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Self-intercalation in layered transition metal dichalcogenides provides a promising route for modulating lattice struc-
tures and electronic properties without introducing extrinsic species. As an emerging type-1I Dirac semimetal, 1T-NiTe, has
attracted considerable interest in the two-dimensional limit. However, reversible self-intercalation in atomically thin NiTe,
has not been reported. Here, we report a reversible self-intercalation process in trilayer 1T-NiTe; synthesized on a graphene
substrate via van der Waals epitaxy. Upon post-annealing, Te desorption drives the spontaneous incorporation of Ni atoms
into the van der Waals gaps, forming an ordered /3 X /3 superstructure, which can be fully reversed under Te-rich con-
ditions. Scanning tunneling microscopy reveals the formation of this superstructure, accompanied by a modulation of the
electronic states near the Fermi level. Furthermore, field emission resonance measurements demonstrate a clear modulation
of the local work function induced by self-intercalation, indicative of an intercalation-driven redistribution of electronic
density. Our work establishes reversible self-intercalation as an effective route for engineering superlattice potentials and
tuning surface electronic properties in two-dimensional materials.

Keywords: NiTe;, self-intercalation, van der Waals material, scanning tunneling microscopy
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1. Introduction

Two-dimensional (2D) van der Waals (vdW) materials
provide an exceptional platform for engineering emergent
quantum states owing to their atomic thickness, weak in-
terlayer coupling, and structural flexibility.l'~”! Among vari-
ous strategies for tailoring their properties, self-intercalation,
where constituent atoms occupy the vdW gaps to form addi-
tional atomic layers, has recently emerged as a powerful route
for stabilizing new structural phases, including covalently
bonded layered configurations, and for tuning electronic cor-
relations beyond those accessible in pristine compounds. 3171
This approach has enabled a variety of intriguing phenom-
ena, such as tunable ferromagnetism in covalently bonded
TaS,,!8 the emergence of Kondo physics in self-intercalated
V-based layered materials,!'®!1°] novel magnetic phases in
CrTe,,”%-231 and modified superconductivity in NbSe,.?4-271
Therefore, the unique capability of self-intercalation to couple
lattice reconstruction with electronic correlations opens new
opportunities for designing emergent quantum phases in low-
dimensional systems.

Recently, NiTe, has attracted significant attention as

a layered transition-metal dichalcogenide hosting rich elec-
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tronic and topological properties. It has been identified as

28301 and exhibits a variety of in-

[31-33

a type-II Dirac semimetal

triguing phenomena, including superconductivity, ! topo-

logical surface states,3*3]

and thickness-dependent elec-
tronic tunability.[36] In the two-dimensional limit, addi-
tional emergent behaviors such as short-range charge den-
sity modulations*”! have also been reported, highlighting its
sensitivity to structural perturbations. Beyond fundamental
physics, NiTe, further demonstrates promising functionali-

38.391 and electronic devices,*0*!! such as

ties in catalysis!
transistors(?! and high-frequency rectifiers, 3! motivating ex-
tensive efforts in material synthesis for bulk crystals and ul-
trathin layers. Despite these advances, the exploration of self-
intercalation in NiTe, remains limited. While excess Ni atoms
have been reported to occupy interstitial sites and form mul-

41 achieving uniform

tiple ordered phases in such a system,|
and well-controlled self-intercalation in atomically thin NiTe,
is still challenging.

Here, we report a reversible self-intercalation process in
trilayer 1T-NiTe, grown on graphene via vdW epitaxy, by
combining in-situ low-energy electron diffraction (LEED),
Auger electron spectroscopy (AES), and x-ray photoelec-

tron spectroscopy (XPS). Upon post-annealing, Te desorption
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drives the spontaneous intercalation of Ni atoms into the vdW
gaps, leading to the formation of an ordered /3 X /3 super-
structure. This intercalated phase can be fully reversed by an-
nealing in a Te-rich atmosphere, restoring the pristine layered
structure and enabling dynamic control of the intercalation
process. Using scanning tunneling microscopy/spectroscopy
(STM/STS), we directly resolve the atomic and electronic
structure of the intercalated phase. Furthermore, by combining
density functional theory (DFT) calculations, we reveal a mod-
ulation of the local density of states near the Fermi level, in-
cluding a shift in the work function, indicating reconstruction
of the electronic structure induced by the self-intercalation.
Our results demonstrate reversible self-intercalation as a vi-
able route for engineering ordered superlattice potentials and
tuning electronic properties in two-dimensional quantum ma-
terials.

