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Nanoscale periodic moiré patterns, for example those formed 
at the interface of a twisted bilayer of two-dimensional materi-
als, provide opportunities for engineering the electronic prop-
erties of van der Waals heterostructures1–11. In this work, we 
synthesized the epitaxial heterostructure of 1T-TiTe2/1T-TiSe2 
with various twist angles using molecular beam epitaxy and 
investigated the moiré pattern induced/enhanced charge 
density wave (CDW) states with scanning tunnelling micros-
copy. When the twist angle is near zero degrees, 2 × 2 CDW 
domains are formed in 1T-TiTe2, separated by 1 × 1 normal 
state domains, and trapped in the moiré pattern. The forma-
tion of the moiré-trapped CDW state is ascribed to the local 
strain variation due to atomic reconstruction. Furthermore, 
this CDW state persists at room temperature, suggest-
ing its potential for future CDW-based applications. Such 
moiré-trapped CDW patterns were not observed at larger 
twist angles. Our study paves the way for constructing metal-
lic twist van der Waals bilayers and tuning many-body effects 
via moiré engineering.

When two layers of van der Waals materials are stacked with 
a twist angle or lattice mismatch, a moiré pattern is produced by 
the long wavelength periodic potential arising from the interlayer 
atomic registries. The moiré pattern is a promising means of engi-
neering the atomic structure and/or energy band of van der Waals 
bilayers and thus enables the emergent phenomena that would 
otherwise not exist in the corresponding individual layers. Great 
effort has been devoted to the discovery of phenomena originat-
ing from the moiré effect7–10, with works focused on Hofstadter’s 
butterfly and the fractal quantum Hall effect in graphene superlat-
tices3,4, moiré modulated topological order6, and the quantum trap-
ping of excitons in semiconducting transition metal dichalcogenide 
(TMD) bilayers11. Precise control of the twist angle has also led to 
the discovery of strong correlation effects. As the twist angle θ nears 
the magic angle of ~1°, electron–electron correlation in bilayer gra-
phene becomes prominent, so that various correlated electronic 
phases including unconventional superconductivity, strongly cor-
related insulators, magnetism and topological edge states have been 
unveiled1,5,8–10.

Even though semimetallic TMD van der Waals monolayers often 
exhibit many-body physics, such as superconductivity12, the CDW 
state13 and the Mott insulating state14, little is known to date about 
the moiré effect in twisted bilayers of semimetallic TMDs. In this 
work, we adopt molecular beam epitaxy (MBE) to directly construct 

twisted 1T-TiTe2/1T-TiSe2 heterostructures, monolayer 1T-TiTe2 on 
top of bilayer 1T-TiSe2, with various twist angles. By using scanning 
tunnelling microscopy (STM), we demonstrate that at small twist 
angles, the moiré pattern traps the CDW domain in the 1T-TiTe2 
monolayer and substantially enhances its transition temperature 
(TCDW); however, at large twist angles, no CDW state was observed 
since no atomic reconstruction occurred. In this way, we successfully 
tuned the many-body effects, particularly the electron correlation, 
in metallic van der Waals monolayers through moiré engineering.

The 1T-TiSe2 material is a CDW material with a 2 × 2 × 2 peri-
odicity in the bulk15. However, 1T-TiTe2, a sister material to TiSe2, 
exhibits no CDW transition in the bulk and only a weak 2 × 2 CDW 
order in the monolayer due to a much stronger band overlap16. 
Figure 1a illustrates the structural schematics of the TiTe2/TiSe2 
heterostructure synthesized by MBE (Methods and Supplementary 
Fig. 1). To obtain a high-quality TiSe2 surface and to minimize 
the substrate’s influence, bilayer TiSe2 instead of a monolayer was 
grown prior to bilayer graphene (BLG)/SiC. The additional TiTe2 
monolayer was then deposited on top of the as-grown TiSe2 surface. 
(For comparison, the data for monolayer TiTe2 grown on mono-
layer TiSe2 can be found in Supplementary Fig. 2.) This method 
enabled us to construct heterostructures with various twist angles 
between TiTe2 and TiSe2 (Fig. 1b,c). According to the microscopic 
STM characterizations, many of the TiTe2/TiSe2 heterostructures 
are distributed in a range of twist angles near ~0°, roughly within 
~±2°, and a few at larger twist angles (Supplementary Fig. 3). 
The period of moiré patterns was found to depend on the twist 
angle. Therefore, such variance of local twist angles enables the 
investigation of moiré-pattern-dependent electronic structures of 
1T-TiTe2/1T-TiSe2 heterostructures.

