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1. Introduction

MoS2 monolayers have attracted significant recent 
research interest, largely because of their promising 
mechanical [1], catalytic [2] and electronic properties 
[3, 4]. One unusual feature of MoS2 and seveal other 
transition metal dichalcogenides (TMDs) monolayers 
is their polymorphism [5]. Monolayer MoS2 can exist 
with three distinct crystal structures, as shown in 
figure 1. The most stable phase is the semiconducting 
2H crystal structure, in which each Mo atom is 
surrounded by six S atoms with a prismatic trigonal 
coordination [6, 7]. The 2H MoS2 structure consists of a 
pair of sulfur layers with an intervening Mo layer, which 
is often represented as an ABA stacking, where A and B 
denotes the S and Mo atomic layers, respectively. The 
metallic 1T phase is a variant of the 2H structure, where 
the S atom coordination of each Mo is octahedral and 
the stacking mode is ABC [5, 8]; i.e. the two equivalent 
sulfur layers in 2H phase are displaced in-plane relative 
to one another to form the 1T phase. The 2H phase 
can be transformed to 1T phase by sliding one S and/

or one Mo atomic layer along armchair direction [9]. 
However, the 1T phase is unstable (one of the phonon 
modes is imaginary) [7] and spontaneously transforms 
into the lower-symmetry, narrow band-gap, metastable 
ABC-stacked 1T′ structure [5, 10]; however, the 1T 
phase may be stabilized via external means. Comparing 
the 1T′ with the 1T phase, we see that the Mo atoms 
along the b-direction in 1T′ are dimerized to form the 
distorted zigzag Mo atom chains. While the Mo and S 
layers in the 2H and 1T structures are flat, in the 1T′ 
structure each of the layers is rippled (see figure 1). 
Because of the distinct electronic properties of these 
different phases, TMDs represent an interesting avenue 
for the fabrication of electronic devices based upon 
heterophase monolayer phase engineering [9, 11].

Interfaces in monolayer TMDs may posses elec-
trical and catalytic properties that differ from those 
of the perfect phases. These interfaces are line defects 
and include edges, heterophase interfaces, and grain 
boundaries. Grain boundaries, for example, can either 
impede or facilitate electrical transport, depending 
on their structure [12]. Edges in MoS2 may catalyze  
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Abstract
The transition metal dichalcogenides exhibit polymorphism; i.e. both 2H and 1T′ crystal structures, 
each with unique electronic properties. These two phases can coexist within the same monolayer 
microstructure, producing 2H/1T′ interfaces. Here we report a systematic investigation of the 
energetics of the experimentally most important MoS2 heterophase interfaces and edges. The stable 
interface and edge structures change with chemical potential (these edges/interfaces are usually 
non-stoichiometric). Stable edges tend to be those of highest atomic density and the stable interfaces 
correspond to those with local atomic structure very similar to the 2H crystal. The interfacial energies 
are lower than those of the edges, and the 1T′ edges have lower energy than the 2H edges. Because the 
1T′ edges have much lower energy than the 2H edges, a sufficiently narrow 1T′ ribbon will be more 
stable than the corresponding 2H ribbon (this critical width is much larger in MoTe2 than in MoS2). 
Similarly, a large 2H flake have an equilibrium strip of 1T′ along its edge (again this effect is much 
larger in MoTe2 than in MoS2). Application of tensile strains can increase the width of the stable 1T′ 
strip or the critical thickness below which a ribbon favors the 1T′ structure. These effects provide a 
means to phase engineer transition metal dichalcogenide microstructures.
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hydrogen evolution reactions [2, 13, 14]. Photolumi-
nescence is strongly enhanced near MoS2/WS2 and 
MoS2/WSe2 heterophase interfaces [15, 16]. Since 
edges and heterophase interfaces are natural features of 
many TMD monolayers that exhibit metastable phases, 
such line defects dramatically alter TMD properties. In 
order to take advantage of such property alternations 
in designing new devices, it is important to understand 
interface structure and how to control/pattern these 
structure via strain or composition modulation [17].

Here, we report the results of a first-principles den-
sity functional theory study of 2H and 1T′ edges and 
2H/1T′ interfaces in MoS2 monolayers. We report inter-
face and edge energies and structures as a function of 
the chemical potentials of the constituents. Based on 
these results, we propose how to stabilize metastable 1T′ 
regions near the edge of 2H monolayers in TMDs by 
manipulation of composition and strain.