2. Results and discussion

We start with the epitaxial growth of trilayer 1T-NiTe; on
bilayer graphene/SiC(0001) substrates using molecular beam
epitaxy (see Appendix A). The 1T-NiTe; crystallizes in a vdW
layered structure and hosts a hexagonal lattice with in-plane
lattice constants of ~ 0.38 nm, as illustrated in the top and side

views in Fig. 1(a). Upon post-annealing at elevated tempera-

ture under vacuum, partial desorption of Te atoms induces the
formation of a self-intercalated phase [Fig. 1(b)]. The interca-
lation is driven by a Te-desorption-induced Ni-rich chemical
potential. In this process, the excess Ni atoms in the inter-
calated phase are primarily generated from the NiTe, lattice
interior during post-annealing, accompanied by a change in
the stoichiometry of NiTe, itself. The excess Ni atoms oc-
cupy the octahedral sites within the vdW gaps, forming an
additional atomic layer with a /3 x /3 superstructure with
respect to the NiTe; lattice, thereby transforming the vdW lay-
ered structure into a covalently bonded configuration. Notably,
this self-intercalated phase can be fully reversed by anneal-
ing in a Te-rich atmosphere, restoring the pristine vdW struc-
ture [Fig. 1(c)]. To track this evolution, we perform in-situ
LEED measurements at each stage. As shown in Fig. 1(d),
the as-grown trilayer NiTe; exhibits two sets of sharp diffrac-
tion spots arising from NiTe; and graphene, respectively, with
nearly identical orientations, confirming epitaxial alignment.
After post-annealing, an additional set of diffraction spots
emerges, corresponding to a (1/3 X 4/3)R30° superstructure
with respect to the NiTe; lattice [Fig. 1(e)], indicative of suc-
cessful self-intercalation. Following subsequent annealing in a
Te-rich atmosphere, these superstructure spots disappear, leav-
ing only the diffraction from NiTe, and graphene [Fig. 1(f)],
thereby confirming the reversible de-intercalation process.

NiTe, Self-intercalated NiTe, NiTe,
° °
oo o
(@) o oo o (b) © ° oo,g °
ojololo 0 oo ololo
0 _ o 0000 o ° ° o o °
o olo o o]0 0lo o° oo,ogooozogpoo
o 00 o [0 0o 0 o o \o | 0
oo 900 oo 000
M el Self-intercalation De -intercalation 60 0" 0 o
oo oo
° e S 2 i ° Te
Q0 0000000 - Q o o Q0 0000000
o o o o o o o Annealing o o Add Te atoms o o o o o o o o ()
O oo oo o000 o =) 0O 00000000
o o < Ni
9,9,0,0, 0, 0 0 0 0 ) ) ©,9,0,0 0, 0 0 0 0
O 000000 OO0 o7 o o o O 000000 OO0
00000000 a PP B o 000000000 O
0% % % % °0 % % % N o % © "o "o o o 0 o o .
oo oo oo oo o © © 0o o o o o o o IntrNi
g e .
(d) (e) (® High
©] = z
g ® =
o
- ’ ------ ’ E
A - ~
2z
v
=
2
OV\ =
i NiTe
NiTe, o) 2
: - 0 Low
o V4 A &

Fig. 1. Reversible self-intercalation in trilayer NiTe,. (a)—(c) Schematic illustrations of the self-intercalation and de-intercalation processes of trilayer
NiTe,. Upon post-annealing, Ni atoms spontaneously intercalate at the vdW gaps and form a /3 X /3 superstructure (b). Subsequent annealing in a Te
atmosphere restores the pristine NiTe; phase via de-intercalation (c). The black and red rhombuses denote the unit cells of NiTe; and the intercalation-
induced superlattice, respectively. (d)—(f) Corresponding LEED patterns of the sample at stages shown in (a)—(c). The as-grown trilayer NiTe, on
graphene substrate shows diffraction spots from both NiTe; (blue circles) and graphene (green circles) (d). After post-annealing, additional diffraction
spots emerge (red circles), consistent with the formation of a /3 x /3 superlattice due to the Ni intercalation (e). These superlattice spots disappear
after annealing in a Te atmosphere, showing the reversibility of the intercalation process (f).

