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We present the first experimental evidence of a topological phase transition in a monoelemental

quantum spin Hall insulator.

Particularly, we show that low-buckled epitaxial germanene is a

quantum spin Hall insulator with a large bulk gap and robust metallic edges. Applying a critical
perpendicular electric field closes the topological gap and makes germanene a Dirac semimetal.
Increasing the electric field further results in the opening of a trivial gap and disappearance of the
metallic edge states. This reversible electric field-induced switching of the topological state and
the sizeable gap make germanene suitable for room-temperature topological field-effect transistors,

which could revolutionize low-energy electronics.

The realization of the topological field-effect transis-
tor requires an electric field-induced transition from a
quantum spin Hall (QSH) insulator with dissipationless
conductive channels (‘On’) to a trivial insulator (‘Oft”).
QSH insulators have an energy gap in their bulk and
two topologically protected gapless helical edge states.
Kane and Mele [1, 2] derived the QSH effect in graphene
based on Haldane’s proposed topological state [3] and
taking into account spin-orbit coupling (SOC). The SOC
results in an internal magnetic field pushing spin up and
spin down electrons in opposite directions towards the
edges of the material, see illustration in Fig. la. Time-
reversal symmetry and spin-orbit interaction lead to spin-
momentum locking, prohibiting backscattering from non-
magnetic impurities and allowing for dissipationless elec-
tronic transport along the material’s edges [1, 4-8].

The first realizations of the QSH effect were not for
graphene, but for band inverted semiconductors and 2D
materials [9-16], following the Bernevig-Hughes-Zhang
model [5]. The QSH (monoelemental) honeycomb mate-
rial described by the Kane-Mele model [1, 2] has yet to
be experimentally discovered. Graphene has very small
SOC [17], requiring very low temperatures to investigate
the QSH effect. Since SOC depends on the atomic num-
ber (~ Z%), graphene-like materials made out of heavier
elements have recently been synthesized and scrutinized
[18-26]. Ome of these materials is germanene, the ger-
manium analogue of graphene [18]. The predicted SOC
gap for germanene is 23.9 meV [27], large enough to ex-
hibit the QSH effect at experimentally accessible tem-
peratures. In addition, germanene has a buckled hon-
eycomb lattice [28], see Fig. la. The buckling sepa-
rates the inverted orbitals of germanene across different
atomic planes, offering the possibility to alter the topo-
logical state of germanene by the application of an exter-
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nal electric field, perpendicular to the layer [16, 29-33].

We have employed low-temperature scanning tunnel-
ing microscopy (STM) and spectroscopy (STS), density
functional theory (DFT) and tight-binding (TB) cal-
culations to demonstrate that epitaxial germanene on
GeyPt(101) is a buckled-honeycomb QSH insulator. At
its QSH state, germanene is characterized by a bulk gap
and metallic non-trivial edge states. We controlled the
built-in electric field in the tip-sample tunneling junction
to alter the topological state of germanene. At a criti-
cal electric field, germanene’s topological gap closes. The
material transforms into a topological semimetal. Above
the critical field, a trivial band gap opens accompanied
by the disappearance of the edge states.

