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Ferroelasticity and domain physics in
two-dimensional transition metal
dichalcogenide monolayers

Wenbin Li' & Ju Li2

Monolayers of transition metal dichalcogenides can exist in several structural polymorphs,
including 2H, 1T and 1T". The low-symmetry 1T’ phase has three orientation variants, resulting
from the three equivalent directions of Peierls distortion in the parental 1T phase. Using
first-principles calculations, we predict that mechanical strain can switch the relative
thermodynamic stability between the orientation variants of the 1T’ phase. We find that such
strain-induced variant switching only requires a few percent elastic strain, which is eminently
achievable experimentally with transition metal dichalcogenide monolayers. Calculations
indicate that the transformation barrier associated with such variant switching is small
(<0.2eV per chemical formula unit), suggesting that strain-induced variant switching can
happen under laboratory conditions. Monolayers of transition metal dichalcogenides with 1T’
structure therefore have the potential to be ferroelastic and shape memory materials with
interesting domain physics.
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he discovery of two-dimensional (2D) atomic crystals!

has fuelled intensive research efforts on this new class

of materials, revealing fundamentally new physics and
properties”® that could be essential for next-generation
nanoscale devices. Monolayers of group VI transition metal
dichalcogenides (TMDs) with chemical formula MX,, where M is
Mo or W and X stands for S, Se or Te, have in particular attracted
much recent attention due to their semiconducting, optical and
valleytronic properties®”~°. Owning to their atomic thickness, the
TMD monolayers have extraordinary mechanical flexibility and
strength, capable of sustaining up to 10% of elastic strain before
failure!®!!, which enables significant dynamical tuning of their
properties by strain engineering'? and makes them attractive for
application in ultrathin flexible electronics'®~1°.

MX, monolayers can exist in several polytypic structures,
including 2H, 1T and 1T"'%718, In the semiconducting 2H phase,
the atomic stacking sequence within a single XMX monolayer is
Bernal (ABA) and the M-X coordination is trigonal prismatic. In
contrast, in the 1T phase, the XMX stacking sequence is
rhombohedral (ABC), and the M and X atoms form octahedral
coordination. The 1T phase is metallic, but was found to be
unstable to Peierls distortion!®??, where two adjacent lines of
metal atoms along the highest symmetry directions can dimerize
and form parallel chains of M atoms. This leads to the formation
of 1T’ phase!”!8, in which the octahedral coordination between
M and X atoms becomes distorted, and the symmetry of the
crystal structure is reduced. While the thermodynamically stable
phase of most group VI MX, monolayers under ambient
conditions is 2H, the ground-state phase of WTe, has 1T
structure!®2, For other MX, monolayers, the 1T’ phase is usually
metastable, but large transition barriers of order 1 eV per formula
unit exist between 1T’ and 2H (ref. 22), suggesting that the 1T’
phase can be stabilized under appropriate thermal or chemical
conditions. In particular, the energetic difference between the 2H
and 1T’ phase of MoTe, is rather small'®, suggesting that the 1T/
phase can be stabilized relatively easily. Indeed, single crystals and
few-layer films of MoTe, in 1T’ phase have been synthesized on a
large scale recently?®?32%, Tt has also been theoretically proposed
that the 2H to 1T’ transition in MoTe, monolayers can be
induced by experimentally accessible tensile strain'®.

The low-symmetry 1T’ phase of TMD monolayers harbours
extraordinary properties that have only started to be revealed,
which, for example, includes enhanced catalytic activities?>,
large, non-saturating magnetoresistence?! and quantum spin
Hall effect??.

A ferroelastic material is defined by the existence of two or
more equally stable orientation variants, which can be switched
from one variant to another without diffusion by the application
of external stress’®?”. A ferroelastic phase usually forms through
a structural phase transition (or a hypothetical one) that
reduces the symmetry of a prototype phase. The low-symmetry
ferroelastic phase possesses several orientation states (domain
variants) with different spontaneous strain®%, that is, the
distortion of the unit cell relative to that in the prototype
phase. The difference in spontaneous strain between different
variants enables external stress to couple energetically with the
strain state of the system and drive orientation switch, analogous
to the switching of spontaneous polarization by external electric
field in a ferroelectric material. In a ferroelastic crystal, domains
of different orientations can coexist and form twin boundaries.
On activation by appropriate external stress, those twin
boundaries can move in a glissile fashion, resulting in the
growth of one orientation state at the expense of another, as well
as hysteretic stress—-strain response®”.

In this article, we focus on the possibility of ferroelastic
behaviours in 1T'-MX, monolayers. A notable feature associated
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with the 1T’ phase that has hitherto been overlooked is that it has
three distinct orientation variants, resulting from the three
equivalent directions of structural distortion in the parental 1T
phase. Our density functional theory (DFT) calculations indicate
that ferroelastic switching can occur between the different
orientation variants of the 1T’ phase with a few percent of elastic
strain, which is experimentally achievable for MX, monolayers.

Results

Crystal structures and transformation strains. We use WTe,
monolayers as a representative of 1T'-MX, to illustrate the
possibility of 2D ferroelasticity. Figure 1 shows the atomistic
structures of 1T-WTe, and 1T'-WTe, monolayers. In the 1T
phase, the W atoms arrange in 2D triangular lattice, which is
sandwiched between two Te atomic layers. The 2D primitive cell
of the 1T phase is a 120° rhombus with side length t,. Due to
Fermi surface nesting induced Peierls distortion?’, adjacent
parallel lines of W atoms along the high-symmetry [100], [010]
or [110] directions in the 1T structure can spontaneously
dimerize and result in the formation of 1T’ phase, with
distorted octahedral coordination. The 2D primitive cell of the
IT" phase is a rectangle with dimensions axb, which
corresponds to the 1x+/3 supercell of the 1T phase. Because of
the P3m2 space group symmetry of the 1T phase, there are three
symmetry-equivalent directions of structural distortion in the 1T
phase. These directions are labelled on Fig. 2a as direction 1, 2
and 3 on the 2D triangular lattice formed by W atoms. The
atomistic structures of the three orientation variants formed by
structural distortion in the 1T phase along the three directions are
shown in Fig. 2b-d. Hereafter, we refer to the three orientation
states as the O1, O2 and O3 variant, respectively.

