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ABSTRACT

A van der Waals-bonded moiré bilayer formed by sequential growth of TiSe2 and TiTe2 

monolayers exhibits emergent electronic structure as evidenced by angle-resolved photoemission 

band mapping. The two monolayers adopt the same lattice orientation but incommensurate lattice 

constants. Despite the lack of translational symmetry, sharp dispersive bands are observed. The 

dispersion relations appear distinct from those for the component monolayers alone. Theoretical 

calculations illustrate the formation of composite bands by coherent electronic coupling despite 

the weak interlayer bonding, which leads to band renormalization and energy shifts.  

KEYWORDS: transition metal dichalcogenides, moiré bilayer, ultrathin film, heterostructure, 

emergent band structure
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Two-dimensional moiré systems have attracted much interest due to their tunable 

properties, including superconductivity,1-3 magnetic ordering,4,5 and optical responses,6,7 which 

can be exploited for nanoscale device applications. Such moiré systems can be fabricated by van 

der Waals bonding of two monolayers with a twist angle and/or with different lattice constants.1-

12 The vast choices of van der Waals monolayers available for bilayer assembly, including 

graphene,1-3 boron nitride,8-10 and the numerous transition metal dichalcogenides, make moiré 

bilayers a rich playground for emergent effects.11-24 A key question is how to describe and model 

the electronic structure of such systems. Since translational symmetry is broken, Bloch's theorem, 

the basis for band structure formalism and a fundamental pillar for solid state physics, does not 

apply. A large approximately commensurate periodic moiré superlattice may be constructed in 

certain cases, but the moiré unit cell is generally very large. This is indeed the case for the bilayer 

system TiTe2/TiSe2 discussed in the present work. The in-plane lattice constants, aT = 3.777 and 

aS = 3.536 Å for TiTe2 and TiSe2, respectively,13-15, 25 allow a near match with a moiré superlattice 

period of  at a zero twist angle. The number of atoms in this approximate superlattice 15 16T Sa a;

unit cell is 1443, too large for first-principles treatment including full atomic relaxation. The tiny 

Brillouin zone of the moiré superlattice would suggest essentially flat folded band dispersion 

relations.  

To date, many monolayer systems prepared on incommensurate substrates (such as 

graphene or bilayer graphene) by van der Waals bonding have been examined by angle-resolved 

photoemission spectroscopy (ARPES).13-18, 20-22 These moiré monolayers typically show a well-

defined band structure very similar to that predicted or expected for an essentially freestanding 

monolayer with little influence from the substrate.13-22 Evidently, incommensurate coupling across 

the van der Waals interface in such systems does not affect much the electronic structure of the 
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supported monolayer. The gradual slippage of lattice registry over the moiré superlattice unit cell 

gives rise to variations in local coupling, which may be effectively averaged out. By extrapolation, 

a moiré bilayer might be expected to be closely described by an incoherent superposition of the 

band structures from the two component monolayers. However, our ARPES results reported herein 

show that this is not true for the TiTe2/TiSe2 bilayer created by growing a TiSe2 monolayer first 

on a bilayer-graphene-terminated 6H-SiC(0001) substrate followed by a TiTe2 monolayer on top. 

The observed band dispersion relations are quite distinct from the band dispersions of TiTe2 and 

TiSe2 alone on the same substrate. An approximate but effective theoretical evaluation of the 

coherent composite band structure provides a framework to understand the electronic structure in 

such artificial systems.         

RESULTS AND DISCUSSION

Atomic Structure of TiTe2/TiSe2 Moiré Bilayer. Figure 1a shows the 1T trigonal unit cell 

structures of TiTe2 and TiSe2 and a top view of the TiTe2/TiSe2 bilayer structure, where a moiré 

modulation with a period of 56.6 Å is evident, as indicated by the rhombic superlattice unit cell. 

The residual mismatch is at the ~0.1% level. The regions marked by red, blue, and maroon circles 

are locations near AA, AB, and AB' stacking configurations, where A, B, and B' represent the in-

plane site positions of the Ti atoms, the bottom Se/Te atoms, and the top Se/Te atoms in the unit 

cells, respectively. Detailed side and top views of the three stacking configurations are shown in 

Figure 1b. Figure 1c offers a visual comparison of the Brillouin zone sizes for TiTe2, TiSe2, and 

the moiré superlattice; the one for the moiré superlattice is amplified ten times for easy viewing.  

Structure Characterization of TiSe2 Monolayer and TiTe2/TiSe2 Moiré Bilayer. 

