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Two-dimensional honeycomb lattices show great potential in the realization of Dirac nodal line fermions (DNLFs).
Here, we successfully synthesized a gold telluride (AuTe) monolayer by direct tellurizing an Au(111) substrate. Low energy
electron diffraction measurements reveal that it is (2×2) AuTe layer stacked onto (3×3) Au(111) substrate. Moreover,
scanning tunneling microscopy images show that the AuTe layer has a honeycomb structure. Scanning transmission electron
microscopy reveals that it is a single-atom layer. In addition, first-principles calculations demonstrate that the honeycomb
AuTe monolayer exhibits Dirac nodal line features protected by mirror symmetry, which is validated by angle-resolved
photoemission spectra. Our results establish that monolayer AuTe can be a good candidate to investigate 2D DNLFs and
provides opportunities to realize high-speed low-dissipation devices.

Keywords: honeycomb lattices, transition-metal monochalcogenides, AuTe monolayer, two-dimensional (2D)
Dirac nodal line fermions
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1. Introduction

Two-dimensional (2D) transition-metal chalcogenides
(TMCs) have received remarkable attention in fundamen-
tal research[1–4] and practical applications,[5–9] primarily be-
cause of their simple forms, open-air stability and exceptional
physicochemical properties. Up to now, 2D TMCs have been
revealed with various stoichiometric ratios, i.e. MX2, MX , and
M2X (M: transition metal atoms, X : S, Se, and Te). Transition-
metal dichalcogenides (TMDs, MX2) have been thoroughly
explored due to their unique properties[10–14] and the first
transistor based on a monolayer MoS2.[15,16] Representative
monolayer transition-metal monochalcogenides (TMMs, MX)
are topological materials.[17–21] For example, an FeSe mono-
layer is a high-Tc superconductor, which can be used as an in-
trinsic Majorana platform.[21] 2D transition-metal-rich TMCs
(M2X) are predicted to be promising photocatalysts[22,23] and
topological insulators.[24,25] Among the above TMCs, 2D
TMDs can be easily derived from their parent layer-stacked
bulk phases with weak van der Waal interaction, while 2D
TMMs (MX and M2X) are difficult to exfoliate from 3D close-
packed structures. As topological materials, 2D TMMs hold

potential applications in high-speed low-dissipation nano-
devices since monolayer CuSe[17] and its derivatives host
topological nodal line fermions, thus attracting broad scien-
tific interest despite the difficult synthesis.

Inspired by the fundamental research interest,[26–28] suc-
cessful preliminary attempts for potential applications,[29,30]

and limited experiment-realized Dirac nodal line fermion
(DNLF) systems,[31–34] people show increasing enthusiasm at
search and design of DNLF systems. To date, only a few
2D cases have been reported, such as 2D covalent organic
frameworks (COFs),[35] Lieb lattices[36,37] and 2D pentago-
nal group-IVA chalcogenide materials.[38] In addition, the-
oretical calculation results suggest that monolayer CuSe,[17]

AgTe[19] and AgSe[20] with honeycomb lattices show DNLF
features which are protected by mirror reflection symme-
try. These three candidates have been successfully fabricated
with honeycomb structures on metal substrates, characterized
by scanning tunneling microscopy (STM), low-energy elec-
tron diffraction (LEED), angle resolved photoemission spec-
troscopy (ARPES) techniques and first-principles calculations.
However, ARPES results of monolayer CuSe,[17] AgTe[19] and
AgSe[20] show that even the gapped nodal line feature induced
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by the symmetry broken is not observed due to the strong
coupling between the monolayers and the substrates, which
prevents their investigations in view of possible applications.
Even in other 2D systems, experimental realizations of 2D
DNLFs are limited to monolayer Cu2Si with a honeycomb
Cu lattice and a triangular Si lattice[39] and tri-atomic layer
Bi(110) in a brick phase.[40] Thus, it is desirable to search
and fabricate new 2D Dirac nodal line materials which have
a weaker interaction with substrates.

