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Hierarchical zero- and one-dimensional
topological states in symmetry-controllable
grain boundary

Won-Jun Jang 1,7, Heeyoon Noh 2,7, Seoung-Hun Kang 3, Wonhee Ko 4,
JiYeon Ku1, Moon Jip Park 5,6 & Hyo Won Kim 1

Structural imperfections can be a promising testbed to engineer the symme-
tries and topological states of solid-state platforms. Here, we present direct
evidence of hierarchical transitions of zero- (0D) and one-dimensional (1D)
topological states in symmetry-enforced grain boundaries (GB) in 1T′–MoTe2.
Using a scanning tunneling microscope tip press-and-pulse procedure, we
construct two distinct types of GBs, which are differentiated by the underlying
symmorphic and nonsymmorphic symmetries. The GBs with the non-
symmorphic rotation symmetry harbor first-order topological edge states
protected by a nonsymmorphic band degeneracy. On the other hand, the edge
state of the symmorphic GBs attains a band gap. More interestingly, the gap-
ped edge state realizes a hierarchical topological phase, evidenced by the
additional 0D boundary states at the GB ends. We anticipate our experiments
will pioneer the material platform for the hierarchical realization of first-order
and higher-order topology.

The topology of the electronic band is an essential factor in under-
standing the materials’ electrical and quantum properties.
Bulk–boundary correspondence, as a guiding principle of the topolo-
gical phase, dictates the intimate relationship between the topological
invariant of bulk and the metallic excitations at the boundary1–3. A
prototypical example ofmaterials with non-trivial topology is found in
topological insulators (TIs), which have inverted band gaps by large
spin-orbit coupling and topological character protected by time-
reversal symmetry4–7. Moreover, a larger class of topological materials
is available when we add crystalline symmetries, exemplified by
topological crystalline insulators (TCIs)8,9 and higher-order topological
insulators (HOTIs)10–13. HOTIs are especially interesting because they
broaden the concept of bulk-boundary correspondence not to be
limited between N-dimensional bulk and (N-1)-dimensional boundary,
but to be applicable between N-dimensional bulk and (N-n)-dimen-
sional boundaries with n > 1. For example, second-order HOTI with 3D

(2D) bulk should have topologically protected 1D hinge (0D boundary)
states.

Observing topological boundary states is a key to identifying
the non-trivial bulk topology. Crystallographic defects such as lattice
dislocations and grain boundaries (GBs) are of particular interest
since they can trap the localized boundary states. The topological
protection of the boundary state depends on the crystal symmetry
and the dimensionality of both the parent topological state and
the defect14–20. In the case of 2D and 3D HOTI, realizing variant crys-
tallographic defects provides a promising route to engineer topolo-
gical boundary states by creating different types of defects that either
preserve or break the underlying crystalline symmetries21. With a
local probe that can characterize and manipulate these crystal-
lographic defects, we can identify the non-trivial topology of the
bulk as well as control the topological states by the symmetry of
defects22–24.
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A scanning tunneling microscope (STM) is a unique atomic-scale
microscopy tool that has been extensively used for observing topo-
logical states1,2 as well as manipulating them with atom manipulation
techniques25. The precise control of the bias pulse and the sample-tip
distance allows STM to manipulate individual atoms and defects with
atomic precision. However, the application of such nanoscale manip-
ulation to HOTI and demonstration of hierarchical topological states
with respect to the symmetries are challenging, because it requires
finding the right bulk materials with non-trivial topology that at the
same time can be manipulated by STM to create atomic defects with
suitable crystalline symmetries.