Figure 1d–f shows a set of typical STM images of the 
1T-TiTe2/1T-TiSe2 heterostructures with different twist angles. The 
quality of our TiTe2/TiSe2 heterostructure is comparable to that of the 
TiTe2 epitaxial monolayer16 (Supplementary Fig. 4). The fast Fourier 
transform (FFT) images (the insets to Fig. 1d–f) quantitatively give 
the lattice periodicity of the top 1T-TiTe2 monolayer relative to the 
underneath 1T-TiSe2. Adopting the experimentally determined lat-
tice constants and twist angles, moiré patterns based on the rigid 
model were simulated, as shown in Fig. 1g–i. More details about 
the determination of the twist angle can be found in Supplementary 
Figs. 5–7. At a twist angle θ of ~0.5° (Fig. 1d), a tessellation-like pat-
tern can be identified in each moiré unit cell, which is composed of 
two types of triangular-shaped domains. Such a distinct pattern is 
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in great contrast to the simulated rigid moiré pattern and indicates 
the atomic reconstruction resulting from the interplay between the 
interlayer van der Waals interactions and intralayer elastic strain, as 
usually occurs in the small-twist-angle regime of 2H-TMDs or gra-
phene bilayers5,17,18. When the twist angle θ is away from 0°, atomic 
reconstruction becomes less prominent. For the cases of θ of ~14.8° 
and ~34°, as shown in Fig. 1e,f, the experimental patterns can be 
well reproduced by the simple unreconstructed twisted models, that 
is, continuously varying rigid moiré patterns (Fig. 1h,i).

Although structurally analogous to 2H-TMDs and graphene 
bilayers, new moiré properties are expected in these 1T-TMD 
heterostructures. We now focus on the moiré effect in the 
small-twist-angle regime. Figure 2a,b represents the high-resolution 
STM images of both unoccupied and occupied states taken on the 
moiré unit cell of θ of ~0.5°. In domain A, the apparently lower 

