
Nanoscale Manipulation of the Local Kondo Effect in an Artificial
Heavy-Fermion System
Qiuchen Yu,# Peng Fan,*,# Ziyuan Liu,# Hui Guo,# Jiayi Wang, Zhongyi Cao, Hui Chen, Kai Yang,*
Lizhi Zhang,* and Hong-Jun Gao*

Cite This: ACS Nano 2026, 20, 9205−9213 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Two-dimensional (2D) van der Waals heterostruc-
tures based on d-electron materials offer a platform for realizing
heavy-Fermion systems with Kondo lattices. However, the
nondestructive and reversible manipulation of spins at the
nanoscale in 2D heavy-Fermion materials�essential for their
application in spintronic devices�remains elusive. In this paper,
we successfully manipulate and characterize both spin (Kondo
effects) and electronic (charge density wave) degrees of freedom in
the 2D heavy-Fermion system of 1T/1H-TaSe2 heterostructure
using scanning tunneling microscopy/spectroscopy (STM/STS).
By applying voltage pulses, we precisely control the chirality and
arrangement of the charge density wave coupled with local spins in
1T-TaSe2. This process also leads to the generation and annihilation of two distinct types of domain walls (DWs). Combining STS
and first-principles calculations, we reveal that the local spins are quenched in the type-II DW, which forms between two domains
exhibiting a phase shift yet possessing identical chirality. This results in the disappearance of the Kondo resonance. The Mott phase
also quenches within type-II DWs. Our results demonstrate a nondestructive and reversible approach to manipulate and understand
the local spins of the Kondo lattice in artificial 2D heavy-Fermion systems with nanoscale precision.
KEYWORDS: Kondo lattice, spin, domain wall, scanning tunneling microscopy (STM), tantalum diselenide

Exchange coupling between itinerant electrons and local
magnetic moments, such as those from the d- or f-electron,
gives rise to the heavy-Fermion phenomenon in Kondo lattice
systems. Well-known heavy-Fermion materials include bulk f-
electron systems involving actinide- and lanthanide-based
compounds,1−4 bulk d-electron compounds such as LiV2O4

5

and Fe3GeTe2,
6 as well as two-dimensional (2D) magic-angle

twisted Moire ́ superlattices.7,8 In these heavy-Fermion systems,
the interplay between Kondo screening and Ruderman−
Kittel−Kasuya−Yosida (RKKY) spin interactions can be tuned
by pressure,9,10 chemical doping,11 magnetic field,12 and gate
voltage.7 Tuning the interplay between the Kondo screening
and RKKY interactions can produce a variety of many-body
quantum phenomena, ranging from magnetic ordered ground
state,13,14 heavy Fermi liquid,15 and unconventional super-
conductivity16−18 to quantum criticality.9,19,20 However, to the
best of our knowledge, previous tuning methods have been
global in nature. Nondestructive and reversible tuning of local
spins and electronic properties at the nanoscale is essential for
better understanding and application of heavy-Fermion
materials, but it remains challenging. 2D heavy-Fermion
materials offer distinct benefits for creating gateable devices
and heterostructures to manipulate the emergent quantum

phenomenon. Thus, further studies based on 2D heavy-
Fermion systems are essential.
2D artificial van der Waals heterostructures constructed by a

d-electron material (1T-TaS2, 1T-TaSe2, or 1T-NbSe2) and an
electron bath have emerged as new and tunable heavy-Fermion
platforms featuring Kondo lattices.21−29 In these systems, the
1T monolayer is a correlated Mott insulator with star-of-David
charge density waves (CDW).22,30−33 Each star-of-David
pattern has one unpaired electron, providing a localized spin
and forming a triangular spin−lattice.21,24,34,35 When the 1T
monolayer couples with a metal, the hybridization between the
local spins and itinerant electrons induces periodic Kondo
resonance, giving rise to the formation of a Kondo lattice.
Previous studies have primarily focused on the electrical
manipulation of CDW electronic states in 1T monolayers,35−38

while the evolution of local spin states in the star-of-David
patterns before and after the CDW manipulation has not yet
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been explored in the artificial 2D heavy-Fermion hetero-
structures.