In this work, we apply the tensile strain on 1T′-MoTe2 by poking
the surface with an STM tip in a controlled fashion to create and sta-
bilize symmetry differentiable GBs. The boundary matching of the
atomic structure admits the two possible types of GBs, eachof which is
characterized by the distinct crystalline symmetries along the GBs:
symmorphic C2– (SymC2) and non-symmorphic C2– (NonSymC2)
rotational symmetries. The strain induces domain switching between
three orientation variants of the 1T′ phase and creates symmetry-
dictated GBs1,26. To create GBs, we design a new STM manipulation
method that induces ferroelastic switching between three orienta-
tional variants of the 1T′ phase of MoTe2 in a controlled and

reproducible way. The GBs created by STM manipulation exhibit dif-
ferent topological states depending on a type of crystalline symmetry,
i.e. the 1D topological edge states and the 0D topological boundary
states for non-NonSymC2 and SymC2 rotational symmetries, respec-
tively. Our results demonstrate that STM manipulation is a promising
route to achieve the controllable manipulation of the HOTI states by
ferroelastic switching.

Results
Creation of symmetry-enforced grain boundaries
Due to the quantum spin Hall phase of 1T’–MoTe2, the GBs of
1T’–MoTe2 harbor the pair of helical edge states originating from each
side of the quantum spin Hall insulating bulk. In general, these pairs
can be gapped out, but NonSymC2 GBs stabilize the double helical
edge mode, whose band degeneracy is protected by the non-
symmorphic symmetry (Fig. 1a top)16. On the other hand, the SymC2
GBs lose their topological protection and acquire a finite band gap.
Nevertheless, SymC2 symmetry gives rise to the higher-order topolo-
gical classifications of the gapped edge. The resulting electronic states
of the SymC2 GB are analogous to the well-known Su-Schrieffer-
Heeger chain27, which manifests as the 0D boundary states (Fig. 1a
bottom)28.

2nm

Fig. 1 | Hierarchical zero- and one-dimensional topological states in
symmetry–enforced grain boundaries (GB) of 1T′–MoTe2. a Illustration of
topological states in non-symmorphic and symmophic GBs. While the non-
symmorphic GBs have protected edge modes, the symmorphic GBs allow atomic
dimerizations, which give rise to the zero-dimensional higher-order topological
states. b Schematic illustration for the GB formation process of GBs using an
Scanning Tunneling Microscopy (STM) tip. Inset: Derivative STM image of pristine

1T’–MoTe2 surface showing quasi-one-dimensional chains formed by the Te atoms
and denoted the region of this original chain direction as G1. c dI/dV spectra taken
at the positions indicated by the black, cyan, magenta, and blue dots in the inset.
Inset: STM image showing a 120° SymC2GBcreated in 1T’–MoTe2.dDerivative STM
image of 1T’–MoTe2 obtained after GBs formation process. e Structural models of
the 1T’–MoTe2. denotedasG1, G2 andG3. TheTechain directions aremarkedby the
dotted lines to help guide the eyes.
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To create such GBs and to characterize their atomic and electro-
nic structures, we employ STM and scanning tunneling spectroscopy
(STS). A tensile strain can be applied by pressing the STM tip to the
surface, and furthermore, electrical and/or thermal energy can be
transmitted by applying a tip voltage pulse at a desired position
(Fig. 1b). Inset of Fig. 1c shows a representative topographic image of
the SymC2 GB between NonSymC2 GBs created by such STM manip-
ulation. The differential conductance (dI/dV) spectra in Fig. 1c show a
strong contrast between the ones taken at the center of GB (cyan),
ends of GB (magenta and blue), and bulk (black), which we will later
show to originate from the topological boundary states of SymC2 GB.
Figure 1d shows a representative large-scale derivative STM image of
the strain-engineered GBs in 1T’–MoTe2. In the pristine surface of
1T’–MoTe2, the Te atoms form quasi-one-dimensional chains with a
preferred directiondue to the dimerization ofMoatoms from the high
symmetry phase (1T) (denoted by region G1 in Fig. 1b). By pressing the
STM tip to the surface with applying a voltage pulse of –2.5 V, the
pressed G1 region transforms to the diamond shape of different types
of grains (G2 and G3) (Fig. 1d), corresponding to the two of the other
six–fold rotation variants of the 1T’ phase with different Te–chain
direction (Fig. 1e).

