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1.  Introduction

Since the discovery of the extraordinary physical and 
electronic properties of graphene, there has been an 
intense effort to synthesize two-dimensional (2D) 
honeycomb structures based on heavier elements than 
carbon in order to realize new topological phenomena 
that are driven by spin–orbit coupling (SOC), such 
as the quantum spin Hall (QSH) [1–3] or quantum 
anomalous Hall (QAH) [4, 5] effects. One promising 
family of materials to host these exotic effects—silicene 
[6], germanene [6, 7], and stanene [7, 8]—is built out 
of the group IV elements Si, Ge and Sn, which are 
predicted to form buckled honeycomb structures. 
Similar to graphene, these structures are expected to 
host Dirac fermions with a linear dispersion relation 
in the vicinity of the K/K′ points of their hexagonal 
Brillouin zones. However, unlike graphene, for which 
SOC is too small to induce a measureable band gap, 
silicene, germanene, and stanene are predicted to open 
a gap at K/K′ on the order of ~1.6 meV [6], ~24 meV 
[6], and ~100 meV [8], respectively, which is crucial 
to observe and utilize the QSH and QAH effects at 
elevated temperatures, and may pave the way for future 
applications. It should be noted that Dirac fermions 
can also be realized in other 2D materials, such as 
binary honeycomb structures [9] or non-symmorphic 
2D materials [10].

For the cases of silicene and stanene, a large number 
of experimental studies investigated the electronic 
structure of ultra-thin films of Si and Sn on various 
metallic and insulating substrates [11–15]. Although 
initial reports claimed the existence of Dirac dispersions 
for silicene on Ag(1 1 1) [11], more recent studies found 
that these are likely to be caused by substrate interac-
tions [16–20].

In contrast to its Si- and Sn-based cousins, only 
very few experiments have so far investigated the elec-
tronic structure of germanene. Earlier studies reported 
its synthesis on the metallic substrates Pt(1 1 1) [21], 
Al(1 1 1) [22], Au(1 1 1) [23], as well as on Ge2Pt [24] 
and MoS2 [25]. Scanning tunneling spectroscopy (STS) 
studies found evidence for a Dirac dispersion in some 
of these systems [14], but due to the lack of momen-
tum resolution, it was not possible to disentangle the 
signal from the Dirac fermions and other bands in the 
vicinity of the Fermi level. An angle-resolved photo-
electron spectroscopy (ARPES) study on a thick film 
of Ge grown on Au(1 1 1), corresponding to about ~4.5 
monolayers (ML) of germanene, reported the appear-
ance of a quasi-linear band that crosses the Fermi level 
close to the point of the underlying Au(1 1 1) substrate 
surface Brillouin zone [26]. However, further invest
igations are required to determine how this additional 
band is related to the predicted Dirac fermions in sin-
gle-layer germanene, or whether it may be induced by 
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Abstract
After the discovery of Dirac fermions in graphene, it has become a natural question to ask whether it 
is possible to realize Dirac fermions in other two-dimensional (2D) materials as well. In this work, we 
report the discovery of multiple Dirac-like electronic bands in ultrathin Ge films grown on Au(1 1 1) 
by angle-resolved photoelectron spectroscopy. By tuning the thickness of the films, we are able to 
observe the evolution of their electronic structure when passing through the monolayer limit. Our 
discovery may signify the synthesis of germanene, a 2D honeycomb structure made of Ge, which is a 
promising platform for exploring exotic topological phenomena and enabling potential applications.
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the underlying metallic substrate, as was suggested for 
similar bands found in silicene. For the growth of ger-
manene on Al(1 1 1), a buckled structure with a rela-
tively simple registry between 2  ×  2 monolayer Ge on 
a 3  ×  3 Al(1 1 1) substrate was shown by Derivaz et al 
[22]. However, ab initio calculations have suggested 
that a strong hybridisation between the Ge and the Al 
metallic substrate bands would wash out any sign of 
the Dirac dispersions [27]. On the other hand, some 
ab initio calculations would suggest that Ge on Ag or 
Au(1 1 1) could be a more promising route to realise 
Dirac dispersions [27, 28], while others suggest that 
interactions with the substrate bands will destroy ger-
manene’s Dirac dispersion for Ge on Au(1 1 1) [29]. 
Thus, the presence of Dirac fermions in graphene-ana-
logues supported by metallic substrates requires exper
imental confirmation.

