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Germanene is a two-dimensional topological insulator with a large topological band gap. For its use in
low-energy electronics, such as topological field effect transistors and interconnects, it is essential that
its topological edge states remain intact at room temperature. In this study, we examine these
properties in germanene using scanning tunneling microscopy and spectroscopy at 300 K and compare
the results with data obtained at 77 K. Our findings show that the edge states persist at room
temperature, although thermal effects cause smearing of the bulk band gap. Additionally, we
demonstrate that, even at room temperature, applying an external perpendicular electric field switches
the topological states of germanene off. These findings indicate that germanene’s topological properties
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can be maintained and controlled at room temperature, making it a promising material for low-energy
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Introduction

Two-dimensional topological insulators (2DTI) or quantum
spin Hall insulators are atomically thin layers characterized by
an energy gap in the bulk and two topologically protected gapless
helical edge states. Kane and Mele showed that graphene is a
2DTI because of spin-orbit coupling (SOC)."* SOC induces an
‘effective’ magnetic field that pushes spin-up and spin-down
electrons in opposite directions toward the material’s edges.
Time reversal symmetry prevents backscattering from non-
magnetic impurities at these edge states, enabling dissipationless
charge transport.>® However, due to graphene’s small SOC-
induced gap, observing the QSH effect in graphene requires
extremely low temperatures (< 0.1 K).® The first practical demon-
strations of the QSH effect were in semiconductor quantum wells
such as HgTe/(Hg,Cd)Te®'® and InAs/Gasb,""'> and more
recently also in other band-inverted ultra-thin materials,'*™
adhering to the Bernevig-Hughes-Zhang model.* The challenge
at hand is to make a 2DTI with a large band gap, significantly
larger than kT, such that it still exhibits its topological properties
at room temperature’®'® in order to harness their properties in
device applications, such as topological interconnects, p—n junc-
tions, and field-effect transistors."® Large band gap mono ele-
mental 2DTIs like bismuthene, stanene, and germanene were
recently fabricated and could provide a solution to this
challenge.®*°* Recently, topological states have been detected
at high temperatures.***
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Germanene is an atomically thin layer of germanium atoms
arranged in a buckled honeycomb lattice.>**® Recently, we
demonstrated that germanene is a 2DTI with a large enough
topological band gap in the order of 70 meV.?” The buckled
structure of germanene enables us to tune the band gap and
the topological state of germanene by applying an electric field
perpendicular to the germanene layer.*”** This electric field-
induced topological phase transition along with its relatively
large band gap makes germanene a candidate for a room-
temperature topological field effect transistor.*? In this letter,
we check the suitability of germanene for room-temperature
applications utilizing scanning tunneling microscopy and
spectroscopy techniques to study the topological edge states
of germanene at room temperature.

Methods

Scanning tunneling microscopy (STM) and scanning tunneling
spectroscopy (STS) measurements are conducted using an
ultrahigh vacuum low-temperature scanning tunneling micro-
scope (Omicron LT-STM) operated at 77 K and 300 K using a
Ptlr tip or Au coated tip. PtIr is chosen for its stability and high
conductivity. The tips were prepared by etching high-purity
PtIr wire. The Au coating is achieved by doing STM measure-
ments on an Au(111) substrate and gently dipping the tip into
the substrate to ensure a thin coating. The background
pressure in the ultrahigh vacuum STM chamber is below
3 x 10~ mbar. To grow germanene layers, 1.5 & 0.5 mono-
layers of Pt are deposited on an atomically clean Ge(110)
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substrate. Subsequently, the Ge(110) sample is annealed for
several minutes to a temperature of about 1100 K, which is
above the eutectic temperature of the PtGe system (1047 K).
Above the eutectic point, eutectic droplets are formed on top of
the surface with a composition of Pt, ,,Ge, 75. During the cool-
ing process, the sample undergoes spinodal decomposition into
a Ge,Pt phase and a pure Ge phase.”***™*” During this process,
the Ge,Pt clusters are decorated with several layers of
germanene.”**”*$%  Differential conductivity (dI(V)/dV), was
measured at 77 K and room temperature using a lock-in ampli-
fier. The frequency of the lock-in amplifier was set to 1.1-1.2 kHz
and the modulation voltage was about 20 mV at 77 K and about
50 mV at room temperature. The spectroscopy data in this paper
result from averaging tenths of individual dI(V)/dV curves. The
line d/(V)/dV spectroscopy maps in this paper are plotted with a
blue-white-red colormap which can be found in ref. 50.

