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CONDENSED MATTER PHYSICS

Unusual charge density wave introduced by the Janus
structure in monolayer vanadium dichalcogenides

Ziqgiang Xu't, Yan Shao't, Chun Huang11', Chao Zhu?t, Genyu Hu', Shihao Hu', Zhi-Lin Li3,
Xiaoyu Hao', Yanhui Hou’,Teng Zhang’, Liwei Liu’, Jin-An Shi3, Chen Liu®, Jia-Ou Wang4,
Wu Zhou?, Jiadong Zhou', Wei Ji®, Yeliang Wang1*, Chendong Zhangz*, Jingsi Qiao'*,

Hong-Jun Gao3, XuWu'*

As a fundamental structural feature, the symmetry of materials determines the exotic quantum properties in tran-
sition metal dichalcogenides (TMDs) with charge density waves (CDWs). The Janus structure, an artificially con-
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structed lattice, provides an opportunity to tune the electronic structures and their associated behavior, such as
CDW states. However, limited by the difficulties in atomic-level fabrication and material stability, the experimental
visualization of the CDW states in two-dimensional (2D) TMDs with Janus structure is still rare. Here, using surface
selenization of VTe,, we fabricated monolayer Janus VTeSe. With scanning tunneling microscopy, we observed
and characterized an unusual \/ﬁ X \/ﬁ CDW state with threefold rotational symmetry breaking. Combined
with theoretical calculations, we find that this CDW state can be attributed to the magnetic-involved charge mod-
ulation in the Janus VTeSe, rather than the conventional electron-phonon coupling. Our findings provide a prom-
ising platform for studying the CDW states and artificially tuning the electronic properties of the 2D TMDs toward

the related fundamental and applied studies.

INTRODUCTION

Symmetry, a fundamental feature, plays an important role in deter-
mining the properties of materials. As a collective excitation of
atomic lattices, the charge density wave (CDW) transition modu-
lates the symmetry and the electron density, especially for cases with
unusual order. In electron-correlated two-dimensional (2D) transi-
tion metal dichalcogenides (TMDs), the CDW states always exist
and are associated with their exotic quantum properties, such as
Mott insulating, spin density wave, 2D magnetism, and unconven-
tional superconductivity (1-12). Thus, manipulating the symmetry
of the lattice and the CDW states, such as breaking the rotational
symmetry, offers extraordinary opportunities to tune their many-
body ground states to introduce unique physics and applications
(13-20). Breaking the lattice inversion symmetry and tuning the lat-
tice constant, the Janus structure, an artificially constructed lattice,
provides unprecedented possibilities to tune electronic states by en-
gineering structural characteristics. Recently, Janus structures have
been realized on semiconducting 2D TMDs and brought distinct
properties such as strong Rashba spin splitting and enhanced piezo-
electric effect (21-24). However, limited by both their fabrication
controllability and stability, the metallic 2D TMDs with the Janus
structure and their CDW states are rarely studied, leaving only a few
theoretical predictions (25, 26).
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As representative members in metallic TMDs, vanadium dichal-
cogenides (VX,, X =S, Se, and Te) always own CDW states. They are
expected to host plentiful structures with exotic properties, such as
the in-plane anomalous Hall effect in the VS,-VS superlattice with
symmetry breaking, as reported in our previous work (27). Associ-
ated with the debatable 2D magnetic properties, 2D VX, systems
show distinct layer-dependent CDW states with reducing dimen-
sionality (28-32). Specifically, the monolayer VS, and VSe, show
various CDW superlattices with rotational symmetry breaking,
such as \/; X \/5 (32, 33), while the monolayer VTe, owns a modu-
lated 4 X 4 CDW order, following the symmetry of its Bragg lattice
(34, 35). These CDW states with different periods and symmetries
imply that multiple driven forces may contribute to the formation of
CDW, in addition to the conventional electron-phonon coupling.
Introducing the Janus structure is expected to artificially change the
structural characteristics and the corresponding band structure of
the 2D vanadium dichalcogenides, providing a promising platform
for investigating the CDW states.