The spontaneous transformation strains associated with the
1T to 1T’ transformation can be compared between the three
variants based on the 2x2+/3 supercell of the prototype 1T phase.
All the three orientation variants of the 1T’ phase, namely, O1,
02 and O3, can be derived through the Peierls distortion of this
supercell and the atoms within the supercell along the
corresponding orientation direction. Namely, the 2x2v/3

Figure 1 | Atomistic structure of of 1TT-WTe, and 1T'-WTe, monolayers.
The 2D primitive cells of 1T and 1T’ are highlighted in green and red,
respectively. The primitive cell of 1T’ corresponds to the 1xv/3 supercell
of 1T. The 1T’ phase can be derived via the structural distortion of the

1T phase, which is schematically illustrated in the side views. These
features are generic to all other group VI MX, monolayers.
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Figure 2 | Three orientation variants of 1TT'-MX, monolayers. (a) The
three symmetry-equivalent directions of structural distortion in the 1T
structure are indicated by arrows and numerical labels on the triangular
lattice formed by M atoms. The corresponding primitive cells of the 1T
phase after structural distortion are represented as shaded rectangles. (b-
d) Relaxed atomistic structure of the 1T phase after structural distortion
along the three different directions, which are referred to as orientation
variants O1, 02 and O3, respectively.

supercell of 1T can transform to become the supercells of all three
variants of the 1'T" phase. In Cartesian coordinates, the 2D basis
vectors h; and h, of the 1T supercell can be written as hy = 2£%,
h, = 2\/§t0§', where x and y are the unit vectors along the x and y
directions labelled on Fig. 1. A supercell matrix Hy = {h;,h,} can
be constructed, where h; and h, are treated as column vectors,
that is,

H = (2(;0 2\?&0)‘ )

After transforming to the 1T’ phase, the distorted supercell
matrix corresponding to the O1, O2 and O3 variants will be
denoted by H;, H, and Hj, respectively. These new supercell
matrices can be related to the original supercell matrix by
transformation matrices J;, which map the undistorted supercell
to the distorted supercells. Namely, H; =J;H,, where the subscript
i stands for the i-th orientation variant. The transformation strain
matrices 1); associated with different variants can then be
calculated from J; based on the definition of Green-Lagrange
strain tensor:

1 1 _\T .
m=5 00 -0 = [B ) HHEE -1 @)
Here, the superscripts —1 and T denote matrix inversion and
transposition, respectively. I is a 2 x 2 identity matrix. The 2D
transformation strain tensor 1); has the following symmetric form:

Exx &
n=\{. ) (3)
&y &y
where &, and &, are the tensile/compressive strain along x or y
direction, and é&,, is the shear strain component.
We have employed DFT calculations to obtain the equilibrium

supercell vectors and the relaxed atomic coordinates of the O1,
02 and O3 variants, resulting from the distortion of 2x2y/3

supercell in the 1T prototype phase. The supercell matrices H;
for different MX, monolayers are tabulated in Supplementary
Table 1. From the supercell matrices, the spontaneous transfor-
mation strain tensors 1); can be evaluated, which are listed in
Supplementary Table 2. For WTe, monolayers, the transforma-
tion strain matrices form 1T to 1T’ are

[ =0.005 0.0
= 00  003)
0.029 —0.019
= ( ~0.019  0.006 ) )
_{0.029 0.019
5=\ 0.019 0.007 )

The difference in transformation strain between the three
variants of 1T’ suggests that one may switch the relative
thermodynamic stability between different variants by applying
suitable external mechanical stress. Since the equilibrium
structure of WTe, is 1T’, it is informative to directly compare
the distorted supercell of the three variants by computing the
relative supercell strain associated with the transformation from
one variant to another. This can be carried out again using the
supercells of the three variants derived from the common 2x2+/3
supercell in the prototype 1T phase. The reference configuration
for computing the supercell strain is now chosen to be the O1
variant of 1T’ phase, and we use ¢, to denote the transformation
strain tensor from variant i to j. Calculations based on the
same definition of strain tensor as in equation (2) give the

transformation strain associated with O1-O2 and 0O1-03
switching to be

2 _< 0.034 —0.019)

17—\ —0.019 —0.030 )’
(5)

s (0.033 0.019 )

1 0.019 —0.030 )

It then follows that, starting with the O1 variant of 1T’ in a strain-
free state, after imposing an external strain of magnitude &7 on the
monolayer, the system would be in a thermodynamically more
favourable state by transforming to the O2 variant, since both O1
and O2 belong to the same 1T’ structure, but O1 will have higher
strain energy than O2. The same argument applies to any other
two variants. Hence, the relative energetic stability between the
different orientation variants of 1T’ phase can be controlled by
external stress or strain.

Variant energetics under biaxial and shear strain. To study in
detail the relative thermodynamic stability of different variants
when external mechanical deformation is imposed on a 1T'-MX,
monolayer, we have used DFT to calculate the potential energy
surfaces of the three variants of 1T’ as a function of 2D supercell
dimensions. We first investigate the possibility of mechanically
switching the O1 variant to O2 or O3 variant by applying biaxial
strain to the system, again using WTe, monolayer as an example.
The strain-free 2 x 2 supercell of the O1 variant, derived from the
distortion of the aforementioned 2 x21/3 supercell in the parental
1T phase, is chosen to be the reference system. The 2 x 2
supercell of the O1 variant has dimensions 2a x 2b within the x-y
plane of 2D monolayer. We adjust the dimensions of the supercell
along x and y directions independently, with the values of a and b
range from — 10 to 10% of engineering strain at an equal step
of 2%. At each pair of (a,b), the atomic coordinates within the
supercell are relaxed. We also compute the energies of O2 and O3
variants when their supercell dimensions are fixed to be the same
as Ol. The energies U of all three variants are computed on a

NATURE COMMUNICATIONS | 7:10843 | DOI: 10.1038/ncomms10843 | www.nature.com/naturecommunications 3


http://www.nature.com/naturecommunications

ARTICLE

10
5 L g
1T (01)
S
g 0
k)
<
Y 1T’ (02/03) ]
2H
-10 : :
-10 -5 0 5 10

Aalay (%)

Figure 3 | Intersection contours of the energy surfaces between the
different orientation variants of 1T’-MoTe, and between 2H and 1T'.
The lattice constants a and b, corresponding to the dimensions of the
rectangular primitive cell of the O1 variant in the 1T’ phase, are represented
as percent engineering strain with respect to the equilibrium lattice
constants ag and bg. The regions of lower-energy phase/variant are labelled
and shaded in different colours.

11 x 11 grid in the (a,b) space, giving a total number of 121 data
points distributed evenly around the equilibrium lattice constants
of the O1 variant. Smooth potential energy surfaces are then
constructed by approximating the intermediate values of U(a,b)
using 2D spline interpolation, which allows us to directly
compare the relative energetic stability of the O1, O2 and O3
variants in the full (a,b) space. In addition, the U(a,b) for the 2H
phase is computed for comparison, as a previous study indicates
that strain-induced phase transformation between the 2H and 1T
phases can happen in MX, monolayers!®.

After obtaining the potential energy surfaces for all the three
variants of 1T' as well as the 2H phase, the lowest-energy
variants/phases in the (a,b) space are determined. The result is
shown in Fig. 3, where we label the lowest-energy variant/phase
in each region of phase space and plot the intersection boundaries
between two neighbouring variants/phases. An important feature
of Fig. 3 is that the potential energy surfaces of Ol and 02/03
variants intersect at a few percent of biaxial supercell strain,
which is experimentally achievable in MX, monolayers'®!!. The
02 and O3 variants are grouped together in Fig. 3 because their
potential energies in the (a,b) space are essentially the same. This
can be rationalized by the fact that the supercells of both variants
can be derived from the distortion of the 2x2+/3 supercell in the
IT phase, and their distortion directions are related by mirror
symmetry along the y direction in the 1T phase, as can be seen
from Fig. 2. Since biaxial strain does not break the mirror
symmetry of 1T phase along the y axis, the O2 and O3 varijants
are still mirror images of each other and have the same
energy. We however expect that shear strain, which breaks the
mirror symmetry, can distinguish the energies of all the three
variants of 1T". Indeed, Fig. 4 shows that, when shear strain &, of
magnitude >3.5% is imposed on the O1 variant, O3 becomes the
lowest-energy variant within the strained supercell. If the sign of
£yy is reversed, then the O2 variant has lower energy than both O1
and O3.
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Figure 4 | Potential energies of the three variants of 1TT'-WTe,
monolayers as a function of shear strain with respect to the equilibrium
supercell of the O1 variant. The O2 or O3 variant becomes energetically
more favourable when negative- or positive-shear strain of a few percent is
imposed on the O1 variant.