We further study the reversible self-intercalation process
using in-situ AES and XPS measurements. As shown in

Fig. 2(a), both the pristine and post-annealed NiTe, exhibit

characteristic AES signals from Ni and Te elements. Notably,
after post-annealing, the intensity of the Te Auger peaks is

significantly suppressed, whereas that of Ni remains nearly
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unchanged, indicating substantial Te desorption during the an-
nealing process. In addition, the Ni Auger peak exhibits a
slight shift toward higher kinetic energy [Fig. 2(b)], suggest-
ing a modification of the local chemical environment of Ni
atoms. Consistent with the AES results, high-resolution XPS
measurements reveal pronounced changes in both composition
and local chemical environment. As shown in Figs. 2(c) and
2(d), the Te 3d core-level intensity is markedly reduced af-
ter annealing, while the Ni 2p intensity remains largely un-
changed, further confirming Te depletion. Meanwhile, both
the Ni 2p and Te 3d core levels shift toward lower binding en-
ergy, ~ 1.1 eV and ~ 0.5 eV, respectively. The simultaneous
shift of both Ni 2p and Te 3d core levels toward lower bind-
ing energies indicates a substantial reconstruction of the elec-
tronic structure. This behavior cannot be explained by a sim-
ple rigid Fermi level shift, but instead reflects a combination of
modified local bonding and enhanced electronic screening in
the intercalated phase. These combined observations demon-
strate that Te desorption drives the formation of a Ni-rich, self-
intercalated phase.

In order to study the atomic and electronic structure of
the self-intercalated NiTe, phase, we carried out STM mea-
surements. Large-scale STM topography of the as-grown
sample reveals the formation of regularly shaped NiTe, is-
lands on the graphene surface [Fig. 3(a)]. The measured
height is about 2.0 nm, consistent with a trilayer thickness
[Fig. 3(b)]. An atomic-resolution STM image clearly shows
a hexagonal lattice with a periodicity of ~ 0.38 nm, corre-
sponding to the arrangement of the topmost Te atoms in NiTe;
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[Fig. 3(c)]. After post-annealing, the large-sized NiTe, islands
retain their lateral morphology, while the apparent height de-
creases slightly to ~ 1.8 nm, indicating structural modifica-
Notably,
an atomic-resolution STM image reveals an additional su-

tion upon self-intercalation [Figs. 3(d) and 3(e)].

perstructure rotated by 30° with respect to the NiTe, lattice
[Fig. 3(f)]. The measured lattice periodicity of the superstruc-
ture is ~ 0.66 nm, corresponding to /3 times that of the NiTe,
lattice. Combined with the corresponding fast Fourier trans-
form (FFT) patterns [Figs. 3(g) and 3(h)], these results con-
firm the formation of a (1/3 x /3)R30° superstructure, in good
agreement with the LEED results. Furthermore, spatially aver-
aged dI/dV spectra acquired on pristine and self-intercalated
NiTe, agree well with the DFT-calculated density of states
based on the corresponding structural models, further support-
ing the /3 x /3 intercalated structure [Fig. 3(i)]. Both exhibit
metallic behavior, while showing a pronounced modulation of
the electronic states near the Fermi level, indicative of a re-
construction of the local electronic structure induced by self-
intercalation. The /3 X /3 superstructure is consistently ob-
served across multiple islands with no other structural phases
detected, indicating a high degree of spatial homogeneity. We
also investigated the recovered NiTe; after de-intercalation un-
der a Te-rich annealing condition. Consistent with the LEED
results, STM and STS measurements show that both the lattice
constant and the spectroscopic features return to those of the
pristine phase, indicating recovery of the original hexagonal
lattice and electronic characteristics.
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Fig. 2. AES and XPS measurements for the pristine and self-intercalated trilayer NiTe,. (a) In-situ AES spectra of the pristine (blue) and self-intercalated
NiTe; (red), both showing characteristic signals from the Te and Ni elements. (b) Zoom-in AES spectra of the Ni Auger region (black dashed rectangle),
showing a slight shift of the Auger peak toward higher kinetic energy after self-intercalation. (c) XPS spectra of the Ni 2p core levels for pristine (blue)
and self-intercalated NiTe; (red), showing a clear red shift toward lower binding energy after intercalation. (d) XPS spectra of the Te 3d core levels for
pristine (blue) and self-intercalated NiTe; (red), also showing a noticeable shift toward lower binding energy after the self-intercalation process.
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Fig. 3. Atomic and electronic structures of pristine and self-intercalated trilayer NiTe,. (a) Large-scale STM topography of the trilayer NiTe, grown on
graphene substrate (Vs = —1 V, I = 20 pA), showing regular hexagonal shape. (b) Line profile along the white dashed arrow in (a), showing a thickness
of ~ 2.0 nm, consistent with trilayer NiTe,. (c) Atomic-resolution STM image of the pristine NiTe, (V; = —10 mV, ; = 5 nA), showing a hexagonal
lattice (black rhombus) with periodicity of ~ 0.38 nm. (d) Large-scale STM topography of the trilayer NiTe, after self-intercalation (V; = -2V,
It = 20 pA). (e) Line profile along the white dashed arrow in (d), showing a reduced thickness of ~ 1.8 nm, consistent with the self-intercalated
structure. (f) Corresponding atomic-resolution STM image (Vs = —0.5 V, I; = 1 nA), showing coexistence of the hexagonal lattice of NiTe, (black
rhombus) and an overlaid /3 x /3 superstructure (blue thombus) with periodicity of ~ 0.66 nm. (g), (h) Corresponding FFT patterns of (c) and (f),
showing emergence of (/3 x 4/3)R30° superstructure after intercalation. (i) The typical dI/dV spectra of pristine (blue solid curve) and /3 x /3
self-intercalated trilayer NiTe, (red solid curve), showing both metallic nature with a pronounced difference in electronic states near the Fermi level.
The blue and red covered regions are the DFT calculated density of states based on pristine and self-intercalated structure models, agreeing well with

