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Abstract 

Single-layer (SL) transition-metal chalcogenides (TMCs) represent an important family 

of two-dimensional (2D) materials that have attracted intensive research attention 

recently. It has been established that many TMCs are polymorphic that can exist in 
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different crystal structures and correspondingly exhibit diverse physical properties. 

Discovery of new structural phases of a crystal is of great scientific and practical 

importance. In this work, we report a new polymorph of SL-TMC, i.e., SL-Mo5Te8, 

attained by molecular-beam epitaxy (MBE). Like the 1H-MoTe2, it possesses the 

hexagonal symmetry but a much larger unit cell with a basis containing as many as 39 

atoms (15 Mo and 24 Te). We call it the variational hexagonal (v1H) phase. 

Coincidently, it may be viewed also as one containing the highest density possible of 

mirror-twin domain boundaries (MTBs) in an otherwise pristine 1H-MoTe2. 

Electronically, it is metallic and a comparison between theory and experiments of its 

density-of-states (DOS) at the Fermi level reveals features pointing to an importance of 

electron interactions that invites further investigations. 

 

1. Introduction 

   Many SL-TMCs with the molecular formula MX2, where M and X denote the 

transition-metal (e.g., Mo and W) and chalcogen atoms (e.g., S, Se, and Te) respectively, 

show polymorphism related to the stacking of the three atomic layers X-M-X. These 

include the hexagonal (1H), octahedral (1T) or distorted octahedral (1T’) phases (see 

Supplementary Information Figure S1)[1-3]. For some, such as SL-MoSe2 and MoS2, 

the 1H phase is most stable, which show semiconducting characteristics with direct 

energy bandgaps[4-6]. For others, such as WTe2, the metallic 1T’ phase is more stable 

and exhibit some interesting properties including huge magnetoresistivity[7] and 

superconductivity[8]. In certain cases, such as in SL-MoTe2, it is not uncommon to 



3 

 

observe both 1H, 1T and/or 1T’ phases coexisted in one and the same sample[9, 10]. 

The ability to tune the phases of a material and thus the properties, e.g., from metallic 

to insulating, may lead to novel phase-change electronics, and so the discovery and 

realization of new phases of a material can be of great scientific and practical 

importance. 

   Here we report the discovery of a new polymorphic phase of SL-TMC by growth 

using MBE. Different from all the known phases of SL-MX2, this new polymorph is 

chalcogen (Te) deficient having the composition of Mo5Te8 and is formed favorably 

under the less Te-rich conditions of MBE. Due to its hexagonal symmetry and 

connection with the 1H phase, we call it the variational hexagonal phase, or v1H, of the 

SL-TMC. 

   Deposition of Mo5Te8 on bilayer graphene, obtained by heating SiC(0001), or on 

highly oriented pyrolytic graphite (HOPG) was conducted in a customized MBE reactor 

from elemental sources. The as-grown films were characterized by angular dark-field 

scanning transmission electron microscopy (ADF-STEM), low-temperature scanning 

tunneling microscopy/spectroscopy (STM/S), low-energy electron diffraction (LEED) 

and ultraviolet photoemission spectroscopy (UPS) for their structural and electronic 

characteristics (see ‘Methods’ for details). Similar to previous reports, the 1H or 1T’ 

phase of MoTe2 is routinely obtained under the Te-rich conditions of MBE, and in 

certain cases mixture of phases is obtained in one and the same sample (see 

Supplementary Information Figure S2)[9, 10]. Besides these two common phases, we 

have observed a new structure, i.e., the v1H phase, which forms in large scale under 
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certain conditions. This new structure possesses the hexagonal symmetry and has a 

basis containing 39 atoms in a unit cell. It belongs to the 𝑃6̅2𝑚 (No. 79) layer group, 

a structure that has never been observed previously in any other crystals. 

2. Structure of Mo5Te8 

Figure 1a presents an ADF-STEM image of such a sample revealing the atomic 

structure of this particular polymorph. From the first sight, it looks like the 1H-phase 

where atoms are arranged in a hexagonal lattice. However, like in MBE-grown MoSe2, 

the film is segmented into triangular domains by the MTB defects. Different from the 

so-called wagon-wheel like arrangement of the MTBs in 1H-MoSe2[11-13], however, 

the MTBs in epitaxial MoTe2 are super dense, being of the highest density possible. 

The nano-beam diffraction (NBD) spectrum of the sample is shown in Figure 1b(i). 

