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Atomically engineering metal vacancies in 
monolayer transition metal dichalcogenides

Xiaocang Han1,11, Mengmeng Niu2,11, Yan Luo3,11, Runlai Li    4, Jiadong Dan5, 
Yanhui Hong6, Xu Wu2, Alex V. Trukhanov7, Wei Ji    8, Yeliang Wang2, 
Jiahuan Zhou9, Jingsi Qiao2 , Jin Zhang    1  & Xiaoxu Zhao    1,10 

Scanning probe microscopy and scanning transmission electron 
microscopy (STEM) are powerful tools to trigger atomic-scale motions, 
pattern atomic defects and lead to anomalous quantum phenomena in 
functional materials. However, these techniques have primarily 
manipulated surface atoms or atoms located at the beam exit plane, leaving 
buried atoms, which govern exotic quantum phenomena, largely 
unaffected. Here we propose an electron-beam-triggered chemical etching 
approach to engineer shielded metal atoms sandwiched between chalcogen 
layers in monolayer transition metal dichalcogenide (TMDC). Various metal 
vacancies (VMXn

, n = 0−6) have been fabricated via atomically focused 
electron beam in STEM. The parent TMDC surface was modified with 
surfactants, facilitating the ejection of sandwiched metal vacancies via 
charge transfer effect. In situ sequential STEM imaging corroborated that a 
combined chemical-induced knock-on effect and chalcogen 
vacancy-assisted metal diffusion process result in atom-by-atom vacancy 
formation. This approach is validated in 16 different TMDCs. The presence of 
metal vacancies strongly modified their magnetic and electronic properties, 
correlated with the unpaired chalcogen p and metal d electrons surrounding 
vacancies and adjacent distortions. These findings show a generic approach 
for engineering interior metal atoms with atomic precision, creating 
opportunities to exploit quantum phenomena at the atomic scale.

The ability to manipulate and engineer atomic structures and dynam-
ics is driving us closer to one of the ultimate goals (the precise control 
over matter at the atomic scale) in nanoscience and nanotechnology1,2. 
With rapid instrument progress in scanning probe microscopy3, pat-
terning and controlling atoms with atomic precision has been realized, 

including creating new states of matter via scanning tunnelling micros-
copy, ranging from low-dimensional Dirac materials (such as artificial 
electronic lattices of molecular graphene4 and Lieb lattice5,6) and elec-
tronic quantum fractals7, to complex magnetic order2. Despite great 
successes being achieved by scanning tunnelling microscopy over 
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threshold of the buried metal atom in the MX2 monolayer regardless 
of their atomic and electronic structures. The combined capping  
molecules–TMDCs interaction and chalcogen vacancy-assisted metal 
diffusion process are responsible for forming metal vacancies, as cor-
roborated by STEM and density functional theory (DFT). As suggested 
by DFT calculations, local magnetic moments (~1.23–4.36 μB) are found 
in monolayer MoSe2, attributed to the unpaired d/p electrons localized 
at the nearest-neighbour M/X atoms that surround the metal vacancies 
and strongly related to the local distortions. Our results make a step 
forward for controlling buried atoms away from the surface and open 
a new avenue to engineer electronic properties of TMDCs via metal 
vacancy engineering, in which a library of interesting properties awaits 
exploration.

Results and discussion
Fabrication of metal vacancies in TMDC monolayers
We first unveil the metal vacancies in 1H-NbS2 monolayer as an example 
to demonstrate the introduction of metal vacancies via e-beam-induced 
chemical etching method, as illustrated in Fig. 1a. Metallic NbS2 mon-
olayer was selected because of its relatively simple e-beam damaging 
channel. The complex ionization effect in metallic materials is negli-
gible due to a rapid electron–hole pair recombination process upon 
e-beam irradiation32, leaving a dominant ballistic knock-on effect and 
chemical etching effect (Supplementary Information). Monolayer 
NbS2 flakes were exfoliated by a polymer-assisted electrochemical 
cathodic exfoliation method33, where tetrahexylammonium cation 
(THA) and polyvinylpyrrolidone (PVP) polymers served as intercalants 
and surfactants, respectively. The electrochemical setup for the elec-
trochemical cathodic exfoliation method is displayed in Fig. 1a (left). 
NbS2 single crystals were used as the cathode, and Pt wire served as a 
counter electrode. By applying a negative bias, THA and PVP molecules 
were gradually driven into the van der Waals gaps of NbS2 crystals, 
resulting in gentle expansion and therefore exfoliated 2D flakes upon 
gentle mechanical shaking. The freshly exfoliated monolayer NbS2 
flakes were immediately passivated by PVP molecules, as confirmed by 
a relatively higher contrast in annular dark field scanning transmission 
electron microscopy (ADF-STEM) images (Fig. 1b and Supplementary 
Figs. 1 and 2) together with signature N signals as further corroborated 
by energy-dispersive X-ray spectroscopy (EDS) (Fig. 1d).

