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The mirror twin boundary (MTB) within semiconducting transition metal dichalcogenides (TMDs) not only
provides a versatile platform to explore exotic phenomena of one-dimensional (1D) systems, but also offers
an effective building block to introduce novel electronic states in the TMDs. In spite of extensive efforts on
introducing the MTBs in the TMDs, creating and manipulating the MTBs with custom-designed sites remains
an outstanding challenge in experiment. Here we present a facile method for in situ generation of MTBs in
three different TMDs at predetermined positions by scanning tunneling microscope (STM) tip pulses. In MoTe2,
the length and density of the MTBs can be further manipulated using a STM tip. Moreover, we demonstrate
the ability to introduce uniform-sized and orderly arranged MTB triangular loops, which generate low-energy
flat electronic bands in the MoTe2. A periodic modulation in the density of states with a 3a period (a is the
lattice constant) is observed in the MTBs. Unexpectedly, our experiment indicates that the MTBs exhibit length
preference with 3Na (N is an integer), implying that the mechanism for the periodic modulation in the density of
states also plays a role in affecting the formation of the MTBs.
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I. INTRODUCTION

In one-dimensional (1D) systems, reduced screening, en-
hanced quantum fluctuation, and confinement effects make
them paradigmatic platforms for exploring exotic correlated
phenomena, such as quantum spin liquids [1–4], Tomonaga-
Luttinger liquid (TLL) [5–8], and Peierls-type charge density
wave (CDW) [9–12]. Recently, metallic mirror twin boundary
(MTB) within transition metal dichalcogenides (TMDs) has
emerged as an ideal candidate for investigating correlated
physics in 1D systems due to its embedded nature within the
bulk insulating matrix [12–27]. Therefore, researchers have
made extensive efforts to synthesize MTBs in the TMDs,
such as introducing Mo enrichment by electron beam dam-
age [19,22] and thermal sublimation of chalcogens under
vacuum annealing [25]. However, the defect nature of the
MTBs makes the creation and manipulation of the MTBs with
custom-designed sites a big experimental challenge. The abil-
ity to in situ generation and manipulation of MTBs is highly
demanded, as it is crucial for fundamental understanding and
regulating of properties of both the MTBs and TMDs.

In this Letter, we take advantage of the capability atomic-
resolution imaging and precise positioning by scanning
tunneling microscope (STM) [28–32] and report a facile
method of generating and manipulating MTBs of three dif-
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ferent TMDs, i.e., MoTe2, MoSe2, and WSe2, at selected
positions. By using voltage pulses applied through the tip
of a STM, we not only create the MTBs with tunable sizes
and densities, but we also can generate uniform-sized and
orderly arranged MTB triangular loops with low-energy flat
electronic bands. The in situ acquisition and manipulation
of the MTBs provide us a unique platform to explore exotic
electronic states in the TMDs [33,34]. Moreover, the elec-
tronic properties of the MTBs with different lengths in MoTe2

were measured, revealing the modulation in the density of
states with a 3a period (a = 3.52 Å is the lattice constant of
MoTe2). Unexpectedly, our STM measurement indicates that
the MTBs exhibit length preference with 3Na (N is an integer),
implying that the mechanism for the periodic modulation in
the density of states also plays a role in affecting the formation
of the MTBs.

II. IN SITU GENERATION AND MANIPULATION
OF MTBs

A. In situ generation of MTBs with different lengths

Our measurements were performed on TMDs as well as
van der Waals heterostructures made of monolayer graphene
stacked on top of the TMDs (MoTe2, MoSe2, and WSe2;
see Supplemental Material Figs. S1 and S2 for details [35]).
Figure 1(a) schematically illustrates the process to create and
manipulate MTBs in the TMDs. Besides the capability of
atomic-resolution imaging, the STM has demonstrated the
ability to modify the structure of the studied systems locally
[28–32]. Here we use STM tip pulses to break the ionic bonds
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FIG. 1. Schematic illustration and high-resolution STM image of the in situ generation and manipulation of MTBs. (a) A schematic model
for the formation and further manipulation of MTBs. MTBs of various lengths can be generated through the application of a STM tip pulse
and may subsequently be merged into a larger domain with additional tip manipulation (STM tip pulse or quick scanning). The blue and green
spheres represent Te atoms and Mo atoms, respectively. The triangles in different colors represent different sizes of MTBs, with Na used to
label the length of the domain edges, where a = 3.52Å is the lattice constant of MoTe2. (b) A representative STM image of graphene/MoTe2