In this work, we successfully achieve nondestructive and
reversible tuning and characterization of the local Kondo

Figure 1. Topography and electronic properties of the 1T/1H-TaSe2 heterostructure. (a) Schematic of the 1T/1H-TaSe2 heterostructure grown on
HOPG. The blue arrows indicate the local spins in 1T-TaSe2. (b) STM image (It = 100 pA, Vs = −1 V) of a 1T/1H-TaSe2 vertical heterostructure
on the HOPG substrate detected at 5.7 K. (c) STS (It = 100 pA, Vs = −1 V) detected on the 1T-TaSe2 single layer (blue curve), 1H-TaSe2 single
layer (green curve) and 1T/1H-TaSe2 heterostructure (red curve) at 5.7 K, respectively. Lower Hubbard band (LHB) and upper Hubbard band
(UHB) are labeled.

Figure 2. Nanoscale manipulation of the CDW in the 1T/1H-TaSe2 heterostructure. (a) Schematic of the manipulating process by voltage pulses.
The orientation (highlighted by dashed green and blue lines) and chirality of the CDW are changed. (b−d) Sequence of STM images (It = 100 pA,
Vs = −1 V) detected at 5.7 K shows the manipulation of the CDW. Two types of CDW domain walls (DWs) (highlighted by dashed white (type-I)
and yellow (type-II) lines) are created. The green and blue arrows trace the CDW lattice directions. (e, f) STM images of type-I (e) (It = 20 pA, Vs
= 5 mV) and type-II (f) (It = 20 pA, Vs = −20 mV) DWs detected at 5.7 K. The star-of-David patterns are highlighted by triangles. The green
(blue) highlights the left (right) chirality, respectively. (g, h) Atomic models of the left- (g) and right-chiral (h) CDW phases, respectively. The
green (g) and blue (h) arrows indicate the CDW close-packed directions, which are rotated by ± 14° with respect to the top Se atom close-packed
direction.
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effects at the nanoscale in the 1T/1H-TaSe2 heterostructure by
employing low-temperature scanning tunneling microscope/
spectroscopy (STM/STS). The chirality and arrangement of
the CDW are nondestructively manipulated and two types of
domain walls (DWs) of CDW are created and annihilated by
voltage pulses. Type-I DWs form between two CDW domains
with different chiralities, whereas type-II DWs form between
two CDW domains with the same chirality but with a phase
shift. Owing to the coexisting localized spins with the star-of-
David patterns, the spin−lattice changes along with the
manipulation of the CDW. We find that Kondo resonance is
absent in the STS obtained from type-II DWs, where the spin
quenches within the DWs as confirmed by the first-principles
calculations. The Mott phase is also annihilated within type-II
DWs. Furthermore, we also demonstrate that the generation
and annihilation of DWs are reversible, allowing for the
controllable switching of the Kondo resonance.

■ RESULTS
The 1T-TaSe2 undergoes an incommensurate CDW phase
transition at 600 K and then transits to the √13 × √13
commensurate CDW phase at 473 K.39 Previous works
indicated that the electrons of the topmost layers localize in
a Mott phase below 250 K for bulk and below 450 K for the

single layer.40,41 A Kondo peak has been observed in 1T/1H-
TaSe2 heterobilayers with Kondo transition temperature TK at
57 K.21 Our experiments are carried out on high-quality 1T/
1H-TaSe2 heterostructures grown on highly oriented pyrolytic
graphite (HOPG) by means of molecular beam epitaxy (Figure
1a,b). The measured STS for 1T- and 1H-TaSe2 monolayers,
as well as for the 1T/1H-TaSe2 heterostructure are displayed
in Figure 1c. The 1T-TaSe2 monolayer exhibits characteristics
of a Mott insulator, featuring lower Hubbard bands (LHB) at
V ≈ −0.25 V and upper Hubbard bands (UHB) at V ≈ 0.23 V
(UHB1) and V ≈ 0.67 V (UHB2). The 1H-TaSe2 monolayer is
a metal with a finite local density of states (DOSs) at the Fermi
level, serving as an electron bath in the heterostructure. The
STS detected on the 1T/1H-TaSe2 heterostructure shows a
strong peak at zero energy, indicating the presence of the
Kondo effect. The two weaker peaks (highlighted by red
arrows in Figure 1c) below and above the Fermi level
correspond to the LHB at V ≈ −0.11 V and UHB at V ≈ 0.15
V, which are consistent with a previous work.23