2. Interface bicrystallography

In these calculations, we assume that the 2H/1T′ 
interfaces are coherent since the mismatch in lattice 
constants between the two phases is very small. (Our 
calculations yield for the 1T′ and 2H phases to be 3.179 
and 3.183 Å or 0.13% mismatch in the b-direction—see 
figure 1.) We first establish a notation for describing 
the 2H/1T′ interface structures. We form a periodic 
supercell containing alternating strips of 2H and 1T′ 
as shown in figure 2(c) by constructing a single phase 
2H structure and then translating the top S-layer (i.e. 
S-top) in one of the directions indicated in figure 2(a) 
within the confines of the strip between the dashed 
vertical lines (figure 2(c)). Alternatively, we may form 
a periodic supercell containing alternating strips of 2H 
and 1T′ as shown in figure 2(d) by constructing a single 

phase 2H structure and then translating the top S-layer 
(i.e. S-top) by one of the blue vectors and the Mo-layer 
by the red vector (parallel to the selected blue vector) 
as indicated in figure 2(b) within the confines of the 
strip between the dashed vertical lines (figure 2(d)). As 
shown in figures 2(a) and (b), there are three possible 
shift directions for each case; i.e. shifts in the πm 3/  
directions relative to the a-direction (see figure 1). For 
the 1T′ structures produced by shifting only the S-top 
layer ∈m 1, 3, 5{ } (figures 2(a) and (c)) and for those 
produced by shifting both the Mo and S-top layers 
∈m 0, 2, 4{ } (figures 2(b) and (d)). These are all the 

possible 1T′ structures that can be produced by simple 
uniform shifts of layers from the base 2H structures. 
Note, these shifts actually produce 1T structures and 
the 1T′ structures form by small atomic relaxations 
from the 1T structures. (In [9], the authors refer to the 
interfaces with odd and even values of m as γ and β, 
respectively.)

The interface normal, pointing from the 2H phase 
to the 1T′ phase, can in principle be in any direction, but 
here we focus on the interface normals in the πn 3/  direc-
tion, where ∈n 0, 3{ }. With these interface normals, 
creating the 1T′ strips necessarily produces two distinct 
interfaces. We note that, in the experiments that show  
interfaces, these interfaces tend to be straight and with 
these (or their symmetry equivalent) orientations [5, 
9]. Finally, we note that when we shift both the Mo and 
S-top layers to produce the 1T′ layers, we have a choice 
as to which pairs of Mo and S atoms we shift together 
(i.e. we must establish a basis), as shown by the circled 
pairs of atoms in figure 2(d). If we view the Mo and S 
as positively and negatively charged ions, we can define 
a dipole moment for the basis pointing from S to Mo. 
The orientation of this dipole moment is at an angle 
of πp 3/  relative to the a-direction (see figure 1) where 

Figure 1. Three MoS2 monolayer crystal structures. The structures can be represented in an orthorhombic unit cell which contains 
two Mo atoms and four S atoms. The upper and lower panels show the views normal to the monolayer and in the plane of the 
monolayer, respectively. The large orange, small yellow and large gray circles denote S atoms in the bottom, S atoms in the top and 
Mo atoms in the middle layers.

2D Mater. 4 (2017) 025080
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∈p 0, 4{ }. Since, only S-top shifts in the cases of fig-
ures 2(a) and (c), there is no dipole moment and we use 
the shorthand =p ⦁. Hence, we can uniquely describe 
all of the 2H/1T′ interfaces in terms of the bicrystal-
lographic, geometric degrees of freedom as (m, n, p),  
as indicated in figure 2.