Again, unlike the previously reported “David star” like patterns from the wagon-wheel 

structure where the diffraction spots are connected by lines[12], here some discrete and 

sharp spots appear, revealing a highly ordered periodic structure in real space. While 

the diffraction spots marked by the red circles happen to coincide with that of a pristine 

1H-MoTe2, there are many additional spots in between that may only be accounted for 

by the proposed v1H-Mo5Te8 structure (marked by arrowheads). For comparison, a 

LEED pattern of the sample taken in situ immediately after the deposition is shown in 

Figure 1b(ii), showing a similar spectrum as the NBD. Again, diffraction spots 

coinciding with pristine 1H-MoTe2 are marked by red circles, while some of those 

attributed only to the v1H-Mo5Te8 structure are marked by arrowheads. It shows a 

hexagonal symmetry and a well-defined periodicity of ~12.79 Å as sketched in Figure 
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1c. As seen, it has the unit cell of a rhombus as marked by the black lines, in which 

there are 15 Mo and 24 Te atoms. The MTB-like segments as described earlier are 

highlighted in yellow in the figure. This new structure of SL-TMC is found to belong 

to the 𝑃6̅2𝑚 (No. 79) layer group which, to the best of our knowledge, has not been 

suggested to exist or experimentally observed ever in any other 2D crystals. Comparing 

to 1H-MoTe2, it has a reduced stoichiometry of 1.6 (8:5) for Te, i.e., it has the molecular 

formula of MoTe1.6 or Mo5Te8 instead of MoTe2. The Wyckoff positions of Mo and Te 

atoms are summarized in Table S1. 

 

 

Figure 1. Atomic structure of v1H-Mo5Te8. (a) An STEM image of Mo5Te8 (size: 6 × 

6 nm2) with a structural model overlaid on part of it. (b) (i) An NBD pattern from a 

domain of Mo5Te8 (size: 377 × 377 nm2), revealing the symmetry and periodicity of 

this new structure. The diffraction spots marked by red circles coincide with that of 1H-

MoTe2, and that marked by arrowheads are contributed by the v1H-Mo5Te8. The inset 

is an enlargement of selected spots. (ii) A LEED pattern (42.5 eV) of Mo5Te8, and as in 

(i), the red circles mark diffraction spots coinciding with that of 1H-MoTe2. The 

arrowheads point to some selected diffraction spot attributed solely to v1H-Mo5Te8. (c) 
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Top and side views of the v1H-Mo5Te8 model, where the black rhombus shown in the 

top-view marks the unit cell, while the yellow color highlights the MTB segments in 

the structure. The Te atoms in and outside the MTBs are distinguished by green and 

orange colors, respectively. 

 

Figures 2a-d present a set of STM images of the same area of a Mo5Te8 film but 

scanned at different sample-to-tip bias conditions. Figures 2a’-d’ show simulated STM 

images at the corresponding biases by the density functional theory (DFT) of the 

proposed model. The agreement between the experiment and simulation is remarkable, 

lending a support to the suggested model of v1H-Mo5Te8. Except that at high negative 

bias where the image reveals a hexagonal lattice of size ~0.71 nm, corresponding to the 

distance between the Te atoms outside the MTB segments (marked in orange in Figure 

1c), the other images show triangles of different orientations and tiling, where the 

distance between adjacent triangles is about 1.23 nm. The latter is not far from the DFT 

calculated lattice constant of a free-standing structure (~ 1.279 nm). The opposite 

triangles in STM images at different biases correlate respectively to the MTB-loops 

highlighted in Figure 1c and the ‘holes’ between the MTB loops.  

We note that similar STM images to that of Figure 2 have been previously observed 

in 1H-MoTe2[14] and 1T-TiSe2[15, 16], and attributed to charge-density waves (CDW). 

Particularly in 1T-TiSe2, CDW has been well established and known and it is thus 

tempting to attribute the observation of Figure 2 also to the CDW. On the other hand, a 

closer look of the results shows not only that the patterns depend on the scanning 
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conditions but also that they have different periodicities. Besides, we do not observe a 

temperature dependence of the pattern from ~ 5 K to room-temperature. By post-growth 

treatment of the v1H-Mo5Te8 sample in Te environment, we annihilate the v1H-phase 

(see below) and the patterns as reported in Figure 2 no longer exist. Therefore, we may 

rule out the patterns to be associated with the CDW in 1H-MoTe2 but assert instead that 

they stem from the new structure of Mo5Te8 as described.  