Next, we show nanoscale manipulation of the CDW with
voltage pulses applied in the STM junction, as schematically
shown in Figure 2a. We first positioned the STM tip above the
destination site at a set point tunneling current of 100 pA (DC
bias is +1 V). Then, the tip−sample distance is reduced by 0.4
nm with the feedback loop open. This step is aimed at

Figure 3. Electronic properties of Kondo lattices before and after the manipulation. (a) STM image (It = 100 pA, Vs = −1 V) of the 1T/1H-TaSe2
heterostructure detected at 5.7 K. (b) Series of STS (It = 100 pA, Vs = −1 V) detected at 5.7 K along the dashed black line in panel (a). (c)
Evolution of dI/dV spectra (It = 50 pA, Vs = −10 mV) with an out-of-plane magnetic field, measured at the center of the star-of-David pattern at
0.4 K. (d) Plot of peak separation Δ as a function of the magnetic field. (e−g) Sequence of STM images (It = 100 pA, Vs = −1 V) detected at 5.7 K
shows the nondestructive generation and annihilation of the type-II DW. The dashed white lines in panel (f) trace the CDW lattice. (h) Series of
STS (15 spectra) (It = 100 pA, Vs = −1 V) detected at 5.7 K at the center of the star-of-David patterns labeled in panel (f). The red curves are
detected in normal star-of-David patterns located off the DW. The blue curves are detected in star-of-David patterns located on the DW. (i) STM
image (It = 100 pA, Vs = −1 V) of a type-II DW in the 1T/1H-TaSe2 heterostructure detected at 0.4 K. (j) Waterfall-like plot of 10 spectra (It = 50
pA, Vs = −10 mV) detected at 0.4 K at the center of star-of-David patterns within the type-II DW labeled in panel (i). (k) Waterfall-like plot of
spectra (It = 50 pA, Vs = −10 mV) detected at 0.4 K at the center of star-of-David patterns near the type-II DW labeled in panel (i).
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increasing the tunneling current (10 μA), which can effectively
reduce the working pulse voltage. Finally, a voltage pulse of 1.8
V is applied for 500 ms, with a maximum current of
approximately 80 μA. After applying the voltage pulse, multiple
CDW domains are generated in Figure 2c. After an additional
voltage pulse of the same parameter near the DW, a perfect
CDW lattice is restored (Figure 2d) but with an orientation
entirely distinct from that in Figure 2b, suggesting the absence
of structural defects induced by the voltage pulses. Note that
the CDW depression in Figure 2b recovered after manipu-
lation, possibly due to charge redistribution. The Kondo
lattices should also undergo variations corresponding to the
CDW period due to the binding between local spins and star-
of-David patterns, which is confirmed in Figure 3. We further
demonstrate the precise control of type-II DWs in Figure S1.
By applying pulses multiple times, the DW generated and
moved from left to right with the step adjusted to a single
period of the CDW. This shows a potential way to precisely
control the DW. The reversible generation and annihilation of
type-I DW is also shown in Figure S2. The sample was
maintained at 5.7 K for several days, and no spontaneous
annihilation of the DWs was observed. The absence of any
change over this period indicates that the DWs are stable at
this temperature.
A more detailed study of the manipulation process is

elaborated in the Methods section and Figures S3 and S4. In
our manipulation process, both a high electric field and a large
current are required to move the DW, and we conclude that
the sudden local heating caused by electrons/holes may disrupt
the CDW lattices around the pulsed region, which could then
rearrange once the area cools down. Both negative and positive
voltages can trigger the transition of the DWs, and higher

voltages can also increase the success rate of the manipulation
(Figure S4).
In addition, we also achieved the manipulation of the

chirality of CDW in real space, as shown in Figure 2e,2f. Chiral
CDW has also been observed in 1T-TaS2