the experimental results.

Finally, the modification of the electronic states induced
by self-intercalation suggests a corresponding variation in the
local tunneling barrier. Since the tunneling barrier is directly
related to the local work function, we probe it using field
emission resonances (FER) in the STM junction, which pro-
vide a sensitive measure of the surface potential with high
spatial resolution.[*46] FER spectra, also known as Gund-
lach oscillations,#”! arise in the Fowler—Nordheim tunneling
regime!*8! when the applied bias exceeds the sample work
function. Under this condition, the bias-induced potential drop
in the tunneling junction forms a quasi-trapezoidal barrier,
supporting a series of image-potential states confined in the
vacuum gap.!*”! The energies of these resonances depend sen-
sitively on the local work function, enabling spatial mapping
of surface potential variations. *°!

Figure 4(a) shows the STM topography of a self-
intercalated NiTe; island on the graphene substrate. FER spec-
tra acquired on pristine NiTe,, self-intercalated NiTe;, and the
graphene substrate exhibit a series of well-defined resonance
peaks [Fig. 4(b)], corresponding to image-potential states in
the vacuum tunneling gap. To a first approximation, the sam-
ple work function can be estimated from the energy of the first
FER peak. From graphene to pristine NiTe, and further to
self-intercalated NiTe,, the spectra shift systematically toward
higher energies, indicating an increase in the local work func-
tion. By extracting and fitting the image-potential states, we
obtain work functions of ~4.36 eV, ~4.71 eV, and ~ 4.94 eV
for graphene, pristine NiTe;, and self-intercalated NiTe;, re-
spectively [Fig. 4(e)]. Furthermore, spatially resolved dI/dV
maps at energies of 4.27 eV and 4.89 eV reveal clear contrast
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Fig. 4. Spectroscopic characterization of self-intercalated NiTe, on graphene substrate. (a) STM image of a self-intercalated NiTe; island. (b) FER
spectra taken on pristine NiTe,, self-intercalated NiTe, and the graphene substrate, respectively, showing a series of resonance peaks. (c), (d) The
d7/dV maps of FER spectra at the energy of 4.27 eV (c) and 4.89 eV (d), showing the contrast between self-intercalated NiTe; island and graphene
substrate. (e) Extracted and fitted image-potential state peak positions from (b), showing the different work functions of pristine NiTe,, self-intercalated
NiTe; and the graphene substrate. Tunneling parameters: Vs = 50 mV, /; = 0.3 nA, Vjpoq = 10 mV.

between the self-intercalated NiTe, island and the graphene
substrate [Figs. 4(c) and 4(d)], reflecting the spatial variation
of the surface potential. The increase in work function upon
Ni intercalation possibly originates from a modification of the
surface dipole. Intercalated Ni atoms induce a redistribution
of charge, leading to partial electron depletion at the top Te
layer and accumulation in the subsurface region. This results
in an enhanced surface dipole pointing from the vacuum to-
ward the sample, effectively increasing the surface potential
barrier and thus the work function. These results demonstrate
that self-intercalation induces a pronounced modulation of the
local work function and tunneling barrier, providing direct ev-
idence of the modified surface electronic properties.

