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ABSTRACT: Construction of lateral junctions is essential to
generate one-dimensional (1D) confined potentials that can
effectively trap quasiparticles. A series of remarkable electronic
phases in one dimension, such as Wigner crystallization, are
expected to be realized in such junctions. Here, we demonstrate
that we can precisely tune the 1D-confined potential with an in situ
manipulation technique, thus providing a dynamic way to modify
the correlated electronic states at the junctions. We confirm the
existence of 1D-confined potential at the homojunction of two
single-layer 1T-NbSe2 islands. Such potential is structurally
sensitive and shows a nonmonotonic function of their interspacing.
Moreover, there is a change of electronic properties from the
correlated insulator to the generalized 1D Wigner crystallization while the confinement becomes strong. Our findings not only
establish the capability to fabricate structures with dynamically tunable properties, but also pave the way toward more exotic
correlated systems in low dimensions.
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Two-dimensional (2D) materials have drawn intense
attention because they can be manipulated to form

different electronic structures, which gives rise to a variety of
strongly correlated physical properties once the long-range
Coulomb interaction exceeds the kinetic energy of electrons.1

Typically, the Mott insulator, charge-density-wave (CDW)
phase, superconductivity, Wigner crystallization, and Chern
insulator have been reported in atomically thin films of pristine
transition-metal dichalcogenides (TMDs)2−12 and their moire ́
superlattices,13−15 as well as the magic-angle twisted bilayer
graphene.16−20

Moreover, the construction of one-dimensional (1D)
homostructures and heterostructures based on 2D TMDs has
attracted widespread attention recently. Among them, the in-
plane 1D structures that consist of atomically thin TMDs with
strongly correlated electrons are especially important, as they
hold potential for exploring 1D-correlated electronic proper-
ties.21−29 Note that the depth and width of 1D-confined
electron potentials are supposed to be tuned by changing the
interspacing of the lateral structures. Therefore, the in-plane
lateral structures provide unique and brand-new platforms to
systemically study the 1D-correlated electron behaviors at the
junction. Recently, the 1D homojunctions and heterojunctions
are expected to spontaneously form using a molecular beam
epitaxy (MBE) method.30,31 However, to the best of our
knowledge, the technique for controllable fabrication of lateral

structures in situ with clean and atomically sharp junctions has
been challenging up until now.
In the current work, we focus on the fabrications and

tunable properties of lateral homojunctions composed of two
isolated single-layer 1T-NbSe2 (STNS) islands supported on
the bilayer graphene (BLG)/SiC(0001) substrate. We develop
an in situ scanning tunneling microscopy (STM) tip
manipulation technique, which can controllably drive the
STNS islands to slide on BLG in translational and rotational
motions with atomic precision. By precisely tune the
interspacing of two STNS islands, we successfully realize
three different regimes of 1D electron confinement, that is,
non-confined, weakly confined, and strongly confined regimes,
at the STNS-based homojunctions. In particular, at the
strongly confined regime, the signatures of 1D-generalized
Wigner crystallization is visualized at the homojunction in real
space. In short, our results achieve dynamic tunability of the
homostructures and correlated electronic properties in 1D-
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Figure 1. Translational motion of SL 1T-NbSe2 (STNS) islands on bilayer graphene (BLG) using an in situ STM manipulation technique. (a)
Schematic of the star-of-David (SOD) cluster in STNS viewed from the top. Nb, top Se, and bottom Se atoms are displayed by purple, green, and
light green spheres, respectively. In each SOD cluster, 12 surrounding Nb atoms contract toward one central Nb atom, as indicated by red arrows.
(b) Zoomed-in atomic-resolution STM image of the STNS on BLG (Vs = −1 V, It = 500 pA), as marked by the black dashed rectangle in panel (d).
The top Se atoms in each SOD cluster dominate the STM images as a triangular bright protrusion. a1/a2 and b1/b2 represent the basis vectors of (1
× 1) atomic lattices and ×( 13 13 ) R13.9° CDW lattices, respectively. (c) Schematic description of STM manipulation technique. The STM
tip moves along the preset trajectory perpendicular to the edge of STNS island, as marked by the blue arrow. When the STM tip encounters the
STNS island, the island begins to slide on BLG along the direction marked by the red arrow for the distance of L. (d,e) Experimental realization of
STNS islands sliding on BLG in a translational motion. Panels (d) and (e) are the representative STM images before and after the manipulation,
respectively (Vs = −1 V, It = 10 pA). The STNS island in the upper right corner translates on BLG for a distance L.