Figure 3 indicates that the 2H phase of WTe, monolayer only
takes a small region in the (a,b) space as the lowest-energy phase.
This result is different from the study by Duerloo et al.!® of
strain-induced phase transformation between the 2H and 1T’
phases of MX, monolayers, as the authors did not take into
account the existence of orientation variant degrees of freedom in
the 1T" phase.

Figure 3 also shows that the fastest route to switching the
energetic order between Ol and O2/0O3 in the (a,b) space is
by applying tensile strain along the a axis of the Ol variant,
which is the direction of dimerized metal-atom chains, while
simultaneously applying compressive strain along the b axis. It is
however known that 2D MX, monolayers usually cannot sustain
large compressive strain due to compression-induced buckling
response and formation of ripplocations®®. On the contrary,
experiments have demonstrated that 2H-MX, monolayers can
withstand tensile elastic strain as large as 10% before mechanical
failure!®!!, Hence, it may be experimentally more convenient to
realize variant switching in 1T'-WTe, by uniaxially stretching it
along the a axis, which is the direction of dimerized tungsten
atoms. This axis can be identified by mechanical cleavage or by
the anisotropic response to external fields that is expected for the
low-symmetry 1T’ structure!.

In Supplementary Fig. 1, we have also computed the
intersection contours of the potential energy surfaces between
the O1 and O2/03 variants for other 1T'-MX, monolayers,
including MoS,, MoSe,, MoTe,, WS, and WSe,. The results are
very similar to WTe,, indicating that strain-induced switching of
thermodynamic stability between different orientation variants is
generic to MX, monolayers with 1T’ structure.

Variant energetics under uniaxial tension. We emphasize that
the strain at which the potential energy surfaces of different
variants intersects is not the same as the strain at which variant
switching becomes thermodynamically favourable. The system
can minimize its free energy by choosing a state where different
variants (or phases) coexist, akin to the two-phase region
in chemical-composition phase diagrams. Under constant
temperature and fixed external strain (supercell dimensions), the
thermodynamic potential that determines the relative variant/
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Figure 5 | Potential energy curves of the different variants of 1T'-WTe;
uniaxially strained along the a axis. The dashed line is the common
tangent between the two curves. The uniaxial strain is calculated with
respect to the equilibrium supercell dimension of the O1 variant along
the x direction.

phase stability is the Helmholtz free energy F = E—TS, where E is
internal energy that includes both potential energy U and kinetic
energy, T is temperature and S is entropy. Because all the three
variants O1, O2 and O3 belong to the same 1T’ structure, and
because the entropy of solids (mainly vibrational) is relatively
insensitive to small deformation, we can use the potential energy
U of different variants, computed by DFT at zero temperature,
to compare the free energies of different variants at ambient
conditions. In Fig. 5, we plot the potential energy curve of the O1
variant of 1T'~WTe, when it is uniaxially stretched along the a
axis. Consistent with typical experimental set-ups for uniaxial
deformation, the stress of the supercell along the b axis is relaxed
to zero. This corresponds to free boundary, or zero stress (5, = 0)
condition along the b axis. In Fig. 5, we also plot the potential
energy of the O2/O3 variant in a rectangular supercell with the
same dimension along the a axis and the same boundary con-
dition along the b axis. A common tangent can be constructed
between the energy curves of O1 and 02/03, which intersects the
two curves at uniaxial strains equal to 1% and 4%, respectively.
Between these two values, the system can lower its energy by
existing in a state where both O1 and 02/0O3 variants coexist.
This indicates that the formation of O2/O3 variants becomes
thermodynamically favourable when the uniaxial strain along the
a axis of O1 is as low as 1%.

Kinetic aspects of variant switching. Up to now, we have only
considered the thermodynamic aspects of variant switching in the
1T'-MX, monolayers. Our results suggest that it becomes
thermodynamically favourable for the O1 variant of 1T'-WTe,
monolayers to switch to the other two variants when applying
unijaxial strain around 1% along the direction of dimerized
tungsten atom chains. However, if the kinetic barrier associated
with variant switching is too high, such variant switching may not
occur under normal experimental conditions and timescale, and
the materials would still not be ferroelastic. We have therefore
computed the transition barrier associated with the switching
between the O1, O2 and O3 variants using climbing image
nudged elastic band (NEB) method®?. The result of our
calculation for the variant switching between the O1 and O2
variants of WTe, monolayer is shown in Fig. 6. We find the
transition barrier of variant switching is only 0.22 eV per formula

unit. Very similar results are obtained for orientation switching
between other variants, as presented in Supplementary Fig. 2.
Note that to facilitate these NEB calculations, we impose supercell
strains on the O2 or O3 variants such that they have the same
supercell dimensions of the O1 variants. The strain energy results
in the slightly higher energy of the O2 or O3 variant that would
otherwise be energetically degenerate with the Ol variant. In
Supplementary Fig. 3, we have also computed the transition
barrier and the pathway between stress-free O1 and O2 variants
using generalized solid-state NEB method>!, which allows both
the atomic and supercell degrees of freedom to relax along the
transition pathway. The results of the generalized solid-state NEB
calculation are very close to those obtained using a fixed-supercell
approach, with the calculated energy barrier of variant switching
equals to 0.19eV per formula unit. We note that, while the
transition pathway illustrated in Fig. 6 may not be the only
possible one, if other pathways exist, the transformation barrier of
variant switching can only be smaller or equal than the values we
have obtained.

In Supplementary Fig. 4, we have also computed the transition
barriers for other MX, monolayers, and the barriers obtained are
even lower than 1T'-~WTe, monolayers. The transition barriers of
variant switching are significantly lower than the barriers of phase
transition between the 2H and 1T’ phase!®, which we computed
to be 0.8eV per formula unit for 1T'~-WTe, monolayers at the
equilibrium lattice constants of the 2H phase. The much smaller
transition barriers associated with the variant switching within
the 1T’ phase as compared with the 1T’ to 2H phase transition
has an intuitive geometric explanation. Variant switching
between the orientation variants of 1T" phase only involves the
distortion of M-X octahedral coordination, while the 1T to
2H phase transition requires the complete change of M-X
coordination pattern from octahedral to trigonal prismatic.

According to transition-state theory, assuming a characteristic
attempt frequency of 10 THz, which is the typical frequency of
optical phonons in 1T'-MX, monolayers??, a 0.2¢eV barrier is
associated with a timescale of around 0.2 ns. Although the actual
barrier of forming a critical nucleus of new variant may involve
multiple formula units, and other factors such as interfaces and
pre-existing defects may also affect the transformation kinetics,
the much smaller barrier associated with variant switching within
the 1T’ phase as compared with 2H to 1T’ phase transition!®2
suggests that ferroelastic variant switching in 1T'-MX,
monolayers is very likely to happen under normal laboratory
experimental conditions.