In the present work, by performing comprehensive 
ARPES measurements, we study the electronic struc-
ture of ultra-thin Ge films grown on Au(1 1 1). By tun-
ing the thickness of the Ge layer, we are able to track the 
evolution of the resulting band structure from a sub-
ML to the trilayer regime, which allows us to identify 
bands that are replicated from the Au(1 1 1) substrate. 
In the ML limit, by tuning the incident photon polari-
zation, we are able to unmask a number of previously 
unreported linearly dispersing Dirac-like bands, which 
may originate from rotationally disordered germanene.

2.  Results and discussion

2.1.  Film characterization
To experimentally determine the thickness of the 
Ge films, we exploited a shift in the binding energy 
of the Ge 3d doublet peak for different chemical 

environments of the Ge atoms. As shown in figure 1(a), 
for a Ge film of nominal 1.0 Å thickness (upper panel), 
the photoemission intensity is dominated by the Ge 3d 
doublet at higher binding energies, similar to previous 
reports [15]. When substantially increasing the film 
thickness to 7.2 Å (lower panel), the photoemission 
intensity, which is extremely surface-sensitive, is 
instead dominated by a doublet at lower binding 
energies, since the chemical environment of Ge in 
an epitaxial multilayer sample is distinct from the 
sub-ML case of the Ge–Au interface. At a nominal 
deposition of 2.6 Å, the two doublets are observed to 
coexist, supporting that this sample is close to the ML 
limit. We furthermore performed scanning tunneling 
microscopy measurements to confirm that a Ge 
monolayer is approximately 2.5 Å thick, which can be 
found in the supplementary material (stacks.iop.org/
TDM/4/031005/mmedia).

The formation of a ML of Ge is also evident as a 
structural transition in the low-energy electron dif-
fraction (LEED) images shown in figures 1(b)–(d). At 
sub-ML fractional coverage, the most prominent peaks 
lie in a regular hexagon around the Au substrate peaks. 
This indicates that the sub-ML Ge coverage forms a 
long-range superstructure, which can be approximately 
indexed to a 15  ×  15 reconstruction (of the Au(1 1 1) 
surface lattice, see supplementary material (SM) for 
more details). Upon further Ge deposition, the LEED 
pattern changes to an 8  ×  8 superstructure once the 
first ML is completed, as shown in figure 1(c). Davila 
et al proposed a possible structural model for this phase 
with a registry between a germanene cell and a 8  ×  8 
supercell of Au(1 1 1) [26]. However, not all LEED spots 
fit the 8  ×  8 model, as further discussed in the SM. This 
8  ×  8 reconstruction is always observed in samples with 

Figure 1.  Film characterization by core level spectroscopy and LEED. (a) Core level spectroscopy of the Ge 3d electrons, taken with 
a photon energy of 120 eV, for varying film thickness. The green and red shaded areas indicate the fitting of interface and bulk peaks, 
respectively. (b)–(d) Low energy electron diffraction (LEED) images for 1.0 Å, 2.6 Å and 7.2 Å nominal Ge coverage, respectively, 
corresponding to sub-monolayer (ML), ML, and trilayer regime. Upper panels show the full LEED image, where the red hexagon 
indicates the first order diffraction spots from the Au(1 1 1) substrate. The lower panel shows a close-up of the superstructure 
diffraction peaks. The rotation of primary Au(1 1 1) LEED spots (red hexagon) between (b) and ((c) and (d)) is due to the use of a 
different but equivalent Au crystal for the sub-monolayer coverage.
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a thickness from ~1 to at least 3 MLs (as can be seen in 
figure 1(d)), indicating epitaxial growth in this regime 
and no further structural phase transitions.