Edges can be formed by cutting the perfect 2H or 
1T′ monolayer. Most of the published experimental 
images of MoS2 flakes show straight edges (e.g. see 
[18]) with normals oriented parallel to the a-direction 
(see figure 1). The structure of the edge is sensitive to 
the location of the cut within the unit cell (i.e. the edge 
termination). There are six unique 1T′ edge structures, 
as shown in the ribbon geometries in figures 3(a)–(f) 
(note the edges on both sides of the strips are identical 

because of the inversion symmetry of this structure). 
We label the edges according to the identity of the ele-
ments of the first row of atoms (from the vacuum) and 
the second row of atoms parallel to the edge. We then 
add subscripts ‘+’ or ‘−’ to each element indicating if 
the distance between the current row and its next row 
(counting from the edge) is larger or smaller than aver-
age, respectively. For example, figure 3(f) shows edge 
S+ -Mo− because the row closest to the vacuum is com-
posed of S atoms that are relatively far from the next row 
of atoms, which are Mo atoms that are relatively close to 
the third row of atoms.

A 2H ribbon with edge normals parallel to the 
a-direction has two inequivalent edges (because such a 
2H ribbon cannot have mirror or inversion symmetry). 

Figure 2. The 2H/1T′ interfaces formed by displacing atomic layers from the 2H monolayer structure. (a) and (b) depict the 2H 
structure and the directions (denoted 0–5) to shift the S-top layer (blue arrows) and the Mo layer (red arrows), to produce a 1T′ strip 
(delimited by the vertical dashed lines) in a 2H monolayer. The structures in (c) are formed by shifting only the S-top layer and those 
in (d) by shifting both the S-top and Mo layers. The interface structures are denoted by the indices (m, n, p) as described in the text.

2D Mater. 4 (2017) 025080
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All the possibe 2H edges are shown in figures 3(g) and 
(h). We label each 2H edge by the identity of the element 
of the first row of atoms and a subscript of ‘V’ or ‘Z’ to 
indicate whether the edge has a ‘V-shape’ or a ‘zigzag-
shape’. We note that we only consider the formation 
of 2H edges by cutting a perfect monolayer 2H MoS2 
parallel to the edge, such that each Mo atom on the edge 
is terminated by either no S atoms or a S-dimer (i.e. 
0 and 100% S-passivation). However, it is possible to 
have fractionally S-passivated edges. Such edges can be 
considered as a combination of the 0 and 100% passiva-
tion edges, such that their energies can be estimated by 
simply linearly weighting the 0 and 100% S-passivation 
values. Note, however, that relaxation of such structures 
is possible and that some combinations of passivated 
and unpassivated Mo atoms at the edge may be unsta-
ble or metastable. Finally, we note that it is possible to 
make a triangular shape flake with only one edge type, 
as shown in figure 3(i) (such triangular flakes are not 
stoichiometric).

3. Density functional calculation methods

3.1. Interface energies
The interface energy is defined as the difference 
in energy of a system containing an interface and 
the energies of the perfect materials meeting at  
the interface (energy per unit interface length). If the 

heterophase structure in the supercell had a mirror 
plane or a two-fold rotation axis parallel to the phase 
boundary, or an inversion center, it would be possible 
to create two identical interfaces; however, this is 
not the case for the 2H structure with the normal 
parallel to the a-direction. Hence, we determine the 
energies of each (m, n, p) interface by performing a 
first principles calculation in a periodic bimaterial 
(2H/1T′) ribbon containing parallel 2H and 1T′ edges 
and a 2H/1T′ interface. This is done in a supercell of 
length L (in the b-direction) and width w (in the 
a-direction). For this case, the total energy of the 
supercell is

µ σ σ= + + + Γ′E N L ,m n p m n p, , MoS MoS 2H 1T , ,2 2
[ ]( ) ( )

 (1)

where Γm n p, ,( ) is the interface energy (energy per unit 
length), NMoS2

 is the number of MoS2 units in the 
supercell and µ µ µ= + 2MoS Mo S2

  , where µMo and µS 
are the chemical potentials of Mo and S, respectively. 
Due to the small lattice mismatch, the strain energy of 
1T′ and 2H phase was neglected. Note, this equation is 
valid for large NMoS2

 (when NMoS2
 or w is small, 

the edges interact with the interface). Fitting this 
equation to the first principles calculations of E(m, n, p)  
versus NMoS2

, we determine σ σ+ + Γ′ m n p2H 1T , ,[ ]( ) . 
Therefore, in order to determine Γm n p, ,( ), we must first 
determine the edge energies σ2H and σ ′1T .

Figure 3. (a)–(f) show the six possible 1T′ edge structures, where the red lines outline the the edge profiles. (g) and (h) show the 
four possible 2H edge structures in two different strip geometries. (i) is a triangular flake exhibiting only one type of edge. The edge 
notation is discussed in the text.