In this paper, we report the unusual CDW states with rotation
symmetry breaking in artificial monolayer Janus VTeSe (J-VTeSe). By
atomic-scale selenization of top-layer Te atoms in monolayer VTe,,
we fabricated J-VTeSe and determined its Janus structure using x-ray
photoelectron spectroscopy (XPS) and scanning transmission elec-
tron microscopy (STEM). Then, scanning tunneling microscopy/
spectroscopy (STM/STS) characterized a rhombic \/B X \/B CDW
state in atomic scale. The energy- and spatial-resolved STS results
reveal the distinct and complicated orbital texture near the Fermi en-
ergy of monolayer J-VTeSe. Combined with density functional theo-
ry (DFT) calculations, we suggest that the \/E X \/1_3 CDW state in
the J-VTeSe can be attributed to the magnetic-involved charge modu-
lation, rather than the conventional electron-phonon coupling. With
the atomically controllable surface selenization, our work provides a
technique for introducing the Janus structure into TMDs and observ-
ing the associated CDW states in atomic scale. Precisely tuning the
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atomic lattice constant, this Janus-structure fabrication method
shows the potential to tune the electronic properties toward their fu-
ture fundamental and applied studies.

RESULTS
Fabrication of monolayer J-VTeSe
The J-VTeSe sample was fabricated by atomic-scale surface seleniza-
tion of monolayer VTe,, as shown by the schematic in Fig. 1A. We
prepared monolayer VTe, on the bilayer graphene/SiC (0001) sub-
strate (left panel). Then, the surface selenization process was per-
formed by depositing Se onto the monolayer VTe,, which was kept
at ~523 K. After the selenization process, the region with J-VTeSe is
formed (right panel), and the ratio of this region can be increased by
lengthening the selenization time, which can be attributed to Se at-
oms gradually substituting top-layer Te atoms of the VTe;, structure.
To characterize the selenization of monolayer VTe,, we per-
formed the in situ XPS measurements on the as-prepared and sele-
nized VTe, samples, respectively. As shown in Fig. 1B (see figs. S1

and S2 for more information), the doublet peaks originating from
the V 2py/; and 2ps); core levels of the as-prepared VTe, structure
(colored blue) are located at 519.93 and 512.41 eV, respectively. After
selenization for 30, 60, and 360 min, the peaks shift to higher bind-
ing energy at 520.23/512.60, 520.27/512.74, and 520.40/512.81 eV,
respectively. Combined with the XPS results of VSe; (30), the energy
shift of ~0.40 eV of the selenized VTe, confirms the selenization and
indicates the change of the gradual structural transformation. In ad-
dition, the doublet peaks originating from the Te 3d and Se 3d core
levels of the selenized sample both show an energy shift of ~0.10 eV
compared to the intrinsic VTe, and VSe,, respectively. The uniform
energy shift of the selenized sample also indicates the changes in
chemical states after the selenization (fig. S3), though the value is
close to the energetic resolution.

Characterizing atomic structure of monolayer

vanadium dichalcogenides

To determine the atomic structure of the selenized vanadium dichal-
cogenides sample in atomic scale, we conducted STEM measurements
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Fig. 1. Fabrication of the monolayer J-VTeSe. (A) The schematic of the synthesis process. The monolayer J-VTeSe is fabricated by surface selenization of monolayer VTe,.
(B) XPS results of V 2p spectra of the sample during the selenization process. The V 2p peak positions (of as-prepared VTe; at 519.93 and 512.41 eV, of the sample with
60 min selenization at 520.27 and 512.74 eV, and of the sample with 360 min of selenization at 520.40 and 512.81 eV) show apparent energy differences before and after
selenization. (C) ADF STEM image of the sample cross section, showing the sandwich-like 1T structure of the J-VTeSe monolayer with top Se (red), bottom Te (yellow), and
middle V (blue) atoms. (D) The corresponding EELS maps of the dashed frame in (C). The layers of Se, Te, and V are colored red, blue, and green, respectively. The yellow

