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Abstract 

 

Two-dimensional Transition Metal Dichalcogenides (TMDs) possessing their extraordinary 

physical properties at reduced dimensionality have attracted interest due to their promise in 

electronic and optical device applications. However, the TMD monolayers can show a broad 

range of different properties depending on their crystal phase, for example H phases are usually 

semiconductor while the T phases are metallic. Thus, controlling phase transitions become 

critical for device applications. In this study, the energetically low-lying crystal structures of 

pristine and Janus TMDs are investigated by using ab-initio Nudged Elastic Band and 

molecular dynamics simulations to provide a general explanation for their phase stability and 

transition properties. Across all materials investigated, the T phase is found to be the least 

stable and the H phase is the most stable except for WTe2, while T' and T'' phases change places 

according to the TMD material. The transition energy barriers are found to be large enough to 

hint that even the higher energy phases are unlikely to go under a phase transition to a more 

stable phase if they can be achieved except for the least stable T phase which has zero barrier 

towards T’ phase. Indeed, in molecular dynamics simulations the thermodynamically least 

stable T phase transformed into T' phase spontaneously while in general no other phase 

transition was observed up to 2100 K for the other three phases. Thus, the examined T', T'' and 

H phases were shown to be mostly stable and does not readily transform into another phase. 

Furthermore, so-called mixed phase calculations considered in our study explain the 

experimentally observed lateral hybrid structures and point out that the coexistence of different 

phases are strongly stable against phase transitions. Indeed, stable complex structures such as 

metal-semiconductor-metal architectures, which have immense potential to be used in future 

device applications, are also possible based on our investigation. 
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1. Introduction 

Two-dimensional (2D) materials have attracted interest of many material scientists around 

the globe due to their extraordinary properties in contrast to their three-dimensional (3D) 

counterparts. Primarily in 2004, graphene flake was isolated from highly oriented pyrolytic 

graphite and its peculiar electronic and other physical properties were investigated 1. It is 

found that its physical properties were interestingly different from its 3D counterpart:  

graphite due to reduced dimensions. 2 To date, It has been demonstrated that 2D materials 

show incredible properties such as tunable band gap 3, high carrier mobility 4, increased 

chemical stability 5, tunable optical properties 6, superconductivity 7 and high mechanical 

strength 8. Beginning from the isolation of graphene, many 2D materials with unique 

properties are investigated. Transition metal dichalcogenides (TMDs), which have 

interesting electrical and optical properties, 9 have become one of the most intensely studied 

structures among 2D materials. TMDs have forbidden band gaps at bulk, however their 

electronic properties change from indirect to direct in monolayers, which allows their 

usage in technological applications such as transistors and photodetectors 10,11. As there 

is inherently a larger variety of accessible crystalline phases at 2D scale, different phases 

of 2D-TMDs provides challenging properties for fundamental research and applications 12. 

2D monolayer TMDs consist of three sublayers of atoms: The same two chalcogen (X) atom 

sublayers and one transition metal (M) atom sublayer placed between them. The bulk TMDs 

show different phases depending on the relative location between sublayers and the atoms 

setting in each sublayer. The four phases of MX2 are known as H, T, T' and T''. Electronic 

and physical properties can be altered within 2D TMDs by controlling phase transition 

between semiconducting H phase and semimetallic or metallic T phases such as T, T' and 

T'' 13,14.  

 

Most of the TMD monolayers have in-plane inversion symmetry. Nonetheless, few TMD 

monolayers are semiconductor with direct band gaps, due to their in-plane asymmetry. This 

asymmetry results in outstanding optical properties and optoelectronic applications 15. Along 

with this in-plane inversion asymmetry; spin manipulation, which is allowed with additional 

degree of freedom, can be done by applying an external electric field or creating an asymmetric 

out-of-plane structural configuration, thus breaking out-of-plane mirror symmetry 16,17. For 



Example, if the upper sulfur atomic layer of the MoS2 monolayer is replaced by the selenium 

atomic layer, it distorts the out-of-plane mirror symmetry, thereby forming a Janus type 

monolayer [18]. 2D Janus monolayers can be shown in the form of MXY where the X 

chalcogen layer is replaced by another type (Y) chalcogen layer. Due to their lack of mirror 

symmetry, Janus TMDs (MXY) have a reduced C3v symmetry while MX2 type monolayers 

have D3v symmetry 18. Furthermore, the charge distribution of Janus TMDs are not uniform 

between top and bottom atomic layers, due to differences in electronegativities and atomic radii 

of different elements which they are consists of 19. Indeed, Janus TMDs have been successfully 

fabricated through CVD methods 16,20,21 and their several unique properties such as strong 