2.2.  Band structure evolution with film thickness
In figure 2 we present the evolution of the Fermi surface 
with film thickness, as measured by ARPES. We focus 
on the area around the K  point of the Au(1 1 1) surface 
Brillouin zone (BZ), where the strongest changes in the 
electronic structure are observed. For pristine Au(1 1 1), 
the projections of the 3D Au Fermi surface onto the 
Au(1 1 1) surface BZ form a quasi-triangular projected 
band gap around the K  point. This can be seen from 
the experimental ARPES data shown in figures 2(a) and 
(e), as well as our ab initio calculation of the Au band 
structure, shown as solid red and blue lines in figure 2(i). 
When depositing a sub-ML Ge film (nominal thickness 
1.0 Å), large triangles appear around the K  point, 
shown in figures 2(b) and (f). They can be understood 
as replicas of the original Au bulk bands, shown as 
red and blue dashed lines in figure 2(j). The surface 
wavevector by which the substrate bands are shifted 
corresponds to the ~15  ×  15 superstructure diffraction 

peaks observed in the LEED measurement shown in 
figure 1(b). When increasing the Ge film thickness to 
the ML limit (approximately 2.6 Å), a smaller triangular 
Fermi surface emerges, as can be seen in figures 2(c) and 
(g), and which is illustrated by the solid green line in 
figure 2(k). Simultaneously, the intensity of substrate 
band replica is decreased compared with the sub-ML 
Ge coverage. When increasing the Ge layer thickness 
further to 7.2 Å, the small triangle remains, while 
the substrate induced replica bands are now fully 
suppressed. At first sight, the small triangle could be 
explained by another replica of the substrate bands, 
similar to the ~15  ×  15 reconstruction which appears 
at 1.0 Å nominal coverage, but with a larger shifting 
vector, as is illustrated by the dashed lines in figure 2(l). 
However, as we will show below, there is strong evidence 
that these bands may actually originate from the Ge 
layers.

The drastic changes of the electronic structure as a 
function of Ge layer thickness can also be observed in the 
energy-momentum dispersions along the Γ − −K M  
direction of the Au(1 1 1) surface BZ, which are shown 
in figure 3. For reference, the measurement of the pris-

Figure 2.  Fermi surface evolution with Ge film thickness. (a)–(d) Large scale Fermi surfaces for pristine Au(1 1 1), and 1.0 Å, 2.6 
Å, and 7.2 Å Ge film thickness. The red solid lines show the surface BZ of the Au(1 1 1) substrate, while the red dashed lines indicate 
the zoomed in regions in (e) and (h). (e)–(h) Fermi surface close to the quasi-triangular band gap at the K -point of the Au(1 1 1) 
substrate, for pristine Au(1 1 1), 1.0 Å, 2.6 Å, and 7.2 Å Ge film thickness, respectively. (i) Ab initio calculation of the Au(1 1 1) 
substrate Fermi surface, projected on the (1 1 1) surface, at kz  =  Γ + −0.45 Å 1 (red solid line) and kz  =  Γ − −0.45 Å 1 (blue solid line). 
(j) As in (i), however, with additional replica bands of the Au(1 1 1) substrate (red and blue dashed lines), forming a triangle. (k) As 
in (j), however, showing additional bands (see green triangle). (l) As in (k), however, the Au(1 1 1) replica bands (red and blue dashed 
lines) are now shifted by a larger reciprocal lattice vector.
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tine Au(1 1 1) surface is shown in figure 3(a), which 
reveals a Rashba surface state at Γ and a strong Au sp 
band dispersing along  Γ − K , indicated by a red arrow. 
When depositing a sub-ML Ge film (nominal thickness 
1.0 Å), a suppression of the surface state is observed in 
figure 3(b), and two new bands appear, which are indi-
cated by the black arrows. The new bands along  Γ − K  
are generated by shifting the Au(1 1 1) substrate band 
along the Γ − K  direction, whilst the new band along 
−K M  is replicated from another Au(1 1 1) substrate 

band in the next BZ, which itself does not pass through 
−K M . These replica bands are responsible for the 

formation of the triangular Fermi surface, as shown 
in figures 2(b) and (f). When increasing the nominal 
Ge layer thickness to 2.6 Å, as shown in figure 3(c), 
three new bands appear (green arrows A, B, C), two of 
which (A, B) form the small green triangles shown in 
figure 2(k), while band C becomes more pronounced 
when switching the polarization from linear-horizontal 
to linear-vertical, which will be discussed in the next 

section. Increasing the nominal film thickness to 7.2 Å 
leads to a broadening of these new bands, which can be 
seen in figure 3(d), as well as the disappearance of the 
replica bands from figure 3(b).