Figure 2. Rotational motion of STNS islands on BLG using an in situ STM manipulation technique. (a) Schematic description of STM
manipulation technique. The STM tip moves along the preset trajectory across the corner of a STNS island, as marked by the blue arrow. When the
STM tip encounters the STNS island, the island begins to rotate with an angle of φ. (b−d) Three representative STM images of an STNS island on
BLG with three different orientations after the STM-tip manipulation (Vs = −1.5 V, It = 10 pA). The red arrow indicates the lattice orientation of
STNS, and the white arrows indicate the three equivalent orientations of BLG. (e) Statistical graph of probability as a function of the twist angle θ
between STNS and BLG.
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confined systems, paving the way toward next-generation
electronic nanodevices.

■ RESULTS AND DISCUSSION

In our experiments, we directly fabricate STNS islands on
BLG/SiC(0001) using a MBE method in a Se-rich
atmosphere, as we reported previously.32−35 The atomic lattice
of STNS usually experiences a CDW transition at low
temperature, resulting in an ordered ×( 13 13 ) triangular
superlattice with star-of-David (SOD) motifs. In each SOD, 12
surrounding Nb atoms contract toward one central Nb
atom,5,32,33 as depicted in Figure 1a,b. Moreover, the edges
of STNS islands usually exhibit well-ordered zigzag config-
urations, according to our atomic-resolution STM image
shown in Figure S1.
To achieve the tunable STNS-based 1D homojunction with

atomic precision, we explore two mechanical manipulation
techniques to slide the as-grown STNS islands on BLG via a
STM tip at the liquid helium temperature. One is schematically
shown in Figure 1c, in which the island slides on BLG in a
translational motion. Briefly, we first bring the STM tip close
to BLG substrate with the tunneling current of 1 nA and the
bias voltage of −0.1 V, and then we move the STM tip along
the preset trajectory (blue arrow in Figure 1c) to push the
STNS island from an edge, thus the island can translate on
BLG in an expected direction. Simultaneously, the STM-tip
imaging provides a real-time measurement of the manipulating
consequence. Figure 1d,e shows the representative STM

images of two STNS islands on BLG before and after our
STM-tip manipulation. As we can see, the translational motion
of the STNS island can be clearly captured. Such a
phenomenon can be attributed to the low mechanical friction
between STNS and BLG.36−39

The other STM-tip manipulation technique is schematically
illustrated in Figure 2a. For the as-grown samples, the STNS
lattices usually align to the underlying BLG lattices, which can
be deduced from large-scale STM images in Figure S2. When
the STM tip is driven to move across one corner of the STNS
island under the condition of a small tip−BLG distance (the
trajectory of the STM tip is marked by the blue arrow in Figure
2a), the STNS island is expected to rotate on the BLG.
Extensive experiments have verified that the moving velocity of
the STM tip should be slower than 1 nm/s to guarantee the
island rotates in situ.
Figure 2b−d shows three representative STM images of a

STNS island on the BLG after the STM-tip manipulation. The
lattice orientations of STNS and BLG, marked by red and
white arrows, respectively, are obviously distinct for these three
statuses. To further investigate the preferred orientation,
numerous manipulations of rotating STNS islands on BLG,
accompanied by the real-time STM imaging, are systemically
performed. Here, we summarize the probability as a function of
the twisted angles θ between STNS and BLG after the
manipulation in Figure 2e. Surprisingly, there is no obvious
orientation preference, implying no energetically favorable
orientation. Such a result, at first glance, is counterintuitive, but