region as marked by the black triangle, a 1 × 1 hexagonal lattice at 
both occupied and unoccupied states is represented, correspond-
ing to the top Te atoms of TiTe2. However, in domain B, the appar-
ently higher region as marked by the red triangle, a charge order is 
clearly identified. The FFT images of the separate domains B and A  
(Fig. 2c,d) and the line-scan profiles (Fig. 2e) show that the peri-
odicity in domain B is twice that in domain A, suggesting a 2 × 2 
CDW state in domain B. Thus, the moiré tessellation is composed of 
alternating 2 × 2 CDW (domain B) and 1 × 1 normal state (domain 
A) triangular domains, confined in the moiré unit cell. Of note, the 
distortion and apparent rotation of the moiré pattern is shown in 
Fig. 1c and in Supplementary Fig. 8, which is in fact due to the local 
variance of the twist angle, or the shear strain. The 2 × 2 CDW and 
1 × 1 normal state tessellation are continuous throughout, indicat-
ing that they are robust over a range of small twist angles.
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Fig. 1 | Evolution of the moiré pattern with twist angle for 1T-TiTe2/1T-TiSe2. a, Schematic of the vertically stacked TiTe2/TiSe2 heterostructure on a BLG/
SiC(0001) substrate. b, Top view diagram of the TiTe2/TiSe2 heterobilayer with a twist angle θ. The a1 and a2 (a1′ and a2′) are the lattice vectors of the 
top (bottom) layer. c, Large-scale STM topographic image (150 × 150 nm2, U = 1.5 V, It = 100 pA. U, bias voltage, It, tunneling current.) of the TiTe2/TiSe2 
heterostructure with a near 0° twist angle. BL, bilayer; ML, monolayer. The colour bar in c represents the apparent height of the topographic images.  
d–f, STM topographic images of various moiré patterns with twist angles of 0.5°, 14.8° and 34°. The moiré supercell is marked by black solid lines. Insets, 
corresponding FFT images (size, 20 × 20 nm2; d,f, U = +100 mV, It = 100 pA; e, U = −300 mV, It = 100 pA). The red and green circles mark the Bragg 
lattices of the TiTe2 and moiré periods, respectively. The moiré period is associated with the low wavevector peak near the centre of the FFT. The coloured 
circles mark the real FFT peaks. The CDW points in the inset to d become faint and diffusive due to the loss of long-range coherence between the CDW 
tessellation domains. The colour bar in f represents the contrast of the FFT images. g–i, Rigid lattice moiré patterns (20 × 20 nm2) simulated with twist 
angles similar to those of d–f, respectively.
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The moiré-trapped CDW state of TiTe2 was also characterized 
at elevated temperature. Surprisingly, this CDW state can persist 
at room temperature, as indicated by the room temperature STM 
results (Fig. 2f,g). The 2 × 2 periodic points are marked by red circles 
in the corresponding FFT image (the inset to Fig. 2f). Furthermore, 
the zoomed-in image (Fig. 2g) for the moiré unit cell shows similar 
morphological details at room temperature as that at low tempera-
ture, that is, the 2 × 2 CDW state in domain B and the 1 × 1 normal 
state in domain A. We conclude that the TCDW of this CDW state 
within the tessellation is above room temperature, which is much 
higher than that of the individual monolayer TiTe2 of ~92 K (ref. 16) 
and the bulk TiTe2 where the CDW state is absent. The moiré pat-
tern formed in the twisted heterostructure evidently plays a impor-
tant role in enhancing the CDW transition in the monolayer TiTe2 
to above room temperature.

To further investigate the electronic structure of the 
moiré-trapped CDW and normal state, we performed scanning 