2D Mater. 4 (2017) 025080
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3.2. Edge energies
In order to determine the edge energies, σ ′1T  and σ2H, 
we exploit the fact that both 1T′ edges are identical (see 
figures 3(a)–(f)), such that the total energy of the 
supercell as shown in figure 3(a)–(f) is

µ σ µ= + +∆′E N L N2 ,Mo MoS 1T S2
  (2)

where ∆ ≡ −N N N2S Mo. ∆N  represents the excess of 
the sulfur atoms at the edges, which is independent of 
the ribbon width w or NMo. In the stoichiometry case 
∆ =N 0, implying that the edge energy is independent 
of chemical potential. On the other hand, when 
∆ ≠N 0, the edge energy is a linear function of the 
chemical potential of the sulfur atoms µS (this could 
have also been written in terms of Mo atoms). For NMo 
sufficiently large, the total energy is a linear function 
of NMo (i.e. the ribbon must be wide enough such that 
the two edges do not interact), where the slope is µMoS2

 
and the intercept is σ µ= +∆′C L N2 1T S  . Then, the 
1T′ edge energy is σ µ= −∆′ C N L21T S(   )/( ), which is 
a linear function of µS.

For the 2H ribbon, the two parallel edges necessarily 
have different edges types (see figures 3(g) and (h)); this 
is traced to the fact that the 2H structure has a three-fold 
symmetry. However, this three-fold symmetry suggests 
that a triangular flake will have identical edges, as noted 
previously in [19–21] (see figure 3(i)).

The total energy of the Mo-terminated zigzag 
(MoZ) edge triangle of edge length L is

µ σ µ= + + +∆E L N L L E N L3 3 ,Mo MoS 2H c S2
( ) ( ) ( ) 

 (3)
where Ec is the energy contribution of the triangle 
corners. The unknown corner energy can be removed 
from this expression by focusing on the difference in 
energy of triangles of two edge lengths. For example, 
in MoZ triangle, if we increase the length of the triangle 
edge by one zigzag period (of length λ), we can write

λ
λ

µ λσ µ+ − = + + −⎜ ⎟
⎛
⎝

⎞
⎠E L E L

L
2 3 2 .MoS 2H S2

( ) ( )  

 (4)

Fitting this equation to the first principles calculations 
of λ+ −E L E L( ) ( ) versus λ+L 2( / ), we determine the 
intercept λσ µ= −′C 3 22H S  . Then, the 2H edge energy is 
σ µ λ= +′C 2 32H S(   )/( ), which is a linear function of µS.

Once we establish the 2H MoZ edge energy from the 
large triangular flake simulations, we may determine 
the energy of the 2H SZ edge energy from a ribbon 
calcul ation in the geometry shown in figure 3(h). Simi-
larly, by considering a 2H ribbon with SZ and SV edges 
and one with SV and MoV edges, we may determine 
all 2H edge energies. These results may be combined 
with the calculations of the two phase supercells to also 
determine all of the 2H/1T′ interfaces energies.

3.3. Calculation details
Density functional theory (DFT) calculations were 
performed with the vienna ab initio simulation 
package (VASP) using a plane-wave basis set [22, 23] 

and the projector augmented wave method [24, 25]. 
The generalized gradient approximation [26] with 
the Perdew–Burke–Ernzerhof functional [27] was 
employed to treat the exchange-correlation effect. All 
interface and edge structures were fully relaxed using 
the RMM-DIIS algorithm until the total force on each 
atom was less than 0.01 eV 

−
Å

1
. Note that if the ribbons 

in these calculations are too narrow, the two edges 
interact leading to non-linear edge energy versus ribbon 
width plots. Here, we use ribbon widths between 25 Å 
and 50 Å and verified that in this range, the edge energy 
is independent of ribbon width. The same issue arises 
for the triangular flake calculations, where corners may 
interact. Our simulations were performed with flakes 
of edge length at least 19 Å (containing 7 atoms on an 
edge and 67 atoms in total), up to 42 Å (containing 
14 Mo atoms on an edge and 284 atoms in total). Our 
data shows a clear linear relation between edge lengths 
λL/  and λ+ −E L E L( ) ( ), which proves that the size is 

sufficient. A vacuum layer of minimum thickness 20 Å  
perpendicular to the monolayer was employed to 
minimize the interactions between each monolayer and 
its periodic images. All ribbon calculations employed 
a Γ-centered k-point grid up to × ×12 1 1 in the 
Brillouin zone integration. The 2H edge calculations 
in the triangle geometry employed only the gamma k-
point. In all cases, the energy cutoff was set to 420 eV. 
The errors in the calculated interface/edge energies was 
estimated to be no larger than 10 meV 

−
Å

1
.