Results and discussion

Germanene has a buckled honeycomb structure consisting of
two hexagonal sublattices, which are displaced with respect to
each other in a direction normal to the germanene layer. In the
top view of the ball and stick model of the germanene lattice in

Fig. 1
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Fig. 1(a) the honeycomb structure is visible and the side view
reveals the buckling effect. Fig. 1(b) shows a schematic of the
band structure at the K and K’ points of the Brillouin zone of
germanene with the edge states (blue and red) filling the bulk
band gap. Similar to our earlier work,>”*® the first germanene
layer (the buffer layer) couples to the underlying Ge,Pt(101)
substrate causing the layer to be electronically dead. The top
germanene layer is a two-dimensional topological insulator
that host robust edge states as shown in the schematic of
Fig. 1(b).*” Fig. 1(c) shows a large-scale image of a typical Ge,Pt
cluster covered with germanene layers including a step edge in
the middle of the cluster. A high-resolution STM image on a
typical germanene step edge can be seen in Fig. 2(d). Fig. 1(e)
reveals a high-resolution STM image of the buckled honeycomb
lattice of germanene acquired at room temperature with a
lattice constant of (0.42 £+ 0.02) nm. From Fig. 1(d) and (e) we
can extract some other parameters of the buckled germanene
lattice, ie. the buckling and the step height. The graph in
Fig. 1(f) shows the height profiles along the blue line in Fig. 1(d)
and the green line in Fig. 1(e). From these, we extract a
monoatomic step height of about 0.27 £ 0.02 nm, close to
the expected 0.28 nm, and a buckling of ~0.02-0.03 nm. We
note here that STM images are influenced by both the topo-
graphy and the local density of states (LDOS). Because of this,
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(a) Ball and stick model of the buckled honeycomb lattice of germanene (the bottom image is a side view that shows the buckling effect). (b) A

schematic of the band structure of a 2DTI without an external electric field showing the bulk bands at the K and K’ points of the Brillouin zone (gray) and
the edge states filling the bulk gap (blue and red). (c) Large-scale STM image of a Ge,Pt cluster covered with germanene. (d) High-resolution STM image
on a germanene step edge. (e) Small-scale STM image of the buckled honeycomb lattice of germanene. (f) A graph showing the height profile across the
step edge in (d) along the blue line, and a height profile along the green line in (e) revealing the buckling of the germanene lattice.
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Fig. 2 di(V)/dV point spectra measured at 77 K on the edge and in the bulk of the germanene terrace with an external electric field of (a) ~1.75V nm*
and (b) ~1.95V nm~2. (c) STM image of a germanene step edge and the corresponding d/(V)/dV map in (d) revealing the edge state (0.1 nA, 150 mV). (e)
dl(V)/dV point spectrum measured at 300 K with an electric field of ~1.80 Vnm™, on the edge and in the bulk of germanene shown in the inset. (f) Cross-
sectional graph showing (blue) the height profile along the blue line in the inset of (e), and (green) the differential conductivity (d/(V)/dV) at the Fermi level
(Ef) along the same blue line. The step height is 0.54 + 0.03 nm, corresponding to the height of two germanene layers. (g) Line d/(V)/dV spectroscopy
perpendicular to the edge of the germanene terrace along the blue line in the inset of (e), the location of the edge and the bulk are indicated on the right.

the exact value of the apparent buckling and the step height
also depends on sample bias. This explains the slight differ-
ences in the measured step height and buckling compared to
our previous work.*’