Ferroelastic domain boundaries. A direct consequence of strain-
induced variant switching in 1T'-MX, monolayers is the
formation of domain boundaries between different orientation
variants. Strain-induced ferroelastic switching between the Ol,
02 and O3 variants can lead to the formation of three possible
types of coherent twin boundaries, between O1 and O2, O1 and
03, and between O2 and O3, which we refer to as O1-02,
01-03 and 02-03, respectively. The DFT-relaxed atomistic
structures of the three different types of twinning domain
boundaries in 1T'-WTe, monolayers under zero external stress
are shown in Fig. 7. The three domain boundaries are energeti-
cally degenerate, and they are related to each other by 120°
rotational symmetry operation. Unlike their three-dimensional
(3D) counterparts, where the domain boundaries are 2D, the
boundaries formed between the domains of 2D MX, monolayers
are quasi-one dimensional (1D) in nature, which may impart
them unique properties. We have calculated the domain bound-
ary energies associated with the three types of the 1D domain
boundaries and found they have small formation energies. Our
DFT calculations give the domain boundary energies of MoS,,
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Figure 6 | NEB calculation of transformation barrier and the pathway for orientation switching. The initial configuration of the NEB calculation is
the O1 variant of 1T-WTe, monolayers at ground state (zero external stress), while the final state is the strained O2 variant with the same supercell
dimensions as those of the O1 variant. (@) Change of the system energy per chemical formula unit as a function of reaction coordinate. (b) The
corresponding atomistic structure of the system along the reaction coordinate. Four different supercells were used to carry out the NEB calculations:
2x2,2x4,4x2 and 4 x 4 supercell of the 1T’ phase, which all give identical results.

02-03

Figure 7 | Ferroelastic domain boundaries between different orientation variants. (a-c) lllustrate the DFT-relaxed atomistic structures of domain
boundaries formed between the O1 and 02, O1 and O3, and 02 and O3 variants of 1T-WTe, monolayers, respectively. To help guide the eyes,
domains of different variants are shaded in distinct colours: O1 variant in orange, O2 variant in green and O3 variant in blue.

MoSe,, MoTe,, WS,, WSe, and WTe, monolayers to be 27, 46,
40, 22, 51 and 52meV - A~ 1, respectively. In comparison, the
formation energy of another type of 1D defects in 3D crystals,
dislocations, is in the order of several hundred meV per Ang-
strom. Such small-domain boundary energies will facilitate the
ferroelastic switching between different orientation variants.

Discussion

The thermodynamic and kinetic analysis above have provided
strong evidence that strain-induced ferroelastic switching of
orientation variants can occur in 1T'-MX, monolayers, with a
few percent of local strain. Our calculations indicate that variant
switching can most easily happen when stretching the 1T'-MX,
monolayers along the direction of dimerized metal chains. This
prediction, if experimentally realized, will render 1T'-MX,
monolayers as the first class of 2D ferroelastic materials®.
Signatures of such ferroelastic switching in experiments include
hysteresis in stress—strain curves?’, and the existence of a force
plateau when the externally applied strain is beyond a critical
value that corresponds to the onset of variant coexistence. Direct
experimental proof of ferroelastic domain switching may be
realized by carrying out in situ transmission electron microscopy
experiments of mechanical deformation of 1T'-MX, monolayers.
As the domains of different variants have different crystallo-

graphic orientations, the migration of domain walls during strain-
induced variant switching can be observed by dark-field
transmission electron microscopy, which has been demon-
strated for domain imagining in graphene and MoS,
monolayers>>*, Selective area electron diffraction could also
reveal the formation of twinning domains, as variant switching
results in the rotation of the underlying Bravais lattice of the 1T’
structure, which will manifest in selective area electron diffraction
as the rotation of diffraction patterns.

Our prediction of ferroelasticity in the TMD monolayers can be
readily tested experimentally in 1T'~-WTe, and 1T'-MoTe,, for
which bulk single crystals have been synthesized on a large scale
and exfoliated down to the monolayer or few-layer regime?%!.
Recently, large-area and high-quality MoTe, few layers in 1T’
phase have been grown via chemical vapour deposition®>24, Local
and controlled phase transformation of MoTe, from the 2H to 1T’
phase can also be realized using laser ablation®. In principle,
ferroelastic domain switching can be observed not only in
monolayers but also in few-layer samples, since dimerized metal
chains within different layers of the 1T 3phase orient along the
same direction in naturally grown crystalsC.

For other group VI MX, that include MoS,, MoSe,, WS, and
WSe,, as the 2H phase is energetically more stable than the 1T’
phase under normal conditions, the 1T’ phase can be realized
using a phase engineering approach”38, The 1T or 1T’ phase of
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these materials are now actively being explored for applications in
energy and electronics®3. Monolayers of WS,, MoS, and MoSe, in
IT' phase have been obtained via liquid-phase exfoliation of
the bulk crystals intercalated by alkaline metals!®2>3°,
The transformation from the 2H phase to 1T’ phase by alkaline
metal intercalation is attributed to charge transfer from
the intercalated alkali atoms to the TMDs®’. We have
performed DFT calculations to study the effect of lithium atom
adsorption on the relative energetics of 2H-MX, and 1T'-MX,
monolayers, and it is indeed shown that, with increased
amount of adsorbed lithium, the 1T’ phase becomes
energetically more favourable than the 2H phase for all the
MX, monolayers, as illustrated in Supplementary Fig. 5. It has
also been proposed that the substitutional doping of MX, with
elements having more valence electrons (for example, Re) than
the transition metal ions can be another effective way to stabilize
the 1T’ phase*’.

From an application perspective, ferroelastic behaviours have
close connection to the shape memory effect, which has been
exploited to make actuators in a wide range of industries. In 3D,
shape memory alloys (SMAs) is a well known and technologically
important class of ferroelastic materials. SMAs can undergo a
diffusionless martensitic phase transformation below a critical
temperature, from the high-temperature austenite to the low-
temperature martensite phase*!. The martensite phase of SMAs is
ferroelastic: it has several equivalent orientations or variants, that
can be switched from one to another by an appropriate uniaxial
or shear stress. The martensite phase in SMAs can undergo large
inelastic deformation through stress-induced migration of twin
boundaries between different variants. On heating the deformed
crystal above the martensitic phase transformation temperature,
the martensite phase can revert to the austenite phase and recover
its original shape before deformation. For the ferroelastic
IT'-MX, monolayers, if the 1T’ phase can be reversibly
transformed to the 1T or 2H phase under external stimuli
(which do not have to be thermal but could be other fields), then
MX, monolayers could be 2D shape memory materials, with
operating principles similar to SMAs. As such, 1T'-MX,
monolayers can be used to make ultrathin actuators for
applications in nanoscale-integrated electromechanical systems.