In summary, we have demonstrated a reversible self-
intercalation process in trilayer 1T-NiTe,, achieved via con-
trolled thermal annealing. Tellurium desorption drives the
spontaneous incorporation of Ni atoms into the vdW gaps,
leading to the formation of an ordered /3 x /3 superstruc-
ture, which can be fully reversed under Te-rich conditions.
Combining in situ diffraction, spectroscopy, and scanning
probe measurements, we establish a comprehensive picture
of this process, including structural transformation, chemical
state evolution, and electronic modulation. In particular, self-
intercalation induces a reconstruction of the local electronic
states and a pronounced increase in the work function, re-
flecting a modification of the surface potential and tunneling
barrier. These results highlight reversible self-intercalation as

a controllable approach for engineering ordered superlattice

potentials and tuning electronic properties in two-dimensional
materials, opening new opportunities for designing emergent
quantum phases and functional devices.

Appendix A: Methods

Sample preparation Trilayer NiTe, films were epitaxi-
ally grown on bilayer graphene/SiC substrates via molecular
beam epitaxy (MBE) under ultra-high vacuum (UHV) condi-
tions, with a base pressure of ~ 5 x 107!9 mbar. The bilayer
graphene was prepared by annealing a 6H-SiC(0001) substrate
from 650 °C to 1300 °C over 65 s, with this process repeated
80 times. NiTe, films were grown by electron-beam evapo-
ration of Ni (99.9%, Goodfellow Cambridge Ltd.) together
with an atomic Te flux (99.99%, Sigma-Aldrich) supplied by
a Knudsen cell, at a substrate temperature of ~ 510 K. Dur-
ing growth, a Te flux approximately one order of magnitude
higher than that of Ni was maintained to ensure Te-rich con-
ditions. Post-annealing was carried out at ~ 600 K to induce
the formation of self-intercalated phases. The de-intercalation
process was achieved by annealing at ~ 510 K under Te-rich
conditions.

LEED, AES and XPS After growth, the NiTe, sample
was in-situ checked by low-energy electron diffraction and
Auger electron spectroscopy. LEED was employed with a
4-grid detector (Omicron Spectra LEED) in a UHV chamber
(1 x 1072 mbar) at room temperature, which was housed in
the same chamber of the MBE. The AES spectra were ob-
tained using an electron-beam energy of 3 kV. The samples
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were then stored in a home-made UHV suitcase and trans-
ferred to the XPS chamber for elemental composition anal-
ysis. The high-resolution XPS measurements were carried out
at the photoelectron spectroscopy end-station of the Beijing
Synchrotron Radiation Facility 4B9B beamline, using a hemi-
spherical energy analyzer. The photon energy was calibrated
by referencing the Au 4f core level of a clean polycrystalline
gold foil electrically connected to the sample.

STM/STS STM/STS experiments were conducted in an
ultrahigh vacuum (UHV) system with a base pressure of
1 x 10~'% mbar. The sample temperature could be stably main-
tained at base temperatures of 0.4 K and 4.2 K, respectively.
In FER spectroscopy, the sample was positively biased. Res-
onant tunnelling takes place when the Fermi level of the tip
aligns with the Stark-shifted image-potential states, resulting
in distinct peaks in the dI/dV spectra.l®!l All scanning pa-
rameters (including setpoint voltage and current) for STM to-
pographic imaging are detailed in the figure captions. Unless
otherwise specified, differential conductance (dI/dV) spectra
were acquired using a standard lock-in amplifier with a mod-
ulation frequency of 973.1 Hz. Tungsten tips were fabricated
via electrochemical etching and calibrated on a clean Au(111)
surface, which was prepared by repeated cycles of argon ion
sputtering followed by annealing at 770 K.

Appendix B: DFT calculations

The DFT calculations in this study were performed
with the Vienna Ab initio Simulation Package (VASP)[>?l
where the core—valence-electron interactions were described
via the projected-augmented-wave (PAW) method.>3! The
wave functions were expanded in a plane-wave basis using a
400 eV energy cutoff. Exchange and correlation effects were
described using the Perdew—Burke-Ernzerhof>*! generalized
gradient approximation including van der Waals corrections
via Grimme’s DFT-D3 method.!>! The supercell was simu-
lated using a model of /3 x /3 NiTe, with a vacuum layer
of 20 A. All atoms were fully relaxed until the net force was
smaller than 0.02 eV/A. The k-points sampling was 5 x 5 x 1
with the Gamma scheme.
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