The capping PVP agent is prerequisite to induce metal vacancies 
via the e-beam sculpting approach, as discussed later. Upon e-beam 
irradiation of ~107 e− nm−2 during STEM imaging, a few individual metal 
vacancies are generated in PVP-capped 1H-NbS2 (Fig. 1c and Supple-
mentary Fig. 3), in contrast to the solely e-beam-induced chalcogen 
vacancies in clean TMDCs15,19. Notably, the metal vacancies formation 
process was accompanied by the creation of a large number of S vacan-
cies (Supplementary Fig. 3) and possible PVP radiolysis32, as illustrated 
in Fig. 1a (right). Because of the metallic nature of the 1H-NbS2, the 
ionization effect, being responsible for creating large irregular nano-
pores via a complete ionization of chalcogen (X) and metal (M) atoms 
in semiconducting and insulating materials13, is unlikely to be the pre-
dominant mechanism. Regarding the other prevalent knock-on effect, 
the displacement threshold of Nb atoms is significantly larger than the 
maximum energy transferred from a 60 kV e-beam21, suggesting that 
pure knock-on damage is most unlikely to dominate either. Interest-
ingly, the metal vacancy verified by the vacuum hole occupying the cen-
tre of the hexagon composed of the nearest metal sites is located within 
the polymer-passivated area (Fig. 1c), indicating that the polymer could 
play a pivotal role in assisting metal vacancy formation. Sequential 
STEM imaging (Fig. 1e,f) shows that once a metal atom was ejected, it 
rapidly redeposited onto the adjacent surface area (Supplementary 
Fig. 4). A close examination (Fig. 1f) reveals that the creation of metal 
vacancies may involve the loss of neighbouring S atoms, presumably 
associated with a combined knock-on and chemical etching effect. 
In addition, we found that only isolated metal vacancies (Fig. 1g) and 

the past few decades, the techniques are limited to relatively weakly 
bound surface adatoms or vacancies, cryogenic temperature and low 
throughput8,9, which hinders the engineering of a large array of nano-
structures. Another paradigm of building structures atom-by-atom has 
recently emerged via subangstrom focused electron beam (e-beam) 
in scanning transmission electron microscopy (STEM)10–12, such as 
sculpting metallic patterns (atomic chains, or membranes) in two-
dimensional (2D) semiconducting transition metal dichalcogenide 
(TMDC) monolayers and building an atomic level seamless Ohmic 
contact13,14. The three-atom-thick structure matrix of TMDC offers an 
optimum template to position the electron probe onto single atoms 
with elemental identity and induce precise alterations15. Manipulating 
atoms via STEM in TMDCs can, for example, create single chalcogen 
vacancies, trigger novel phase formations and transform the compo-
sition of layered materials in places with atomic precision14,16–18. The 
engineering of atomic structures has been largely confined to surface 
chalcogen atoms and associated vacancy complexes due to their rela-
tively low formation energy19–22. Despite the structure of TMDCs being 
mainly unaffected after losing chalcogen atoms in the outmost layer, an 
expansive property space (such as optical emission, conduction behav-
iour and magnetism) can be spatially tailored via modification of their 
basal surfaces and associated electron states23–26. However, knocking 
out single interior metal atoms via focused impinging e-beam has rarely 
been realized, even in one-layer three-atom-thick TMDC materials10,13.