In closing, we would like to make a few additional comments.
First, since the 1T'-MX, monolayers were predicted to be
quantum spin Hall insulators??, topological effect plays an
important role in determining their electronic properties. The
twinning domain boundaries formed through ferroelastic
switching in the 1T’ phase, which are 1D defects in 2D
quantum materials, may possess exotic physics and provide a
rich playground for domain boundary engineering*?. Second, the
possibility of ferroelastic switching in 2D materials may not be
limited to group VI MX, monolayers, considering the rich family
of 2D materials*>. Our initial studies indicate that several other
TMD monolayers, including ReS,, NbTe, and TaTe,, which have
low-symmetry distorted crystal structures similar to 1T'!6, also
possess distinct orientation variants and could be ferroelastic as
well. Indeed, experimental evidence of local strain-induced
orientational switching in ReS, and ReSe, monolayers has
recently been reported**. Our finding of potential 2D
ferroelastic behaviours in monolayer materials could therefore
open doors to many exciting discoveries in 2D materials with
low-symmetry distorted crystal structures, which may also
include ferroelectric, ferromagnetic and multiferroic behaviours
in the future.

Methods
First-principles calculations. DFT calculations were performed using the Vienna
Ab initio Simulation Package with a plane-wave basis set*>*¢ and the projector-

augmented wave*” pseudopotentials. Exchange-correlation effects were treated
using the generalized gradient approximation®® in the Perdew-Burke-Ernzerhof
form®. The kinetic energy cutoff for wavefunction expansion was fixed to be
350 eV. The TMD monolayers were modelled in supercells with a vacuum region in
the direction perpendicular to the 2D planes of the monolayers (the z direction).
The length of the supercells along the z direction was chosen to be 20 A. Brillouin
zone integration employed a Gamma point centred m x n x 1 Monkhorst-Pack>
k-point grid and a Gaussian smearing of 50 meV, where the numbers m and n were
chosen such that the k-point sampling spacing is <0.1 A~ along the supercell
reciprocal vectors in the x—y plane. The energy convergence thresholds for
electronic and ionic relaxations were 10 ~ % and 10~ €V, respectively. The
maximum residual forces resulted from these convergence criteria are smaller than
5x 10~ 3eV A~ 1. We provide the DFT-relaxed atomistic structures of the O1,
02 and O3 variants of 1T'-MX, monolayers in the POSCAR format of Vienna Ab
initio Simulation Package, as listed in Supplementary Tables 4-9.
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Supplementary Figure 1 | Intersection contours of the potential energy surfaces between
the O1 and O2/03 variants of 1T°—MX; monolayers. (a) and (b) show the calculation results
for MoX; and WX respectively, where X represents S, Se or Te. The lattice constants a and b of
the rectangular 2D unit cell of 1T°-O1 (Figure 1 in main text) are represented as percent
engineering strain with respect to the equilibrium lattice constants ap and by. The O2/03 variants
are forced to adopt the supercell of the O1 variant and their DFT-relaxed energies are compared
with the O1 variant. The regions of lower-energy phase are labeled on the plots. Because the 1T’
phase is the metastable phase for MX; at ambient conditions except for WTe,, the energies of 1T’
phase are in general higher than those of the corresponding 2H phase. Hence, unlike the Figure 3
in main text, the intersection boundaries between 1T’ and 2H either lay beyond the range of
strain represented in the above plots (for MoS,, MoSe;, WS, and WSe,), or not shown for
consistency (MoTey).
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Supplementary Figure 2 | NEB calculation of the transformation barriers and pathways
between different orientation variants. (a, b) Variant switching from O1 to O2; (c, d) O1 to
03; (e, f) 02 to O3. In these calculations, the O1 variant is in ground state, while the O2 and O3
are strained to adopt the same supercell vectors as those of the O1 variant. The reference energy
is the ground state energy of the three variants, which are the same in zero-strain configurations.
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Supplementary Figure 3 | Comparison between fixed and variable cell-shape NEB
calculations. The transformation barriers and pathways associated with the variant switching
from the O1 to (strained) O2 variant are calculated for 1T°-WTe, monolayers. In (a) and (b), the
calculations were carried out using climbing image NEB* where the initial configuration of the
reaction pathway is the ground state of the O1 variant, and the final configuration is the O2
variant strained to adopt the same supercell vectors of the O1 variant. In (c) and (d), both the
initial and final configurations are in their strain-free ground state, and therefore have equal
system energy but slightly different supercell vectors. Calculations for (c) and (d) were
performed using generalized solid-state NEB (G-SSNEB)?, which allows both the atomic and
unit cell degrees of freedom to relax along the transformation pathway.
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Supplementary Figure 4 | Transformation barriers of MX; monolayers from 1T°—01 to
1T°—02 as calculated by nudged elastic band (NEB) method. (2) and (b) show the results for
MoX, and WX, monolayers respectively. The supercell for NEB calculation was fixed at the
equilibrium (zero-stress) supercell of the O1 variant. The end state of the transformation is O2

variant adopting the supercell geometry of O1 variant, with DFT-relaxed atomic coordinates.
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Supplementary Figure 5 | Stabilization of 1T°-MX; monolayers via lithium atom adsorption.
The favorable binding site of the lithium atoms on the surface of the monolayers and the energies
of the 2H and 1T’ phase are determined via DFT calculations. The horizontal axis represents the
number for adsorbed lithium atoms per formula unit of MXj, while the vertical axis denotes the
calculated energy difference between the 1T’ and 2H phase.



Supplementary Tables

T O1 variant 02 \iaTr;ant 03 variant
Mos: | (5o 1ror) | (5o 114e) | Comn 1110) | (a1 1it0)
Mose: | (05 1135) | (50 1150) | Cons 1150) | (01s 1150
vote: | (G5 1510) | (5o 1279) | Cozo 1214) | (030 1314)
wse | (G5 1108) | (5o 1142) | Cove 1114) | (o 1114)
wse | (55 1137) | (5o 11es) | Corz 11se) | (11 11s4)
wiee | (55 1210 | (50 1260 | Coas 1292) | (013 1399)

Supplementary Table 1 | Supercell matrices of MX; monolayers in 1T and 1T’ phase. The
DFT-calculated 2D supercell matrices H of the 2 x 2+/3 supercells of 1T-MX, monolayers and
the corresponding supercells in the 1T’ phase are listed. The three 1T’ variants, O1, O2 and O3,
derive from the three symmetry-equivalent directions of structural distortion in the
corresponding 1T phase. The supercell matrices have the form H = [h,, h,], where the column
vectors h,and h, are the two basis vectors of the supercells in the 2D planes of MX; (see main
text for details). The unit of length is Angstrom.