dashed lines mark the position of the V layer in each EELS map.
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on the samples selenized for 60 min. The large-scale bright-field and
dark-field cross-sectional images (fig. S4) demonstrate a well-ordered
sandwich-like structure (36). As marked by the model, a typical 1T
structure was confirmed by the zoomed-in annular dark-field (ADF)
STEM results, as shown in Fig. 1C. Moreover, the element informa-
tion of atoms can be further distinguished by the corresponding real-
space atomic resolution electron energy-loss spectroscopy (EELS)
elemental map (Fig. 1D). Unambiguously, the results demonstrate
that the sandwich-like structure, from top to bottom, consists of Se, V,
and Te atoms with one atomic-layer thickness, as colored by red,
green, and blue, respectively. Therefore, we can confirm that the J-VTeSe
has been fabricated by direct selenization of monolayer VTe, with
atomic-level control.

Following the atomic characterization in the side view, we per-
formed STM measurements to visualize the top-view atomic struc-
ture. STM images of the samples with different selenization times
were taken at room temperature (fig. S5). Without CDW superlat-
tice, the atomic-resolution STM images on different regions reveal
the close-packed structure. The lattice constant difference between
VTe, and J-VTeSe is very small, which is 0.36 + 0.01 and 0.35 +
0.01 nm, corresponding to VTe, and J-VTeSe, respectively. To further

VTe,

characterize the atomic structure, low-temperature (LT)-STM mea-
surements (4.5 K) were performed on the sample selenized for
60 min. In Fig. 2A, we can see two kinds of regions of the sample,
and the height difference is ~0.06 + 0.03 nm, according to the height
profile in Fig. 2B. The height difference between VTe, and J-VTeSe
follows their atomic models. Unlike the results of room-temperature
STM, the J-VTeSe demonstrates a distinct superlattice from VTe; in
the LT-STM image (fig. S6), which could be attributed to the CDW
orders (34, 35).

Atomic structure and electronic states of CDW

To investigate the CDW states, we obtained atomic-resolution STM
images of monolayer VTe, and J-VTeSe, using LT-STM at 4.5 K. As
shown in Fig. 2C, a typical CDW superstructure with threefold ro-
tational symmetry can be observed in the monolayer VTe,. The
STM image indicates a 4 X 4 CDW order with the lattice constant
acgw = 1.42 nm (marked as black arrows), consistent with previous
reports (35). Having threefold symmetry, two sets of spots can be
observed in the corresponding fast Fourier transform (FFT) pattern
(shown in Fig. 2C, inset). The outer six spots represent the Bragg
lattice of VTe, (black circles), and the inner six spots represent the
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Fig. 2. Atomic structure of monolayer V dichalcogenides. (A) Typical STM image taken at ~4.5 K after sample with 60 min of selenization. (B) The corresponding height
profile along the black arrow in (A), indicating the height difference between the VTe, and J-VTeSe. (C and E) The atomic-resolution STM images of the monolayer VTe,
(C) and J-VTeSe (E), respectively. The unit cells of the CDW superstructure of VTe, and J-VTeSe are marked by black rhomboids, respectively. Inset: The corresponding FFT
patterns, verifying the 4 x 4 CDW superlattice in VTe, (C) and the \/1 3% \/1 3 CDW superlattice in J-VTeSe (E), respectively. (D and F) Corresponding atomic models of VTe,
(D) and J-VTeSe (F) structures in top views (top) and side views (bottom). The Se, Te, and V atoms are represented as red, yellow, and blue balls, respectively. The unit cells
of the two CDW superlattices are marked and shaded for better comparison. STM parameters: Sample bias U= —1.0V, Setpoint | = 10 pA (A); U= —0.3V, /=100 pA

[(C) and (E)].
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CDW lattice (cyan circles), indicating the hexagonal 4 x 4 CDW
superstructure.