heterostructure. Inset: FFT image obtained from the STM image. The bright spots represent the reciprocal lattice of graphene (blue dotted
circles), MoTe2 (white dotted circles), and the moiré structure of the graphene/MoTe2 heterostructure (orange dotted circles) respectively. (c)
MTBs of different lengths are created by applying a STM tip pulse. (d) MTBs in panel (c) are merged into larger ones under additional tip
manipulation. (e) An enlarged view of the black rectangle in panel (d) corresponds inverse FFT image obtained by filtering the components of
graphene. The atomic lattices of MoTe2 are overlaid onto the image.

in TMDs to introduce high density atomic defects (see Supple-
mental Material Fig. S3 for detailed pulse parameters [35]).
As demonstrated previously [19–23], the introduced atomic
defects allow for either the metal or chalcogen sublattice to
smoothly glide within a triangular area, thereby providing
sufficient freedom for the formation of MTBs. By further
employing STM tip manipulation techniques, atomic redis-
tribution can be achieved, enabling the merging of several
small MTBs into a larger one, as schematically illustrated in
Fig. 1(a).

Here, we used the result obtained in the MoTe2 and
graphene/MoTe2 heterostructures as examples due to the low
barrier for forming high density of MTBs in the MoTe2 [21].
It is worth stating that the monolayer graphene, serving as an
atomic-scale protective layer and possessing high chemical
stability, not only prevents the semiconductor surface from
oxidation but also protects tips against adsorption of other
atoms during the tip pulse process. Moreover, experimental
results indicate that whether graphene is covered or not has
no significant impact on the main conclusions of this study
(see the Supplemental Material [35] for details). Figures 1(b)–
1(d) summarize the representative process of creating and
manipulating the MTBs. Figure 1(b) presents the pristine
surface with no atomic defects or strain on graphene/MoTe2

heterostructure and the inset shows the corresponding fast
Fourier transform (FFT) image. By using STM tip pulses
at a predetermined site of the heterostructure, the topmost
graphene monolayer remains intact, however, nanoscale pits
can be observed in the TMD substrates [Figure 1(c) and Sup-
plemental Material Fig. S4 [35]). Te vacancies and the MTBs
can be observed around the nanoscale pits after the tip pulses
(see Supplemental Material Figs. S4 and S5 [35]), implying

that the vacancies play an important role in the formation of
the MTBs [20–22]. Around the pits, triangle MTBs of differ-
ent sizes are clearly observed. A close-up view of the MTB
is characterized in the high-resolution topography images, as
shown in Fig. 1(e). In the MoTe2, the 4|4P-type MTB has the
lowest formation energy [20], therefore it is the most com-
monly observed in our experiment. The formation of MTBs
is closely related to tip-induced nanopits and atomic defects
(see Supplemental Material Fig. S5 for STM characterizations
of Te vacancies around the MTBs [35]). High density MTBs
are observed around the nanoscale pits, indicating that the
boundary of the pits introduces high density chalcogen defects
to generate the MTBs. Next, with continued application of
the tip pulse, several small MTB domains can aggregate into
larger MTB domains, as shown in Figs. 1(c) and 1(d). It
implies that further STM tip manipulation can generate more
Te vacancies, resulting in the rearrangement of the MTB loops
[19]. These experimental phenomena further confirm that the
Te vacancies play a crucial role in the formation of MTBs
within TMDs (see Supplemental Material Figs. S6 and S7 for
more experimental results on the manipulation of other TMDs
[35]). Our result demonstrates that MTBs can be generated
at selected positions, which offers exciting possibilities for
exploring and tuning their properties.