tunnelling spectroscopy (STS) measurements. Differential con-
ductance (dI/dV; I, current; V, voltage) spectra, which represent 
the local density of states, were taken on the CDW state (domain 
B) and the normal state (domain A). The obtained dI/dV spectra, 
as depicted by the red and black lines in Fig. 2h, show a notable 
difference between the 1 × 1 normal state and 2 × 2 CDW state 
(spatially resolved spectra can be found in Supplementary Fig. 9). 
In the normal state domain, the spectrum mainly features a strong 
peak concentrated at ~+0.3 V in the unoccupied state (positive 
bias). This normal state spectrum looks almost the same as those 
taken of the individual TiTe2/BLG/SiC monolayer or bilayer (the 
green and blue lines in Fig. 2h), regardless of the energy shift. The 
energy shift can usually be ascribed to the different interfacial 
charge transfers19. Even though a weak charge order was observed 
in the individual TiTe2 monolayer (Supplementary Fig. 4b), its 
dI/dV spectrum shows no prominent difference from the TiTe2 
bilayer without a CDW transition or the normal state domain of 
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Fig. 2 | Strong CDW state confined in moiré pattern at twisted angle near 0°. a,b, High-resolution STM images of the empty state (10 × 10 nm2, 
U = +200 mV, It = 100 pA) and filled state (10 × 10 nm2, U = −200 mV, It = 100 pA) on the moiré unit cell with twisted angle θ of ~0.5°. The 1 × 1 normal 
state domain and 2 × 2 CDW state domain, marked by black and red triangles, are called domain A and domain B, respectively. c,d, FFT images of 2 × 2 
CDW state domain and normal state domain. The yellow and red circiles mark the wave vectors for the 1×1 lattice and the CDW periodicity, respectively. 
e, Line-scan profile taken on the red and black lines in b. a, lattice constant of TiTe2. X, length of the measured line-scan profile. Z, STM apparent height. 
f, Topographic image (30 × 30 nm2, U = +250 mV, It = 100 pA) of the moiré pattern at a twisted angle near 0° at room temperature. The inset shows the 
corresponding FFT image, and the 2 × 2 CDW periodic point is marked by a red circle. The colour bar in f represents the contrast of the inset FFT image. 
g, Zoomed-in current image of a moiré unit cell in f. The 1 × 1 normal state domain and 2 × 2 CDW state domain are marked by black triangles and red 
triangles, respectively. The colour bar in g represents the apparent height of the topographic images. h, Differential dI/dV spectra (U = +0.5 V, It = 200 pA, 
Umod = 10 mV. Umod, voltage of the lock-in ac modulation.) taken on the TiTe2/BLG and TiTe2/TiSe2 heterostructures. The green and blue curves represent 
the dI/dV spectra for monolayer and bilayer TiTe2 on BLG/SiC(0001). The black and red curves represent the dI/dV spectra for the 1 × 1 and 2 × 2 domains 
in a. i, Computed density of states for single-layer TiTe2 without (black line) and with (red line) Ti atomic displacement. j, Dependence of the moiré 
period on twist angle. The black filled circles with error bars were extracted from experimental data. The error bars are the standard deviation of moiré 
sizes measured in the STM image. The red curve represents the simulation result based on the rigid lattice models of TiTe2/TiSe2 and the function in 
Supplementary Note 1. The blue oval highlights the twist angle regions where the CDW tessellation states formed.
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the tessellation, implying that its electronic structure is similar to 
the normal state. However, in the 2 × 2 CDW domain of the tessel-
lation, the dI/dV characteristic peak near +0.3 V is weakened and 
split, and turns to a multipeaked feature. This multipeaked feature 
can be qualitatively reproduced by the density of states calculated 
by density functional theory (DFT) for a distorted CDW state of 
the TiTe2 monolayer, as shown in Fig. 2i. The detailed calculation 
for the density of states and corresponding energy bands can be 
found in Supplementary Fig. 10. Thus, the CDW state in the tes-
sellation hosts a true 2 × 2 band structure and is a strong charge 
order state, in contrast to the weak CDW state observed in the 
TiTe2 monolayer. This strong charge order may also be respon-
sible for the high TCDW (greater than room temperature).

At other twist angles far away from 0°, where there is no atomic 
reconstruction and rigid moiré models can be applied, no CDW 
states were observed and the whole TiTe2 monolayers were in the 
normal state, as shown in Fig. 2j and Supplementary Figs. 4e,f 
and 3 (part 2). Compared to the previously reported CDW super-
structure in the TiTe2 epitaxial layer on BLG/SiC (ref. 16; our data 
in Supplementary Fig. 4), the absence of the CDW state at large 
twist angles may be due to electronic coupling from the underneath  
TiSe2 (ref. 20).

Considering that the CDW domain tessellation is present only in 
the small-twist-angle moiré patterns, and absent in large-twist-angle 
rigid moiré patterns, and that the CDW tessellation follows the 
moiré patterns at small twist angles, we conclude that the CDW and 
normal state tessellations are modulated/enhanced by the moiré 
pattern and that the small twist angle is important. Since CDW 
tessellation is always accompanied by local atomic reconstruction, 
the local strain effect originating from atomic reconstruction in the 
moiré pattern may play a decisive role in enhancing the CDW state.

Previous theoretical studies have reported that applying biaxial 
strain in TiTe2 can narrow the semimetallic overlap and thus stabi-