Rashba spin splitting, a second-harmonic generation response, large piezoelectric effect, and 

good catalytic performance have been reported in literature. 22  

 

Both Janus and pristine TMD structures may have different phases; such as H, T, T’, T'' and 

phase transitions between those phases are possible under proper conditions, which can be 

utilized for improved technological properties. 23,24 Thus, thermodynamical and kinetical 

stabilities of these phases and the transition energy barriers among them would be very helpful 

for fundamental applications of these different phases of monolayer materials in nanoscale 

devices.  

 

On the other hand, lateral heterostructures with different phases of TMDCs has also been 

experimentally achieved. 25,26 This is utmost important due to the future device applications 

because these lateral hybrid materials with different electronic structures may lead to complex 

material architectures within a single material. Therefore, the systematic determination of 

structure stability and energetic properties of these hybrid materials are critical.  

 

In this paper, we investigated crystalline phases of MX2 and MXY type 2D-TMDs (M=Mo, W; 

X, Y=S, Se, Te) and possible phase transitions between them by using ab-initio techniques. 

Thermal stabilities of different phases are analysed by ab-initio molecular dynamics (AIMD) 

simulations. The energy barriers for phase transitions are calculated with climbing image 

nudged elastic band (CI-NEB) method by using the Vienna Ab initio Simulation Package 

(VASP) within the density functional theory (DFT).  

 

 

 



2. Computational Details 

All the calculations including structural optimizations, CI-NEB and AIMD simulations were 

performed with the Vienna Ab-initio-Simulation-Package (VASP) 27,28 code by using Density 

Functional Theory (DFT). Perdew-Burke Ernzerhof (PBE) flavour of the generalized gradient 

approximation (GGA) is used for exchange-correlation functional within DFT 29,30. The 

monolayer TMD structures are constructed as 2x2x1 supercells consisting of 24 atoms. In order 

to calculate monolayer structures within the VASP code, a vacuum distance of at least 15 Å in 

the vertical direction is ensured to eliminate spurious interactions between the periodic 

structures in z-direction. A gamma point centered Monkhorst-Pack grid 31 of 5x3x1 k-points is 

used for Brillouin zone sampling. The cut off energy for plane-wave basis expansion is set to 

500 eV within projector augmented wave (PAW) method 32,33. All DFT calculations were 

performed until the forces on the ions are less than 0.01 eV / Å. The total energy convergence 

limit is set to 10−6 eV for electronic part of the minimization.  

 

The transition energy barriers of pristine and Janus TMDs were calculated by climbing image 

nudged elastic band (CI-NEB) method via Transition State Tools for VASP (VTST) 34,35. As 

CI-NEB method searches the lowest energy pathway between two given related structures, it 

is adopted to compute the energy barriers for the transitions between the H, T, T’, and T'' phases. 

By carefully analyzing all the phase structures, we matched all individual atoms to minimize 

individual movement of atoms during the phase transition before the CI-NEB calculations. 

A 5-image pathway is calculated between these constructed terminal structures within the 

CI-NEB approach.  

 

AIMD simulations were performed with a timestep of 1 fs within NPT ensemble (constant 

particle, pressure, and temperature) 36. Initial AIMD simulations are first performed to heat the 

structures to room temperature for all considered phases, which is considered as equilibration 

part. Then room temperature simulations are conducted for further 5000 steps. Finally heating 

simulations with a 600 K/fs increase rate up to 900K, 1500K and 2100K are performed 

respectively for most of the systems until the structure becomes into a ‘melted’ state if not 

showing a distinct phase transition. 

 

 

 



3. Results and Discussion 

Pristine monolayers (MX2) are first modelled by two layers of the same chalcogen atom (X= 

S, Se, Te), and then the Janus monolayers (MXY) are modelled from the replacement of one 

X layer by another type chalcogen atom (Y= S, Se, Te). We have considered four different 

possible crystal phases, which are distinguished by the coordinates of chalcogen atoms in 

respect to M atom. In H phase, the X atoms are AA-stacked because of transition metal atoms 

occupy the trigonal prismatic voids. In T phase, M atoms occupy octahedral voids between 

AB-stacked chalcogen atoms. T′ phase can be seen as a reconstruction of T phase where the 

connectivity is the same while there is an alternating order of chalcogen atoms getting closer 

and away to the plane and hence the metal atoms getting closer or further to their neighbours.  