42,43 and 1T-NbSe2.
37

In the atomically resolved STM image of the type-I DW
(Figure 2e), we highlighted the star-of-David patterns with
triangles. The star-of-David patterns on the upper side of the
type-I DW are arranged clockwise, termed as right chirality,
whereas on the lower side, they are arranged counterclockwise,
termed as left chirality. In contrast, the star-of-David patterns
on the two sides of the type-II DW have the same chirality
(Figure 2f). Furthermore, we illustrate the chirality by the
atomic model in Figure 2g,h. The directions of the chiral CDW
are rotated by −14° (left chirality) and +14° (right chirality)
with respect to the close-packed direction of top-layer Se
atoms. Depending on the chirality of the CDW, the resulting
DWs can be categorized into two types. Type-I arises between
two domains with different chiralities, while type-II forms
between two domains exhibiting a phase shift yet possessing
identical chirality.
As seen from the atomically resolved STM image in Figure

2e, the CDW patterns on the type-I DW have different
configurations at different areas. As a result, the dI/dV spectra
measured on the type-I DW on the heterostructure (Figure
S5) and the 1T-TaSe2 single layer (Figure S6) show strong
spatial dependence. Due to the strong inhomogeneity, further
understanding of the spectroscopic features in the type-I DW is
challenging. In this work, we mainly focused on the type-II
DW, where the CDWs have good periodicity.
To investigate the evolution of the Mott states and the

behavior of the Kondo lattice before and after the reversible
manipulation of the type-II DW, we carried out the STS

Figure 4. Spin properties of the type-II domain wall within the 1T-TaSe2 single layer on a HOPG. (a) STM image (It = 20 pA, Vs = 5 mV) of the
type-II DW detected at 5.7 K and its schematic structural configuration of the 1T-TaSe2 single layer on HOPG. The red solid circles indicate spin
charge distributions of star-of-David patterns near the type-II DW within the energy range of 0.13−0.22 eV at an isosurface level of 0.003 e/Å3. (b)
STS (It = 100 pA, Vs = −1 V) detected at 5.7 K at the center of the star-of-David pattern in the type-II DW on the 1T-TaSe2 single layer on HOPG.
(c) Calculated spin-resolved PDOSs at the 13 Ta atoms within the normal star-of-David pattern near the type-II DW. (d) Calculated spin-resolved
PDOS at 24 Ta atoms in the type-II DW.
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measurement in situ (Figure 3). We first detected the STS
along the CDW basis vector in the 1T/1H-TaSe2 hetero-
structure with a perfect CDW period (Figure 3a). Each STS
exhibits a pronounced DOS peak at the Fermi level (Figure
3b), consistent with the Kondo resonance peak. The intensities
of the zero-bias peaks (ZBPs) follow the CDW periodicity and
reach the maximum at the center of the star-of-David patterns,
which have the same distributions with the local spin in the
1T-TaSe2. We also examined ZBP at a lower temperature of
0.4 K (Figure 3c). With improved energy resolution, we
revealed the existence of two symmetric peaks near the Fermi
level at 0 T (red curve in Figure 3c). The observation of a split
Kondo peak suggests that the temperature is lower than the
critical temperature TC of the lattice coherence effects.

23 The
split Kondo peak at zero magnetic field suggests a ground state
with magnetic order in this coherent Kondo lattice,23

consistent with the heavy-Fermion system scenario. We
detected a broadened ZBP at 5.7 K instead of two splitting
peaks due to the reduced energy resolution considering the
thermal smearing and additional electric noises of the
instrument. To provide more evidence of the Kondo origin
of these peaks, we applied an out-of-plane magnetic field and
found that the energy separation of the two peaks increased in
the dI/dV spectra (Figure 3c,d). The observed Zeeman
splitting provides evidence to the existence of the ground state
with magnetic order in the Kondo lattice.23

We utilize voltage pulses to generate the type-II DW within
a single domain and then reversibly remove it (Figure 3e−g).
These results demonstrate a reversible switching of the Kondo
resonance in the Kondo lattice. After a voltage pulse, the CDW
lattice splits into two domains exhibiting a phase shift of half a
CDW period between each other, leading to the formation of a
type-II DW (Figure 3f). Subsequently, we applied another
voltage pulse, causing the DW to vanish and the periodic CDW
patterns to be restored (Figure 3g). To investigate the
evolution of the Kondo lattice behavior, we detect STS at
the center of the star-of-David patterns located both on and off
the DW (Figure 3h). Remarkably, the Kondo peaks still exist
on star-of-David patterns located off the DW (red curves in
Figure 3h), but the zero-bias peak disappears and broad dips
emerge near the Fermi level on star-of-David patterns located
on the DW (blue curves in Figures 3h and S7). We also
performed high-energy-resolution STS measurements at 0.4 K
within and near the type-II DW in the 1T/1H-TaSe2
heterostructure (Figure 3i−k). The LDOS near the Fermi
energy within the type-II DW is almost flat, while the splitting
Kondo peaks still exist within the star-of-David near the DW.
Statistically, the absence of the Kondo resonance in type-II
DWs has been observed across more than ten islands and six
batches of samples.
The hybridization between the 1T-TaSe2 and 1H-TaSe2