Distinct from VTe,, J-VTeSe owns a rhombic \/E X \/E CDW
order with threefold rotation symmetry breaking, as shown
in Fig. 2E. The unit cell of the superlattice is marked by the black
rhombus with the lattice constant a4, = 1.26 + 0.03 nm (\/B X
ayTese = 1.26 nm). Moreover, the rhombic \/E X \/E has an angle
between the two basic vectors of ~88°, which is distinct from the
well-known “star-of-David” \/E X \/E R13.9° superlattice (11, 12).
From the corresponding FFT pattern (as inset), we can identify six
spots of the J-VTeSe Bragg lattice (black circles), which are similar
to VTe,. Unlike the results of VTe,, it shows another four spots in
the pattern of J-VTeSe, indicating the rhombic CDW superlattice
(purple circles). These FFT spots further verify the rhombic

\/E X \/B CDW orders.

Considering the CDW superlattice of VTe; and J-VTeSe, the cor-
responding atomic models can be labeled, as shown in Fig. 2 (D and

F). Compared with the 4 X 4 CDW order of VTe,, the 4/13 X 1/13
CDW superlattice in J-VTeSe could be regarded as the two basic
vectors rotating outward for ~14°. The terminal of the 1/13 X 1/13

basic vectors can be considered as those of the 4 X 4 superlattice
moving for 1 unit cell along the atomic lattice as shown by the rhom-

buses in Fig. 2F. Then, each 4/13 X /13 unit cell owns 15 V atoms,

i

oy didv j8
-100.mV.

which is 1 atom less than the 4 X 4 unit cell. It is worth noting that
the 4/13 X /13 CDW of J-VTeSe is different from the star-of-David

\/E X \/B CDW order in TaSe, or NbSe,, though both of them own
the same V atom number, the latter of which still keeps the threefold
symmetry (9-12). As a result, it formed an unusual CDW order with
twofold symmetry instead of the threefold symmetry 4 X 4 CDW or-
der of VTe,, implying that other driving forces should contribute to
the CDW formation. Besides, according to the varying temperature
STM results (figs. S7 and S8), the CDW order can transfer to 4 X 4 at
the temperature above 78 K and disappear at the critical temperature
of ~190 K.

To investigate the electronic structure of the CDW state, we per-
formed energy- and spatial-resolved STS measurements to study the
electronic local density of states (LDOS) of J-VTeSe. The typical dI/
dV spectra taken on VTe, and J-VTeSe, respectively, are shown
in Fig. 3A (top panel). Both spectra indicate the CDW gap at the
Fermi level, appearing as a wide dip with a finite value at its mini-
mum. Besides the CDW gap, the big peaks contributed by the d orbital
of V atoms show the position at ~—100 meV for VTe, and ~+60 meV
for J-VTeSe. To gain additional insight into the CDW states at dif-
ferent energies, we performed dI/dV spatial mapping of J-VTeSe at
different bias voltages near Fermi energy (Eg), as shown in Fig. 3
(B to F) (see figs. S9 and S10 for more information), indicating the
energy-dependent orbital textures. Considering the tip-induced
switch of the CDW state in high bias scanning (fig. S11), we did the

di/dV (a.u.)
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Janus VTeSe V13 x V13

1 1
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0 100 200 300
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Fig. 3. Energy- and spatial-resolved STS results of the unusual CDW state in monolayer J-VTeSe. (A) Top: The STM d//dV spectra of the monolayer VTe, and J-VTeSe,
respectively. They show the CDW gap and the electronic states near the Fermi level. Middle and bottom: The cross-correlation curves of d//dV maps of both VTe, (middle)
and J-VTeSe (bottom) at different energies, with the reference map taken at 300 mV [shown in fig. S9 and (F)], respectively. (B to F) Constant-height d//dV conductance
maps taken at selected bias voltages. The same area is marked with yellow circles on each map. STM di/dV parameters: modulation voltage V;ms. = 10 mV, frequency

f=973 Hz, stabilization position, U= —0.35V, /=50 pA.
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STS mapping at the bias from —350 to 350 mV with a step of 10 mV. The
mappings measured at different biases show distinct features, espe-
cially for those taken on the energy below and above Fermi energy.
As marked by the yellow circles, we can see that the contrast inver-
sion appears at the mapping at —100 and 50 meV (C and E), which
indicates the superlattice origin from CDW transitions.