Germanene is grown on Ge;Pt(101) following the pro-
cedure in Ref. [20], for details see supplemental materi-
als (SM) [34]. A large-scale STM topograph of few-layer
germanene on GeoPt(101) is shown in Fig. 1b, the num-
ber of layers is indicated in the image. The first layer
of germanium on GesPt(101) has a (distorted) honey-
comb structure. This layer acts as a buffer layer and
electronically decouples the next germanene layer from
the substrate, see SM and Fig. S1 for details. The rest of
the manuscript focuses on the first decoupled monolayer,
i.e., germanene on the buffer layer on GeoPt, hereafter
referred to as germanene. Fig. 1lc and its inset provide
zoom-in images of germanene, revealing its buckled hon-
eycomb lattice. We extract a lattice constant of (0.43
+ 0.02) nm, a monoatomic step height of (0.28 £ 0.02)
nm and a buckling of ~ 0.03 — 0.04 nm. Without SOC,
germanene is a semimetal, characterized by linear energy
bands at the K and K’ (Dirac) points of the Brillouin
zone [32]. However, SOC opens up a small topological
gap in germanene. As shown in our first-principle cal-
culations in Fig. 1d and le, the topological gap of free-
standing germanene is 23.9 meV, in agreement with Ref.
[27]. Therefore, germanene is expected to be a QSH insu-
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FIG. 1. (a) Schematic of the QSH effect in the buckled honeycomb of germanene (the bottom image is a side view). (b) STM
image of few-layer germanene on Ge2Pt(101), the number of layers is indicated. Inset: cartoon of the system. (c) Large-scale
STM image of the honeycomb lattice of the first decoupled germanene layer, with a zoom-in in the inset. (d) DFT calculations
of the band structure of freestanding germanene with SOC. (e) Zoom-in of (d) around the K point to show the SOC gap
of germanene. (f) dI(V)/dV spectra recorded at the bulk and edge of germanene, indicated with black and red dots in the

topography shown in the inset.

(g) Bottom: A dI(V)/dV line spectroscopy recorded as a function of distance across the

germanene edge (indicated with the white solid line in the topography in panel (f)). Top: The topography cross-section (blue)
and dI/dV cross-section at Er (red) of the line spectroscopy (bottom).

lator, characterized by a bulk band gap and topologically
protected metallic edge states [18, 32].

The first evidence on the QSH state of germanene
comes from spatially resolved DOS measurements done
with STS. Fig. 1f shows local differential conductance
(dI(V)/dV) spectra recorded at the edge (red) and bulk
(black, ~15 nm away from the edge) of germanene, the
locations are indicated with red and black circles in the
inset. The dI(V)/dV spectrum of the bulk reveals a band
gap of ~70 meV. Similar spectra have been observed on
several different samples, with minor differences in gap
size and doping. For additional spectra and details on the
determination of the gap see SM and Fig. S2. The size of
the gap is larger than the DFT predictions for freestand-
ing germanene. This discrepancy cannot be explained
by strain or buckling, see Fig. S3. The actual cause
might be a complicated interplay between strain, buck-
ling, stacking (germanene/buffer/Ge;Pt) and proximity
effects. Stacking has been shown to increase the topolog-
ical gap of germanene up to 100 meV [35, 36], and prox-
imity effects have been reported to lead to significant in-
crease of topological gaps [37, 38]. Our DFT calculations,

Fig. S4, show that indeed the Pt-Ge distance impacts the
topological gap; the gap exceeds 100 meV at short Pt-
Ge distances and approaches the freestanding value for
longer distances. Below 3 A, the linear dispersion close
to the K point is destroyed by the hybridization between
Ge and Pt, which is in agreement with our STS data on
the buffer layer, Fig. S1f in SM. However, a comprehen-
sive understanding of the large band gap of germanene
requires a more rigorous approach and consideration of
stacking order, strain, buckling, and proximity effects.

In contrast to the bulk gap, the dI(V)/dV spectrum at
a germanene edge, Fig. 1f, exhibits a metallic character
with enhanced DOS and pronounced electronic states.
Fig. 1g shows dI(V)/dV line spectroscopy (bottom)
recorded across a monoatomic step in germanene (the
location is marked with a white line in the inset of Fig.
1f), showing localization of the metallic states at the ger-
manene edge (the states decay within 3-4 nm to the bulk).
The top panel of Fig. 1g shows the corresponding topog-
raphy cross-section across the step, and the dI/dV cross-
section at the Fermi level (Er), demonstrating a large
increase of the DOS at the edge. The edge states run un-
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FIG. 2. (a) TB calculations of the band structure (left) at the K and K’ points of the Brillouin zone, and DOS of the bulk
and edges (right) of germanene under the influence of perpendicular electric fields; top- E. = 0, middle- E, = E., ., bottom-
E. > E. .. Red and blue bands correspond respectively to spin up and spin down electrons. For E, = 0 the bands overlap. (b)
dI(V)/dV spectra for five different electric fields: ~1.61 V/nm, ~1.76 V/nm, ~1.95 V/nm, ~2.20 V/nm, ~2.32 V/nm. The
spectra are vertically offset for clarity and the zero dI/dV levels are indicated with black lines. (c) Band gap size as a function
of the electric field. The material transitions from a QSH insulator (QSHI) to a topological semimetal (T'S) and finally to a
trivial band insulator (BI). The black line is a fit to the data using eq. 1, and the dashed black line is a guide for the eye. The
different markers indicate experiments done on different samples. (d) dI(V,E.)/dV map showing the opening of a trivial gap
with increasing the electric field from 1.95 V/nm to 2.25 V/nm and the closing of the gap upon reduction back to 1.95 V/nm.