Fig. 2(a) and (b) show dI(V)/dV point spectra at 77 K at the
edge and in the bulk of the germanene terrace at a tip-induced
electric field of ~1.75Vnm " and ~ 1.95 Vnm ™', respectively.
In Fig. 2(a) an enhanced differential conductivity is visible at
the edge compared to the bulk. Furthermore, the bulk dI(V)/dV
curve indicates a band gap. Fig. 2(b) on the other hand reveals a
V-shape semi-metallic signature in the bulk with an enhanced
differential conductivity at the edges, which is expected for an
electric field of ~1.95 V nm ™" (ref. 37) as the tip-induced
electric field closes the band gap. The V-shaped density of
states (DOS) is one of the hallmarks of a 2D Dirac system.
Fig. 2(c) shows a typical STM image on such a germanene edge.
Fig. 2(d) shows the corresponding dI/dV map at the edge
state energy revealing the pronounced metallic states at the
germanene edge. On top of that, it illustrates that the edge
state runs through the whole edge with small changes in
intensity, possibly due to reconstructions or local change of
termination.*® To check the stability of the edge states at room
temperature we heated our cryostat to 300 K and repeated the
experiments. Fig. 2(e) presents dI(V)/dV point spectra at 300 K at
the edge and in the bulk of the germanene layer (shown in the
inset) at an electric field of ~1.80 V nm '. The results in
Fig. 2(e) show that the differential conductivity of the edge of
the germanene layer is still significantly higher compared to
the bulk. Note that the small gap or V-shape cannot be resolved

This journal is © The Royal Society of Chemistry 2024

due to thermal broadening of the spectra at room temperature.”*
The full width at half maximum of the thermal broadening
function is equal to 3.5ksT,*® which comes down to ~90 meV
at 300 K. On top of that, the instrumental broadening of the lock-
in amplifier adds to the total convolution of the dI(V)/dV spectra.
The full width at half maximum of the instrumental broadening
function is given by 1.7V,,,,*® where Vy, is the modulation voltage.
This means that we have an instrumental broadening term of
~85 meV at 300 K (V;;; = 50 meV). As a result, the total broad-
ening at full width at half max, given by \/(3.5k7)? + (1.7Vm)?,
is ~124 meV. Therefore, the combination of the thermal broad-
ening and the instrumental broadening convolute the di(V)/dv
signal more than the size of the band gap (~70 meV) of
germanene for small electric fields,’” which makes it impossible
to resolve the band gap. The blue curve in Fig. 2(f) represents the
cross-sectional height profile across the germanene step edge
along the blue line in the inset of Fig. 2(e). The height profile,
reveals a step height of 0.54 &+ 0.03 nm corresponding to about
twice the monoatomic step height of germanene. The step height
in the inset of Fig. 2(e) therefore translates to the height of two
germanene layers on the buffer/Ge,Pt(101) substrate. The green
curve in Fig. 2(f) reveals the dI(V)/dV cross-section at the Fermi
level (Ep) of the dI(V)/dV line spectroscopy measurement in
Fig. 2(g), along the same blue line in the inset of Fig. 2(e). From
these figures, it becomes clear that the metallic state is present
up to room temperature, the edge state decays exponentially into
the bulk with the decay length of about 2-3 nm.

Next, we test the effect of the tip-induced electric field on the
edge states of germanene. As explained extensively in ref. 37 we
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Fig. 3 dI/(V)/dV point spectra at the edge and in the bulk of the germanene terrace for (a) an electric field below the critical electric field (~1.80 V nm™?)
and (d) above the critical electric field (~2.10 V nm™?) at room temperature (300 K). (a) Shows an increased differential conductivity at the edge compared
to the bulk, while (d) does not. (b) and (e) Show line d/(V)/dV spectroscopy from the edge towards the bulk of the germanene terrace for (a) an electric
field of (~1.80 V. nm™) and (e) for (~2.10 V nm™). (c) and (f) Represent d/(V)/dV maps of the germanene step edge with setpoints (c) 0.1 nA, —0.1 V
(~1.80Vnm™), and (f) 0.3 nA, —0.5V (~2.10 V nm™Y). (c) Shows a state along the step edge of the germanene terrace, while in (f) no state along the step

edge can be resolved.