4. Edge and interface energies

4.1. 1T′ edges
The 1T′ edge energies shown as a function of the S 
chemical potential in figure 4 and in table 1. Most of 
the edge energies vary with µS because the associated 
ribbons are not stoichiometric. Note, this could also 
be shown equivalently in terms of the Mo chemical 
potential since µ µ µ= + 2MoS Mo S2

  . The grey vertical 
lines mark the range of µS for which the edge energy is 
positive and the edge is stable; negative interface energy 
implies that the interface would infinitely roughen—
destabilizing the 1T′ monolayer itself with respect to 
the formation of another phase. The stability range is 

µ− < <−6.9 3.1S   eV.
The present results demonstrate that over a µS range 

multiple edge structures are metastable. The most stable 
edge structure corresponds to the lowest curve (smallest 
edge energy) for each chemical potential. The most sta-
ble 1T′ MoS2 edge is Mo−-S− for µ− < <−6.9 6.5S   eV,  
S−-Mo+ for µ− < <−6.5 3.7S   eV, and S−-S− for 

µ− < <−3.7 3.1S   eV. This can be understood by real-
izing that, when the S chemical potential is high, the 
stable edges are S-rich (terminated) and, when it is low, 
the stable edges are S-poor/Mo-terminated.

Examination of figure 4 and/or table 1 shows that, 
for the two edges of the same composition (the solid 
and dashed lines of the same color in this figure), it is 
always the edges with higher atomic density (i.e. those 

2D Mater. 4 (2017) 025080
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with the smaller inter-row spacings) that have the low-
est energy. This is simply because cutting a monolayer 
in two to make a pair of edges requires more energy to 
if the cut is between atoms sharing short/strong bonds 
(leaving the long/weak bonds intact) than cutting 
between long/weak bonds (leaving the short/strong 
bonds intact).

4.2. 2H edges
As discussed above, there are, in principle, four different 
types of 2H edges. All of these 2H edge structures in 
our ribbon relaxation studies were found to be stable, 
except for the MoV edge. Our calculations show that 
the MoV edge (see figure 3(g)), composed of a uniform 
array of dangling Mo atoms is unstable with respect to 
distortions that make the spacing between dangling 
Mo atoms non-uniform. We observed two types of 
such distortions; i.e. Mo edge dimerization ( ′MoV) 
and trimerization ( ″MoV), as shown in figures 5(c) and 
(d), respectively. The edge energies as a function of S 
chemical potential are shown in figure 5(a) and table 1. 
(As for the the 1T′ edges, these energies could equally 
well be written in terms of the Mo chemical potential).

With increasing S chemical potential, we find that 
the most stable 2H edges are ′MoV, MoZ, SZ and SV. This 
ordering is consistent with the edge composition which 
becomes more S-rich on increasing µS (or decreasing µMo). 
Comparing the two S-rich 2H edges, SV and SZ, we note 
that each edge S atom is bonded to one or two Mo atoms, 
respectively. The 2H edge energy was determined previ-
ously [21] and are consistent with those reported here. We 
note that we repeated these calculations to ensure all of our 
edge and interface calculations were self-consistent.

4.3. 2H/1T′ interfaces
The direction of the shifting of the Mo and/or S layers 
to produce the 1T′ structure from its 2H parent will 
produce interfaces of different composition (Mo-rich 
or S-rich) and hence the relative interface energies at 
different chemical potentials. However, since the shift 
to produce the 1T′ strip in the 2H monolayer always 
produces a pair of anti-parallel 2H/1T′ interfaces 
(recall the interface normal is defined as pointing 
from 2H to 1T′), the interface pair energy will be 
independent of chemical potential. The energies of the 
12 interfaces depicted in figure 2 are shown in figure 6 

Figure 4. The energies of the six 1T′ edges as functions of sulfur chemical potential. Stable 1T′ edges exist for  µ− < <−6.9 3.1S  eV, 
as delimited by the vertical gray lines.