 

 

Figure 2. STM images of v1H-Mo5Te8. (a-d) STM images (size: 10 × 10 nm2) taken 

from Mo5Te8 at the sample bias (Vbias ) of (a) 1.5 V, (b) 0.5 V, (c) -1.0 V, (d) -1.2 V. (a’-

d’) Simulated STM images (size: 7.7 × 7.7 nm2) of the v1H-Mo5Te8 model by DFT 

calculations and at energies (a’) 1.5 eV, (b’) 0.3 eV, (c’) -1.0 eV, and (d’) -2.0 eV. 

 

3. Stability of Mo5Te8 

As noted, Mo5Te8 has a reduced stoichiometry of 1.6 for Te comparing to 2 in the 

1H and 1T’ phases of MoTe2. This has in fact reflected the excess of metals in the MTBs 

in TMCs. It has been reported that formation of a smallest MTB-loop in 1H-MoTe2 
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would require 3 additional Mo atoms in otherwise a pristine lattice[17]. Expectedly, 

such a high-Mo or low-Te stoichiometry structure would preferably form at a less Te-

rich condition of the MBE, which is supported by our DFT calculations (see below) as 

well as by experiments. For example, for the v1H phase to be consistently obtained and 

dominant in sample, a relatively low substrate temperature (~ 300℃) and Te/Mo flux 

ratio (~ 8/1) needs to be carefully controlled. Once grown, it can be stably maintained 

in vacuum at room temperature for months without apparent degradation or transfer to 

the other phases of MoTe2. We have in fact also tested the stability of Mo5Te8 purposely 

by taking the sample out of vacuum, keeping it in the ambient condition for 1~2 weeks 

before being reloaded in vacuum. Follow a gentle annealing procedure (~ 200℃), 

subsequent LEED/STM measurements recover the result of Mo5Te8, suggesting that it 

is quite stable even in air. On the other hand, annealing the sample at ~ 400℃ with 

continuous supply of Te will lead to conversion of the v1H-Mo5Te8 into 1H-MoTe2 with 

the latter still containing MTBs but of lower densities plus some Mo6Te6 nanowires[18]. 

We have conducted some DFT investigations, firstly on the stability of the v1H-

Mo5Te8 phase. Figure 3a presents the calculated formation energy of v1H-Mo5Te8 as a 

function of Te chemical potential 𝜇Te and comparing it with that of the 1H and 1T’ 

phases of MoTe2. The formation energy per atom is defined as  

𝐸𝑓(𝜇) = [𝐸(MoxTey) − 𝑥𝜀 + (2𝑥 − 𝑦)𝜇Te]/(3𝑥) 

where 𝐸(MoxTey) is the system energy of the investigated phase, 𝜀 is that of the 1H 

phase per unit cell (i.e., one Mo and two Te atoms) chosen as the energy reference, 𝑥 

and 𝑦 are respectively the overall composition of Mo and Te atoms in the system. As 
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seen, though the formation energy of v1H-Mo5Te8 is higher than that of the 1H and 1T’ 

phases of MoTe2 over the wide range of 𝜇Te, it increasingly approaches that of the 1T’-

MoTe2 as 𝜇Te decreases, making it more favorable under low Te flux conditions. On 

the other hand, because of the higher formation energy of Mo5Te8 over the whole 

physically viable range of 𝜇Te, its formation will likely be related to some specific 

kinetics or the entropy factors or due to an effect of the substrate. Previous reports have 

shown that a Mo enriched (i.e., Te deficient) environment will favor the 1T’ phase 

MoTe2 growth[19, 20]. In a parallel experiment where we chose a higher Te/Mo flux 

ratio of ~ 15/1 and also at a higher growth temperature (~ 400 ℃), instead of v1H-

Mo5Te8, we indeed obtained a film being dominantly 1T’-MoTe2 (~ 80% in coverage 

as estimated by our STM and STEM measurements). Maintaining the same high Te/Mo 

flux ratio but increasing the substrate temperature further to ~ 500 ℃ has led to a film 

dominated by the 1H-MoTe2 phase. 