lize a 2 × 2 CDW distortion21. For the case of small-twist-angle TiTe2/
TiSe2 heterostructures, atomic reconstruction, in turn, induces a 
local strain field. To verify whether the strain effect plays a role in 
enhancing the CDW state, the strain distribution was first carefully 
analysed via STM image (Fig. 3a) using geometrical phase analysis 
(GPA)22,23. The GPA-generated strain field distributions are repre-
sented by the strain tensor components εxx (Fig. 3c) and εyy (Fig. 3d;  
Supplementary Fig. 11 for more detail). The symmetric strain map 
S(r), as defined by  S(r) = (εxx + εyy)/2 at the location r (ref. 24), is 
shown in Fig. 3b. The strain in the CDW domain, as marked by the 
red truncated triangle in Fig. 3b, is found to be tensile and stronger 
than that in the normal state domain. Quantitatively, the statistics 
made over the surface give average values of ~+0.06% for domain 
A and ~+0.32% for domain B (Supplementary Fig. 12). To further 
characterize the possible shear strain, εxy was also calculated, as 
shown in Fig. 3e. Similar strain distributions have also been men-
tioned in the heterobilayers of graphene/hexagonal-boron-nitride 
and MoS2/WSe2 (refs. 25,26). The strain distribution at large twist 
angles was also generated by GPA, as shown in Supplementary  
Figs. 13 and 14. By contrast, the obtained local strain field at large 
twist angles was nearly half an order of magnitude smaller than that 
at small twist angles.

To investigate the strain distribution in the moiré pattern 
further, we performed DFT calculations. Considering the com-
putational expense, we constructed a TiTe2/TiSe2 moiré super-
lattice with a twist angle of ~1.7° to simulate the situation near 
0°. Figure 4a shows the simulated heights of the top TiTe2 layer 
relative to the bottom TiSe2 layer. Evidently, the morphology of 
the top Te atoms shows a height undulation, with a lower region 
(domain A) and a higher region (domain B), as marked by black 
and red triangles, respectively. This agrees with the experimental 
results. We further defined the local strain as the relative change 
in the average distance between each Te atom and its six nearest  
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neighbouring Te atoms along the in-plane direction. Figure 4b  
shows the calculated local strain field brought about by the 
atomic reconstruction. A strong tensile force is present in domain 
B, but almost no strain is present in domain A. Such a strain dis-
tribution is consistent with the GPA symmetric strain map S(r) 
(Fig. 3b). In particular, the average strain strength extracted from 
GPA quantitatively agrees with the DFT calculations. The differ-
ence between the DFT-calculated results and the STM data is that 
the domains appear equilateral in Fig. 4, while those in the STM 
image of Fig. 3 are triangles with notably curved sides, which is 
mainly due to the local variations of twist angle and shear strain 
that are commonly present in bilayer systems. To confirm that 
the strain effect induces the formation of the CDW state, we cal-
culated the distortion of symmetry-inequivalent Ti atoms21 as a 
function of tensile strain in a 2 × 2 supercell. As shown in Fig. 4c,  
tension enhances atomic distortion, but compression hardly 
affects lattice reconstruction within the calculation error. All the 
calculations imply that the distribution of the local strain field is 
confined by the moiré pattern and produces the moiré-trapped 
CDW state. Similar calculations were also performed for 14.8° 
and 35°, as shown in Supplementary Fig. 15, in which no atomic 
reconstruction occurred and the local strain effect was not strong 
enough to induce CDW order, in good agreement with the exper-
imental results.

Interlayer interactions have been shown to be important in 
other TMD CDW materials such as 1T-TaS2 for establishing the 
CDW order and resulting changes in the electronic structure27–29. To 
explore whether the CDW state in the bottom TiSe2 bilayer affects 
the formation of CDW tessellation domains in the top TiTe2 mono-
layer, we performed additional DFT calculations with a fixed TiSe2 
1 × 1 normal state. The results are shown in Supplementary Fig. 16. 
Our calculation indicates that both the CDW state and normal state 
TiSe2 can induce a high local strain field in the TiTe2 top mono-
layer with no prominent difference. Furthermore, the CDW tessel-
lation of TiTe2 can even be observed at room temperature, which is 
much higher than the critical temperature Tc of either 232 K for the 
TiSe2 monolayer or 92 K for TiTe2 (refs. 13,16). Another recent work 
reported that the electronic structures are tunable by the stacking 
order of TiTe2/TiSe2, while the CDW state in the TiTe2 monolayer 
is instead suppressed30. Therefore, the enhanced CDW tessellation 
state at a small twist angle is mainly induced by the local strain field, 
instead of the interlayer interactions.