0, (IT to 1T°-01) 1, (IT to 1T°-02) s (IT to 1T°-03)

~0.002 0.0 0.030 —0.018 0.030 0.018

Mos, ( 0.0 0.039) (—0.018 0.009) (0.018 0.009)
0.001 0.0 0.039 —0.022 0.039 0.022

MoSe; ( 0.0 0.051) (—0.022 0.013) (0.022 0.013)
—0.013 0.0 0.038 —0.030 0.038 0.029

MoTe ( 0.0 0.054) (—o 030 0.004) (0.029 0.004)
20.002 0.0 0.023 —0.015 0.023 0.015

WS ( 0.0 0.031) (—0 015 0006) (0.015 0.006)
0.004 0.0 0.035 —0.018 0.035 0.018

WSe, ( 0.0 0.046) (—o 018 0015) (0.018 0.015)
Z0.005 0.0 0.029 —0.019 0.029 0.019

Wre, ( 0.0 0.039) (—0 019 0006) (0.019 0.007)

Supplementary Table 2 | Spontaneous strain of 1T to 1T’ phase transition in MX;
monolayers. The spontaneous strain matrices n associated with the structural transition from the
1T phase to the O1, O2 and O3 variants of 1T’ phase are listed for different MX, monolayers.



g2 (O1to O2) &; (Ol to 03)
Mos: (Sot7 “0029) (6017 ~0.029)
Mose; (Soat “ooas) (0021 0034
MoTe; (Som —oose) (0028 ~0.045)
ws; Coors Zo028) (v015 0024
wse, (Sot7 “0026) (0017 “0.078)
WTe; (Coors —0:030) (0019 ~0.030)

Supplementary Table 3 | Transformation strain between different orientation variants. The
Transformation strain matrices € associated with the variant switching from O1 to O2 variant and
O1 to O3 variant are listed for different 1T’-MX; monolayers.



MoS2 1T°-01
1.0
6.344802 0.000000 0.000000
0.000000 11.436521 0.000000
0.000000 0.000000 20.000000
Mo S

8 16
Direct

0.000000 0.017713 0.496032
0.250000 0.215620 0.504002
0.000000 0.517713 0.496032
0.250000 0.715620 0.504002
0.500000 0.017713 0.496032
0.750000 0.215620 0.504002
0.500000 0.517713 0.496032
0.750000 0.715620 0.504002
0.000000 0.327484 0.433522
0.250000 0.075793 0.413122
0.000000 0.157540 0.586920
0.250000 0.405850 0.566519
0.000000 0.827484 0.433522
0.250000 0.575793 0.413122
0.000000 0.657540 0.586920
0.250000 0.905850 0.566519
0.500000 0.327484 0.433522
0.750000 0.075793 0.413122
0.500000 0.157540 0.586920
0.750000 0.405850 0.566519
0.500000 0.827484 0.433522
0.750000 0.575793 0.413122
0.500000 0.657540 0.586920
0.750000 0.905850 0.566519

MoS2 1T°-02
1.0
6.539611 -0.112305 0.000000
-0.193172 11.103473 0.000000
0.000000 0.000000 20.000000
Mo S

8 16
Direct

0.049431 0.983463 0.496093
0.299598 0.233431 0.496024
0.971210 0.509578 0.504007
0.221371 0.759588 0.503956
0.471189 0.009566 0.504052
0.721346 0.259595 0.503979
0.549457 0.483470 0.496054
0.799620 0.733438 0.495996
0.014228 0.328636 0.433555
0.261399 0.079455 0.413154
0.006806 0.164481 0.566504
0.256550 0.414426 0.566476
0.011612 0.829576 0.413118
0.264107 0.578594 0.433539
0.009471 0.663581 0.586878
0.259210 0.913478 0.586936
0.511602 0.329514 0.413120
0.764100 0.078580 0.433585
0.509467 0.163598 0.586912
0.759214 0.413541 0.586911
0.514245 0.828691 0.433547
0.761401 0.579471 0.413112
0.506828 0.664474 0.566462
0.756540 0.914374 0.566503

MoS2 1T°-03
1.0
6.539654 0.111960 0.000000
0.193944 11.103862 0.000000
0.000000 0.000000 20.000000
Mo S

8 16
Direct

0.023511 0.007926 0.504010
0.195287 0.231687 0.495999
0.945302 0.481697 0.496068
0.273435 0.757876 0.503993
0.445294 0.981696 0.496063
0.773428 0.257880 0.503966
0.523512 0.507924 0.504021
0.695298 0.731683 0.496027
0.983298 0.327798 0.413117
0.233319 0.077705 0.413119
0.985397 0.161858 0.586892
0.238157 0.412668 0.566464
0.980737 0.826874 0.433578
0.230634 0.576848 0.433583
0.987992 0.662718 0.566491
0.235437 0.911801 0.586920
0.480738 0.326903 0.433557
0.730634 0.076834 0.433566
0.487994 0.162734 0.566464
0.735445 0.411766 0.586915
0.483294 0.827763 0.413136
0.733314 0.577725 0.413135
0.485390 0.661841 0.586917
0.738153 0.912695 0.566469

Supplementary Table 4 | Relaxed atomic structures of the O1, O2 and O3 orientation variants
of 1T°-MoS; in the VASP/POSCAR format.




MoSe2 1T°-01
1.0
6.557810 0.000000 0.000000
0.000000 11.918348 0.000000
0.000000 0.000000 20.000000
Mo Se

8 16
Direct

0.000000 0.021570 0.495772
0.250000 0.211774 0.504285
0.000000 0.521570 0.495772
0.250000 0.711774 0.504285
0.500000 0.021570 0.495772
0.750000 0.211774 0.504285
0.500000 0.521570 0.495772
0.750000 0.711774 0.504285
0.000000 0.329097 0.429935
0.250000 0.075919 0.406219
0.000000 0.157465 0.593817
0.250000 0.404175 0.570090
0.000000 0.829097 0.429935
0.250000 0.575919 0.406219
0.000000 0.657465 0.593817
0.250000 0.904175 0.570090
0.500000 0.329097 0.429935
0.750000 0.075919 0.406219
0.500000 0.157465 0.593817
0.750000 0.404175 0.570090
0.500000 0.829097 0.429935
0.750000 0.575919 0.406219
0.500000 0.657465 0.593817
0.750000 0.904175 0.570090

MoSe2 1T°-02
1.0
6.800475 -0.141847 0.000000
-0.244194 11.498713 0.000000
0.000000 0.000000 20.000000
Mo Se

8 16
Direct

0.055344 0.981582 0.495707
0.305226 0.231464 0.495682
0.965748 0.511478 0.504303
0.215467 0.761501 0.504361
0.465724 0.011463 0.504320
0.715465 0.261502 0.504360
0.555390 0.481602 0.495680
0.805232 0.731460 0.495678
0.016650 0.327661 0.430072
0.262279 0.079054 0.406169
0.004469 0.165241 0.570185
0.254507 0.415473 0.569946
0.011687 0.829420 0.406191
0.266993 0.578086 0.429971
0.008187 0.663684 0.593832
0.258438 0.913663 0.593839
0.511692 0.329401 0.406187
0.766991 0.078072 0.429986
0.508188 0.163690 0.593838
0.758441 0.413681 0.593823
0.516645 0.827670 0.430073
0.762335 0.579092 0.406138
0.504457 0.665227 0.570175
0.754445 0.915430 0.569957

MoSe2 1T°-03
1.0
6.801027 0.140481 0.000000
0.243343 11.499961 0.000000
0.000000 0.000000 20.000000
Mo Se