Finally, T′′ phase is known as ‘mixed phase’, which can be seen as a series of H and T′ phases 

merged together. The Figure 1 shows crystal structures of these four different phases for 

pristine TMDs. 

 
To find the optimum structural parameters for each system, the energy changes for each lattice 

parameter are independently optimized. Then the equation of state curves are obtained by the 

variance of the area corresponding to these optimized lattice parameters. The optimized lattice 

parameters of pristine and Janus monolayers are listed in Table 1. The calculated lattice 

parameters are in very good agreement (less than %2 differences in general) with the existing 

literature for all considered pristine TMD phases 37–40 and the Janus phases of H and T′ 41–43. 

 

In general, the calculated lattice parameters both for MX2 and MXY monolayers increase with 

the increasing atomic radius of chalcogen atoms. It is found that the optimized b lattice 

parameters of pristine and Janus TMDs are very close to half of the b′ lattice parameters for T′′ 

phases as the conventional unit cell for T′′ phase is double of other phases in the y direction. 

Although the a parameter do not vary much between the phases, the b parameter of T′ phase is 

the largest among all phases and the b′/2 is the second highest for T′′ phase. This is due to the 

reconstructions of the chalcogen atoms in these phases on xy plane causing an increase in the 

metal-metal distances in y direction.  

 

The total energy per formula unit as a function of area (equation of state) for optimized atomic 

structures of pristine and Janus TMDs for H, T, T′, T′′ phases were given in Figure 2. The 



chemical/energetical stabilities of H, T, T′ and T′′ phases of pristine and Janus TMDs were 

investigated by comparing equation of states (lower energy means better stability). Across all 

materials investigated, the T phase is found to be the least chemically/energetically stable phase 

while the H phase is the most chemically stable phase except for WTe2. However, note that the 

energy differences for the other Te containing TMDs such as MoTe2 and WSeTe, the energy 

difference between H and T′ is only below 0.02 eV. For WTe2, T′ phase is found to be the most 

stable and the energy difference with H phase is 0.03 eV. Energetically, the approximate 

stabilities of T ′  and T ′ ′  phases are found close to each other for most of the materials 

investigated (in general below 0.04 eV except for WTe2). T′ phase is slightly more stable than 

T′′ phase in MoTe2, WTe2, WSe2, MoSeTe, WSTe and WSeTe and vice versa for the other 

TMDs considered. In other words, in all the S containing TMDs except for WSTe T′′ is more 

favourable than T′. When we compare the pristine and the Janus TMD, the general tendency is 

that the energy differences between phases decreased for Janus TMDs by 0.03 eV than in 

pristine TMDs.  

 

To investigate the possible phase transitions between these energetically proximate phases, CI-

NEB calculations are conducted both for pristine and Janus TMDs. Different possible transition 

paths between different phases are all considered. Figure 3 displays the lowest transition energy 

profiles of different phase transitions calculated by CI-NEB, which shows the energies of initial, 

transition and final states, respectively. For H↔T, H↔T′, H↔T′′, T′′↔T′ transitions, a 

transition state occurs between two corresponding local minima phase. These transition state 

structures are given in Supplementary Information S17. However, there is no transition state 

between T↔T′ transitions, which hints a spontaneous transformation and thus T phase cannot 

be regarded as a true local minimum. This is also in line with the observed negative frequencies 

on the phonon dispersion curves of T phase MoTe2
44, while there are no imaginary frequencies 

for any of the H-phase phonon examples of both pristine45 and janus TMDs19.  In literature, 

there exist also stable phonon spectrum examples of T′-MoS2,46 WS2,46 WTe2,47 MoSSe,48 

MoSTe,48 and T′′- MoS2
49. Calculated phonon dispersion curves of all four phases of MoS2, 

MoSSe, MoSe2, WS2, WSSe, and WSe2 are also given in Supplementary Information S18-S21. 