Knocking out interior metal atoms significantly perturbs the 
backbone of the atomic structure and rehybridizes the electronic 
structures of TMDCs, potentially creating interesting physical and 
chemical properties, which the pristine lattice rarely possesses27–29. For 
example, transforming non-magnetic to magnetic 2D materials can be 
realized by introducing magnetic metal vacancies. Pt vacancies in 
non-magnetic monolayer PtSe2 (ref. 29) account for the antiferromag-
netism, which stems from defect-induced spin-split states that emerge 
at the Fermi level. Besides, the metal vacancy complex (VWSe6 ) com-
bined with internal strain in monolayer WSe2 has been demonstrated 
to be optically conductive, enabling single-photon emission with high 
purity up to 150 K (ref. 17). VMoS6 vacancy complexes in monolayer MoS2 
can effectively reject ions and allow water transport at a high rate for 
water desalination, as revealed by molecular dynamics simulations30. 
However, forming metal vacancies is thermodynamically and kineti-
cally challenging compared to the corresponding chalcogen counter-
parts, since the metal atomic layer was sandwiched between and 
protected by the top and bottom two chalcogen atomic layers. There-
fore, collectively forming large-scale metal vacancies in TMDC mon-
olayers remains elusive.

Ion (Ga+, He+)-beam lithography has been utilized to fabricate 
complex metal-chalcogen vacancies, such as VMoSn(n=3−6) or nanometre 
vacancies with multi-metal atoms in MoS2 and WS2 (refs. 28,31). Despite 
the large density of atomic defects being formed, large irregular vac-
uum holes together with severe sample damages are associated with 
the ion-beam irradiation31. More importantly, the defect formation via 
the ion beam approach cannot be in situ monitored and precisely 
controlled. Therefore, developing a reliable and highly reproductive 
approach to in situ and selectively induce metal vacancies in the TMDC 
family is challenging. The correlation between atomic-scale defect 
features and associated property modifications is interesting and 
awaits investigation in monolayer TMDCs.

In this work, we propose a universal e-beam-induced chemical 
etching method and successfully fabricate buried metal vacancies (VM) 
and associated metal vacancy complexes (VMXn

) in monolayer TMDCs 
by STEM. An atlas of metal vacancies has been sculpted and in situ 
atomically identified in 16 different monolayer TMDCs exhibiting 
distinct polymorphs (1H, 1T, 1T′ and 1T′′), suggesting this approach is 
generic and highly reproducible. Monolayer TMDC flakes are exfoliated 
by a polymer-assisted electrochemical method. We find that the surface 
capping of organic molecules is significant, lowering the knock-on 
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metal vacancy complexes (Fig. 1f) were created, and no large irregular 
vacuum holes were generated upon a prolonged e-beam irradiation 
(Supplementary Fig. 5) as frequently observed in semiconducting 
or insulating 2D materials. Therefore, these results suggest that the 
metal vacancy formation in monolayer NbS2 strongly correlates to 
the synergetic beam-induced chemical etching mechanism assisted 
by capping PVP molecules.

To further elucidate the underlying damaging mechanisms, we 
performed DFT calculations. The formation energy of metal vacancy 
in PVP-capped NbS2 was first assessed (Fig. 1h,i). As a strong capping 
agent, PVP–1H-NbS2 interaction models were calculated on the basis 
of the dehydrogenation number (Fig. 1h). Comparing the high energy 
needed for ejecting one metal atom in clean 1H-NbS2, the charge 
transfer33,34 from chemisorbed molecules35 substantially reduces the 
formation energy by nearly half under chalcogen-rich conditions 
(Fig. 1i). The calculations indicate that the formation of such PVP–S2-Nb 
structure is probably associated with the changes in the Nb knock-on 
thresholds upon adding PVP molecules onto the NbS2 surface. Thus, 

the e-beam-induced metal vacancy formation is believed to be pre-
dominantly triggered by the synergistic effect from both chemical 
etching and ballistic displacement, where we term this mechanism 
as the chemical-induced knock-on effect. Besides, the primary role of 
the e-beam is to provide energy to overcome the relatively low bind-
ing energy of Nb–S bonds due to the charge transfer from capping 
PVP molecules.