Table 1. The 1T′ and 2H edge energies and the 2H/1T′ (m, n, p) interface energies, including their dependence on the S chemical potential.

Edge σ (   −˚eV A
1
) Interface Γ (   −˚eV A

1
)

1T′ S−-S−  µ− −0.972 0.314 S (3, 0, •)  µ− −0.692 0.210 S

S−-S+  µ− −0.951 0.314 S (3, 3, •)  µ+1.295 0.210 S

Mo−-S−  µ+2.171 0.314 S (1, 0, •)  µ+0.747 0.105 S

Mo+ -S−  µ+2.328 0.314 S (1, 3, •)  µ− −0.081 0.105 S

S−-Mo+ 0.160 (2, 3, 4)  µ− −0.049 0.105 S

S+ -Mo− 0.195 (2, 0, 4)  µ+0.681 0.105 S

2H SV  µ− −1.502 0.419 S (2, 3, 0)  µ−0.273 0.105 S

SZ  µ− −0.444 0.210 S (2, 0, 0)  µ+0.842 0.105 S

MoZ  µ+1.864 0.210 S (0, 3, 0)  µ+1.035 0.210 S

MoV  µ+3.366 0.419 S (0, 0, 0)  µ−0.034 0.210 S

′MoV  µ+3.195 0.419 S (0, 3, 4)  µ+0.927 0.210 S

″MoV  µ+3.245 0.419 S (0, 0, 4)  µ− −0.261 0.210 S

2D Mater. 4 (2017) 025080
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and table 1 as functions of sulfur chemical potential. 
These results demonstrate that, in equilibrium, stable 
interfaces (interfaces with positive energy) only exist for 

µ− < <−4.4 3.3S   eV. While all 12 interfaces are either 

stable or metastable over this chemical potential range, 
we find that the minimum energy (globally stable) 
interfaces are (0, 3, 4) for µ− < <−4.4 3.9S   eV and  
(3, 0, •) for µ− < <−3.9 3.3S   eV.

Figure 5. (a) The energies of the four 2H edges and the dimerized and trimerized MoV edges as functions of sulfur chemical 
potential. Stable 2H edges exist for  µ− < <−7.6 3.6S  eV, as delimited by the vertical gray lines. The MoV edge structure is shown in 
its (b) unreconstructed (MoV), (c) dimerized ( ′MoV) and (d) trimerized ( ″MoV) forms.

Figure 6. The 2H/1T interface energies as functions of sulfur chemical potential, the stable range is  µ− < <−4.4 3.3S  eV.

2D Mater. 4 (2017) 025080
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We may begin to understand what is special about 
these two interfaces by considering the interface crys-
tallography in figure 2. Both of these stable interfaces,  
(3, 0, •) and (0, 3, 4) correspond to interfaces for which 
the shifts of the atomic layers to produce the 1T′ rib-
bon are toward the 2H/1T′ interfaces (i.e. the arrows 
in figure 2 for these interfaces are anti-parallel to the 
interface normal). This suggests that such interfaces 
may have lowest energy because they have the largest 
density (note that although (0,3,0) is also shifted toward 
the interface in this manner, examination of figure 2(d) 
suggests its density is lower than (0, 3, 4)). However, 
in covalently bound materials, density is not the only 
contrib ution to the energy; bond angles are also impor-
tant. Consideration of atomic relaxations are important 
for considering such bond angle effects. Figure 7 shows 
the effect of atomic relaxation on the structure of the  
(3, 0, •) and (0, 3, 4) interfaces. Examination of the bond 
angles at the interfaces in these structures show that the 
local atomic structures within the interfaces are very 
similar to those in the low energy 2H phase.