B. In situ generation of periodic MTB superstructures

More interestingly, we demonstrate that our method en-
ables the in situ generation of uniform-sized, periodically
arranged MTB superstructures in the TMDs. Figure 2(a)
shows a typical STM topographic image of an area af-
ter applying tip pulses directly onto a graphene/MoTe2
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FIG. 2. MTB superlattice and its electronic properties. (a) Uniform-sized and orderly arranged MTBs are created by applying a STM
tip pulse (Vb = 300 mV, I = 125 pA). (b) The height profile along the black arrow in panel (a), showing a nano pit around the MTBs. (c)
Typical dI/dV spectra taken on the H-phase MoTe2 and MTB superlattice, respectively. The sample is covered with a monolayer graphene,
providing a protection layer in the STM measurement. (d) Magnified STM topographic image within orange square in panel (a), showing the
uniformly ordered MTB superlattice. (e) Structural model framed in orange square of panel (a). The black solid line represents the formed
coloring-triangle (CT) lattice in the MTB superlattice. (f) Corresponding FFT image of panel (d). The bright spots represent the reciprocal
lattice of graphene (blue dotted circles), MoTe2 (white dotted circles), and the MTB supercell (green dotted circles). (g)–(i) The dI/dV maps
of panel (d) acquired at 100 mV (g), 280 mV (h), and 700 mV (i), respectively.

heterostructure. Besides the region showing the MTBs with
different lengths, a region with uniform-sized and orderly
arranged MTBs can be clearly observed. The magnified STM
image, as shown in Fig. 2(d), displays the tip-induced ordered
phase, which is distinctly different from the H-phase MoTe2

or isolated MTBs. A structural model of the ordered super-
structure phase with a lattice constant of 12.2 Å is depicted in
Fig. 2(e). The Te atoms on the MTB form closed triangular
loops together with the Mo terminated triangular domain of
pristine H-phase MoTe2. The ordered MTBs form a poly-
morphic MoTe2 phase, which shares the identical geometry
and chemical ratio with the recently found Mo5Te8 [40]. We
emphasize that the MTB superstructures are not quite suitable
for studying TLL or CDW physics because of their small
size and high density. However, the orderly arranged MTB
triangular loops provide a different route to tune electronic
properties of the TMD, which enables the realization of ex-
otic quantum phases beyond the parent materials. Scanning
tunneling spectroscopy (STS) spectra were acquired in order
to characterize the electronic properties of the ordered MTBs
[Fig. 2(c)]. The dI/dV spectrum (orange) acquired on Mo5Te8

shows two pronounced peaks (0.1 and 0.28 V) near the Fermi
level, which are the two low-energy flat electronic bands
in the coloring-triangle lattice [34]. Representative spatial-
resolved local density of state (LDOS) maps of Mo5Te8

are shown in Figs. 2(g)–2(i), in line with that reported in
a previous study [34]. Obviously, the periodic MTB struc-
ture strongly modifies the electronic properties of the TMD.
The tip-induced uniform-sized and orderly arranged MTB
superlattice provides a unique platform to expand the family

of polymorphs of the TMDs, which sequentially can assist
us in exploring their exotic electronic states and correlated
states.

III. CHARGE DENSITY MODULATION ALONG THE MTB

The MTBs of varying length and density obtained in our
experiments provide a unique platform to explore exotic elec-
tronic states in 1D electron systems. Figure 3 illustrates the
morphology and electronic structures of various MTB triangu-
lar domains with different sizes in the MoTe2. The triangular
domains confine the electron within the boundaries. Along the
1D boundaries, i.e., the MTBs, two parallel rows of prominent
protrusions are observed, as shown in Fig. 3(a). At a low
sample bias (Vb = 350 mV), the protrusions exhibit a period
of approximately 3a along the MTBs, independent of their
length. However, the 3a periodic modulation is hard to ob-
served when we measure the STM image at a high energy
bias (see Fig. S8 for more STM images with other sample bias
[35]). Such a result indicates that the periodic modulation in
the STM image mainly originates from charge density [12],
but whether it is the CDW order or a TLL behavior remains
controversial. Recent experimental results suggest that the
MTBs embedded in MoSe2 exhibit TLL behavior [8], but this
phenomenon has not yet been observed in MoTe2. To further
confirm the physical origin of the 3a periodic modulation ob-
served in our experiment, we performed STS measurements,
as shown in Figs. 3(b) and 3(c). Unlike a typical U-shaped
spectrum with a large semiconducting band gap of the pristine
MoTe2, the spectrum of MTB displays several peaks within
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FIG. 3. Charge density modulations of 1D MTB in MoTe2. (a)
STM image (Vb = 350 mV, I = 90 pA) showing the MTBs in MoTe2.
(b) Typical STM dI/dV spectra obtained from pristine few-layer
MoTe2 [red dot in panel (a)] and an MTB [blue dot in panel (a)],
revealing their semiconducting and metallic characteristics, respec-
tively. (c) Spatially resolved STS spectra of an MTB along the
direction of blue arrow in panel (a), uncovering a 3a-fold charge
modulation. The charge intensity reversal between the occupied (red)
and empty (blue) states. (d) Representative dI/dV constant-height
conductance map recorded at E = 150 meV, showing the modulation
of electronic states along the MTB with a wavelength of 3a.