Atomic vacancy structures and formation dynamics
Not only pure metal vacancies were produced upon e-beam irradiation, 
but rich metal vacancy complexes (VMXn

, n = 1−6) containing distinct 
adjacent chalcogen vacancies were created in monolayer 1H-NbS2 (Fig. 2). 
Figure 2a displays seven typical metal vacancies, including mononiobium 
vacancy (VNb), vacancy complexes of one Nb and monosulfur (VNbS), one 
disulfur pair (VNbS2 ), three sulfur (VNbSSS), two disulfur pairs (VNbS2S2 ), 
five sulfur (VNbS2S2S), and three disulfur pairs (VNbS2S2S2 ), where VNbSSS 
represents losing three S atoms at different S pairs, and subscript 2 
denotes the loss of one S pair. In parallel, their corresponding atomic 
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Fig. 1 | Forming metal vacancies via chemical-induced knock-on effect. a, 
Schematic illustration showing the formation of PVP-capped TMDC monolayers, 
and subsequent metal vacancy formation via e-beam-induced chemical etching 
knock-on effect. In the chemically exfoliated process, THA and PVP polymers 
are serving as intercalants and surfactants, respectively. b,c, Atomic-resolution 
medium-angle ADF-STEM image of pristine monolayer 1H-NbS2 (b) and 
monolayer 1H-NbS2 containing a few Nb vacancies upon e-beam irradiation (c). 
The collection angle of the medium-angle ADF images ranges from 30 mrad 
to 110 mrad. d, EDS spectrum of chemically exfoliated PVP-capped monolayer 

1H-NbS2. e,f, Sequential ADF-STEM images showing the birth of a single Nb metal 
vacancy together with a pair of adjacent S dimers vacancies at the same region. 
In e and f, the corresponding atomic models are depicted on the right. g, ADF-
STEM image displaying a single Nb metal vacancy and its corresponding atomic 
model is depicted on the right. h, DFT-calculated atomic models of PVP-capped 
1H-NbS2. i, DFT-calculated formation energies of metal vacancy in pristine and 
PVP-capped 1H-NbS2 under metal (Nb)- or chalcogen (S)- rich conditions. Scale 
bars: 2 nm (b and c) and 0.2 nm (e–g).
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models are depicted in the lower panels of Fig. 2a. The Z-contrast nature 
of ADF-STEM imaging enables us to distinguish the monosulfur vacancy 
(VNbS) from disulfur vacancy (VNbS2) by quantitative analysis of the image 
intensity (Supplementary Fig. 6)36. After surveying 85 flakes, we found 

that single metal vacancies are occasional, and neighbouring S vacancies 
are usually accompanied (Supplementary Fig. 5).

Next, we employed sequential ADF-STEM imaging (Fig. 2b) to 
further unveil the dynamics of a metal vacancy from birth to evolution. 
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Fig. 2 | Atomic structures and associated dynamics of metal vacancies.  
a, Atomic-resolution ADF-STEM images showing the detailed configurations of 
seven types of Nb metal vacancies in monolayer NbS2. The lower panels display 
their corresponding atomic models. b,c, Sequential STEM images (i–iv) at the 
same region showing a step-by-step metal vacancy formation mechanism (b) 
and vacancy self-healing process (c). Blue, white (dark blue) and pink solid 
circles inside hexagon frames represent the removal of one S, a pair of S, and 

single Nb atoms, respectively. The pink dotted circles represent the relocating 
(b) or refilling (c) behaviours of sputtering single Nb atom. d, Wide-scan STEM 
image showing the distribution of metal vacancies. Single metal vacancies 
and subnanopores are denoted by pink and green circles, respectively. e, DFT 
calculated formation energies of various Nb vacancy complexes as a function of S 
chemical potential. f, Statistical analysis of metal vacancy density as a function of 
e-beam irradiation dose. Scale bars: 0.2 nm (a–c), 2 nm (d) and 1 nm (f, inset).
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The results reveal that one S atom was initially knocked out by the 
impinging electrons, considerably decreasing the stability of the neigh-
bouring bonded Nb atoms. Subsequently, the incoming high-energy 
electrons bombarded the unsaturated Nb atoms located at the beam 
exit plane, escaping from their pristine position accompanied by PVP 
radiolysis and relocated onto the nearby NbS2 surface (Fig. 2b and 
Supplementary Fig. 4). The ejected Nb atom is highly mobile upon 
e-beam irradiation (Supplementary Fig. 7), and it may occasionally 
refill the vacancy and heal the NbS2 lattice when the knock-out Nb is 
nearby (Fig. 2c). Statistically, single metal vacancies (VNb) are occasion-
ally found in NbS2 after surveying abundant datasets, and their creation 
probably involves the S vacancy refilling as verified by the in situ recov-
ering of S vacancy (Supplementary Fig. 7). Once Nb vacancy is created, 
it further reduces the displacement threshold of adjacent S atoms37. 
Therefore, Nb vacancies consecutively developed into Nb vacancy 
complexes containing various S vacancies upon a prolonged e-beam 
irradiation.