Here, we successfully fabricated monolayer gold telluride
(AuTe) on Au(111) substrate by using molecular beam epi-
taxy (MBE) method. The monolayer AuTe was obtained by
direct tellurization of an Au(111) substrate. The x-ray pho-
toelectron spectroscopy (XPS) measurement displays that the
Au–Te chemical bond forms in the top layer. The LEED char-
acterization indicates that it is (2×2) AuTe on (3×3) Au(111)
substrate. The atomic structure of the monolayer AuTe is
determined by a combination of STM experiments, density
functional theory (DFT) calculations and scanning tunneling
electron microscopy (STEM) characterizations. DFT calcu-
lations suggest that a free-standing AuTe monolayer has two
DNLFs protected by mirror reflection symmetry without spin–
orbit coupling (SOC), different from the monolayer AuTe in
the GaS crystal structure which is a topological insulator[41]

and bulk AuTe2
[42] in a Pma2 space group which has been

classified as a high symmetry line semi-metal. When con-
sidering SOC or buckling induced by the substrate, gaps are
opened at the Dirac nodal lines due to the breaking of the mir-
ror symmetry. It is noteworthy that the gapped nodal loops
induced by the symmetry breaking have been observed by us-
ing ARPES. Compared with the reported gapped DNLFs real-
ized in 2D metal monochalcogenides, AuTe monolayer makes
it more promising for real applications in future nano-devices.

2. Results and discussion
The AuTe monolayer was fabricated by direct tellurizing

an Au(111) substrate in an ultrahigh vacuum (UHV) room-
temperature (RT) STM–MBE equipment. Figure 1(a) demon-
strates the schematic of the synthesis procedure of a mono-
layer AuTe on Au(111) surface. The Te atoms were firstly de-
posited on a clean Au(111) substrate at room temperature and
then the sample was annealed to 530 K. When the growth pro-
cess finished, the sample was transferred from the MBE cham-
ber to the STM chamber for preliminary characterization. Fig-
ure 1(c) is a 100 nm×100 nm large-scale STM topographic
image. The sample grows continuously across the two steps
on the Au(111) surface, indicating a high quality. The pos-
sible Te adatoms on the sample make it form dense parallel
strips. The two directions of the parallel strips are equivalent
due to the symmetry of the sample and that of the Au(111)
surface. Afterwards, the XPS measurements were performed

to examine the formation of gold telluride. Figure 1(b) is the
XPS spectrum of the Te 3d core level for the freshly deposited
Te atoms on the Au(111) surface, which shows two peaks at
573.0 eV and 583.4 eV, corresponding to the two spin–orbit
splitting components Te 3d5/2 and Te 3d3/2, respectively. Af-
ter annealing treatment, the two peaks of Te 3d5/2 and Te 3d3/2

shift to 572.7 eV and 583.1 eV, respectively. Compared to the
elemental Te (before annealing), the negative 0.3 eV shift sug-
gests that the Te atoms are in oxidation states,[43–46] indicating
the formation of a gold telluride alloy.
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Fig. 1. Growth process and XPS differences between AuTe and tellurium.
(a) Schematic of the fabrication of AuTe thin films by direct tellurization of
the Au(111) substrate. Au atoms in the Au(111) substrate and tellurized Au
atoms are shown in light and golden yellow, respectively. (b) XPS measure-
ments on binding energies of AuTe synthesized on the Au(111) substrate
and Te deposited on Au(111) shown as normalized green and blue inten-
sity curves, respectively. (c) Large-scale STM topography (U =−1.7 V and
I = 0.1 nA) at room temperature.

To further gain insight into the structure of the as-
fabricated material, we performed LEED and low temperature
(4 K) STM characterization. The LEED pattern in Fig. 2(a) re-
veals that the hexagonal diffraction spots of AuTe (red circles)
have the same orientation as those of the Au(111) substrate
(yellow circles), suggesting a rotational-domain-free growth.
The (2×2) diffraction pattern of the monolayer AuTe, marked
by white circles, corresponds to a well-defined Moiré su-
perstructure arising from the lattice mismatch between the
AuTe monolayer and Au(111) substrate. Moreover, the same
LEED patterns were observed on the entire sample surface
(φ = 10 mm in size), indicating a large-area and homogeneous
monolayer AuTe.