the semiconducting gap of the pristine MoTe2. Our dI/dV
spectroscopic map along the MTB, as shown in Fig. 3(c), and
energy-fixed STS map, as shown in Fig. 3(d), reveal that the
peaks in the tunneling spectra exhibit the same 3a period (see
Figs. S9–S11 for more data [35]). Although our experiment
is measured at 77 K, we still can measure the spatial distri-
butions of the highest occupied states (red dashed line) and
the lowest unoccupied states (blue dashed line), which are
spatially out of phase [Fig. 3(c)].

IV. “MAGIC LENGTH” IN MTBs

In our experiment, we cannot precisely control the length
of the tip-induced MTBs and the MTBs exhibit a wide length
distribution, as shown in Fig. 4(a) as an example. However, the
length of the MTBs obtained in our work is not random and
seems to exhibit length preference. To clearly show this, we
summarized the histogram for the studied MTBs as a function
of the length in Fig. 4(b). The length of the MTBs obtained in
our experiment is mainly ranging 3a − 13a and the numbers
exhibit local maxima at 3a, 6a, 9a, and 12a, indicating length
preference of the MTBs. It implies that the MTBs with these
lengths may be considered as “magic length,” i.e., the stability
of the MTBs is enhanced at these lengths. Such a feature
reminds us of the “magic numbers,” that atomic clusters with
certain numbers of atoms or molecules are particularly sta-
ble, resulting from closed electronic shell structure [41–46].

FIG. 4. Histogram of the MTBs showing the existence of length
preference. (a) STM image depicting MTBs of varying lengths in-
duced by STM tip pulse. The triangles in different colors represent
different sizes of MTBs, where a is the lattice constant of MoTe2.
(b) Top panel: Illustration of the atomic models for MTB triangles
of different sizes. Bottom panel: Statistical analysis of the MoTe2

triangle domain sizes. The colored curves depict the fitting of ex-
perimental data, while the black line represents the overall fitting
results. The results indicate length preference of the MTBs with
lengths as multiples of 3a. (c) Representative dI/dV constant-height
conductance maps of the MTBs with an integer multiple length of
3a.

Our experiment indicates that the stability of the MTBs is
enhanced when the length is an integer multiple of the period
3a, as shown in Fig. 4(c), which reveals a deep connection
between the magic length and the observed charge density
modulations. It implies that the mechanism that leads to the
charge density modulations in the MTBs also plays a role
in affecting the structure of the MTBs, i.e., significantly en-
hancing the stability at specific lengths. In our experiment,
we also can frequently observe the MTBs with their length
not equal to 3Na, implying that the energy difference between
the MTBs with and not with the 3Na period is quite subtle,
which poses significant challenges for exactly considering in
theory. In future studies, more theoretical and experimental
work are necessary to fully ascertain the exact origin of the
magic length in the MTBs.

V. CONCLUSION

In summary, we report a facile method of generating and
manipulating MTBs in three TMDs, i.e., MoTe2, MoSe2, and
WSe2, at selected positions. By using STM tip pulses, we not
only create the MTBs with tunable sizes and densities, but also
generate uniform-sized and orderly arranged MTB triangular
loops with low-energy flat electronic bands. In the MoTe2,
our STM measurements indicate that the MTBs exhibit charge
density modulations with a 3a period and show a length pref-
erence with 3Na.
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