interrupted along the edges of germanene with minor in-
tensity variations, see dI/dV mapping as a function of the
energy in Fig. Sba. Moreover, the metallic edge states are
robust to disorder and exist in all our samples regardless
of edge termination and roughness, see Fig. S5b-e. These
characteristics cannot be explained by trivial edge states,
such as dangling bond states, zig-zag states, strain. The
bulk band gap and robust, termination-independent, 1D
metallic edge states are signatures of a QSH insulator.
Similar observations have been attributed to topology in
other 2D materials, e.g. 1T-WTes, NagBi, bismuthene
14, 22, 39, 40].

The buckling separates the inverted orbitals of ger-
manene across different atomic planes, allowing for topo-
logical phase transitions to take place. TB calcula-
tions, Fig. 2a, reveal that upon the application of a
perpendicular electric field, inversion symmetry breaks
[18, 29, 32, 41], and charge shifts from one sublattice
to the other. This leads to a closure of the topological
gap at a certain critical field, and the material becomes a
topological semimetal with two Dirac cones at the K and
K’ points of the Brillouin zone (Fig. 2a-middle panel).
The band gap reopens for sufficiently strong electric fields
but becomes topologically trivial. This is accompanied

by the disappearance of the topologically protected edge
channels (bottom panel of Fig. 2a).

To test this prediction and verify that germanene is
a QSH insulator, we investigated the effect of a per-
pendicular electric field on the electronic band struc-
ture of germanene. We used the built-in electric field
formed in the tip-sample tunnel junction. The differ-
ence in work functions between the STM tip (Au~5.2
eV, Pt~5.7 eV) and germanene (~4 eV [42]) gener-
ates an electrostatic potential difference, see schematic
in SM Fig. S6a. The strength of the electric field
(B, = Vs/2 + (Ptip — Pgermanene)/€2, where e is the el-
ementary charge) is tuned by (i) varying the tip-sample
separation distance (z) in a controlled manner and/or (ii)
coating the STM tip with different metals, thus chang-
ing its work function (®yip). Here we have used Au and
Pt coated tips to cover a large range of electric fields.
The sample bias term (V;) is much smaller than the
electrostatic potential difference and thus not taken into
account. Details on preparation of the STM tips, and
calculations of the electric field and tip-sample distance
are given in SM. dI(V)/dV spectra recorded at the bulk
of germanene for increasing perpendicular electric fields
from ~1.6 V/nm to ~2.3 V/nm are given in Fig. 2b, the
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FIG. 3. dI(V)/dV point spectra recorded at the bulk and step edges of germanene for electric fields of (a) ~1.95 V/nm and (c)
~2.32 V/nm. (a) shows a V-shaped DOS and (c) a trivial gap. Insets: (a) topological semimetal and (c) trivial band insulator
bandstructures. Line dI(V)/dV spectroscopy as a function of distance from the step edge (top) to the bulk of germanene
(bottom) for electric fields of (b) ~1.95 V/nm and (d) ~2.32 V/nm, revealing the (b) presence and (d) absence of edge states.
(e) dI/dV maps demonstrating the reversible ‘On’ and ‘Off” switching of the edge channels with the electric field.