To characterize the optimal condition for obtaining the grain-
switched diamond-shaped structure shown in Fig. 1d, we investigated
several experimental parameters: (1) applied voltage pulse (Vp); (2)
depth of surface indentation (D, which is defined as the distance
after the tunneling current reaches 100 nA. For delicate control of D,
we used z-spectroscopy before every switching process, and D was
varied from a few angstroms to 30 nm); (3) time to lower the tip to the
surface (T1, varied from 0.5 s to 10 s); (4) duration at the lowest posi-
tion for tip pulse (T2, varied from0.2 to0.5 s); and (5) time to lift the tip
(T3, varied from 0.02 s to 10 s.). The various results from changing
the parameters are presented in the Supplementary Information.
Subsequently, we determined the following optimal condition:
Vp = –2.5 ~ –3 V, D = –0.1 ~ –0.2 nm, T1 = 0.5 ~ 3 s, T2 = 200 ms and
T3 = 20 ms (Supplementary Fig. S2). We note that applying only vol-
tage pulse Vp did not generate new grains, and applying tensile strain
by pressing down the surface with certain D and T1 is essential to form
thediamond-shaped structure. Further details of their dependence are
presented in Supplementary Note 2 and Figs. S2–S6. Many additional
examples of the control of GBs are provided in the Supplementary
Information.

Hierarchical 0D and 1D topological states
The relative angles of Te-chain directions characterize the GBs
between each region. Adjacent G2 and G3 grains bear a GB with the
angle of 120° (G2–G3), and G2 and G3 regions formmostly GBwith the
angles of 60° with respect to the original G1 phase (G1–G2 and G1–G3)
(See supplementary Fig. S7 for full geometric characterizations of the
GBs and Supplementary Figs. S12–15 for geometric and electronic
properties of 60° GBs). Further inspection of the STM image on the
120° boundary reveals the coexistence of both the NonSymC2
and SymC2 GBs (Fig. 2a). Furthermore, the distinctive behaviors in the
dI/dV spectra are identified for different GBs. The dI/dV spectrum at
the NonSymC2 GB, marked by the dotted orange line in Fig. 2a (also
shown as the orange line in Fig. 2b), reveals a differential conductance
peaknear +28mV,whereas no such features are shown inside the grain
far away from GBs (black line in Fig. 2b) as well as the SymC2 GB (cyan
line in Fig. 2b).

The atomic configurations of both types of 120° GBs are char-
acterized by a C2 rotation along the y-axis, offering greater energetic
stability compared to the y-axis mirror reflection in 120° GBs18. These
configurations can be further categorized into NonSymC2 and SymC2
based on the presence or lack of half translation, illustrated in Sup-
plementary Fig. S8a, c. Their electronic properties are depicted in
Supplementary Fig. S8b, d. The gapless metallic states originate from

the non-trivial Z2 index of the quantum spin Hall insulator phase of
MoTe2. In general, the double helical edge mode originating from the
left, and the right side of the domain can be trivially gapped out.
Nonsymmorphic symmetry further protects the gapless crossings
characterized by the bow-tie types band structure. Unlike the non-
symmorhpic GB, the topological protection of the gapless state is
removed at the symmorphic GB.

The spatial dI/dV maps of the 120° GB clearly show the 1D
boundary state at the NonSymC2 GBs (Fig. 3c). The boundary mode
is well–localized at the NonSymC2 GB as seen in the dI/dV map
acquired at 34 mV in the upper right panel in Fig. 3c (further dI/
dV maps are presented in Supplementary Fig. S9). The observed
boundary mode in the NonSymC2 GB agrees with the theoretically
predicted bowtie shape in-gap metallic states (Fig. 2e). The boundary
states originated from the pair of the helical edge states of each
quantum spin Hall grain. In general, these boundary states are allowed
to be gapped out by the interactions between the helical edges, since
each side of the GB has the same Z2 index. However, the additional
NonSymC2 symmetry gives rise to the Young–Kane type non-
symmorphic band degeneracy29, which protects the band crossings of
the double-helical edge states.