apply a local electric field perpendicular to the germanene
terrace using the difference in work function between the
STM tip and the sample. The electric field can be estimated
by E, = (Pip — Pgermanene)/€Z, Where E, is the electric field, z the
tip-sample distance, @y, and Pgermanene the work function of
the tip (@pur = 5.7 €V and ®,, = 5.2 eV) and that of germanene
(Pge = 4.0 eV (ref. 52)) respectively, and e the elementary
charge.’”®®* Changing the tip-sample separation distance will
thus change the local perpendicular electric field. Similarly, we
can change the electric field by coating the tip with another
material with a different work function. We note here that this
method is only an estimate; a systematic error of up to 50% may
arise from inaccuracies in the tip-sample distance, work func-
tions, image charges, and band bending,?” but does not change
the qualitative picture. Increasing the electric field causes
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Fig. 4 Averaged and normalized (to the 'off' state) d//dV recorded at the
edge state energy (100 mV) at the germanene step edge for varying tunnel
currents/electric fields (black circles). The blue curve represents the
average dl/dV for a tip-induced electric field of ~1.85 V nm~! when the
topological edge state is ‘on.’ The green curve represents the average d//
dV for a tip-induced electric field of ~ 2.20 V nm~* when the topological
edge state is ‘off".
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charge to shift from one sublattice to the other, breaking
inversion symmetry. The band gap closes at a critical field
(~1.95 V nm ') making it a topological semi-metal as demon-
strated in our previous work.>” Above the critical electric field,
the band gap reopens again, the topologically protected edge
channels disappear, and the material becomes topologically
trivial. With a perpendicular electric field, we can thus change
the topological phase of germanene from a topological insula-
tor to a topological semi-metal and then to a trivial band
insulator. Fig. 3(a) and (d) present dI(V)/dV point spectra,
obtained at room temperature, at the edge and in the bulk of
the germanene layer at (a) an electric field below the critical
field (~1.80 V nm™ ') and (d) at an electric field above the
critical field (~2.10 V nm™"). The corresponding di(V)/dV line
spectroscopy measurements are presented in Fig. 3(b) and (e),
respectively. Fig. 3(c) and (f) reveal dI/dV maps on the germa-
nene step edge for a low electric field (~1.80 V nm™ ') and a
high electric field (~2.10) V nm™", respectively. The point
spectra for an electric field of ~1.80 V nm ™, show that the
DOS at the edge is much higher than that at the bulk. The point
spectra in Fig. 3(d) at an electric field above the critical electric
field show that the state at the edge has disappeared and that
the edge and bulk curve almost overlap. Increasing the electric
field above the critical electric field (~1.95 V nm™') switches
the edge states of germanene ‘off’ in line with earlier results at
77 K.*” For an electric field below the critical electric field, the
di(V)/dV line spectroscopy measurement in Fig. 3(b) shows that
the metallic edge state is localized at the edge similar to earlier
results in Fig. 2(f) and (g). In the dI(V)/dV line spectroscopy
measurement for an electric field above the critical electric
field, Fig. 3(e), the state at the edge is no longer present. The
same can be seen in the dI/dV maps in Fig. 3(c) for an electric
field of (~1.80 Vnm™ ") and in Fig. 3(f) for an electric field of
(~2.10 V nm™'). Finally, to check the robustness and

This journal is © The Royal Society of Chemistry 2024
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repeatability of this switching process, we repeated it multiple
times. Fig. 4 reveals the results of this experiment. The black
circles present the averaged and normalized d7/dV at the edge
state energy at the germanene edge obtained during the repeti-
tions for a tip-induced electric field of ~1.85 V nm ™" where the
metallic edge states are ‘on’ and for an electric field of
~2.20 V nm ™" where the metallic edge states are ‘off. The results
show that the switching process of the topological edge channels by
applying an external perpendicular electric field is reversible.

Conclusions

In this study, we have demonstrated that the topological proper-
ties of germanene are preserved at room temperature. Using
scanning tunneling microscopy and spectroscopy at 300 K, we
observed robust metallic edge states in the germanene layer.
Although thermal broadening at room temperature prevents us
from resolving the band gap, the persistence of edge states
confirms the stability of germanene’s topological characteristics.
This is further supported by the demonstration of the electric-
field induced topological phase transition at room temperature,
switching the germanene edge states on and off using an electric
field. The ability to maintain and control its topological proper-
ties under ambient conditions makes germanene a promising
candidate for next-generation electronic devices.'®**34757
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