data are offset for clarity. The topological gap of ger-
manene is visible at ~1.6 V/nm (at this phase the topo-
logical edge states are present, see Fig. 1). Increasing the
field gradually up to ~1.95 V/nm results in a decrease
in the size of the topological gap. At the critical field,
E,. ~1.95 V/nm, the topological gap of germanene is
completely closed, and the DOS has a gapless V-shaped
character. At this stage, the material is a topological
semimetal and in the bulk, the low-energy electrons obey
the Dirac equation. Increasing the electric field further
leads to the opening of a small band gap (~70 meV for a
field of ~2.3 V/nm). As shown in Figure 2a, the absence
of band inversion makes this gap topologically trivial.

Fig. 2c shows the gap size measured at various sam-
ples as a function of the applied electric field. The re-
sults are consistent with the tight-binding calculations of
Fig. 2a for an electric field-induced topological transi-
tion in germanene. Without screening [41], the gap is
2\E, —nsE, | (eq. 1), see SM or ref [29] for derivation
(here ¢ is the buckling, s = +1 the spin index, and n = +
the valley index). Eq. 1 fits the observed trend in our
data qualitatively well but underestimates the gap size,
see Fig. 2c. As |E,| increases, the gap becomes narrower,
and it closes at E, = nskE, ., where germanene becomes
semimetallic. As |E,| increases further, the gap opens
again. Reduction of the field back to E, . closes the triv-
ial gap and germanene becomes again a semimetal. This
opening and closing of the trivial gap is shown in Fig.
2d. Note that the magnitude of the electric field may
include a systematic error of up to 50% [16], caused by
difficulties in estimating the tip-sample distance, work

functions, image charges and tip-induced band bending.
Miscalculations of these contributions would simply lead
to an offset, and will not affect the qualitative picture,
i.e., the linear dependence of the gap size on |E, — E, .|.

We now focus our attention on the effect of the electric
field on the edge states. Fig. 3a provides the differential
conductance dI(V)/dV spectra recorded at a germanene
edge for a field of E, = E, .. For comparison, we also
provide the corresponding bulk differential conductance.
For E, = FE, ., the bulk topological gap is closed and
germanene is a topological semimetal having a charac-
teristic V-shaped DOS. The metallic edge states remain
but are shifted to higher energies, Fig. 3a, in line with
our calculations in Fig. 2a. Similar to £, < E, ., the
edge states have a 1D character, Fig. 3b, and are still
robust to disorder and termination independent, see Fig.
S6. For E, > FE, ., a trivial gap opens at the bulk of ger-
manene, and the edge states vanish, see Fig. 3c and 3d.
The DOS at the edges is comparable to that of the bulk.
Indeed, in line with our TB calculations, Fig. 2a, at this
high field, the topologically protected edge states become
trivial and are pushed to the bulk bands of germanene.
We mapped the transition of the edge channels in Fig.
3e for energies near the two edge states. A reversible
switch of the topologically protected channels from ‘On’
at B, < E.. to ‘Off’ at E, > E, . is fully within ex-
perimental reach. As a final remark, we note that while
STM/STS has its limitations, it is the only experimental
technique that provides the required spatial resolution to
scrutinize QSH edge states.

We demonstrated that germanene is a QSH insula-



tor, characterized by a bulk band gap (~70 meV for
a field of 1.6 V/nm) and robust metallic edge states.
The application of a perpendicular, tip-induced, electric
field alters the local DOS of germanene. The topological
gap decreases by increasing the strength of the electric
field and completely closes at a critical field of ~1.95
V/nm. Increasing further the strength of the electric
field opens a trivial gap (~70 meV for a field of 2.32
V/nm) and switches the edge states off. The gap size de-
pends linearly on the strength of the electric field. The
results are supported by TB and DFT calculations based
on the Kane-Mele model. These properties make ger-
manene an excellent candidate for deepening our under-
standing of topological effects and realizing their poten-
tial in topological devices such as a topological field-effect
transistor[30, 43—46].
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