To further quantify the energy-dependent LDOS distribution of
VTe, and J-VTeSe, we cross-correlated our dI/dV maps with a refer-
ence map taken at +300 meV of the conduction band (11). The re-
sulting normalized cross-correlation values of both VTe, and J-VTeSe
as a function of bias voltages are color coded in the bottom panel
of Fig. 3A. The conduction band (V> 0 V) of both VTe; and J-V'TeSe
has a strong and positive cross-correlation (close to 1, gray). It means
that the orbital texture remains almost unchanged at the conduction
band for both VTe, and J-VTeSe.

At the energy of the valence band (V < 0 V), the normalized
cross-correlation curves show different features between VTe, and
J-VTeSe. The dI/dV mappings of V'Te, at the energy between —300
and —200 meV are strongly anticorrelated with the conduction band
map, while it flips to positive at —150 meV, which is still far from the
Fermi energy. For the J-VTeSe, the mappings are partially anticor-
related at the energy between —100 and 0 meV with the conduction
band map. Specifically, it flips to the positive cross-correlation at the
Fermi energy. Moreover, compared with the smooth curve of VTe,,
the normalized cross-correlation curve of J-VTeSe is fluctuant,
which indicates the complicated orbital texture. With the combina-
tion of the rotation symmetry breaking and the unique orbital tex-
ture, we can see that the mechanism of the CDW state in J-VTeSe is
beyond the simple conventional Peierls description, which induces
the CDW state in VTe,, and should be associated with another
mechanism (37).

DFT calculation results of monolayer J-VTeSe

Previous studies indicated that magnetic ordering plays an impor-
tant role in the structure and stability of the VX, (X = Se and Te)
systems (28, 29). Therefore, to investigate the mechanism of the
J-VTeSe CDW states, DFT calculations were performed considering
the magnetic order, including nonmagnetic (NM), ferromagnetic
(FM), and two antiferromagnetic orders (AFM-stripe and AFM-
zigzag), as shown in Fig. 4A. With the corresponding atomic con-
figurations, the supercells for the calculation are 2 X \/5 for the

pristine state and 4 X 4 and \/E X \/E for the CDW states, consid-
ering the experimental results (Fig. 2F). As the basic structure, the
band structure of the NM on the Fermi level reveals that the Fermi
nesting vector is g = 0.25 a*, similar to the calculation results of
VSe; and VTe; (fig. S12 and table S1). Besides, the phonon disper-
sion calculation results of the NM show the lowest imaginary fre-
quencies located at g point (0.25, 0, 0), as shown in Fig. 4C (38-40).
It would lead to a 4 X 4 CDW order, with the typical threefold sym-
metry. The mechanism for the symmetry breaking of the CDW or-
der is still unsolved by conventional Fermi surface nesting and
electron-phonon coupling, though the unconventional \/1_3 X \/E
CDW order can be achieved by introducing small perturbation in
4 X 4 supercells.

Furthermore, the calculations with the various magnetic orders
were performed. As revealed by the relative energy in Fig. 4D, the FM
and AFM orders exhibit unambiguous lower energies, compared
with the NM results for all the atomic configurations. Moreover, the

Xu et al., Sci. Adv. 11, eadq4406 (2025) 27 June 2025

AFM orders, including AFM-stripe and AFM-zigzag, own similar
energies and are more stable than the structures with FM orders.
Compared to NM structures, magnetic orders, especially the AFM-
stripe and AFM-zigzag, exhibit lattice expansion and induce C; rota-
tional symmetry breaking with 1 to 3% differences in lattice constants
a and b (fig. S13 and table S2). Besides, the introduction of spin also
disturbed the nesting vector (fig. S14). Combined with the more
complicated phonon dispersions of the AFM structures (fig. S15), it
reveals that the magnetic order affects the typical NM electron-
phonon coupling in the formation of CDW order.