Figure 3. Tunable 1D quantum confinement of correlated electrons at the STNS-based homojunction. (a,d) Representative STM images of two
STNS islands on BLG with different interspacing via a STM-tip manipulation technique (Vs = −1.5 V, It = 10 pA). (b,e) Zoomed-in STM images
of the STNS-based homojunctions in panels (a) and (d), respectively. Δx represents the interspacing between the center of two nearest neighbor
SOD clusters from the two STNS islands. (c,f) Spatially resolved dI/dV spectra measured across the STNS-based homojunction that marked by the
black arrows in panels (b) and (e), respectively. Δd and ΔE represent the width and depth of the 1D-confined electron potential. Specifically, ΔE is
defined as the bending energy of the VB1 at the edge of STNS for the non-confined condition or the bending energy of the VB1 at the
homojunctions for the weakly or strongly confined conditions. Δd represents the spatial distance between the positions where the VB1 of the two
adjacent islands starts to bend. (g−i) Δz, Δd, and ΔE as a function of Δx, respectively. Δz is the apparent depth of the STNS-based homojunction
that exhibited in the STM images. The critical value of Δz, Δzc ≈ 0.44 nm, is the boundary between the regions of 1D-confined (Δz < Δzc) and
non-confined (Δz > Δzc) correlated electrons.
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can be well-understood with the picture that the large lattice
mismatch between STNS and graphene results in a negligible
contribution to the interface friction.39 Therefore, STNS
islands can be stable on BLG at arbitrary twisted angles during
the STM-tip manipulation.
Such STM-tip manipulation processes have been success-

fully applied to tens of STNS islands on BLG, with their sizes
varying from 300 to 1900 nm2. Figure 3a,d shows
representative STM images of two STNS islands on BLG
using a STM-tip manipulation technique. The zoomed-in STM
images of the homojunctions are given in Figure 3b,e. For both
conditions, the adjacent edges of two STNS islands are parallel
to each other, with their interspacing Δx of about 8.3 and 2.5
nm. Here, we define Δx as the spatial distance between the
center of two nearest neighbor SOD clusters from different 1T-
NbSe2 islands, as clearly marked in Figure 3b,e.
In the following, we will focus on the electronic properties

within the 1D-confined electron potential that is generated by
STNS-based homojunctions. Figure 3c,f exhibits the spatially
resolved scanning tunneling spectroscopy (STS) spectra
recorded across the homojunctions that are marked by the
black arrows in Figure 3b,e, respectively (more data and
analysis are given in Figures S3−S5). In the bulk STNS, the
STS spectra exhibit a charge-transfer insulating state, with the
upper Hubbard band (UHB) located at the energy of about
0.16 eV and the lower Hubbard band (LHB) hybridizing with
the valence band (VB). In addition, the density of states
(DOS) peaks at the energies of about −0.29 and −0.75 eV are
attributed to the VB1 and VB2, respectively. These results are
consistent with previous STS studies.9,10

The STS spectra recorded around the STNS-based
homojunctions exhibit significant structural and spatially
dependent features. When the two STNS islands are away
from each other, for example, Δx ≈ 8.3 nm (Figure 3a−c), the
electrons at the two adjacent edges of these two islands are

decoupled, leaving each edge at the homojunction behaving as
an isolated STNS edge. Therefore, we can acquire the intrinsic
electronic features of both the isolated edge state in STNS and
the BLG within the two edges. As shown in Figure 3c, we find
there are two significant features at an isolated STNS edge.
First, both the VB1 and VB2 exhibit an effective downward
band bending at the edge of STNS, with a bending energy of
ΔE ≈ 0.29 eV. Second, the signal of UHB becomes gradually
weak while approaching the edge, which can be attributed to
the different electronic fillings of the flat band at the edge.
Surprisingly, when the two STNS islands approach each

other with a small separation, Δx ≈ 2.5 nm (Figure 3d−f), the
spatially resolved STS spectra acquired around the STNS-
based homojunction change dramatically, as shown in Figure
3f. Within the STNS-based homojunction, there is almost no
signal of the metallic state that is attributed to the BLG
substrate, illustrating that the two adjacent edges at the
homojunction are electronically coupled. One of most
intriguing features exhibited in Figure 3f is that the band
bending effect in the STNS-based homojunction is much more
significant, with the downward bending energy reaching ΔE ≈
0.57 eV, which is 2 times larger than that in an isolated STNS
edge. Therefore, the 1D confinement of correlated electrons is
achieved at the STNS-based homojunction. More details about
the exotic DOS peaks at the homojunction will be discussed
later.
To systemically study the correlated electronic behavior at

the STNS-based homojunctions, we measure the structural and
electronic characteristics of the homojunctions as a function of
the interspacing Δx between two adjacent islands, as
summarized in Figure 3g−i (Figure S6 for more data). On
the one hand, the depth of STNS-based homojunctions Δz
exhibited in the profile line of the STM image varies with Δx
(the apparent height of STNS in STM images is about 0.7
nm). Considering that both the electronic states and