The thermodynamic stabilities of a series of metal vacancies are 
further examined by theoretical calculations (see the definition in 
Methods). The metal vacancy formation energy as a function of S 
chemical potential, spanning from Nb-rich to S-rich, is calculated by 
DFT and plotted in Fig. 2e. Single S vacancy is the predominant defect 
type as it is the most thermodynamically stable configuration in both 
Nb-rich and S-rich condition, consistent with the ADF-STEM results, 
~0.96 VS nm−2 at a dose of 4 × 107 e− nm−2 (Supplementary Fig. 5). S 
vacancies at different electron doses can be located efficiently and 
precisely via deep learning (Supplementary Fig. 8), where the deep 
learning model is trained on the basis of fully convolutional networks 
(FCNs) with ResUNet architecture38. The formation energy of VNbSn is 
relatively high, in line with the experimental results that a low VMXn

 
density (<0.12 nm−2) is consistently observed in experiments. Pink 
circles in Fig. 2d highlight the single metal vacancy complexes with a 
concentration of 0.08 VNbSn nm−2 at a total dose of 3.25 × 107 e− nm−2. 
Nb vacancy density is linearly proportional to the total electron dose 
(Fig. 2f), as demonstrated by a series of low-magnified STEM images 
(Supplementary Fig. 5). Notably, metal vacancy complexes with vari-
able S vacancies are produced simultaneously (Supplementary  
Figs. 5 and 9), whereas VNbS, VNbSS and VNbSSS take up a large proportion 
in single metal vacancy complexes, consistent with the DFT calcula-
tions. On the other hand, subnanometre pores with irregular size and 
shape were generated and annihilated under prolonged e-beam irradia-
tion but increased when the dose was higher than 3.25 × 107 e− nm−2 
(Fig. 2d and Supplementary Fig. 5).

Fabricating metal vacancies in various monolayer TMDCs
The chemical-induced knock-on effect has been demonstrated as an 
effective approach to selectively generate Nb vacancies in 1H-NbS2.  
To further test the validity in other TMDC monolayers, we exfoliated 
an additional 15 types of monolayer TMDCs exhibiting distinct poly-
morphs, including 1H, 1T, 1T′ and 1T′′ phases (Fig. 3), using the same 
method, and the results are shown in Fig.  3 and Supplementary  
Figs. 10–21. Not only metallic TMDC monolayers were tested, semicon-
ducting, semi-metallic thin films were also verified. Notably, almost 
all single metal vacancy complexes with varying chalcogens VMXn

 
(n = 0–6) have been consistently fabricated regardless of polymorphs 
and conductivity, including 1H-NbS2, 1H-NbSe2, 1H-NbTe2, 1H-MoS2, 
1H-MoSe2, 1T′-MoTe2, 1H-TaS2, 1T-TaS2, 1H-TaSe2, 1H-WS2, 1H-WSe2, 
1T′-WTe2, 1T′′-ReS2, 1T′′-ReSe2, 1T-PtS2 and 1T-PtTe2. In parallel, 
atomic-resolution STEM images (Fig. 3a–c) of polymer-passivated  
1T, 1T′ and 1T′′ phases further confirmed that the metal atoms displaced 
from the pristine lattice and relocated onto the nearby TMDC surface. 
After statistically counting metal vacancies in 16 different TMDC mon-
olayers, we seldomly observe single metal vacancies (VM) (Fig. 3e), 
suggesting that forming chalcogen vacancy is the prerequisite to trig-
ger subsequent metal vacancy to some extent15.