8 16
Direct

0.029083 0.009805 0.504309
0.189655 0.229692 0.495698
0.939341 0.479781 0.495698
0.279369 0.759748 0.504366
0.439336 0.979783 0.495677
0.779357 0.259753 0.504353
0.529067 0.509789 0.504331
0.689636 0.729718 0.495725
0.983378 0.327666 0.406186
0.232385 0.077505 0.406134
0.986488 0.162120 0.593854
0.240443 0.413665 0.569874
0.978302 0.825884 0.430152
0.227977 0.576244 0.430012
0.990547 0.663384 0.570083
0.235574 0.911965 0.593837
0.478303 0.325902 0.430141
0.727989 0.076242 0.430000
0.490543 0.163391 0.570068
0.735556 0.411929 0.593855
0.483398 0.827650 0.406192
0.732320 0.577494 0.406176
0.486498 0.662104 0.593873
0.740453 0.913687 0.569876

Supplementary Table 5 | Relaxed atomic structures of the O1, O2 and O3 orientation variants
of 1T°—MoSe, monolayers in the VASP/POSCAR format.
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MoTe2 1T°-0O1
1.0
6.890280 0.000000 0.000000
0.000000 12.734937 0.000000
0.000000 0.000000 20.000000
Mo Te

8 16
Direct

0.000000 0.025986 0.495485
0.250000 0.207341 0.504551
0.000000 0.525986 0.495485
0.250000 0.707341 0.504551
0.500000 0.025986 0.495485
0.750000 0.207341 0.504551
0.500000 0.525986 0.495485
0.750000 0.707341 0.504551
0.000000 0.331742 0.425799
0.250000 0.076934 0.396727
0.000000 0.156418 0.603329
0.250000 0.401579 0.574228
0.000000 0.831742 0.425799
0.250000 0.576934 0.396727
0.000000 0.656418 0.603329
0.250000 0.901579 0.574228
0.500000 0.331742 0.425799
0.750000 0.076934 0.396727
0.500000 0.156418 0.603329
0.750000 0.401579 0.574228
0.500000 0.831742 0.425799
0.750000 0.576934 0.396727
0.500000 0.656418 0.603329
0.750000 0.901579 0.574228

MoTe2 1T°-02
1.0
7.240200 -0.203063 0.000000
-0.349924 12.140670 0.000000
0.000000 0.000000 20.000000
Mo Te

8 16
Direct

0.061897 0.979331 0.495308
0.311910 0.229341 0.495306
0.958776 0.513641 0.504742
0.208774 0.763624 0.504746
0.458768 0.013619 0.504772
0.708769 0.263626 0.504758
0.561925 0.479328 0.495267
0.811907 0.729332 0.495287
0.021250 0.326431 0.426039
0.265292 0.078370 0.396745
0.999792 0.166743 0.573925
0.249814 0.416758 0.573913
0.015275 0.828395 0.396715
0.271253 0.576433 0.426003
0.005491 0.664637 0.603405
0.255493 0.914630 0.603415
0.515277 0.328368 0.396716
0.771244 0.076434 0.426045
0.505505 0.164639 0.603417
0.755498 0.414651 0.603398
0.521240 0.826445 0.426033
0.765279 0.578377 0.396704
0.499782 0.666720 0.573887
0.749789 0.916725 0.573925

MoTe2 1T°-03
1.0
7.240880 0.199458 0.000000
0.345502 12.144272 0.000000
0.000000 0.000000 20.000000
Mo Te

8 16
Direct

0.036037 0.011940 0.504752
0.182808 0.227551 0.495285
0.932806 0.477552 0.495292
0.286028 0.761948 0.504764
0.432794 0.977557 0.495291
0.786052 0.261940 0.504747
0.536036 0.511949 0.504761
0.682789 0.727555 0.495300
0.979744 0.326765 0.396711
0.229732 0.076761 0.396713
0.988674 0.162813 0.603382
0.244891 0.414852 0.573843
0.974122 0.824787 0.426121
0.224140 0.574785 0.426121
0.994881 0.664858 0.573853
0.238654 0.912821 0.603393
0.474148 0.324788 0.426111
0.724126 0.074789 0.426112
0.494892 0.164866 0.573840
0.738671 0.412803 0.603387
0.479729 0.826756 0.396723
0.729737 0.576765 0.396723
0.488653 0.662812 0.603398
0.744855 0.914884 0.573848

Supplementary Table 6 | Relaxed atomic structures of the O1, O2 and O3 orientation variants
of 1T°—MoTe; monolayers in the VASP/POSCAR format.
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WS2 1T°-01
1.0
6.376993 0.000000 0.000000
0.000000 11.415126 0.000000
0.000000 0.000000 20.000000
W S

8 16
Direct

0.000000 0.017492 0.496394
0.250000 0.215836 0.503646
0.000000 0.517492 0.496394
0.250000 0.715836 0.503646
0.500000 0.017492 0.496394
0.750000 0.215836 0.503646
0.500000 0.517492 0.496394
0.750000 0.715836 0.503646
0.000000 0.326867 0.433524
0.250000 0.074583 0.412747
0.000000 0.158754 0.587292
0.250000 0.406467 0.566514
0.000000 0.826867 0.433524
0.250000 0.574583 0.412747
0.000000 0.658754 0.587292
0.250000 0.906467 0.566514
0.500000 0.326867 0.433524
0.750000 0.074583 0.412747
0.500000 0.158754 0.587292
0.750000 0.406467 0.566514
0.500000 0.826867 0.433524
0.750000 0.574583 0.412747
0.500000 0.658754 0.587292
0.750000 0.906467 0.566514

WS2 1T°-02
1.0
6.538735 -0.094673 0.000000
-0.162651 11.137554 0.000000
0.000000 0.000000 20.000000
W S

8 16
Direct

0.049184 0.983562 0.496492
0.299238 0.233568 0.496505
0.971552 0.509468 0.503525
0.221633 0.759485 0.503555
0.471535 0.009457 0.503558
0.721629 0.259483 0.503570
0.549211 0.483566 0.496461
0.799246 0.733576 0.496486
0.013363 0.328878 0.433558
0.259246 0.080253 0.412758
0.007643 0.164185 0.566502
0.257458 0.414184 0.566467
0.009423 0.830277 0.412742
0.263247 0.578876 0.433541
0.011590 0.662786 0.587285
0.261420 0.912776 0.587306
0.509422 0.330227 0.412744
0.763243 0.078862 0.433576
0.511600 0.162798 0.587313
0.761423 0.412821 0.587286
0.513360 0.828915 0.433552
0.759250 0.580270 0.412725
0.507642 0.664177 0.566473
0.757444 0.914146 0.566491

WS2 1T-03
1.0
6.538940 0.094283 0.000000
0.163309 11.137920 0.000000
0.000000 0.000000 20.000000
W S

8 16
Direct

0.023220 0.007717 0.503529
0.195516 0.231786 0.496478
0.945516 0.481800 0.496487
0.273236 0.757749 0.503585
0.445508 0.981801 0.496482
0.773235 0.257752 0.503558
0.523220 0.507711 0.503542
0.695518 0.731779 0.496506
0.985419 0.328541 0.412738
0.235515 0.078515 0.412720
0.983320 0.161079 0.587289
0.237296 0.412428 0.566471
0.981540 0.827132 0.433564
0.231479 0.577151 0.433565
0.987172 0.662462 0.566500
0.233281 0.911098 0.587308
0.481542 0.327160 0.433545
0.731479 0.077140 0.433546
0.487176 0.162479 0.566471
0.733299 0.411062 0.587304
0.485406 0.828507 0.412758
0.735503 0.578529 0.412738
0.483311 0.661065 0.587314
0.737294 0.912453 0.566472