2.3.  Emergence of multiple Dirac-like bands in the 
monolayer limit
In figure 4 we present evidence that the new bands 
emerging at the ML-limit may originate from the 
formation of germanene, rather than the metallic 
substrate. By switching the polarization of the incident 
photons with respect to the sample plane, we can 
unmask a set of bands that were previously hidden due 
to photoemission selection rules [30]. These selection 
rules are determined by the relationship between the 
symmetry of the involved electron orbitals and the 
symmetry of the incoming light, and can lead to the 
suppression of photoemission intensity from certain 
bands. To make these bands visible, the selection 
rules can be relaxed by changing the symmetry of the 

Figure 3.  Energy-momentum dispersion evolution with nominal Ge film thickness. Measurements taken with linear horizontal 
(LH) light polarization at a photon energy of 120 eV. (a)–(d) Dispersions for pristine Au(1 1 1), and 1.0 Å, 2.6 Å, and 7.2 Å Ge film 
thickness, respectively. The red arrows indicate a strong Au(1 1 1) substrate band. The black arrows indicate replica bands from this 
substrate bands. Original and replica bands of Au(1 1 1) are indicated by red dashed lines as guide to the eye. The green arrows (A, B, 
C) indicate the new bands, which form when a nominal ML coverage is reached. They are indicated by green lines, serving as guide to 
the eye.

2D Mater. 4 (2017) 031005
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incoming light, i.e. changing its polarization. For the 
present case, we changed the polarization from linear-
horizontal to linear-vertical, which revealed several 
previously unreported bands. Those bands are shown 
in figures 4(a) and (b) for the Ge films with 2.6 Å and 
7.2 Å nominal thickness, respectively. They form a pair 
of Dirac-like dispersions with apexes centered at the 
M  point and slightly off the K  point of the Au(1 1 1) 
surface BZ. Although previous ab initio calculations 
concluded that the strong hybridization between 
the substrate bands and the germanene bands will 
destroy any linear bands close to the Fermi level [16], 

the 8  ×  8 superstructure observed in the LEED image 
in figure 1(c) may provide a loophole for germanene’s 
Dirac cones to survive by folding them into the projected 
band gap of the substrate band structure. The possible 
folding mechanism is illustrated in figure 4(c), which 
shows the surface BZ of the Au(1 1 1) substrate (red 
lines and letters), germanene (green lines and letters, 
based on lattice constant agermanene  =  4.4 Å, which is 
~10% larger than the theoretical value of freestanding 
germanene [31]), and the 8  ×  8 superstructure BZ 
(blue lines). The blue arrows indicate the folding 
vectors of the 8  ×  8 superstructure, which connect the 

Figure 4.  Multiple Dirac-like cones emerging close to high symmetry points of the Au(1 1 1) surface BZ. All measurements were 
taken with linear horizontal (LV) light polarization at a photon energy of 120 eV. (a) and (b) Energy-momentum dispersions for 
2.6 Å and 7.2 Å nominal film thicknesses. Red arrows indicate Dirac-like bands. (c) Illustration of the Au(1 1 1) surface BZ (red 
lines), theoretically predicted germanene BZ (green line), and 8  ×  8 superstructure BZ (blue lines). (d) Equal energy surfaces of 
the nominally 2.6 Å thick Ge film, close to the point of the Au(1 1 1) surface BZ, for binding energies Eb  =  0.09 eV, Eb  =  0.78 eV, 
Eb  =  1.14 eV. The black arrow indicates the apex of the Dirac-like cone, while the green and red arrow indicates its two legs. The red 
dot indicates the K  point of the substrate BZ. (e)(i) Detail of the Dirac-like dispersion in nominally 2.6 Å thick Ge film. The red and 
green points indicate the peaks of the momentum-distribution curve fitting (MDC). The black lines indicate the binding energies 
for the MDC curves shown in (e)(ii). (e)(ii) MDCs for the black lines shown in (e)(i). The red and green arrows indicate the peaks of 
the fitting curves.