In contrast, the SymC2GB shows no sign of the in-gap edge states,
and it suggests the avoided level crossings between edgemodes in the
absence of symmetry protection. However, interestingly, the mea-
sured dI/dV spectrum at the end of SymC2 GB (violet line in Fig. 3b)
reveals the additional peak near –4mV (further clearly shown in the dI/
dV spectra in Fig. 1c). The peaks are spatially localized at both ends of
the GBs, as shown in the spatial dI/dV map in the left panel in Fig. 3c,
and it signifies the presence of the 1D boundary states. The peaks are
slightly broadeneddue to the finite size effect. A sharper peak is shown
in the Fig. 3g, measured in longer GB in Fig. 3e. The corresponding dI/
dV maps obtained at –4 and 34 mV are presented in Fig. 3f.

Our theoretical calculation also verifies the gapped spectra of the
edge mode (Fig. 2g). Further symmetry analysis reveals the higher-
order topological classifications of the edge mode. The approximate
inversion symmetry along the grain boundary and chiral symmetry
gives Z2 classification of the gapped 1D edge (AIII class). (See supple-
mentary Information for other AI topological classification). The
corresponding symmetry classification is formally equivalent to that
of the SSH model, where the dimerizations of the hoppings give rise
to the unpaired boundary states at each end30. In SymC2 GB, the
dimerization of the Mo atoms (shown by the green stripes in Supple-
mentary Fig. S17) gives rise to the effective dimerization of the hop-
pings. Using the effective model, we also calculated local density of
states (LDOS) near both SymC2 and NonSymC2 GBs (Supplementary
Figs. S20, S21).

To confirm that the 0D states are not artifacts of the states in the
adjacent NonSymC2 GBs, we examined the possible hybridization
between the 1D topological boundary states in NonSymC2GBs and the
0D boundary states in SymC2 GBs. Despite their positional proximity,
the dI/dVmap on the side of the NonSymC2 GBs shows a diminishing
amplitude as it approaches the end of the chain. This behavior
resembles a typical quantum confinement phenomenon31–33, with
negligible hybridization with the 0D states. Consequently, we con-
clude that there is vanishing tunneling of the 0D boundary state to the
NonSymC2 GBs, confirming that the 0D boundary states are intrinsic
to the SymC2 GBs and are not influenced by the adjacent NonSymC2
GBs.We can readout information about the hybridization by analyzing
the confined state by analyzing NonSymC2 GBs with a finite length
(Fig. 4a). The dI/dVmaps reveal the quantumwell–like resonant bound
states with the first (n = 1) and the second harmonics (n = 2) for the
corresponding applied bias voltages 20 mV and 58 mV, respectively
(Fig. 4b). The change of the LDOSmaximadepending on themeasured
position within the NonSymC2GB shown in a series of dI/dV spectra in
Fig. 4c exhibits a typical quantum confinement phenomenon3–5. These
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confinements are clearly observed in the dI/dV line profiles in Fig. 4d.
The wave function of the confined state with n = 1 vanishes strongly at
both ends of the NonSymC2 GB, which indicates the physical separa-
tion from that of the SymC2.

Discussion
Controllability of GB creation and the underlying mechanisms
Wenbin Li and Ju Li theoretically predicted that only mechanical strain
can derive the 1T’-to-1T’ phase transition26. In particular, they demon-
strated that a few percent of biaxial supercell strain induce variant
switching from G1 to G2/G3. As we mention above, we also attempted
to apply tensile strain without a voltage pulse. However, the surface of
MoTe2 did not show grain switching. We hypothesized that although
grain switching occurred when pressing the surface, the switched
grains, G2 and G3, reverted to G1, after the tip detached from the
surface. Therefore, we surmised that applying a bias voltage and
resultant a hole play a key role to preventing the switched grains from

reverting. The voltage pulse transmitted from the tip to the surface
created an electric field, which initially facilitated hole formation and
then assisted in switching the grains.