For the \/B X \/E CDW order, STM simulations with the en-
ergy range of [—0.5, 0] eV show that the result of the AFM-stripe
structure matches better with the experimental images than the
AFM-zigzag (fig. S16), despite the slightly low energy of the latter. It
also lowers the density of states at the Fermi surface, compared with
those of the pristine structure with the same AFM-stripe order as
shown in Fig. 4F. Considering the temperature-dependent experi-
mental results, we also performed the corresponding calculation
and the STM simulation with the 4 X 4 CDW order. From the results
(figs. S17 and S18), we can see that the simulation image of the
AFM-zigzag and NM matches well with the experimental results in

the 4 X 4 CDW, instead of the AFM-stripe for the \/E X \/E CDW
order. These results imply that a magnetic order transition appears
below the CDW critical temperature, which is consistent with the
two transitions in the experimental results. Thus, we can see that the
symmetry breaking of the VTeSe CDW order can be attributed to
the charge modulation originating from the combination of the
electron, magnetism, and phonon. With the lattice intermediate
of the VTe, and VSe,, the J-VTeSe shows a locally uniform and
temperature-tunable CDW order, which would be different from
the simple solid solution of Se in V'Te,.

DISCUSSION

In summary, we have introduced the Janus structure into 2D vanadi-
um dichalcogenides and artificially fabricated J-VTeSe by atomic-
scaledirectselenization. Through various atomic-level characterization
methods, we confirmed the atomic structure of J-VTeSe and its
emerged CDW order with threefold rotation symmetry breaking. The
experimental spectroscopic imaging reveals an unusual and compli-
cated orbital texture near Fermi energy. From the theoretical calcula-
tions with the magnetic orders, we found that magnetic-involved
charge modulation supplements the conventional electron-phonon
coupling mechanism and affects the CDW formation of the 2D vana-
dium dichalcogenides. With the combination of the precise modifica-
tion of lattice constant and structure sensitivity of the magnetic order,
the Janus structure and the rotational symmetry breaking of CDW
states can be associated in 2D TMDs. Our findings also provide an
effective method to artificially construct the Janus structures in TMDs
and tune their electronic properties.

MATERIALS AND METHODS

Sample preparation

Monolayer VTe, was epitaxially grown on bilayer graphene/SiC
(0001) substrate in an ultrahigh vacuum (UHV) chamber, with a
base pressure of 2 X 10'° mbar, equipped with standard molecular
beam epitaxy capabilities. The bilayer graphene/SiC (0001) substrate
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Fig. 4. The theoretical calculations of the monolayer J-VTeSe. (A) The ball-and stick schematics of the nonmagnetic (NM), ferromagnetic (FM), and antiferromagnetic
(AFM-stripe and AFM-zigzag) orders of the J-VTeSe. The spin textures are depicted with red and blue arrows. (B) The ball-and stick schematics of the pristine, CDW (4 x 4),
and CDW (\/ﬁ X \/ﬁ) configurations. Dashed lines in (A) and (B) correspond to the supercells. The purple sticks represent the shortened atomic distances between two
adjacent V atoms. (C) Phonon dispersions of NM pristine J-VTeSe at 1.17 K. The lowest imaginary frequency (marked by a purple arrow) is located at the g = (0.25, 0, 0)
point. (D) Relative energy comparison of four magnetic configurations, normalized to the NM one (set as 0 eV). (E) The comparison of the STM images (left), simulation
(middle), and atomic schematic (right) of the CDW J-VTeSe with AFM-stripe order and CDW (\/1_3 X \/1_3) configuration. The energy range of the simulation is [-0.1, 0] eV.
(F) Density of states of\/ﬁ X \/ﬁ AFM-S CDW and pristine J-VTeSe.
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was prepared by annealing the doped SiC crystalline substrate
(TankeBlue) at 1500 K for 180 min after degassing at 900 K for 5 hours.
Tellurium clusters (Sigma, 99.999%) were evaporated from a Knudsen
cell, vanadium atoms (ESPI Metals, 99.999%) were evaporated from
an electron-beam evaporator, and they were deposited onto the bi-
layer graphene/SiC (0001) substrate, kept at 550 K. The growth pa-
rameters were under Te-rich conditions, aiming to guarantee that
there are enough Te atoms involved in the reaction with vanadium.
The excessive tellurium atoms will be desorbed from the substrate
because the substrate temperature at 550 K was higher than the
evaporation temperature of tellurium atoms (520 K). For the fabri-
cation of J-V'TeSe, selenium clusters (Sigma, 99.999%) were evapo-
rated from a Knudsen cell onto the monolayer VTe,, which was
kept at 523 K.