Figure 2(b) displays an STM image representing the
superstructure composed of the (2×2) AuTe monolayer on
(3×3) Au(111) surface, with parallel strips formed which is
possibly due to the lattice mismatch, the stress release process
and adatoms. The zoomed-in STM image with atomic reso-
lution in Fig. 2(d) exhibits an obvious honeycomb lattice, and
the average lattice constant is a1 = 4.3 Å (labelled by the red
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rhombus). Besides, a distinct (2×2) superstructure with re-
spect to the AuTe lattice is also presented, with a periodicity
of 8.6 Å, about twice of a1 (labelled by the white rhombus).
Combined with the LEED pattern in Fig. 2(a) and the inserted
FFT image in Fig. 2(d), the distinct (2×2) superstructure can
be explained as the Moiré pattern of (2×2) AuTe on (3×3)
Au(111) surface. Besides, DFT calculations were also carried
out to clarify the atomic structure of the sample.
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Fig. 2. LEED patten and atomic configuration of AuTe monolayer on
Au(111) substrate. (a) LEED patten. The yellow, red and white dashed cir-
cles indicate the diffraction spots from the Au(111) lattice, AuTe monolayer
and (2×2) superstructure with respect to AuTe, respectively. (b) STM image
(U =−1.5 V and I = 0.15 nA) at 4 K shows the Moiré pattern and domains
of the AuTe monolayer on Au(111). The blue square marks the size of the
close-up image in (d). (c) Atomic resolution STM image, simulated STM
image, and the structure model of (2×2) superlattice (indicated by white
rhombi) match each other. (d) High-resolution STM image (U = −1 V,
I = 0.1 nA) of AuTe monolayer, shows the honeycomb lattice of Te atoms
in the topmost sublayer of the AuTe structure. The red and white rhombi
denote the unit cell of the AuTe lattice and (2×2) superlattice, respectively.
The inset displays the FFT pattern corresponding to AuTe and the super-
structure in (a). The inset line profile along the blue dashed arrow shows a
lattice periodicity of 4.3 Å.

Six possible atomic structures of AuxTey monolayer have
been considered, with their lattice information summarized in
Fig. S1 and Table S1. Among all the possible structures, only
AuTe structure is consistent with the STM results and the fol-
lowing STEM result. Since the simulated STM image corre-
sponds to an ideal model (the bottom panel in Fig. 2(c)), there
is a tiny difference between the simulated STM image with
the experimental ones. The well-reproduced Moiré pattern,
together with the lattice information in Fig. S1 and Table S1,
demonstrate that the overlayer on the Au(111) surface is AuTe
monolayer.

In order to further verify the structure of the monolayer
AuTe on Au(111), cross-section high-angle-annular-dark-field

(HAADF) STEM measurements were performed. The left
panel of Fig. 3(a) is a Z-contrast atomically resolved STEM
image of the AuTe/Au(111) interface, which manifests a
monoatomic layer of the AuTe structure. The distances be-
tween neighboring atoms in the first layer and the second layer
are 2.16 Å and 1.44 Å, respectively, in accordance with (2×2)
monolayer AuTe on (3×3) Au(111) substrate. The relaxed
model in the right panel of Fig. 3(a) also matches well with the
STEM image. The electron energy loss spectroscopy (EELS)
mappings for the sample were also carried out (Figs. 3(c) and
3(d)). It is obvious that Au and Te signals exist at the same
layer, corresponding to the AuTe layer in the HAADF image
in Fig. 3(b). By analyzing the EELS spectral intensity from
Au element in Fig. S3, we exclude the delocalization effects
of Au(111) substrates, which proves that monolayer AuTe has
been fabricated on Au(111) surface.
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Au (tellurized)

Au (substrate)

Te

1.44 A 

Fig. 3. Cross-sectional STEM image and EELS mapping of AuTe on
Au(111). (a) Left: atomic-resolution STEM Z-contrast image of the
AuTe/Au(111) interface along the [110] zone axis. Right: the relaxed model.
(b) HAADF-STEM image acquired simultaneously during EELS mapping.
EELS mapping of the (c) Au-M4,5 edge, (d) Te-M4,5 edge. The red frame
represents the AuTe layer, with the graphite above and the Au(111) below.