single layers could introduce vibrations in the LDOS (blue
curves in Figure 3h). In addition, the strongly correlated
quantum states in the heterostructure predominantly rely on a
1T-TaSe2 single layer. Therefore, to investigate the properties
of the type-II DWs and the mechanism of the disappearance of
the Kondo resonance in type-II DWs, we further studied
single-layer 1T-TaSe2 on HOPG (Figures 4a,b, S8, and S9).
Figure 4a shows the STM image after applying voltage pulses
and the corresponding schematic structural configuration. It is
apparent that the type-II DW forms, owing to the phase
discrepancy of the CDW between the two domains. In
addition, each pair of star-of-David patterns shares two Ta

atoms and comprises an even number (12 + 12) of Ta atoms,
leading to an even number of electrons.35 Distinctly different
from the DW with metal phases studied on the bulk 1T-
TaS2,

35,36 here we observe that there is still a reduced gap in
the spectra detected in the type-II DW (Figures 4b and S8).
Additionally, we measure conductance maps at different
energies on the type-II DW (Figure S9). The intensities of
DOSs in the type-II DW at positive energies are relatively
stronger than those in the normal area. In contrast, the DOS
intensities at negative energies show no clear difference
between the DW and normal areas.
Here, we discuss the origination of the gap within the type-II

DW on the 1T-TaSe2 single layer. The even number of Ta
atoms in the star-of-David patterns is more consistent with a
band-insulating state. The disappearance of the Kondo
resonance also indicates the annihilation of the Mott phase.
It has been pointed out that disorder can reduce the
correlation energy.44,45 This may disrupt the Mott phase. We
also carried out the electronic state distributions within the
type-II DW (see the constructed DW supercell in Figure S10)
without the inclusion of the Hubbard U parameter (Figure
S11) and found that there is still a gap in the PDOS. This
result also supports the existence of a band-insulating state.
Finally, we focus on the mechanism behind the disappear-

ance of the Kondo resonance in the type-II DW. We can rule
out the possibility that the differences in the vertical stacking
configurations between the 1T and 1H layers lead to the
quenching of the ZBPs.46−48 The atomic-resolved STM images
in Figures 2f and 4a reveal that the type-II DW consists of two
rows of CDW patterns and can be divided into upper row and
lower row. The upper (lower) row of the DW has the same
CDW lattice arrangement as the upper (lower) domain,
indicating the same vertical stacking configuration. It is also
possible that the voltage pulses modify the 1H-TaSe2 layer
underneath the 1T-TaSe2 layer, resulting in the suppression of
the Kondo resonance. To check this possibility, we also applied
the manipulation process on the 1H-TaSe2 layer on HOPG
using the same parameters as those applied to the 1T/1H-
TaSe2 heterostructure. However, we did not find any
modification of the CDW patterns. Therefore, we can exclude
this possibility.
To elucidate the disappearance of the Kondo resonance

peaks on the type-II DW, we investigate the electronic and
magnetic properties of the star-of-David patterns by using first-
principles calculations. The constructed DW supercell with one
normal star-of-David and one type-II DW contains 37 Ta
atoms and 74 Se atoms (Figure S10). Due to the Ta atoms
giving rise to a Mott insulating transition of 1T-TaSe2,