Our several experimental results support this scenario in several
ways. First, the grain-switched diamond-shaped structures are created
with only at certain bias voltages, specifically Vp = –2.5 to –3 V, which
are appropriate for creating a hole and switching the grains. If the bias
of voltage is not sufficient to facilitate to switching the grain, the
switching does not occur. Thus, with –2.0 V < Vp < 0 V, only holes are
created without any grain formation, as we noted in pre-
vious Supplementary Note 1. Similarly, with –2.0 < Vp < –2.5 V, G2 and/
or G3 are occasionally formed, but not the diamond shape as shown
in Fig. 1d.

Second, the scenario is further supported by the GB formation
mechanismdue to the in-plane electricfield in Fig. 5. In thismethod,we
first created a hole by pressing and applying a voltage pulse with an
STM tip, and then positioned the tip at the center of the hole to touch
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Fig. 2 | Morphology and electronic structure of 120° GBs created in 1T’-MoTe2.
a STM image of the 120° GBs (Vs = –20 mV, I =0.7 nA). b dI/dV spectra obtained
at the non-symmorphic C2– (NonSymC2) GB (orange), symmorphic C2–(SymC2)
GB (cyan), and right area (black). c Schematic illustration of the GB geometry

used in the numerical calculation. d, f Schematic illustration of the GB and
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calculated near the non-symmorphic GB and near the symmorphic GB,
respectively.
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the edges of holes, as shown in Fig. 5a34. Lowering the tip slightly
allowed full contact between the circumferenceof the tip and the edge
of the previously created hole. Note that this depth is defined from the
distance between 1 and 2 in Fig. 5c.When a voltage pulse is applied, the
electric field is applied along the in-plane direction and inducing
electrically strain-driven phase switching. As a result, the characteristic
diamond structure is formed without any mechanical stress. A more
delicately controlled GB formation method shown in Fig. 5b further
enabled probing the effect of in-plane electric field on the GB switch-
ing. We placed the tip very close to the upper side of the edge, as
indicated by the red cross in Fig. 5d. Then, we applied a voltage pulse
to create GBs. As a result, we obtained only the upper half of the
previously observed diamond structure, because grain switching
occurred only in the region next to the contact between the tip and the
hole edge (Fig. 5e). The result substantiates that electric field-induced
phase switching requires a pre-existing hole structure with exposed
step edges, which allows the pulse from the tip to transmit the strain in
the in-plane direction.

Third, the diamond-shaped structure indicates that grain switch-
ing depends significantly on the in-plane structural anisotropy of
1T’–MoTe2. All grain switching preferably occurs along the Te rows (a
direction) and, consequently, produces the diamond-shaped struc-
ture. This suggests that the structural anisotropy of 1T’-MoTe2 on
the anisotropy affects electrical conductivity and elastic properties
on the surface. In the previous reports, the electric conductivity
of 1T'-MoTe2 exhibits anisotropic behavior, with conductivity along
the a direction being approximately twice as high as in the b direction
at 10 K35. Consequently, transmitted bias voltage more quickly pro-
pagates along the a direction than the b direction. Density functional
theory (DFT) calculations were conducted to investigate the response
of the lattice structure to an external electric field. Starting from
the fully optimized MoTe2 structure, the lattice constant in one
direction was held fixed while the other was allowed to relax under
an external field applied along the Te row (a direction). The percent
differences in the relaxed lattice constants, relative to the optimized
structure in the absence of the field, were calculated (Fig. 5i). The
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Fig. 3 | LDOS maps of SymC2 symmetry–induced 0D modes and their finite
length effects, and NonSymC2 symmetry–protected 1D modes. a STM image
of 1T’–MoTe2 with a SymC2 GB surrounded by two NonSymC2 GBs (Vs = –240mV,
I =0.1 nA). b dI/dV spectra taken at the position indicated by the colored crosses
in (a). c, d dI/dV maps obtained over the area shown in (a) for bias voltages
Vs = –100, –4, 34 and 200mV. The dotted white arrows in the upper left indicate S
symmetry–induced boundary modes. e STM image of 1T’–MoTe2 with a longer
SymC2 GB near NonSymC2 GB GBs (Vs = –240 mV, I =0.1 nA). f dI/dV maps
obtained over the area shown in (e) for bias voltages Vs = –4 and 34mV.