Since monolayer CuSe, AgTe, and AgSe show DNLFs
features, monolayer AuTe (Fig. S6a) is expected to also host
mirror-symmetry-protected DNLFs (Fig. S6b). To further val-
idate the mirror-symmetry-protected nodal loops, we investi-
gate the AuTe monolayer with a buckled structure (Fig. 4(a))
which is relaxed on an Au(111) substrate. The side view shows
that the substrate-induced buckling height is 0.39 Å. It should
be noted that the Au(111) substrate is not taken into considera-
tion for the band structure calculation. The green and red lines
in Fig. 4(b) describe the contribution from in-plane (Te px/py

and Au dxy/dx2−y2 ) and out-of-plane (Te pz and Au dxz/dyz) or-
bitals, respectively. These results clarify that the nodal loops
are protected by mirror symmetry.
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Fig. 4. Calculated band structures and ARPES results. (a) Geometric structure of the (2×2) AuTe monolayer which is obtained after relaxation on an
Au(111) surface. The side view shows the buckling height is 0.39 Å. (b) The calculated band structure of (a) with green and red curves illustrating
contributions from in-plane and out-of-plane orbitals. (c) ARPES data obtained from the monolayer AuTe on Au(111) surface, superimposed with
calculated band structure in (b). (d) The ARPES constant-energy contour at E = EF of a selected BZ (red hexagon). (e) and (f) ARPES intensity plots of
cut 4 (along K–Γ –K) and cut 7, which are indicated in (d) as dashed lines, respectively. For comparison, we overlay the calculated bands along K–Γ –K
as blue lines on top of (e). The GDP indicates a gapped Dirac cone. (g) Energy distribution curves (EDCs) corresponding to the region indicated by
black dashed rectangle in (e), with triangle marks highlighting the lower half of the Dirac cone.

ARPES is used to directly investigate the electronic prop-
erties of monolayer AuTe. The samples were transferred
from the MBE chamber to the ARPES facility by a high-
vacuum suitcase. Figure 4(c) expresses the ARPES data of
AuTe/Au(111) measured along the high symmetry direction
M–K–Γ –M in the hexagonal Brillouin zone (BZ) with a pho-
ton energy of 40.8 eV. The ARPES spectrum is a mixture of
monolayer AuTe and substrate-related signals resulting from
the large penetration depth. The calculated band structure
(shaded area in Fig. 4(b)) is embedded in Fig. 4(c) after an
upward-shift by 1.46 eV. The upward-shift of 1.46 eV orig-
inates from the hole-doping effect of the AuTe monolayer
(Fig. S4). The main features show good consistence with the
ARPES experiment results.

The ARPES constant-energy contour at E = EF in
Fig. 4(d) exhibits a ring-like feature with sixfold symmetry.
However, the spectral intensity in the horizontal direction is
suppressed due to the matrix element effect.[47,48] We selected
two representative band cuts (black dash lines in Fig. 4(d))
to demonstrate the distribution of Dirac nodal loop in the
BZ (Figs. 4(e) and 4(f)). It shows clearly that the band dis-
persion is consistent with the calculated electronic structure
(Fig. 4(e)). Especially, the lower half of the gapped Dirac cone
can be clearly seen from both the raw ARPES spectrum and
energy distribution curves series plot in Fig. 4(g). The miss-
ing spectrum intensity of the upper half of Dirac cone may be
due to the matrix element effect in ARPES experiment.[47,48]

One can expect getting access to this part of band structure
when a light source with different polarization or photon en-

ergy is used. In addition, the gapped Dirac point (GDP) is
visible in all the ARPES intensity spectrums near the center
of BZ (Fig. S5). The systematic ARPES results provide sub-
stantial evidence for the existence of the Dirac nodal loop in
monolayer AuTe/Au(111). The gapped DNLF locates around
0.32 eV below the Fermi level, which is the first one observed
by using ARPES technique in 2D metal monochalcogenides
(CuSe,[17] AgTe[19] and AgSe[20]). Our realization of AuTe
makes a step forward for real applications of 2D DNLFs.

3. Conclusions
By combining XPS, LEED, STM, STEM, ARPES tech-

niques and DFT calculations, we confirm that AuTe mono-
layer with a honeycomb lattice has been successfully synthe-
sized by directly tellurizing an Au(111) substrate. The nodal
line character of monolayer AuTe has been revealed both ex-
perimentally and theoretically. Interestingly, the symmetry-
broken-induced gapped nodal loops are experimentally ob-
served which is absent for other reported 2D transition-metal
monochalcogenides with DNL characters. Thus, we propose
that monolayer AuTe exhibits appealing interest for future
transport measurement and nano device applications.