XPS measurements

The in situ XPS measurements were performed at the Beijing Syn-
chrotron Radiation Facility. Synchrotron radiation light was mono-
chromated by four high-resolution gratings and controlled by a
hemispherical energy analyzer that has photon energy in the range
from 10 to 1100 eV.

STEM measurements

Before the STEM measurements, we first deposited 20-nm Cgp and
80-nm Sb films on the as-grown monolayer J-VTeSe sample in the
UHV chamber, aiming to protect the sample from oxidation and
damage. Then, the samples were sliced along the SiC (11-20) face by
a focused ion beam and were further thinned to around 40 nm thick-
ness using low-energy ion milling. The cross-sectional high-angle
annular dark-field STEM (HAADEF-STEM) images were obtained
with an aberration-corrected STEM operated at 60 kV. Experimental
conditions were as follows: acceleration voltage, 60 kV; beam current,
20 pA; convergence angle, 32 mrad; HAADF collection angle, 75 to
210 mrad; and BF collection angle: 0 to 10 mrad.

Scanning tunneling microscopy measurements

The samples were transferred into the scanning tunneling micro-
scope using a UHV suitcase, with the base pressure of 2 X 10™” mbar.
The STM experiments of the samples were performed at both
300 and 4.5 K. The varying temperature STM measurements were
performed under 4.5 K and above 78 K, cooling with liquid helium
and liquid nitrogen, respectively. The temperature was controlled by
a heater, and the step is ~10 K. All the STM images were measured
in constant current mode. All the measurements were performed
with the electrochemically etched tungsten tips. The bias voltage
was applied to the sample. The tunneling differential conductance
(dI/dV) was measured using lock-in detection of the tunnel current
by adding a 10-mV modulated bias voltage at 973 Hz of the sample
bias voltage.

First-principles calculations

DFT calculations were performed using the generalized gradient
approximation for the exchange-correlation potential, the projector
augmented wave method (41), and a plane-wave basis set as imple-
mented in the Vienna ab initio simulation package (VASP) (42). Van
der Waals interactions were considered at the DFT-DF level with the
optB86b-vdW function (43). The finite displacement method imple-
mented in VASP and PHONOPY (44) was used to calculate phonon
dispersion for the monolayer J-VTeSe. PAW pseudopotentials
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(V_sv) were used, including V 3 s and 3p semicore states. For the
primitive unit cell of monolayer VTe,, J-VTeSe, and VSe;, the ki-
netic energy cutoff for the plane-wave basis set was set to 700 eV for
calculating geometric and electronic properties. For supercells, the
kinetic energy cutoff was set to 500 eV. A k-mesh of 21 X 21 X 1 was
adopted to sample the first Brillouin zone during geometry optimi-
zation and the electronic calculations in the unit cell. The k-mesh
density was kept in different supercells. The denser k-mesh density
of 0.004 A" in reciprocal space was used in the 2D Fermi surface
calculations. The 2D Fermi surfaces were plotted at the energy range
of [Eg = —30 meV, Ex = +30 meV]. The on-site coulomb interac-
tions were considered on the d orbitals of V atoms with effective
value U = 2.0 eV and Hund’s coupling J = 0.87 eV (45, 46) for all
configurations. The Fermi surfaces of NM VSe, and VTe, without
Hubbard U match the angle-resolved photoemission spectroscopy
measurements above 80 K (29, 47). The electronic properties and
phonon spectra of NM pristine structures without Hubbard U were
also discussed. All atoms in the supercell were allowed to relax until
the residual force per atom was less than 5 X 107 eV A™! and the
energy convergence criterion was 1 X 107 eV. To consider AFM

structures, 2 X /3 and 10 X 3\/5 supercells were adopted to con-

struct pristine and 4/13 X 4/13 CDW configurations, and the lattice
constants of pristine structures were adopted with each magnetic
configuration, respectively.
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