g dI/dV spectra taken at the positions indicated by the black, cyan, magenta, and
blue dots. h Numerically calculated NonSymC2-SymC2-NonSymC2 junction of the
GBs. Due to the non-trivial band gap of the SymC2 boundary, we find the emer-
genceof thehigher-order topological boundary states at the endof the SymC2GBs.
i–j Energy spectra of the SymC2 GB in the open and periodic boundary conditions
respectively. In the open boundary condition, the one-dimensional boundary har-
bors the additional zero-dimensional higher-order topological states (red dots). A
total of four states appears, and two of them are localized at each end of the chain.
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results reveal that the lattice constant in the a direction increased,
indicating a stretching effect, while the b direction contracted,
demonstrating that the external electric field induces anisotropic
deformation in the lattice.

This spatially anisotropic grain formation is further confirmed by
additional experiments. We placed the STM tip for voltage pulsing at
the edge of the existing hole as indicated by the red cross in Fig. 5g. In
this case, the tangent to the circular hole at the tip position lies parallel
to the Te rows, and the electrically applied stress across the Te chains
does not induce strain or grain switching. Instead, it causes structural
damage by removing atomic layers and creating an additional
hole (Fig. 5h).

The anisotropy of the elasticity ina and bdirections ofMoTe2 also
affects on the determination of the shape of grain switching36. We
calculated the ratioof the extensions in thea andbdirectionswhen the
surface is pressed along the c direction36. Upon applying a uniaxial
strain ϵz in the c direction, the ratio of the extensions in the b and a
direction is ϵa

ϵb
� 1:316 (Details see Supplementary Note 3). This result

indicates that the adirection is further extend althoughwepressed the
surface z direction. These anisotropic properties are intrinsically gov-
erned by the inherent characteristics of the material.

To the control the transition between SymC2 and NonSymC2,
we performed additional experiments. After obtaining GBs through

the same formation process, we pressed on the indicated position
in Fig. 6a with an STM tip, without applying a pulse. We discovered
that the upper part of the GB moved as shown in Fig. 6b, and the
dI/dV spectra revealed that the NonSymC2 GB changed to the SymC2
GB (Fig. 6c, d). These results indicate that, although our GB formation
process cannot initially selectively create SymC2 and NonSymC2
GBs, the transition between the two can be controlled through
tensile strain, as predicted by the theoretical results of Wenbin Li and
Ju Li26. In addition, we note that the newly created SymC2 in Fig. 6b is
very short. As a results, the dI/dV spectrum (cyan line) measured in the
center of the GB shows the broadening effect of the 0D modes at
its ends.

In conclusion, wedemonstrate hierarchical 0D and 1D topological
states created in the NonSymC2 and SymC2 GBs created in a 1T’-
MoTe2 bymechanically and electrically induced tensile strain using the
STM tip. While the 1D topological edge mode appears on the Non-
SymC2GB, the SymC2GBattains the topological band gapand realizes
the higher-order topological states at the GB ends. HOTIs have been
theoretically well studied, however, their experimental observations
have been rarely reported37,38. Thus, our experimental demonstration
not only provides direct evidence for the physical realization of
higher–order topological states but also a new method for creating
and controlling symmetry–dictated GBs.