2D Mater. 4 (2017) 031005
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K point of the germanene BZ with the M  point as well 
as a point slightly off the K  point of the substrate BZ. 
These positions are in excellent agreement with the 
location of the apexes of the Dirac-like dispersions in 
our ARPES measurements. The Fermi surface of the 
2.6 Å film is shown figure 4(d) and shows two almost 
parallel bands. This deviation from the expected conical 
shape of a Dirac dispersion may be caused by slight 
rotational disorder, similar to what has been reported for 
rotationally disordered Graphene on copper [32]. We 
simulated the effect of rotational disorder on a circular 
Dirac cone, which can be found in the supplementary 
material, and nicely reproduces the parallel bands shown 
in figure 4(d). A momentum-distribution curve (MDC) 
analysis of the Dirac-like bands close to the point of the 
Au(1 1 1) surface BZ in the 2.6 Å thick Ge film, shown in 
figure 4(e), reveals that the extrapolated apex of the cone 
is located at 90 meV binding energy. The Fermi velocities 
of the bands are ~106 m s−1, which is similar to the order 
of magnitude reported in graphene [33].

We would like to note that, although there are cur
rently no ab initio calculations for germanene/Au(1 1 1) 
that include the large experimentally observed 8  ×  8 
superstructure, the folding of germanene’s Dirac cone 
to the Γ-point of the reconstructed BZ has recently 
been proposed for smaller superstructures based on 
ab initio calculations [27]. Because of the folding, a 
strong hybridization with the substrate bands was 
avoided and the Dirac dispersion was preserved. It is 
therefore a plausible assumption that a similar mech
anism can also exist for the larger 8  ×  8 reconstruction, 
which needs to be confirmed by future theoretical work.

3.  Conclusion

In summary, we have reported detailed core-level, 
LEED, and ARPES measurements of ultra-thin Ge 
films grown on Au(1 1 1), with nominal thicknesses 
between 1.0 Å and 7.2 Å. Our ARPES spectra reveal 
Au(1 1 1) replica bands for the thinnest films, and the 
emergence of Dirac-like dispersions at the ML limit, 
which persists for thicker films up to at least 7.2 Å. These 
bands may be caused by the folding of germanene’s 
Dirac cones to other positions in momentum-space, 
due to the presence of an 8  ×  8 surface superstructure, 
which prevents their hybridization with the substrate 
bands, similar to what has been proposed by recent ab 
initio calculations for smaller reconstructions [27]. 
This is a remarkable finding since the interaction 
with metallic substrates was previously considered to 
preclude the existence of Dirac fermions in germanene 
on Au(1 1 1). Our results provide a strong motivation 
for future experimental studies investigating the 
precise microscopic structure of ultra-thin Ge films 
on Au(1 1 1), for instance by grazing incidence XRD. 
Such a structural determination will be necessary 
as an input for ab initio band structure calculations 
that can consider the large 8  ×  8 superstructure 
that we found experimentally. It will be furthermore 

interesting to probe the unoccupied states of the Dirac-
like bands to observe the upper half of the Dirac cone 
that was proposed in the present work, which may be 
achieved via electron doping or pump-probe ARPES 
experiments. Moreover, it will be interesting to try to 
reduce the influence of the Au(1 1 1) substrate on the 
band structure of the Ge thing films, e.g. by decoupling 
via hydrogen intercalation.

4.  Methods

The ARPES measurements were performed on beamline 
I05 (Diamond Light Source, UK) [34]. The Au(1 1 1) 
substrate and Ge films were prepared and grown in situ. 
The layer thickness was determined via the calibration of 
the deposition rate with a quartz crystal microbalance, 
and the observation of core level chemical shifts. Before 
the deposition of the Ge layers, a Bi layer of 0.8 Å 
nominal thickness was deposited as a surfactant. ARPES 
measurements were taken with a photon energy of 
120 eV with linear horizontal and vertical polarization. 
The photoelectron energy and angular distributions 
were analyzed with a SCIENTA R4000 hemispherical 
analyzer. The measurement temperature was 10 K and 
the sample remained in a vacuum of  <5  ×  10−10 Torr 
throughout the measurements. The angular resolution 
was 0.2°, and the overall energy resolution was better 
than 25 meV. The ab initio calculations were performed 
using the generalized gradient approximation and 
the full-potential linear augmented plane-wave 
basis within the Wien2k package [35]. The research 
materials supporting this publication can be accessed 
by contacting the corresponding author.
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