Experimentally, the TiTe2 and TiSe2 lattices in the bilayer are oriented in parallel epitaxy as 

evidenced by reflection high energy electron diffraction (RHEED) determination of the 
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crystallographic orientation and ARPES observation of the conduction band minimum at the  �

point. Figures 2a-c show RHEED patterns taken from a bilayer-graphene-terminated 6H-

SiC(0001), the same after the growth of a TiSe2 monolayer, and the same after further growth of a 

TiTe2 monolayer, respectively. Line profiles for these RHEED patterns in Figure 2d show first-

order diffraction peaks along the  direction on the two sides of the central peak. As seen in ��

Figure 2d, after the growth of TiSe2 monolayer, the first-order peaks of bilayer graphene vanish, 

and two new peaks with narrower spatial separation show up, which correspond to the TiSe2 

monolayer lattice with a lattice constant of 3.54 Å. The results indicate that the surface of bilayer 

graphene is now fully covered by a TiSe2 overlayer. By adding a TiTe2 monolayer on top of the 

TiSe2 monolayer, the first-order peaks are closer together for the TiTe2/TiSe2 bilayer than for the 

TiSe2 monolayer alone due to the larger lattice constant of TiTe2. Furthermore, the bilayer peaks 

are somewhat broader (amplified views in Figure 2e) and can be well-represented by two 

components with an intensity ratio of 0.28 from the fitting. The stronger and weaker components 

can be assigned to the TiTe2 top layer and the TiSe2 bottom layer, respectively, with the peaks at 

the expected positions based on the lattice constants. The intensity ratio is consistent with the very 

short probing depth of the RHEED beam (~5 Å). 

ARPES Spectra and Electronic Band Structure. Figure 3a shows mirror symmetrized ARPES 

maps along the  direction acquired with 58-eV photons at 300 K from monolayer TiSe2, �� � ��

moiré bilayer TiTe2/TiSe2, and monolayer TiTe2. The corresponding second-derivative maps are 

presented in Figure 3b. Similar data taken at a lower temperature of 20 K and the corresponding 

second-derivative maps are displayed in Figures 3c and d, respectively. Theoretical band 

dispersion relations for monolayer TiSe2 and monolayer TiTe2 are included in the left and right 

panels in Figure 3b and d as blue and red curves, respectively, for comparison with the monolayer 

Page 5 of 26

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



6

data; the blue and red curves are both included for the central panels for comparison with the moiré 

bilayer data. The ARPES results for the two monolayers are consistent with prior studies.13,14 For 

the TiSe2 monolayer at 300 K (Figures 3a and b), the main features consist of a small part just 

below the Fermi level of a convex Ti 3d conduction band centered about , two spin-orbit-split �

convex Se 4p valence bands centered about the   point with their apexes reaching near the Fermi �

level, and another valence band at lower energies that form a hybridization gap with the upper 

valence bands. For the TiTe2 monolayer at 300 K, the band features are similar, but the valence 

bands are shifted to higher energies with more of them now visible at lower energies. The top 

portions of the Te 5p bands reach above the Fermi level. The considerable indirect overlap in 

energy of the Te 5p and Ti 3d states makes the TiTe2 monolayer a semimetal. At lower energies 

(below -1 eV) and near the zone center, three valence bands with complex shapes and gap 

structures are evident, instead of just one band within the same energy range for TiSe2. The ARPES 

data taken at 20 K (Figures 3c and d) look very similar, but the bands appear sharper and more 

distinct because of reduced thermal broadening and a lower thermal diffuse background at this 

temperature. A slight complication is that the ARPES maps for the TiSe2 and TiTe2 monolayers 

(Figures 3c and d) now contain additional features from folded bands arising from a (2x2) charge 

density wave (CDW) transition at 232 and 92 K, respectively.13,14 The TiTe2/TiSe2 bilayer does 

not show such band folding, indicative of the absence of a (2x2) CDW. The absence of the CDW 

in TiTe2/TiSe2 bilayer can be attributed to the interlayer van der Waals coupling; similar 

suppression of the CDW from interfacial coupling has been observed for single layer TiTe2 

monolayers grown on different substrates.23 

The monolayer ARPES band maps at 20 K, other than the CDW features, are in good 

agreement with the corresponding theoretical results (Figures 3c and d). For the TiTe2/TiSe2 
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bilayer, the measured band dispersions superficially resemble the monolayer cases despite the lack 

of translational symmetry and a very large moiré unit cell (or a very small moiré Brillouin zone). 

However, the superimposed band dispersion relations of monolayer TiTe2 and monolayer TiSe2 

(central panels of Figures 3b and d) do not describe the bilayer data in detail. A major emergent 

feature, clearly distinct from the individual monolayer cases, is the band marked C1 in Figure 3. 