Metal vacancies in semiconducting TMDCs were less controllable. 
Large holes are readily created because a mass of X and M atoms are 
ionized simultaneously in semiconducting flakes (Supplementary 
Fig. 22). On the other hand, atom-by-atom knock-on event dominates 
in metallic film (Supplementary Fig. 5). Nevertheless, PVP capping 
decreases the formation energy in semiconducting TMDCs via the 
same charge transfer effect (Supplementary Fig. 23). Both ionization 
damage and chemical etching contribute to the damaging channel in 
semiconducting flakes39. In the STEM observations of semiconducting 
1H-MoSe2, most Mo vacancies are present as defect complexes of VMoSe3 
composed of VMoSeSeSe and VMoSe2Se (Supplementary Fig. 22). Statisti-
cally, other VMoSen complexes were observed less frequently, especially 
configurations containing Se pairs (Supplementary Fig. 24) presumably 
owing to their thermodynamic instability with more unsaturated coor-
dination environments. Consistently, single VMo is rarely observed, that 
is the result of proposed kinetic formation path and verified by our 
theoretical calculations (Supplementary Fig. 25). The DFT results show 
that the formation energy of VSe (1.8 eV) is substantially higher than the 
vacancies next to VMo (~0.9 eV), suggesting that, once VMo is created, 
the adjacent Se atoms become highly volatile to e-beam irradiation, 
prone to form VMoSen (n > 0).

Among TMDC polymorphs, the distorted octahedral (1T′ and T′′) 
phases show unique superstructures of 1 × 2 (1T′) and 2 × 2 (T′′) and 
distinctive in-plane anisotropic properties, which consist of transi-
tion metal zigzag chains (1T′) and diamond-like shape (T′′) (Fig. 3d 
and Supplementary Figs. 18 and 20). After analysing the exact sites of 
metal vacancies, two non-equivalent metal sites (Mn, n = 1, 2) and four 
non-equivalent X sites (Xn, n = 1, 2, 3, 4), statistic counting results reveal 
that vacancies are prone to occur at M1 and X4 site in anisotropic 1T′′ 
TMDCs (Supplementary Figs. 20 and 21) owing to the relatively stronger 
M2–M2 bonding and larger space volumes at X4 sites40. However, no 
notable preferences were found in 1T′ TMDCs (Supplementary Figs. 19 
and 20) since the metal sites in 1T′ have similar coordination environ-
ments and the formation of X vacancy is attributed to the combined 
effect of deformation (ripple) and anisotropic lattice bonding41. The 
feasibility and validity of e-beam-triggered chemical etching approach 
to bilayer TMDCs is also verified (Supplementary Figs. 26 and 27), and 
metal vacancies can be routinely fabricated.

Magnetic properties of metal vacancies in monolayer TMDCs
We have successfully created a wide range of vacancies in monolayer 
TMDCs through the beam-etching irradiation method, especially sin-
gle metal vacancy complexes. The loss of metal atoms significantly 
disrupts the local electronic structure and magnetic moment, which 
provides us with opportunities to discover novel physical phenomena. 
Therefore, we further investigated the electronic and magnetic prop-
erties of various vacancies in monolayer MoSe2 using first-principles 
calculations. Figure 4 illustrates the spin density and local magnetic 
moment evolution from VMo to VMoSe6 in monolayer MoSe2 (Supple-
mentary Fig. 28). Except VMo and VMoSe, the local magnetic moment 
gradually increases when additional Se atoms are lost adjacent to the 
Mo vacancy site, and the total magnetic moment can reach 4.36 μB in 
VMoSe2Se2Se2 (Fig. 4c). VMo and VMoSe prefer a spin polarization located 
on the nearest Se (50.7%, 48%) and next-nearest neighbouring Mo 
(40.4%, 44.7%) atoms (Fig. 4b,c), contributed by the unsaturated Se 
dangling bond around the Mo vacancy site (Supplementary Fig. 28). 
Spin density distribution illustrated that the magnetic moments in 
VMoSe3−6  are mainly contributed by the exposed Mo atoms and the 
next-nearest neighbouring Mo atoms (Fig. 4a and Supplementary 
Fig. 28). The metal vacancy complexes configuration in monolayer 
MoSe2 was further corroborated by the simulated image (Supplemen-
tary Fig. 29). Losing one Se dimer (VMoSe2) is prone to induce magnetic 
moment in metal vacancies (Supplementary Table 1) compared with 
losing two Se at different sites (VMoSeSe). The calculated spin-up and 
spin-down projected density of states show non-degenerated 
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characteristics, which further indicate that the magnetic moment of 
VMoSe0−6 originates from the hybridization between Mo 4d and Se 4p 
states, particularly from the unpaired spin polarization states with 
asymmetric projected density of states between the spin-up and 
spin-down near the Fermi surface (Supplementary Figs. 30 and 31). In 
addition, the electronic structures of defective MoSe2 vary from sem-
iconductor to half-metal, which is largely determined by the local con-
figurations of VMoSe0−6  (Supplementary Figs.  30 and 31). The 
introduction of magnetic moments via metal vacancies in various 
TMDCs has also been confirmed (Supplementary Figs. 32–34 and Sup-
plementary Table 2).