 In passing, we wish to remark that it is often the case that the as-grown MoTe2 

samples contain mixtures of different phases, 1H, 1T’ and the v1H, with only the 

relative weight being sensitively dependent on the MBE conditions. Figure 3b presents 

an STM image revealing a region containing all three phases manifested in different 

contrast. We also find that the v1H-Mo5Te8 domains often join the 1H-MoTe2 domains 

rather than the 1T’ domains in a sample. The latter may be indicative of a kinetic 

pathway where Mo5Te8 formation is likely connected to the MTBs in 1H-MoTe2. We 

can adjust the growth condition to make the Mo5Te8 dominant as indicated by the 

dominant and bright diffraction spots of Mo5Te8 in the LEED (Figure 1b(ii)). In fact, a 
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ratio of ≥90% Mo5Te8 domains has been estimated consistently in optimally grown 

samples (i.e., Te/Mo ~ 8/1, substrate temperature ~ 300℃) according to statistical 

analysis of the STM data. 

 

 

Figure 3. Mo5Te8 and phases of MoTe2. (a) DFT calculated formation energy per atom 

of Mo5Te8 and MoTe2. 1H-MoTe2, the most stable structure, is set as the energy 

reference. The range of -3.49 eV < 𝜇Te < -3.08 eV is set by that of bulk Te (𝜇Te= -3.08 

eV) and bulk Mo (𝜇Te= -3.49 eV), and the lower limit is marked by the vertical grey 

line. (b) STM image of a sample (size: 50 × 50 nm2, sample bias: Vbias = -1 V) showing 

a mixture of 1H-, 1T’-MoTe2, and v1H-Mo5Te8 domains as marked. The blue 

background represents graphene substrate, while the middle red-colored regions reflect 

the 2nd layer of the deposit. 

 

4. Electronic properties 

   The electronic band of v1H-Mo5Te8 is also calculated by DFT and the result is 

shown in Figure 4a. As seen, it has a distinct band structure different from both the 
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semiconducting 1H- and semi-metallic 1T’-MoTe2[10]. It reveals a metallic property 

and the bands near the Fermi level are relatively flat, giving rise to a density-of-states 

(DOS) peak at 𝐸𝐹 = 0  eV as shown in Figure 4b. Figure 4c presents typical UPS 

spectra taken from an as-grown sample in situ at different emission angles. These 

spectra differ from previously reported ones from MoTe2[21, 22], indicating that our 

sample is indeed of a different structure, i.e., v1H-Mo5Te8. The prominent peak at 

around -1.2 eV may correlate well with the high DOS measured by STS (Figure 4d) in 

the similar energy range. We further note that this photoemission peak is not very 

dispersive. By comparing with Figure 4a, it appears to correspond well with the nearly 

flat band at -1 eV. In the UPS spectrum, one further notes a shoulder at the high energy 

side of the dominant photoemission peak, which may have reflected the dispersive band 

at -0.69 ~ -0.27 eV. However, due to the limitation of our UPS, we have not been able 

to verify and separate, studies using high-resolution angle-resolved UPS are called upon 

in future.   

Returning to the DOS of v1H-Mo5Te8 as presented in Figure 4b, the peak at EF 

would make the material unstable with respect to some collective excitations at low 

temperature. An STS spectrum obtained from such a sample is shown in Figure 4d. We 

remark that this spectrum is characteristic of v1H-Mo5Te8, as the same spectrum is 

obtained irrespective of the very site on v1H-Mo5Te8 where the measurement is taken. 

This marks a distinct difference from that of the MTB in 1H-MoTe2, which shows 

metallic properties only on the sites of the MTBs but semiconducting in the neighboring 

1H-MoTe2 domains (though for short MTBs, quantum confinement can open DOS 
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gaps[23, 24], see Supplementary Information Figure S2). Figure 4d reveals, besides a 

metallic behavior different from both 1H- and 1T’-MoTe2 (see Supplementary 

Information Figure S2), a DOS suppression at 𝐸𝐹   instead of a predicted peak (cf. 

Figure 4b). The latter may be indicative of some kind of low-energy excitation in 

system at the temperature of measurement (~ 5 K). On the other hand, we also recognize 

that v1H-Mo5Te8 has a higher Mo composition and the energy band is seen narrower 

than that of 1T’-MoTe2, so effects of the Hubbard potential can be also important. We 

have thus performed the DFT+U calculations and the resulted DOS incorporating a 

Hubbard potential 𝑈 = 2 eV is shown in Figure 4d (see Supplementary Information 

Figure S4 for the calculated energy bands). As seen, it reproduces the DOS dip at the 

Fermi level reasonably well. More studies by experiments and theory are obviously 

needed to clarify the effect of electron interaction and the true nature of the DOS 

suppression at EF, however. 