Figure 4. Electronic properties at the STNS-based homojunctions. (a) Topographic STM images of two STNS islands with their interspacing Δx ≈
3.4 nm (Vs = −1 V, It = 10 pA). (b) dI/dV maps recorded in the region of panel (a) at the bias of −0.2 V. (c) Topographic STM images of two
STNS islands with their interspacing Δx ≈ 2.5 nm (Vs = −1 V, It = 10 pA). (d) dI/dV maps recorded in the region of panel (c) at the bias of −0.5
V. The bound state can be observed at the homojunction. (e) dI/dV maps recorded in the region of panel (c) at the bias of −0.2 V. The 1D Wigner
crystallization with the superlattice constant λ ≈ 5 nm is shown at the homojunction. (f) Typical STS signals along the STNS-based homojunctions
at the bias of −0.2 V with different sample temperatures of 4.2 and 12.0 K. (g) Schematic of 1D Wigner crystallization at the 1D-confined
correlated system.
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topographic features have contributions to the STM images,
the measured depth Δz < 0.7 nm at the homojunction is
supposed to result from the orbital coupling of the two
adjacent edges. Based on the STS spectra, we define the critical
depth of the homojunction Δzc ≈ 0.44 nm at Δxc ≈ 3.6 nm, as
marked in Figure 3g. When Δz > Δzc, the metallic states can
be detected within the homojunction, which are attributed to
the underlying graphene sheet. When Δz < Δzc, the metallic
states of graphene are completely screened, implying the
correlated electrons at the edges of STNS are well-confined in
the 1D homojunction.
On the other hand, both the width and depth of the 1D-

confined electron potential wells that consist of STNS-based
homojunctions exhibit significant variation with Δx (Figure
3h,i). For Δx < Δxc, although the width of the 1D-confined
electron potential well Δd decreases with decreasing Δx, its
depth is a nonmonotonic function of Δx, as shown in Figure
3i. Specifically, as Δx decreases, the 1D-confining capability of
the STNS-based homojunctions first gets stronger and then
becomes weaker. When Δx ≈ 2.5 nm, the depth of 1D-
confined electron potential well reaches a maximum ΔE ≈ 0.57
eV. Although we could not obtain a theoretical explanation for
such a nonmonotonic feature so far, it can be well-captured
from the point of view of the limit that the confined potential
should vanish when Δx is close to the superlattice constant of
the SOD motifs of about 1.2 nm. Therefore, the non-
monotonic relation between ΔE and Δx is expected.
Based on our experimental phenomena, the behavior of

correlated electrons confined into the STNS-based homo-
junctions can be divided into three conditions, that is, non-
confined (Δx > Δxc), weakly confined (Δx < Δxc and ΔE <
0.50 eV), and strongly confined (Δx < Δxc and ΔE > 0.50 eV)
conditions. To further explore the 1D electronic behaviors, we
performed the measurements of dI/dV maps at STNS-based
homojunctions, which directly reflect the spatial distribution of
the local DOS at the recorded energies. For the non-confined
condition (Δx > Δxc), a metallic state is well-captured in the
interstice of two STNS islands (Figure S7), which is attributed
to the graphene substrate. For the weakly confined condition
(Δx < Δxc and ΔE < 0.50 eV), neither the graphene-related
metallic state nor the 1D-confined state is observed within the
homojunctions, although there is an electron potential well
with the depth ΔE ≈ 0.25 eV, as shown in Figure 4a,b.
Importantly, for the strongly confined condition (Δx < Δxc

and ΔE > 0.50 eV), the electrons exhibit quite distinct
behaviors. Figure 4c−e shows a representative STM image of
STNS-based homojunctions with Δx ≈ 2.5 nm and the
corresponding dI/dV maps. At the energy of −0.5 eV, an
obvious 1D electronic pattern (Figure 4d) can be observed
along the confined electron potential well (as described in
Figure 3f), which can be attributed to the bound state of the
STNS-based homojunctions.
It is worth noting that, at the energy of −0.2 eV, the

electrons within the potential well prefer to crystallize into a
periodic arrangement with the wavelength λ ≈ 5 nm, as shown
in Figure 4e. Here, we can rule out the influence of the edge
states in STNS because the edge states should appear at all the
STNS edges, regardless of the confined conditions. In addition,
our high-resolution STM images in Figure 4c can help us rule
out any possible influence of the defects or impurities. Similar
observations of electron crystallized arrangements are also
obtained at other strongly confined regimes with different
STM tips, which helps us rule out any possible artifacts.