4. Methods
Sample preparation and characterizations Monolayer

AuTe films were grown in an ultrahigh vacuum (UHV) cham-
ber, with a base pressure of 1×10−9 mbar, equipped with
standard MBE capabilities. First, the Au(111) substrate was
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cleaned by several cycles of Ar+ ions sputtering followed by
annealing until sharp diffraction spots in the LEED pattern and
clean surface terraces with a herringbone reconstruction in the
STM images were obtained. Then, tellurium atoms (Sigma
99.999%) were evaporated from a Knudsen cell and deposited
onto the substrate at room temperature. Subsequently, the
sample was annealed up to 530 K to achieved tellurization and
crystallization. The growth process was monitored by LEED.
After growth, the sample was transferred to an STM chamber
(2×10−10 mbar) for imaging and to an ARPES chamber for
characterizing the electronic properties.

ARPES measurement The ARPES measurements were
performed at the Institute of Physics, Chinese Academy of Sci-
ences, using a R4000 analyzer and a helium discharge lamp,
under ultrahigh vacuum better than 3×10−11 Torr. The data
were recorded with He IIα photons at 15 K. The energy and
angular resolutions were set to 10 meV and 0.1◦, respectively.
The Fermi level of the samples was determined from a poly-
crystalline gold reference in electronical contact with the sam-
ple.

STEM characterization The sample was transferred
from the UHV chamber to the atmosphere, and then covered
with graphite.

Calculations In this work, all calculations are performed
using the Vienna ab initio simulation package (VASP)[49,50]

based on density functional theory (DFT) with the projector
augmented-wave (PAW)[51] method and the local density ap-
proximation (LDA)[52,53] for the exchange–correlation func-
tional. The energy cutoff of the plane wave basis set is 400 eV.
The monolayer AuTe is fully relaxed until the forces on the
ions are less than 0.001 eV/Å and the energy difference is less
than 10−6 eV. For the AuTe/Au(111) system, the criteria for
force and energy convergence are 0.05 eV/Å and 10−4 eV, re-
spectively. The vacuum distance between two adjacent super-
cells in z direction is larger than 15 Å. The k-points samplings
are (21×21×1) for the monolayer AuTe and (11×11×1) for
that on Au(111) with the Gamma scheme, respectively. The
van der Waals interaction is described by the optB86b-vdw
functional[54–56] for the AuTe/Au(111) system. The simu-
lated STM image is obtained based on the Tersoff-Hamann
approximation.[56]
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[55] Klimeš J, Bowler D R and Michaelides A 2010 J. Phys. Condens. Mat-

ter. 22 022201
[56] Tersoff J and Hamann D R 1985 Phys. Rev. B 31 805

016102-6

http://dx.doi.org/https://doi.org/10.1103/PhysRevB .105.L121103
http://dx.doi.org/https://doi.org/10.1103/PhysRevB .105.L121103
http://dx.doi.org/10.1039/C8TA02555J
http://dx.doi.org/10.1039/C7NR00411G
http://dx.doi.org/10.1039/C7TC05095J
http://dx.doi.org/10.1103/PhysRevB.97.125312
http://dx.doi.org/10.1038/s41467-017-01108-z
https://doi.org/10.48550/arXiv.2012.15220
https://doi.org/10.48550/arXiv.2012.15220
https://doi.org/10.1103/PhysRevMaterials.3.024005
http://dx.doi.org/10.1038/s41586-019-0944-6
http://dx.doi.org/10.1039/C6RA10174G
http://dx.doi.org/10.1088/1674-1056/ab5781
http://dx.doi.org/10.1088/1674-1056/ab5781
http://dx.doi.org/10.1016/j.jallcom.2013.07.140
http://dx.doi.org/10.1088/1674-1056/ac6739
http://dx.doi.org/10.1021/acs.nanolett.0c05135
http://dx.doi.org/10.1103/PhysRevLett.113.137001
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevLett.45.566
http://dx.doi.org/10.1103/PhysRevB.23.5048
http://dx.doi.org/10.1103/PhysRevB.83.195131
http://dx.doi.org/10.1088/0953-8984/22/2/022201
http://dx.doi.org/10.1088/0953-8984/22/2/022201
http://dx.doi.org/10.1103/PhysRevB.31.805

	1. Introduction
	2. Results and discussion
	3. Conclusions
	4. Methods
	References

