Fermi velocity vp = (8 1) x
10° ms~!, which agrees very well with other experi-
mental studies [57, 58].

In addition to the two van Hove singularities
in our dI(V)/dV spectra, smaller peaks/shoulders
appear between the van Hove singularities and the
Dirac point, see figure 2(d). In order to scrutinize
the low-energy density of states of twisted bilayer
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Figure 3. Topological phase diagram of 21.8° twisted
bilayer germanene, showing the band gap as a function of
the applied electric field (x-axis) and interlayer hopping
parameter (y-axis). E. stands for the critical field of
germanene in the case of a vanishing interlayer interaction.
The red dotted lines mark the topological phase transitions
fromQ=2to Q=1and Q=1 to Q = 0, respectively. The
dotted black line refers to an interlayer hopping of 0.3 eV.
The numerical data should be considered as a guideline
rather than accurate values. Moreover, our estimate of the
electric field contains experimental offsets that are difficult
to disentangle. For detailed insights, refer to [21, 55].

germanene and to understand these features, we
performed tight-binding calculations for the 21.8°
twisted bilayer germanene (using intralayer hopping
parameter of 0.92 eV and an interlayer hopping para-
meter of 0.3 eV). The (\ﬁ X \ﬁ) moiré unit cell
contains 28 germanium atoms, i.e. 14 germanium
atoms per germanene layer. In the absence of inter-
layer interaction we only find two prominent van
Hove singularities owing to the crossing of the Dirac
cones of both germanene layers, see supplement-
ary information. When interlayer interaction is con-
sidered, the density of states exhibits the two van
Hove singularities (figures 2(f) and (g) for compar-
ing theory and experiments), and a number of addi-
tional peaks (peaks in figure 2(f) in between the
two van Hove singularities), matching the experi-
mental results in figure 2(g). This is caused by (1)
the band folding due to the (\ﬁ X \ﬁ) superstruc-
ture and (2) the band anti-crossing due to the inter-
layer hopping [59]. The strength of the additional
peaks increases with increasing interlayer coupling,
see supplementary information. The appearance of
broad peaks with several shoulders in the differen-
tial conductivity is in qualitative agreement with our
tight-binding calculations. Furthermore, our tight-
binding results reveal that twisted bilayer germanene
can undergo two topological phase transitions as a
function of an applied electric field. The key res-
ults are summarized in the phase diagram shown in
figure 3.

The electronic properties of the twisted bilayer
germanene depend on the exact values of the applied

5
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electric field and interlayer coupling. For a vanish-
ing interlayer coupling, the twisted bilayer behaves
as two decoupled single layers and therefore exhib-
its only a single topological phase transition [29],
whereas for a non-zero interlayer coupling, the twis-
ted bilayer undergoes two topological phase trans-
itions, provided that the interlayer coupling is not too
strong, see figure 3. Without interlayer interaction,
the topological number, Q, of the germanene bilayer
is 2, and hence, there is only one topological phase
transition of a 2D topological insulator with Q = 2
to a trivial insulator with Q = 0 [59-61]. If interlayer
interaction is included, the system becomes more
complex. With increasing electric field, twisted bilayer
germanene undergoes a series of topological phase
transitions. First, the topological number changes
from Q = 2 to Q = 1 followed by a second topolo-
gical phase transition where the topological number
changes from Q = 1 to Q = 0. However, beyond a crit-
ical value of the interlayer interaction (see figure 3).
In this case, there is only one electric field-induced
topological phase transition from a topological insu-
lator (Q = 1) to a trivial band insulator (Q = 0).
For clarity note that Q = 2 characterizes a regime
where interlayer coupling is relatively weak, render-
ing the two layers of the bilayer system effectively
decoupled. This results in two distinct copies of the
quantum spin Hall effect, one per layer. Conversely,
Q = 1 signifies a strong enough interlayer coupling
to merge these effects into a single quantum spin
Hall effect observable at the bilayer edges. As we have
shown previously, there is compelling experimental
evidence for the first topological phase transition in
germanene [29]. The second topological phase trans-
ition in twisted germanene occurs, however, at a sub-
stantially higher critical electric field. For example, for
an interlayer coupling parameter of 0.3 eV, this crit-
ical electric field is estimated to be about 2.5V nm ™.
Unfortunately, this high electric field often results
in damaging of the germanene layers. For smaller
fields (about 1.95 V nm™!) we observe that the twis-
ted bilayer germanene has well-defined edge states,
see figure 2(c) and its band gap depends on the tip-
induced electric field, see figure S7, indicating that the
material is topologically non-trivial.