5. Discussion

Interface/edge energies provide an avenue for 
manipulating TMD phases, structures, and defects. We 
note that, while the 2H phase has lower energy than the 
1T′ phase in MoS2, 2H edge energies ( σ0 0.712H⩽ ⩽  
eV 

−
Å

1
) are much higher than 1T′ edge energies 

( σ ′0 0.201T⩽ ⩽  eV 
−

Å
1
) over a wide range of chemical 

potentials. This implies that, for a sufficiently narrow 
MoS2 ribbon, 1T′ MoS2 should be thermodynamically 
more stable than the 2H structure. Next, we note that 
the equilibrium 2H/1T′ interface energies ( Γ0 0.12⩽ ⩽   
eV 

−
Å

1
) are also small compared with the 1T′ edge 

energy and very small compared with the 2H edge 

energy. This implies that even for a very wide flake of 2H 
MoS2, it may be possible to replace the 2H edges with a 
thin strip of 1T′, a 1T′ edge and a 2H/1T′ interface.

We first consider the possibility of converting a 2H 
MoS2 ribbon into a 1T′ ribbon. Defining the equilib-
rium 2H structure as the zero of energy, we can write 

the 2H ribbon energy (per unit length) as σ σ+2H
L

2H
R  

and the 1T′ ribbon energy as σ ϖ+ ∆′ w2 1T , where w is 
the ribbon width, the superscripts ‘L’ and ‘R’ recognize 
that the left and right 2H edges are inequivalent (the 1T′ 
edges are identical) and ϖ∆  is the difference between 
the 1T′ and 2H energies (energy per unit area). Equat-
ing these two, we find a critical ribbon width w* such 
that for w  >  w* the ribbon will be 2H and for w  <  w* 
it will be 1T′

µ
σ µ σ µ σ µ

ϖ
=

+ −
∆

∗ ′
w

2
.S

2H
L

S 2H
R

S 1T S( )
( ) ( ) ( )

 (5)

Considering all four possible 2H edge pairs, the allowed 
range of the chemical potential to ensure the stability of 
the edges and ϖ∆ = 0.055 eV 

−
Å

2
, we find that for MoS2, 

the maximum value of the critical width =∗w 17.5max  Å.  
This corresponds to approximately three MoS2 unit 
cells. In order to confirm our prediction, we calculated 
the total energy of both 1T′ and 2H ribbons containing 
three unit cells across the ribbon width . The 1T′ ribbon 
contains two S−-Mo+ edges and the 2H ribbon contains 
one SZ and one MoZ edge. Our results show that the 
total energy of the 1T′ ribbon is  −126.467 eV/supercell, 
while that for the 2H ribbon was  −126.278 eV/supercell; 
i.e. the energy of 1T′ ribbons is 0.19 eV/supercell lower 
than the corresponding 2H ribbon. This confirms our 
predictions that 1T′ ribbon is more stable than 2H 
ribbon below a critical width and that critical width 
is  ∼3 MoS2 unit cells. While the critical width is quite 
small, we note that in other TMDs the difference in 

Figure 7. The atomic structures of the low energy (a) (3, 0, •) and (b) (0, 3, 4) interfaces. For each, the upper, middle, and lower 
images show the 2H/1T structure (as per figure 2), the unrelaxed 2H/1T′ structure and the fully relaxed 2H/1T′ structure, 
respectively.
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energies between the 2H and 1T′ structures is much 
smaller than for MoS2, suggesting that this critical 
ribbon width could be much larger. For example, in 
MoTe2, ϖ∆ = 0.004 eV 

−
Å

2
 [7]; assuming the interface 

and edge energies in MoTe2 are similar to those in MoS2, 
this would suggest ∗wmax would be  ∼40 MoTe2 unit cells 
or over 200 Å.

Next, we consider the possibility that the edge of a 
2H MoS2 flake may be replaced with a thin 1T′ strip. 
The energy per unit length of a 2H MoS2 flake is sim-
ply the edge energy σ2H while that with a strip of width 
d is σ ϖ+ Γ+ ∆′ d1T . Equating these two yields a strip 
width of

µ
σ µ σ µ µ

ϖ
=

− − Γ
∆
′

d .S
2H S 1T S S( )

( ) ( ) ( )
 (6)

Considering the lowest energy 2H edge and all possible 
1T′ edges and 2H/1T′ interfaces and the allowed range 
of the chemical potential to ensure the stability of the 
edges, we find that for MoS2, the maximum value of 
the strip width =d 3max  Å (this is between one half and 
one MoS2 unit cell). Because this is so small, we do not 
expect that such a 1T′ strip at the edge of a MoS2 will 
be observable. However, such a 1T′ strip at the edge of 
other TMDs should be much larger. As above, using the 
ϖ∆  for MoTe2 and assuming the interface and edge 

energies in MoTe2 are similar to those in MoS2, this 
would suggest dmax would be  ∼45 Å.