  DFT calculations taking into account the spin-orbit coupling in a free-standing 

SL-Mo5Te8 reveal a weak magnetic dipole momentum (see Supplementary Information 

Figure S5), promising some potentials for magnetic applications. Besides, as the 

structure of v1H-Mo5Te8 shows resemblance with MTB-populated 1H-MoTe2 and 

behaves as a metal, it can also be catalytic active that may find applications in catalytic 

chemistry.  
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Figure 4. Electronic properties of v1H-Mo5Te8. (a) DFT calculated band structure of 

SL free-standing Mo5Te8. (b) DOS of the Mo5Te8 as extracted from the DFT-calculated 

energy bands. Note the high DOS at EF (0 eV). (c) UPS spectra from a Mo5Te8 sample 

taken from different angles, revealing a major peak at ~ 1.2 eV in binding energy 

(different spectra are vertically shifted for clarity). (d) STS spectrum taken from Mo5Te8 

(black curve) and superimposed with the calculated DOS of v1H-Mo5Te8 using the 

DFT+U (𝑈 = 2 eV) (red curve, and compare with (b)). 

 

5. Conclusion 

   To conclude, a new polymorph of SL-TMC, the v1H-Mo5Te8, is discovered in films 

grown by MBE. It has a reduced Te composition (1.6) than the common 1H and 1T’ 
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phases of MoTe2. The structure possesses a hexagonal symmetry and has a unit cell 

containing a total of 39 atoms (15 Mo and 24 Te). Its structure is closely connected to 

1H-MoTe2 but containing the highest density possible or shortest segments of MTB-

loops in an otherwise pristine 1H-MoTe2. The v1H- Mo5Te8 is metallic, and the DFT 

calculations suggest a high DOS at the Fermi energy, whereas STS experiments reveal 

a DOS suppression at EF. The latter may be reproduced by a DFT+U calculation (with 

𝑈 = 2 eV), indicating possible effect of electron-electron interaction in the system.  

6. Methods 

   SL-Mo5Te8 samples were grown on bilayer graphene formed by heating SiC(0001) 

or on HOPG in an Omicron UHV system with the base pressure of low 10-10 Torr. The 

flux of Mo was generated from an e-beam evaporator and was estimated to be 

~ 1.5 × 1011 atoms/cm2‧s. The flux of Te was generated from a standard Knudsen cell 

operated at 255 ℃, which was about 8 times that of Mo during deposition. The substrate 

temperature was ~300℃.  

STM/S measurements of the samples were carried out in a Unisoku 1500 system 

operated at 77K/5K. The constant-current mode was adopted for all the STM 

measurements, where the tunneling current was set at 100 pA. As grown samples were 

either capped by an amorphous Te (or Se) layer or uncapped before being taken out of 

the vacuum and transferred to the STM system, where a thorough  heating procedure 

is adopted to desorb the capping layer or any adsorbates before the STM/S 

measurements. Clean surfaces recovered by heating are confirmed by the RHEED and 

subsequent STM imaging. 
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  ADF-STEM experiments were performed in a probe-corrected STEM (FEI Titan 

Chemi STEM) operated at 200 kV. The convergence angle was 21.4 mrad and the 

acceptance angle of the ADF detector was set to 53-200 mrad. This is referred to as the 

medium angle ADF-STEM (MAADF-STEM) [12, 19]. The specimens for STEM were 

prepared by the micromechanical exfoliation process and then transferred onto a TEM 

grid with lacey carbon film. The paraffin wax used during the micromechanical 

exfoliation were repeatedly washed by acetone, which could substantially decrease 

possible contamination. 

     In situ UPS experiments were carried out at room-temperature using a Helium 

discharge lamp and semi-spherical analyzer. A 3×20 mm2 slit was inserted in front of 

the analyzer, which translates into an angle-resolution of ~0.26°.  

    The DFT calculations were performed by using the Vienna ab initio simulation 

package (VASP)[25]. The projector augmented wave (PAW) method was applied to 

describe the interactions between the electrons and core, with the plane-wave cutoff 

energy 400 eV[26]. We employed Perdew-Burke-Ernzerhof (PBE) formalism of 

generalized gradient approximation (GGA)[27] to treat exchange-correlation. The k-

point sampling of Brillouin zone was set to be 4 × 4 × 1 for the density of states 

calculations. An effective on-site Coulomb energy 𝑈 = 2  eV is introduced for the 

DFT+U calculation,  
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