Fig. 4 | Quantum confinement effects in the NonSymC2 GB with finite length
adjacent SymC2 GB. a STM image of 1T’–MoTe2 with NonSymC2 and SymC2
GB (Vs = –240mV, I =0.1 nA). b dI/dVmaps obtained in the NonSymC2 GB for bias

voltages Vs = 20 mV and 58mV. c dI/dV Spectra acquired along the NonSymC2 GB
from 1 to 12 marked in the right in (b). d LDOS line profiles of the NonSymC2 GB at
the energies ofN = 1 and N = 2, acquired along the dotted black and red lines in (b).
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Methods
Scanning tunneling microscopy/spectroscopy measurement
We performed the experiments in two commercial low-temperature
STM instruments (RHK and Unisoku operated at 4.2 K and 2.8 K,
respectively.) in an ultrahigh vacuum (pressure < 1.0 10−10 Torr).
1T’-MoTe2 single crystal samples were purchased from HQ Graphene.
The sample was cleaved in an ultrahigh vacuum chamber (~ 10−10 Torr)
at room temperature and then transferred to the low-temperature
STM sample stage, where the temperature was kept at 4.2 K or 2.8 K.

Tight-binding model of 1T’-MoTe2
To study the electronic structure of the topological edge state, we
construct the Slater-Koster type tight-binding model from the DFT
based band structure. We have derived the tight-binding band
structure of 1T’-MoTe2 based on the DFT model with three p-orbitals
for Te-atoms and five d-orbitals for Mo-atoms. The tight-binding
model in real space is generally written as,

H =
X

i, j

X

α,α0 , σ, σ0
tα,α

0
ij cyiασciα0σ0 +HSOC :

Here, i, j represent the site index for each atom. α,α0 represent
the orbital degree of the freedom. For instance, in the case of Mo
atoms, α,α0 =dxy,dyz ,dzx ,dx2�y2 ,d3z2�r2 . In the case of Te atoms
α,α0=px ,py,pz . t

α,α0
ij is the transfermatrix, which is calculated from the

Slater-Koster formula. HSOC is the onsite spin-orbit coupling term.

Band structure and Z2 topological invariant
Z2 topological invariant, ν, can be calculated by the Fu-Kane formula as,

�1ð Þν =
Y

i

δi, δi =
Y

m

ξ2mðΓiÞ

where ξ2mðΓiÞ is the inversion eigenvalue of 2m-th occupied bands at
the time-reversal invariant momenta Γi. Due to the time-reversal and
inversion symmetry, the band structurehas theKramers degeneracy at
the momenta. The number of inversion-odd occupied band is
summarized in Table 1, which results in the non-trivial Z2 invariant.
The non-trivial Z2 invariant is the robust quantity even in the presence
of the inversion symmetry breaking perturbation as long as the
perturbation does no induce the additional band gap closing.
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Fig. 5 | Electric-field induced GB formation of 1T’–MoTe2. a, b Side view of
schematic illustrations of the GB formation processes by creating a hole on the
surface, contacting the hole edge with an STM tip, and applying a voltage pulse.
c Current trace as a function of tip-approaching distance. d, f Derivative STM
images obtained after a hole creation. e,gDerivative STM images taken after theGB
formation process performed at the positionmarked with the red cross in (d), and

(f) via the method illustrated in (a) and (b), respectively. h Derivative STM images
taken after the grain-switching process performed at the position marked with the
red cross in (g). iDFT-calculated changes in the cell parameters vs. external electric
field along the a and b axes, where ao and bo are the optimized lattice constants
calculated without any constraints.
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The non-trivial topological invariant can be further examined by
showing the edge states with the open boundary condition. Supple-
mentary Fig. 1 compares the energy spectra in the closed and open
boundary conditions respectively. The emergence of the edge spectra
confirms the non-trivial topological invariant.

Density functional theory calculations
DFT calculations were carried out using the Vienna ab initio simulation
package (VASP) employing the generalized gradient approximation
(GGA) with Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional form and the projector-augmented wave methods39–43. For all
calculations, wave functions were expanded in plane waves with the
cutoff energy of 350 eV, and the atomic positions were relaxed until
the residual forces were less than 0.02 eV/Å or until the change of the
total energywas less than 1.0 × 10−6 eV. All calculationswereperformed
using a 1T’-MoTe2 monolayer, and a vacuum of at least 20 Å was
applied to the cell to prevent interaction between the slabs.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.
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