49 we
consider the contribution of Ta atoms in the star-of-David
patterns near and within the type-II DW. For the normal star-
of-David patterns near the type-II DW, the calculated
projected density of states (PDOSs) of 13 Ta atoms exhibit
spin polarization (Figure 4c), which is consistent with previous
results.21,50 In contrast to the PDOSs of 13 Ta atoms within
normal star-of-David patterns near the type-II DW, the
calculated PDOSs of 24 Ta atoms in type-II DW are nearly
the same between spin-up and spin-down parts within the
considered energy range. The equal weight between spin-up
and spin-down parts indicates that there is no major magnetic
moment in the type-II DW. As a result, the Kondo resonance
peaks vanished in the generated type-II DW in the 1T/1H-
TaSe2 heterostructure. The calculated spin-polarized charge
density in single-layer 1T-TaSe2 in Figure 4a also clearly shows
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that there is no spin-polarized charge density distributed
around the Ta atoms of the star-of-David patterns in the type-
II DW. In contrast, there is spin-polarized charge density
distributed around the Ta atoms of the star-of-David patterns
near the type-II DW, and the accumulation of charges exhibits
a similar distribution pattern compared with normal star-of-
David (DW free) (Figure S12). We also construct the DW
supercell/1H-TaSe2 heterostructure with 74 Ta atoms and 148
Se atoms (Figure S13) and get the same results for the type-II
DW. As shown in Figure 4a, the star-of-David patterns
reconstruct compared to a single domain. Each pair shares two
Ta atoms, enhancing the electron hopping between them. This
may lead to electron pairing, which explains the quenched
magnetic moment in the calculation result. This analysis
clarifies the presence of Kondo resonances within the domain
but their absence within the DW of the heterostructure. The
spin-degenerate PDOS is also consistent with the nonmagnetic
band-insulator interpretation.

■ CONCLUSIONS
In summary, we achieved precise control of both the spin (the
local Kondo effects) and electronic (CDW) degrees of
freedom in the 1T/1H-TaSe2 heterostructure. The reversible
generation and annihilation of the local spins at the nanoscale
have never been achieved in Kondo lattice systems. This work
provides a nondestructive and reversible strategy to manipulate
the local spins of the Kondo lattice and could be applicable for
spintronic devices based on 2D heavy-Fermion materials. In
addition, by constructing a 1T-TaSe2 single layer on a
superconductor or topological materials, our technique can
also be employed to manipulate other possible strongly
correlated phenomena, such as Majorana zero modes51 and
Yu−Shiba−Rusinov lattices.52

■ METHODS

Sample Preparation
1T/1H-TaSe2 heterostructures were grown on cleaved highly ordered
pyrolytic graphite (HOPG) substrates by molecular beam epitaxy
(MBE) in an ultrahigh vacuum chamber (UHV, base pressure ∼3 ×
10−10 mbar). High-purity tantalum (99.9%, Goodfellow Cambridge
Ltd.) and selenium (99.999%, Sigma-Aldrich) were evaporated from
an e-beam evaporator and a Knudsen cell, respectively. During the
growth, the substrates were kept at 530 °C, which was higher than the
growth temperature of the pure 1H-TaSe2 phase to obtain the 1T-
TaSe2/1H-TaSe2 heterostructure. The growth rate was about 2 h per
monolayer and the Se flux was kept approximately an order of
magnitude greater than the Ta flux (Se-rich conditions). After the
codeposition, the substrates were kept at 250 °C for an hour to
remove extra Se atoms.

Scanning Tunneling Microscopy/Spectroscopy
STM/STS data were acquired in a commercial UHV-STM system
(CASAcme Technology) and a commercial UHV-STM system
equipped with perpendicular magnetic fields up to 11 T (Unisoku,
USM1300). The samples are covered with Se layers with a height of
about 10 nm and transferred into an STM by using an isolated high-
vacuum (1 × 10−9 mbar) chamber with loading and unloading
functions. After transfer into the STM chamber, the samples are
annealed at 200 °C to remove the Se atoms. The STM experiments
on the 1T-TaSe2/1H-TaSe2 heterostructure are carried out at
temperature between 0.4 and 5.7 K in an ultrahigh vacuum (∼1 ×
10−11 mbar) LT-STM system in the constant-current mode with a
tungsten tip, which is calibrated on a clean Au(111) surface. STS are
acquired by a standard lock-in amplifier at a frequency of 973.1 Hz,