Moreover, we carry out the spatially resolved STS
measurements along the STNS-based homojunction for the
strongly confined condition (Δx < Δxc and ΔE > 0.50 eV) at
different sample temperatures. Figure 4f shows the intensity of
STS signals (i.e., DOS of electrons) along the STNS-based
homojunction at the energy of −0.2 eV with the sample
temperatures of 4.2 and 12.0 K. We can clearly observe that the
periodicity of the crystallization completely disappears at 12.0
K.
Such a temperature-dependent crystallization signature of

electrons in the STNS-based homojunction is reminiscent of
the 1D-generalized Wigner crystallization.40 In fact, Wigner
crystallization was theoretically predicted by Wigner in 193441

and has been experimentally achieved in van der Waals
structures in the last 2 years.18,19,42−44 Based on previous
studies, the realization of the Wigner crystal requires three
essential conditions, that is, strong electronic interactions, low
carrier densities, and no disorders, which can be more easily
satisfied simultaneously in low-dimensional systems.18,42−46

Moreover, the Wigner crystal is extremely sensitive to the
temperature, according to previous studies.13,44

For electrons in our STNS case, the long-range Coulomb
interaction EU is strong enough to overcome the kinetic energy
EK, resulting in an insulating state at the Fermi energy. In such
case, an extremely low density of charge n, together with a
large electron effective mass m*, can be realized in STNS.9,10

When these correlated electrons are strongly confined into one
dimension, the criterion of Wigner crystallization, which can be
estimated as na* < 1 (a* = ϵℏ2/(m*e2) is the effective Bohr
radius, ϵ is the dielectric constant, and ℏ is Planck’s constant),
is satisfied.18,41−46 Therefore, the STNS-based 1D homo-
junctions are expected to provide a natural platform for
realizing the 1D-generalized Wigner crystal, as schematically
shown in Figure 4g. Although we could not provide more
experimental evidence of the Wigner crystal state in our
samples so far, we indeed observe the signatures of 1D-
generalized Wigner crystallization. A more in-depth physical
mechanism needs to be further explored. Because the 1D
Wigner crystallization is anticipated to display a rich landscape
of novel spin and magnetic properties,40 it is powerful for the
development of quantum information.

■ CONCLUSIONS

In conclusion, we have developed an in situ STM manipulation
technique to realize the translation and rotation of TMD
islands on demand. By precisely tuning the interspacing of two
STNS islands, we successfully realized the construction of
desirable lateral homostructures with controllable width. Such
artificial nanostructures constructed at atomic scale provide a
novel platform to explore emergent electronic properties. We
find there exists tunable 1D-confined electron potentials at the
STNS-based homojunctions, which dominate the electronic
characteristics varying from a correlated insulator to 1D-
generalized Wigner crystallization. Our results provide a
distinctive opportunity for demonstrating innovative electronic
properties and designing novel quantum nanodevices.

■ EXPERIMENTAL METHOD

The sample preparation and STM measurements were
performed with a custom-designed Unisoku STM system
(USM-1300). First, the bilayer graphene was obtained by
thermal decomposition of 4H-SiC(0001) at 1200 °C for 45
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min. Next, the single-layer 2H-NbSe2 islands were epitaxially
grown on the BLG/SiC(0001) substrate by evaporating Nb
and Se from an electron beam evaporator and a Knudsen cell
evaporator, respectively. The flux ratio of Nb and Se is
approximately 1:20 to guarantee a rich Se environment. The
growth rate of 2H-NbSe2 is 0.002 ML/min. The BLG/
SiC(0001) substrate was maintained at 500 °C during the
growth, followed by a postannealing process at 400 °C for 20
min.
The STM and STS measurements were performed in the

ultra-high-vacuum chamber (∼10−11 Torr) with constant-
current scanning mode. The experiments were acquired at the
temperature of 4.2 K. An electrochemically etched tungsten tip
was used as the STM probe, which was calibrated by using a
standard graphene lattice, a Si (111)-(7 × 7) lattice, and a
Ag(111) surface. The STS measurements were taken by a
standard lock-in technique with the bias modulation of 5 mV
at 973 Hz.
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