 

The calculated transition energy barrier values are all listed in Table 2. For all pristine and 

Janus cases, the energy barrier of the transition from the H phase to the T phase (H→T) is the 



largest among all phase transitions, and the values range between 1.08 eV and 1.70 eV. In 

general, second highest transition energy barrier values are found for H→T′ ranging between 

0.69 eV and 1.51 eV. These higher energy barriers separate the H and T group structures and 

means more difficult transitions between them. The energy barrier of the transition from the H 

phase to the T′′ phase (H→T′′) is smaller than H→T and H→T′ transition energy barriers and 

its value is ranging between 0.51 eV and 0.99 eV. As the T′′ structures are somehow a mixture 

of T′ and H phases, in general its transition to both ends has a very similar energy barrier. As 

these transition energy barriers from T′′ are at least 0.2 eV, all these three phases can be 

regarded as local minima for both pristine and Janus TMDs. That being said, phase transitions 

including T′′ are primarily expected if any as their energy barriers are the lowest, despite still 

being higher than 200 meV (For a rough Arrhenius equation type comparison, kbT is 25.7 meV 

at room Temperature). When we compare the transition energy barriers of Janus TMDs (MXY) 

to their parent pristine TMDs (MX2 or MY2), either the energy barriers are increased relative 

to the both chalcogen atoms or the value is somewhere in the middle of the values for MX2 and 

MY2. Therefore, the phase transitions for Janus TMDs are as difficult as in the case for pristine 

TMDs, which also confirms the stability of all the three phases holds for Janus TMDs. For 

Janus TMDs, the energy differences between different phases are also lower than for 

corresponding pristine ones, while the transition energy barriers are not smaller. This implies 

that reaching other phases could be more feasible for Janus TMDs while they are expected as 

stable as pristine TMD phases. 

 

When we compare our results to the existing literature, there is slight difference for the H→T 

and T→H barriers of MoS2 with Pandey et al 50 where our values differ by around 0.2 eV. This 

is because it is difficult to get the barriers between H and T phases since the transition goes 

over T′ phase as Huang et al 37 discussed this in their work as well and our barrier values are 

within 0.02 with theirs for MoTe2 and WTe2. For the H→T′ and T′→H transitions of MoTe2, 

we find almost the same values with Krishnamoorthy et al. 51 (0.77 eV and 0.71 eV, 

respectively). Moreover, all of our barrier energy values compare well with a more 

comprehensive work of Patil et al. 38, which covers all the barriers between H, T′ and T′′ phases 

for MoS2, MoSe2, WS2, and WSe2. 

 

To ensure the phase stabilities and to check the coexistence of multiple phases, we constructed 

a mixed phase (HT′) unit cell, which contains H and T′ phases partially. There are two and four 



distinct possible merging configurations for pristine and Janus TMDs, respectively for such a 

HT’ mixing. Among them the lowest energy configuration is actually equivalent to the T′′ 

phase if merging only one unit from both H and T′ phases in the lateral direction. The idea 

behind is somehow excite the T′ phase by converting one half of the cell into more energetically 

favorable H phase in advance, to check whether the transition energy barriers are lowered or 

not. Otherwise it may also hint the stable coexistence of multiple phases. Indeed, such 

coexistence models are suggested 52,53 and experimentally observed 25,26 to engineer properties 

such as electronic transport. The Figure 4 shows the transition energy profile through such a 

HT′ mixed phase for MoS2 and MoSSe. A significant reduction in the transition energy barriers 

was observed between H and T′ phases through this mixed HT′ phase: 0.97 eV for MoS2 and 

0.76 eV for MoSSe. However, these lowered transition energy barriers and the barriers from 

the mixed HT′ phase itself are still over 0.33 eV, which give even a possibility to the 

coexistence of different phases together. When we compare the relative energies of larger HT′ 

mixed phase structures for Janus MoSSe (see supplementary info Table 1), where there are two 

and three units merged from H and T′ phases, energetic stability increases with the increasing 

number of units. 

 

To further investigate the stabilities and the possible phase transitions of the considered phases, 

AIMD simulations were performed both for pristine and Janus TMDs. Room temperature 

AIMD simulations suggest that all phases except the T phase (H, T′ and T′′) are thermally 

stable for all pristine and Janus TMDs (see Figure 5 and Supplementary Information S3-S14). 

However, for both Janus and pristine structures, it is observed that T phase transitions into T′ 

phase beginning even from 5 K. In Figure 5, the WTe2 and WSeTe examples are given as these 

systems have relatively lower transition energy barriers than the other systems. Their total 

energy fluctuation curves at room temperature show that the energetical order holds also for 

AIMD simulations, where the T′ phase is more stable in WTe2 and H phase is more stable for 

WSeTe. Figure 5 also shows the temperature and energy fluctuation curves of the 5K AIMD 

simulations for T phase MoS2 and MoSSe structures as an example for the spontaneous T→T′ 

phase transition. The instant temperature rise, and the corresponding potential energy drop 

coincide with the structural phase transition. Other AIMD simulations confirm this instability 

for the T phase for all pristine and Janus TMDs considered with very similar pictures (see 

Supplementary information S1 and S2). 