This composite band specific to the bilayer also exhibits roughly a double-hump shape but is 

located at substantially higher energies (closer to the Fermi level) than the TiTe2 and TiSe2 cases. 

Furthermore, this band shows a gap near the outer edge of each hump. The emergence of this 

dispersive composite band with a complex shape and at a substantially higher energy is evidence 

for coherent coupling between the two monolayers. If the bilayer were made of two incoherent 

monolayers, we would expect only a mixture of the component bands. The strong dispersion 

suggests that the system can still be described in terms of a band structure. Additional composite 

bands C2-C4 are indicated in Figure 3. Again, these cannot be described in terms of a combination 

or mixture of the bands from the individual monolayers.   

Theoretical Approach and Comparison of Band Structure. Theoretical simulations of the 

composite-band effects are complicated by the large moiré unit cell, even with the residual 

mismatch ignored. It is not feasible to perform first-principles calculations where local atomic 

relaxation can be expected. Instead, we adopt the following approximations. Three major local 

stacking patterns, AA, AB, and AB', are considered (Figure 1b) with the TiTe2 and TiSe2 lattices 

constrained to the same average in-plane lattice constant. The vertical van der Waals bonding 

distance is optimized separately for each stacking configuration, with the resulting vertical layer 

spacing c given in Figure 1b.  The value of c is the smallest for AA stacking, which can be related 

to the fact that both TiTe2 and TiSe2 by themselves crystalize in the 1T polymorph with the AA 
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stacking configuration, and it is very close to the average c value for bulk TiTe2 and TiSe2 as 

expected (Figure 1). Forcing the layer registry to AB or AB' leads to an energetically unfavorable 

configuration, which would cause the layers to move apart. The AB stacking puts the bottom Te 

atoms of the TiTe2 monolayer directly on top of the top Se atoms of the TiSe2 monolayer, instead 

of hollow sites. This geometry is expected to be least favorable, and indeed, the computed c value 

is the largest. The band structure for each configuration is then computed using the GGA + U 

method, with the U parameter chosen to be the average of those for TiSe2 and TiTe2. Separate 

calculations for TiSe2 and TiTe2 reveal that the change in the U parameter for each case results in 

only minor modifications to the respective band structures (see the Supporting Information). The 

average band structure for the three configurations is then taken to be a good representation for the 

composite bilayer system. 

The calculated composite band structure, shown in Figure 4a, is color-coded with the 

orange (green) color indicating the weight from the top TiTe2 (bottom TiSe2) monolayer. 

Hybridization effects for the bands are quite evident. ARPES, with an effective probing depth of 

just ~5 Å, should reveal mostly bands with a strong weight in the top TiTe2 layer. The same 

computed band structure plotted with an intensity scale indicating the surface-monolayer weight 

is shown in Figure 4b, which should mimic the ARPES data, provided that variations in ARPES 

matrix elements for the different bands are ignored. The ARPES data at 20 K and its second 

derivative are reproduced in Figures 4c and d, respectively, for side-by-side comparisons, but the 

intensity scale for a portion of Figure 4d has been adjusted to highlight the composite bands C1-

C4. Included in Figure 4c are the theoretical bands (white dots) plotted over one half of the ARPES 

map; the size of each white dot is proportional to the calculated weight from the top TiTe2 layer 

for an indication of the expected ARPES intensity variation.  Evidently, the composite bands C1-
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C4 are well-reproduced by the calculation. In particular, band C1 with its double humps and a 

hybridization gap on the outer edge of each hump is well-reproduced both in terms of its shape 

and energy position. Bands C2-C4, with their complex shapes near the zone center, are also well-

reproduced. Once again, these composite bands cannot be described in terms of a combination or 

mixture of the bands from the component monolayers. The bands become less distinct away from 

the zone center, but the agreement remains generally good. However, an electron band centered 

near the zone boundary with its bottom at about -0.8 eV is largely missing in the experiment, which 

may be caused by a very weak photoemission matrix element. 

Each stacking configuration, if extended to infinity, is expected to exhibit a different band 

structure. However, the differences in band structure among the three different stacking 

configurations are relatively minor because of the weakness of the interlayer van der Waals 

bonding (see Figure S3 in the Supporting Information), and the local electronic states for the moiré 

structure are expected to follow adiabatically the stacking variations over the different parts of the 

unit cell. Coherent coupling of the wave functions over the different parts gives rise to a single 

band structure with sharp (emergent) superlattice bands that are distinct from a statistical mixture. 