Duerloo et al [7] considered the strain required to 
convert an entire TMD flake from 2H to 1T′; here, we 
consider the effect of strain on the width of a 1T′ strip 
at the edge of a 2H TMD, d. Considering now the effect 
of strain ε  in the flake (perpendicular and parallel to a 
and b crystal axes, = ∆ε a axx /  and = ∆ε b byy / ), we can 
rewrite equation (6) as

µ
σ µ σ µ µ

ϖ
=

− − Γ
∆

′
ε

ε
d , ,S

2H S 1T S S( )
( ) ( ) ( )

( ) (7)

where we have ignored the effect of strain on the 
interface and edge energies.

In order to apply equation (7) to MoS2 we first 
determined ϖ∆ ε( ), using the same procedure as in the 
interface/edge energy calculations. The ϖ∆  versus ε  is 
shown in figure 8(a). With increasing tensile strain, the 
energy difference between 2H and 1T′ crosses zero—
corresponding to conversion of the entire MoS2 flake 
from 2H to 1T′ [7]. In figure 8(a), we also show con-
tours of the equilibrium strip width d with strain for 
µ = −4.4S  eV. For the special case of a balanced biaxial 
strain εb (ε ε=xx yy), we see (figure 8(b)) that the equi-
librium 1T′ strip width d increases monotonically with 
strain and diverges at the strain where the energies of 
the 2H and 1T′ phases are equal ( ϖ∆ = 0). A similar 
calculation for the critical ribbon width (below which a 
1T′ ribbon is favored of a 2H ribbon) w* shows a similar 
dependence on applied strain. The same conclusions 

Figure 8. (a) The energy difference between the 2H and 1T′ structures as a function of strain for µ = −4.4S  eV. The black contours 
correspond to the thickness of the 1T′ strips along the edges of a MoS2 flake. (b) The thickness of the equilibrium 1T′ strips as a 
function of the balanced biaxial tensile strain, εb.
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can be drawn for all of the MX2 TMDs ( ∈M Mo, W{ }, 
∈X S, Se, Te{ }), except for WTe2 (where 1T′ has lower 

energy than 2H in the absence of strain).

6. Conclusion

The transition metal dichalcogenides exhibit 
polymorphism; i.e. both 2H and 1T′ crystal structures. 
Experiments show that these two phases can coexist 
within the same monolayer microstructure and the 
2H/1T′ interfaces tend to be straight ( ′101 102H 1T{ ¯} ∥{ } ; 
i.e. the coherent zigzag interface referenced to the 2H 
structure). The edges of flakes of these structures also 
tend to be straight ( 101 2H{ ¯}  and ′10 1T{ } ). There are six 
crystallographically independent choices for each (2H 
or 1T′) edge and 12 crystallographically independent 
choices for each of the 2H/1T′ interfaces. Many of 
these edges and interfaces are not stoichiometric and 
hence are sensitive to the chemical potentials of the 
constituent atom types.

We tabulated the first principles results for each of 
the 2H and 1T′ edges and all of the 2H/1T′ interfaces. 
Three different 1T′ edges, four different 2H edges and 
two different 2H/1T′ interfaces are possible, depending 
on the chemical potentials. In general, the stable edges 
correspond to high atomic density structures. The 
stable interfaces correspond to local atomic structure 
which is very close to that of the low energy 2H crystal 
structure. In most cases, the interface energies are lower 
than those of the edges, and the 1T′ edges have lower 
energy than the 2H edges.

Because the 1T′ edges have much lower energy than 
the 2H edges, a sufficiently narrow 1T′ ribbon will be 
more stable than the corresponding 2H ribbon (this 
critical width is much larger in MoTe2 than in MoS2). 
Similarly, a large 2H flake has an equilibrium strip of 
1T′ along its edge (again this effect is much larger in 
MoTe2 than in MoS2). Application of tensile strains can 
increase the width of the stable 1T′ strip or the critical 
thickness below which a ribbon favors the 1T′ structure.
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