Supplementary Table 7 | Relaxed atomic structures of the O1, O2 and O3 orientation variants
of 1T’-WS, monolayers in the VASP/POSCAR format.
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WSe2 1T°-01
1.0
6.592315 0.000000 0.000000
0.000000 11.879572 0.000000
0.000000 0.000000 20.000000
W Se

8 16
Direct

0.000000 0.022068 0.495735
0.250000 0.211159 0.504303
0.000000 0.522068 0.495735
0.250000 0.711159 0.504303
0.500000 0.022068 0.495735
0.750000 0.211159 0.504303
0.500000 0.522068 0.495735
0.750000 0.711159 0.504303
0.000000 0.328345 0.429951
0.250000 0.074832 0.405335
0.000000 0.158600 0.594689
0.250000 0.404995 0.570105
0.000000 0.828345 0.429951
0.250000 0.574832 0.405335
0.000000 0.658600 0.594689
0.250000 0.904995 0.570105
0.500000 0.328345 0.429951
0.750000 0.074832 0.405335
0.500000 0.158600 0.594689
0.750000 0.404995 0.570105
0.500000 0.828345 0.429951
0.750000 0.574832 0.405335
0.500000 0.658600 0.594689
0.750000 0.904995 0.570105

WSe2 1T°-02
1.0
6.791149 -0.115482 0.000000
-0.198560 11.535637 0.000000
0.000000 0.000000 20.000000
W Se

8 16
Direct

0.056244 0.981268 0.495623
0.306087 0.231180 0.495671
0.964692 0.511777 0.504318
0.214707 0.761813 0.504445
0.464690 0.011771 0.504319
0.714705 0.261813 0.504444
0.556238 0.481269 0.495623
0.806087 0.731183 0.495672
0.015189 0.328061 0.430060
0.260342 0.079957 0.405171
0.005482 0.164773 0.570096
0.255758 0.414956 0.569924
0.010347 0.829779 0.405318
0.265326 0.578394 0.430049
0.010415 0.663040 0.594743
0.260415 0.913304 0.594816
0.510344 0.329780 0.405317
0.765327 0.078392 0.430049
0.510418 0.163038 0.594742
0.760412 0.413306 0.594816
0.515190 0.828061 0.430061
0.760345 0.579960 0.405171
0.505483 0.664772 0.570095
0.755756 0.914954 0.569925

WSe2 1T°-03
1.0
6.790538 0.114009 0.000000
0.197449 11.535890 0.000000
0.000000 0.000000 20.000000
W Se

8 16
Direct

0.029895 0.010133 0.504349
0.188798 0.229486 0.495669
0.938506 0.479543 0.495603
0.280288 0.760090 0.504423
0.438514 0.979565 0.495620
0.780299 0.260090 0.504406
0.529886 0.510144 0.504357
0.688793 0.729480 0.495712
0.984869 0.328092 0.405266
0.234020 0.078077 0.405251
0.984764 0.161381 0.594810
0.239110 0.413241 0.569888
0.979554 0.826270 0.430159
0.229136 0.576574 0.430002
0.989525 0.663072 0.570022
0.234039 0.911434 0.594729
0.479574 0.326302 0.430145
0.729135 0.076567 0.429999
0.489537 0.163092 0.570014
0.734051 0.411427 0.594722
0.484922 0.828103 0.405292
0.734002 0.578100 0.405262
0.484633 0.661355 0.594844
0.739151 0.913279 0.569927

Supplementary Table 8 | Relaxed atomic structures of the O1, O2 and O3 orientation variants
of 1T°-WSe, monolayers in the VASP/POSCAR format.
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WTe2 1T°-01
1.0
6.980712 0.000000 0.000000
0.000000 12.611188 0.000000
0.000000 0.000000 20.000000
W Te

8 16
Direct

0.000000 0.027739 0.494860
0.250000 0.205591 0.505178
0.000000 0.527739 0.494860
0.250000 0.705591 0.505178
0.500000 0.027739 0.494860
0.750000 0.205591 0.505178
0.500000 0.527739 0.494860
0.750000 0.705591 0.505178
0.000000 0.330360 0.426153
0.250000 0.076512 0.395453
0.000000 0.156810 0.604577
0.250000 0.402987 0.573896
0.000000 0.830360 0.426153
0.250000 0.576512 0.395453
0.000000 0.656810 0.604577
0.250000 0.902987 0.573896
0.500000 0.330360 0.426153
0.750000 0.076512 0.395453
0.500000 0.156810 0.604577
0.750000 0.402987 0.573896
0.500000 0.830360 0.426153
0.750000 0.576512 0.395453
0.500000 0.656810 0.604577
0.750000 0.902987 0.573896

WTe2 1T°-02
1.0
7.211354 -0.133713 0.000000
-0.230241 12.215912 0.000000
0.000000 0.000000 20.000000
W Te

8 16
Direct

0.064441 0.978375 0.494871
0.314527 0.228405 0.494840
0.956353 0.514640 0.505169
0.206350 0.764638 0.505217
0.456255 0.014579 0.505296
0.706315 0.264622 0.505264
0.564578 0.478416 0.494732
0.814509 0.728357 0.494746
0.019045 0.326752 0.426415
0.263329 0.078553 0.395441
0.001899 0.166408 0.573760
0.251931 0.416448 0.573687
0.013445 0.828618 0.395375
0.268975 0.576892 0.426312
0.007383 0.664428 0.604565
0.257335 0.914386 0.604658
0.513445 0.328473 0.395373
0.768964 0.076751 0.426490
0.507384 0.164455 0.604639
0.757373 0.414511 0.604585
0.518970 0.826856 0.426388
0.763494 0.578500 0.395254
0.501869 0.666280 0.573625
0.751833 0.916254 0.573766

WTe2 1T°-03
1.0
7.208065 0.131540 0.000000
0.227793 12.226579 0.000000
0.000000 0.000000 20.000000
W Te

8 16
Direct

0.038516 0.012757 0.505238
0.180290 0.226697 0.494710
0.930289 0.476691 0.494757
0.288463 0.762856 0.505329
0.430145 0.976757 0.494790
0.788648 0.262735 0.505217
0.538579 0.512819 0.505325
0.680129 0.726743 0.494821
0.981272 0.326979 0.395381
0.231187 0.076893 0.395385
0.987774 0.162390 0.604610
0.242862 0.414192 0.573604
0.975794 0.825534 0.426365
0.225920 0.575643 0.426415
0.992787 0.664215 0.573623
0.237428 0.912498 0.604713
0.475931 0.325649 0.426340
0.725801 0.075558 0.426317
0.492890 0.164272 0.573589
0.737773 0.412298 0.604628
0.481098 0.826984 0.395471
0.731153 0.577009 0.395482
0.487447 0.662461 0.604736
0.742823 0.914269 0.573623

Supplementary Table 9 | Relaxed atomic structures of the O1, O2 and O3 orientation variants
of 1T°-WTe, monolayers in the VASP/POSCAR format.
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