under the modulation voltages Vmod = 20 mV at 5.7 K and Vmod = 0.05
mV at 0.4 K.
Manipulation Process
In our work, a pulse voltage/separation/current of 1.9 V/0.55 nm/1
nA could move the DW, while a pulse voltage/separation/current of
7.4 V/1.3 nm/0.08 nA with reduced current and increased electric
field cannot trigger the movement. This result indicates the important
role of a large current during the manipulation. In addition, we
studied the threshold current by varying the tip−sample separation at
a constant pulse voltage (Figure S3) and found that the threshold
current value is about 1 nA. Second, we further studied the effect of a
pure current injection (up to 40 μA at a pulse voltage less than 0.2 V)
through the point contact between the STM tip and sample without
the presence of a large electric field. We found that the DW did not
move. Therefore, a large electric field is also required. Furthermore,
we found that both positive and negative pulse voltages can move the
DWs. The temperature measurement point and the sample are
separated by a 3-mm-thick metal sample holder. The refrigeration
power of our instrument is about 0.3 W. During the manipulation, the
highest power of the voltage pulses is 0.2 mW (2 V × 1 × 10−4 A). As
a result, we did not see any difference in the sample temperature
during the manipulation. However, we can infer that the temperature
changes very quickly. Since both a high electric field and a large
current are required to move the DW, we conclude that the sudden
local heating caused by electrons and holes may disrupt the CDW
lattices around the pulsed region, which could then rearrange once the
area cools down. In our experiment, the success rate increases with
increasing bias voltages of the pulses and reaches 50−75% in the bias
range of 1.6−1.9 V (Figure S4). Further increase of the bias voltage
would result in the damage of the tip or the sample. In addition, the
success rate depends on the condition of the tip and samples as well as
the position where the pulse is applied. The probability to generate
type-I DW is about 57.5%, while the probability to generate type-II
DW is about 42.5%. Once a DW is generated in a clean area, further
voltage pulses with the setting parameters in our work typically do not
create more DWs in the same area. Instead, further pulses usually alter
the type or location of the existing DW or cause annihilation of the
DW.
First-Principles Calculations
Density functional theory (DFT) calculations were performed by
using the Vienna ab initio simulation package (VASP)53,54 within the
generalized gradient approximation (GGA) of the Perdew−Burke−
Ernzerhof (PBE) functional.55 The plane-wave energy cutoff was set
at 500 eV. The DFT + U (U = 2 eV) correction was performed to
model the effects of Ta 3d electron correlation.30 Spin polarization
was considered in all of the calculations. DW supercell with one
normal star-of-David and one type-II DW contains 37 Ta atoms and
74 Se atoms as shown in Figure S10. DW supercell/1H-TaSe2
heterostructure with 74 Ta atoms and 148 Se atoms is shown in
Figure S13a. When performing the structural optimization, Brillouin
zones (BZ) of the 1T-TaSe2 unit cell, 1T-TaSe2 star-of-David charge
density wave phase, DW supercell, and DW supercell/1H-TaSe2
heterostructure were segmented of 15 × 15 × 1, 3 × 3 × 1, 1 × 3
× 1, and 1 × 1 × 1 γ-centered K-mesh, respectively. A 30 Å vacuum
length along the z-direction was set. All the structures were relaxed
until energy converged to 10−5 eV and the force tolerance on each
atom was below 0.01 eV/Å. A γ-centered k-point mesh of 3 × 6 × 1
was adopted to the spin charge distribution and self-consistent and
projected density of states calculations of the DW supercell and DW
supercell/1H-TaSe2 heterostructure.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.5c18660.

STM images of the DW manipulation process, test of
the manipulation process, dI/dV spectra of both types of

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.5c18660
ACS Nano 2026, 20, 9205−9213

9210

https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c18660/suppl_file/nn5c18660_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c18660/suppl_file/nn5c18660_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c18660/suppl_file/nn5c18660_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c18660/suppl_file/nn5c18660_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c18660/suppl_file/nn5c18660_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c18660/suppl_file/nn5c18660_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c18660?goto=supporting-info
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c18660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


DWs, dI/dV maps of the type-II DW, structure of the
calculated supercell, calculated spin-resolved PDOS, and
calculated spin-resolved charge distribution (PDF)
DW supercell in 1T and 1H-TaSe2 heterostructure
(CIF)
DW supercell in 1T-TaSe2 (CIF)
normal star-of-David unit cell in 1T-TaSe2 (CIF)
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