 



Heating AIMD simulations were also carried out to check whether phase transitions or 

structural deformations will occur at higher temperatures for H, T′ and T′′ phases. Figure 6 

shows example results for T′′-MoTe2 and T′′-MoSeTe phases as these systems had relatively 

higher transition probabilities due to their relatively lower transition energy barriers. 

Temperature and energy fluctuations can be seen in these corresponding graphs in Figure 6 and 

the energy is increasing relative to the temperature increase in the heating AIMD runs. 

Although the atoms start to move faster at higher temperatures which result in local structural 

distortions at any time frame, the phase structures do not change or distort as the average 

positions of the atoms do not deviate drastically. However, heating materials above 1500K in 

general resulted in structural deformations like a melted state (example structures can be seen 

in the last column of Figure 6) instead of a phase transition until 2100K. Yet we did not 

characterize the exact melting temperatures as it would require orders of magnitude larger 

computational resources and will be out of scope of this study. Nonetheless, until 1500K, we 

did not observe any phase transition or structural deformation for any of the H, T′ and T′′ 

phases (see Figure 6 and supplementary information S3-S14), which hints a high thermal 

stability for these materials for H, T′ and T′′ phases for all considered TMD materials.  

 

As in the CI-NEB calculations, to check the coexistence of the multiple phases, we repeated 

the AIMD simulations on the HT′, HT′′, and T′T′′ mixed phases of MoSSe structures, which 

contains two lateral units from each corresponding phase. In general, the total energy values of 

mixed phases (see Figure 7a) lie somewhere between the total energies of the original phases 

(see Figure 7b). Energetically HT′′ mixed phase has the lowest energy for MoSSe followed by 

HT′ and then T′T′′ phases as expected due to the energetical order of their component phases. 

To check how the lateral unit size effect the energetics of the mixed phases, AIMD simulations 

are done also for three lateral unit containing HT′ phase from each corresponding phase for 

MoSSe. As can be seen from the energetic analysis from these AIMD simulations (see 

supplementary information S16), the energetic stability increases with the lateral size of the 

coexisting phases. All the mixed phase AIMD simulations gave similar pictures in terms of 

temperature and energy fluctuations with the original phases and they preserved their 

multiphase structures during whole simulation. Furthermore, still no phase transition could be 

observed for these so-called excited phases up to the melting temperatures (see Figure 7 and 



supplementary information S15-16). Thus, it is concluded that all the considered H, T′ and T′′ 

phases are thermally stable and even they may coexist together as mixed phases.   

 

Conclusion 

In summary, the structural and thermal stabilities of H, T, T′ and T′′ phases and their lateral 

coexistence for pristine and Janus TMDs were investigated by DFT calculations along with the 

energetics of transitions between them.  The optimal structural parameters were characterized 

for each phase and their energetics are compared to observe their relative stabilities. Among 

all considered phases, H phase is found to be the most stable phase while T phase is the least 

stable one, except for WTe2 material.  By CI-NEB calculations, it was observed that the 

transition energy barriers from H phase to T phase is higher than the other phase transitions. In 

general, all the transition barriers among H, T′ and T′′ phases are found to be larger than 0.35 

eV (except for T′′→T′ transition in WTe2 and MoTe2 which are around 0.2 eV), which hint that 

these phases are unlikely to go under a phase transition to a more stable phase if they can be 

achieved. AIMD simulations are conducted to check the thermal stability calculations starting 

from 300 K. Then the temperature was gradually increased to 2100 K with 600 K/fs. Apart 

from thermal fluctuations of the constituent atoms, the crystal structures remain unchanged up 

to 1500K for H, T′ and T′′ phases. However, even at 5K AIMD simulations revealed a 

spontaneous phase transition for T phase into T′, which is consistent with the instability of T 

phase. Hybrid phase calculations reveal that not only pristine but also Janus hybrid structures 

are possible, and their energetic stability increases with the lateral size of the coexisting phases.    

 

To sum up, our results show high stability for H, T′ and T′′ phases both for pristine and Janus 

TMDs and the possibility of their coexistence as hybrid phases. Effectively controlling 

structural phases of 2D TMDs is very critical and may enable various potential applications in 

electronic, optic and spintronic devices and therefore we believe that Janus type multiple phase 

TMDs would be a valid direction for further experimental progress on such device technologies.  