Our work provides a path to tune many-body physics with twist 
angle moiré engineering, and the realized tessellation of alter-
nate CDW and normal state domains may find potential in future 
CDW-based electronics.
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Methods
Sample preparation. The van der Waals heterostructure of TiTe2/TiSe2 was grown 
by MBE, with a base pressure of 1 × 10−10 mbar. First, BLG/SiC(0001) was obtained 
by flashing the SiC substrate up to 1,300 °C in ultrahigh vacuum a few times. 
Second, bilayer TiSe2 was grown on the BLG/SiC(0001) substrate by coevaporating 
Ti (99.99%) and Se (99.999%) from Knudsen cells. The temperature of the substrate 
was kept at ~350 °C during TiSe2 growth, with a growth rate of ~0.6 monolayers 
(ML) per hour. The growing surface of the TiSe2/BLG/SiC was monitored in situ 
by reflection high-energy electron diffraction. After checking the surface quality by 
STM, bilayer TiSe2 was adopted as the substrate for vertical epitaxy of monolayer 
TiTe2 to form the TiTe2/TiSe2 heterostructure. Third, the TiTe2 monolayer was 
grown by coevaporating Ti (99.99%) and Te (99.999%) onto the bilayer TiSe2 
substrate kept at ~370 °C, with a growth rate of ~0.6 ML h–1. The growth of TiTe2 
was under very Te-rich conditions with a Ti/Te flux ratio of ~1:20, thus preventing 
possible Se–Te mixing in the growing TiTe2 monolayer.

According to macroscopic measurements, such as reflection high-energy 
electron diffraction, the TiTe2 monolayer is grown roughly with an orientation 
similar to that underneath the TiSe2 bilayer. However, from our microscopic 
STM measurement, we found that in addition to those distributed in a range of 
twist angles near ~0° (roughly within ~±2°), TiTe2 monolayer islands also exist 
at larger twist angles, which may be due to local thermodynamic fluctuations 
during epitaxial growth. By tuning the epitaxy dynamics, such as the growth rates 
of TiSe2 and TiTe2, as shown in Supplementary Fig. 3, various twist angles could 
be obtained. These variable local results enable us to investigate the twist-angle 
dependence of the CDW state.

For comparison, the TiTe2 monolayer and bilayer were also directly grown 
on the BLG/SiC(0001) substrate by using MBE. High-purity Ti (99.99%) and Te 
(99.999%) were coevaporated from Knudsen cells. During growth, the substrate 
was kept at ~370 °C and the growth rate was ~0.6 ML h–1.

STM/STS characterization. The STM and STS measurements were carried out 
with a low-temperature STM instrument (Unisoku USM1600) at ∼4.5 K unless 
otherwise stated. STM topographic images were acquired under a constant current 
mode. STS measurements were collected with a lock-in amplifier and a typical a.c. 
modulation of 5–12 mV at 963 Hz.

Computational details. The DFT calculations were carried out using the Vienna 
Ab initio Simulation Package31. The pseudopotentials were constructed with the 
projector augmented-wave method32,33, and the generalized gradient approximation 
of the Perdew–Burke–Ernzerhof type34 was applied for the exchange–correlation 
potentials. A bilayer TiTe2–TiSe2 heterojunction slab model with 15 Å vacuum 
space was used to avoid possible interactions between successive slabs. In the case 
of structural optimization calculations, the atomic coordinates were relaxed until 
the energy difference between two ionic steps was below 10−4 eV. A Γ-only k-point 
mesh and a plane cut-off of 600 eV were adopted. The self-consistent energy 
criterion was 10−5 eV. The D3 method of Grimme35 was used for van der Waals 
interactions between layers. In the case of non-self-consistent density of states 
calculations, a Γ-centred 46 × 46 × 1 k-point mesh was implemented. The unfolding 
of band structures was performed using the Bandup36,37 code.

Data availability
The data supporting the findings of this study are available from the corresponding 
authors upon reasonable request.
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