3. Conclusions

In conclusion, we have studied the electronic band
structure of 21.8° twisted bilayer germanene. The
crossing of the Dirac cones of the bottom and top ger-
manene layers results in two van Hove singularities
with a gap of ~1.84 eV. Using this van Hove gap we
extract a Fermi velocity of (8 1) x 10° ms™!. A spa-
tially resolved study reveals that the AA stacked sites
are gapless, whereas the AB/BA stacked sites show a
gap. The opening of the gap in AB and BA stacked
sites is caused by an electric field in the tunnel junc-
tion, which arises due to a difference in work function

6
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between the scanning tunneling microscopy tip and
substrate. Our tight-binding calculations show that
twisted bilayer germanene should undergo two topo-
logical phase transitions from a topological number
Q=2toQ=1and from Q=1to Q =0, as a func-
tion of the applied electric field and interlayer coup-
ling. Our dI(V)/dV spectra reveal a well-defined edge
state (for an electric field of 1.95 V nm ™), indicating
that twisted bilayer germanene is indeed topologically
non-trivial.

4. Sample preparation and experimental
methods

4.1. Scanning tunneling microscopy and
spectroscopy

The experiments are performed in an ultra-
high vacuum system with a base pressure of
1 x 107! mbar at 77 K. The system is equipped
with an Omicron low-temperature scanning tunnel-
ing microscope (STM). We have used Pt/Ir scanning
tunneling microscope tips. Current—voltage I(V)
curves are obtained in the constant height mode,
i.e. the tunnel current is measured while the sample
bias is ramped, with the feedback loop of the STM
disabled. The I(V) curves that we used for our ana-
lysis are obtained by averaging over many I(V) traces
that are collected in the grid scan mode. The dif-
ferential conductivity (dI(V)/dV) is obtained by
taking the numerical derivative of the I(V) curve.
The energy resolution of our STS measurements
is influenced by both the temperature (77 K) and
the modulation voltage of the lock-in amplifier
(Vimod = 10 — 20 meV). It can be calculated using

\/3.5kT2 +1.7V?

the formula o> leading to an

energy resolution of approximately 30—40 meV. The
germanene layers and twisted bilayers are grown
on Ge,Pt clusters. As a substrate, we used lightly
doped n-type Ge(110). The Ge (110) samples are
cut from nominally flat 10 x 10 X 0.4 mm, single-
side-polished substrates. The Ge(110) samples are
mounted on a Mo sample holder. Contact of the
Ge(110) samples to any other metal during pre-
paration and experiment is carefully avoided. After
cleaning and mounting, the Ge(110) substrates are
outgassed in ultra-high vacuum at 700 K for 24 h.
Subsequently, the Ge(110) substrates are cleaned
by a cleaning method that has been successfully
applied to the more abundant Ge(001) and Ge(111)
substrates [62]. This method involves several cycles
of Argon ion sputtering at 500-800 eV and annealing
at 1100 (£25) K. After checking the cleanliness of
the Ge(110) substrate with STM, a few monolayers
of Pt are deposited onto the sample at room temper-
ature. We used a home-built Pt evaporator, which
consists of a W filament wrapped with a high-purity
Pt (99.995%) wire. After Pt-deposition, the sample is



10P Publishing

2D Mater. 11 (2024) 035016

annealed at 1100 (£25) K for one minute and sub-
sequently slowly cooled down to room temperature.
At temperatures exceeding the eutectic temperature
(1043 K), eutectic Geg73Ptg,, droplets form on the
Ge(110) surface. Below the eutectic temperature, the
Geg78Pto22 droplets undergo spinodal decomposi-
tion and separate into the two phases that are adja-
cent to the eutectic phase in the Ge/Pt phase diagram,
i.e. pure Ge and Ge,Pt. As the eutectic phase contains
more Ge than the Ge, Pt alloy, the excess Ge is expelled
to the surface of the solidified droplets and forms ger-
manene. For more detailed information regarding the
formation of germanene via the spinodal decompos-
ition of eutectic Geg 73Ptg 2, droplets we refer to [26,
29, 37, 63] as well as the supplementary information.

4.2. Tight-binding calculations

The simplest model for a honeycomb system with
spin—orbit interaction is the Kane-Mele model [17,
18]. Germanene has a buckled honeycomb lattice
and is well-described by the Kane—Mele model [59,
60]. The tight-binding model describing bilayer ger-
manene under perpendicular electric field E, is given
by,

H=—t § : CisuCisu — 1L § : CisuCisn

(irj)su (isj)su

)\so l E
+ l 5V1]C15u Cisu — i CISIA Cisu
<<1,] >s

where ((i, j)) runs over all the next-nearest neigh-
bor hopping sites, s refers to the spin index and u
to the layer index (1 and ). t and ¢, are the int-
ralayer and interlayer hopping parameters, Ago is the
spin—orbit coupling, ! the buckling and E, the elec-
tric field. In the supplementary information we have
taken t = 1.04 eV and Aso = 43 meV from [59, 60],
whereas in the main text we have used t = 0.92 eV and
Aso = 70 meV as they fit the experimental observa-
tions better. The fourth term represents the effective
spin—orbit coupling, where v;; = 1 refers to hopping
in the clockwise direction and v;; = —1 to hopping in
the anti-clockwise direction with respect to the posit-
ive z-axis. The last term represents the staggered sub-
lattice potential with y; = 1 for an A site and p; = —1
for a B site.
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