Our results are a direct demonstration of the coherent nature of the electronic structure. The 

averaging of the band energies for the different stacking configurations follows from the usual 

first-order calculations of the expectation values for the energy, which is appropriate for a 

superlattice with a weak modulation. Specifically, the energy for the i-th band for the bilayer is 

given by

 (1)� � � � � �i i iE H� ��k k k
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where H is the Hamiltonian. The wave function  various adiabatically over the moiré unit � �i� k

cell and adopts the form  locally over each stacking configuration S. To first order,� �S

i� k

 (2)� � � � � � � �
1 1S S S

i i i i

S S

E H E
N N

� �� �� �k k k k

where 1/N is the fractional area for each stacking configuration S within the moiré unit cell. 

Equation (2) is employed in our theoretical construction of the average band structure from the 

three major stacking configurations.  

CONCLUSIONS

Two major conclusions can be drawn. First, moiré bilayers, such as TiTe2/TiSe2 considered 

here, can exhibit an emergent or modified band structure arising from the coherent coupling of 

component monolayers, despite the lack of translational symmetry. This is likely the underlying 

mechanism for the reported tunable properties in such systems, including superconductivity, 

magnetism, and optical responses. Since the band structure of a solid generally determines all of 

its properties, a modified band structure by layer stacking is a promising way to create unusual or 

useful properties. The TiTe2/TiSe2 bilayer band structure measured by ARPES is sharp, which 

enables a theoretical analysis. Second, theoretical simulations for moiré bilayers, known to be 

difficult due to the lack of translational symmetry or a very large (approximate) unit cell, can be 

done effectively by keeping just the essential ingredients, as illustrated here for the composite band 

structure of the TiTe2/TiSe2 moiré bilayer. A successful demonstration in the present case suggests 

that the methodology may be applicable to other cases.     
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11

METHODS

Sample preparation

6H-SiC(0001) substrates were prepared by multiple cycles of high-temperature annealing, 

which cleans the surface and removes Si to leave the substrate's surface terminated by bilayer 

graphene. TiSe2 was grown at a rate of one monolayer per 30 minutes by co-deposition of Ti and 

Se from an electron-beam evaporator and an effusion cell, respectively, under a high Se 

overpressure and with the substrate maintained at 250 P��14,15 Afterwards, a single layer of TiTe2 

was grown on top of the TiSe2 film in a similar manner but with the substrate maintained at 280 

P��13,23 ARPES measurements were performed using 58-eV photons and a Scienta R4000 analyzer 

at Beamline 10.0.1.1, Advanced Light Source. The monolayer coverages for the TiSe2 and TiTe2 

film growths are based on absolute film thickness calibration as demonstrated in prior studies.13,15 

As the film thickness increases through the sequence of 0, 1, 2, … layers during the film growth, 

discrete changes in ARPES arising from band splitting are readily observed. This discrete 

evolution of quantum well states, sensitive to the film thickness, provides the absolute thickness 

calibration.     

Computational details

First-principles calculations were performed in the framework of density functional theory 

(DFT) using the projector augmented wave (PAW) method within the Vienna ab Initio Simulation 

Package (VASP).26-28 The GGA and the PBE exchange-correlation functionals were employed to 

calculate the electronic structure.29 A cutoff energy of 320 eV and a 18×18×1 k-space mesh were 

employed. Periodic slabs with a vacuum gap larger than 26 Å were adopted for the monolayer and 

bilayer configurations, with dipole correction included for the latter. The convergence criterion for 

the ground-state total energy was 10-6 eV, and atomic relaxation continued until the atomic forces 
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were less than 10-3 eV/Å. Interlayer spacing was optimized with the van der Waals correction 

based on the optB86b-vdW functional for the TiTe2/TiSe2 bilayer.30,31 For a more accurate 

determination of the energy levels in the presence of interlayer interaction, the Ti 3s2 and 3p6 

orbitals were treated as valence states. Hubbard U corrections for the Ti 3d states were 

implemented for computing the total energy, energy bands, and charge density. The Hubbard 

parameter was found to be U = 5.2 and 3.2 eV for TiSe2 and TiTe2, respectively, based on fits to 

the band structures determined by the HSE06 hybrid functional. For the bilayer system, the in-

plane lattice constant a and the U parameter were set to the average value of those for TiTe2 and 

TiSe2. A twofold denser k-mesh was used to determine the Fermi level. The spin-orbit interaction 

was included in the calculations.

ASSOCIATED CONTENT

Supporting Information

1. Choice of U in GGA + U calculations for the TiTe2/TiSe2 bilayer.

2. Comparison of band structures for the AA, AB, and AB' stacking configurations with the 

average band structure.
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