 

 

 

 



Table 1. The optimized lattice structure parameters (in Å) of H, T, T′, T′′ phases for pristine 
and Janus TMDs. For T′′ phase b′/2 is given in table for practical comparison with equivalent 
b parameter of other phases. 

 H T T′ T′′ 

Pristine a b a b a b a b′/2 

MoS2 3.18 5.52 3.18 5.53 3.18 5.73 3.19 5.66 

MoSe2 3.32 5.75 3.28 5.69 3.28 5.97 3.30 5.89 

MoTe2 3.55 6.15 3.49 6.06 3.43 6.40 3.51 6.27 

WS2 3.18 5.51 3.20 5.56 3.19 5.72 3.22 5.65 

WSe2 3.32 5.74 3.28 5.68 3.30 5.95 3.30 5.88 

WTe2 3.55 6.15 3.51 6.08 3.49 6.31 3.52 6.27 

Janus a b a b a b a b′/2 

MoSSe 3.25 5.63 3.22 5.58 3.22 5.86 3.25 5.77 

MoSTe 3.36 5.83 3.32 5.75 3.32 6.08 3.36 5.96 

MoSeTe 3.43 5.95 3.38 5.85 3.38 6.17 3.41 6.07 

WSSe 3.25 5.63 3.24 5.62 3.24 5.84 3.25 5.77 

WSTe 3.36 5.83 3.32 5.76 3.34 6.05 3.36 5.95 

WSeTe 3.43 5.94 3.38 5.86 3.40 6.14 3.42 6.07 

    
 

Table 2. Energy barrier values (eV/TMD unit) of structural phase transformation for pristine 
and Janus TMDs 

Structures H→T   T→H H→T′   T′→H H→T′′   T′′→H T′′→T′  T′→T′′ 

MoS2 1.55     0.71 1.51      0.96 0.92        0.45 0.50       0.42 

MoSe2 1.35    0.65 1.12      0.79 0.76        0.41 0.37       0.38 

MoTe2 1.08    0.56 0.77      0.73 0.57        0.40 0.23       0.36 

WS2 1.69    0.79 1.50      0.97 0.99        0.49 0.54       0.50 

WSe2 1.47    0.69 1.15      0.88 0.78        0.44 0.38       0.45 

WTe2 1.18    0.61 0.69      0.78 0.51        0.38 0.20       0.41 

MoSSe 1.59    0.85 1.45      1.02 0.90        0.53 0.53       0.46 

MoSTe 1.51    1.03 1.29      1.04 0.71        0.50 0.55       0.51 

MoSeTe 1.39    0.86 1.09      0.92 0.70        0.51 0.43      0.46 

WSSe 1.70    0.89 1.42      1.02 0.92        0.55 0.54      0.52 

WSTe 1.59    1.05 1.26      1.08 0.76        0.57 0.57      0.58 

WSeTe 1.48    0.89 1.07      1.00 0.68        0.52 0.41      0.51 



 

Figure 1. Top and side view of the atomic structures of monolayer pristine TMDs for (a) H, (b) 
T, (c) T′, (d) T′′ phases. Blue spheres represent the transition metal atom, whereas yellow 
spheres represent chalcogen atoms. 
 



 

Figure 2. Equation of states of different phases of (a) pristine and (b) Janus TMDs including 
group VIB. 
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Figure 3. Change of (a) the pristine TMDs and (b) the Janus TMDs energy per chemical 
formula unit as a function of phase transition coordinate for (a) H↔T, (b) H↔T′, (c) H↔T′′, 
(d) T′′↔T′, (e) T′↔T phases. 
 

 

Figure 4. The relative energy difference and transition energy barrier between the H phase, H- 
T′ multiple phase and the T′ phase of (a) MoS2, (b) MoSSe. 
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Figure 5. Temperature and total energy curves of AIMD simulations for all phases of (a) WTe2 
and (b) WSeTe.  300K simulations are shown here for H, T′  and T′ ′  phases, while 5K 
simulations for T phase as it spontaneously transforms into T′ phase.  
 



 

Figure 6. Temperature and total energy curves of AIMD simulations of heating up to 2100K 
for T′′ phases of (a) MoTe2 and (b) MoSeTe.  
 

 



 

Figure 7. Temperature and total energy curves of AIMD simulations for (a) merged and (b) 
original H, T′ and T′′ phases of MoSSe Janus TMD.  300K simulations are shown for all phases 
and the total energy values of merged phases are divided by two to allow easier comparison to 
original phases.  
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