Considering the interplay between mechanical deformation and 
magnetic behaviour42, it was predicted that the local strain induced by 
metal vacancy considerably impacts the magnetic properties of 
TMDCs43. The strong local lattice distortion around the metal vacancy 
is elucidated in Fig. 4b and Supplementary Figs. 35–37. Interestingly, 
only the introduction of a metal vacancy (VMo) in the MoSe2 monolayer 
accompanied by nearest X–X constriction is likely to give rise to the 
magnetic moment, whereas VM in MoS2 or WSe2 contributed to the 

nearest X–X expansion does not present any intrinsic spin polarization 
(Fig. 4b and Supplementary Figs. 31 and 35). Especially, three pairs of 
Se around the VMo vacancy in the MoSe2 monolayer move towards the 
vacancy centre and form a triangle, whereas the next-nearest Mo atoms 
move away (1%) from the vacancy centre (Fig. 4b and Supplementary 
Fig. 35). The distances between the neighbouring Se pairs decrease 
from 3.30 Å to 3.18 Å, and the local contraction strain is estimated to 
be 4%. This leads to a strong magnetic exchange interaction between 
the nearest Se pairs, which is greater than the adjacent Mo–Se bonding 
energy and results in spin polarization at nearby atoms. The change of 
interatomic X–X and M–M distances in VMXn

 is consistently and widely 
observed around the metal vacancy, exhibiting a maximum deviation 
of tens of picometres correlated to ~10% strain (Supplementary Figs. 36 
and 37). Hence, these trivial strain distortions suggest that local struc-
tural distortions adjacent to the defect centre play important roles in 
tuning the magnetic moments. Consequently, the non-magnetic TMDC 
system exhibits magnetism due to bonds broken originating from 
metal vacancies-induced local strain across the nearest and 
next-nearest X/M atoms.
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Fig. 3 | Generic fabrication of metal vacancies in an atlas of monolayer 
TMDCs. a–c, Atomic-resolution ADF-STEM images showing the metal vacancy 
complexes generation in 1T-TaS2 (a), 1T′-MoTe2 (b), and 1T′′-ReS2 (c) phases 
triggered by e-beam irradiation. d, Atomic models of 1H, 1T, 1T′ and 1T′′ phases.  

e, ADF-STEM images of the as-fabricated 1H, 1T, 1T′ and 1T′′ TMDCs containing 
various metal vacancies. VM, VX and VX2 vacancies in e are highlighted by pink, 
white and yellow circles, respectively. Scale bars: 1 nm (a–c) and 0.2 nm (e).
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Conclusions
In conclusion, our results present a generic atom manipulation 
approach to fabricating various metal vacancies in an atlas of mon-
olayer TMDCs. An e-beam–matter interaction, the chemical-induced 
knock-on effect, is demonstrated to be mainly responsible for the selec-
tive engineering metal vacancies in TMDC monolayers as atomically 
unveiled and suggested by combined STEM imaging and DFT calcula-
tions. Upon continuous e-beam bombardments, metal vacancies 
gradually grow in an atom-by-atom manner, consecutively losing 
neighbouring chalcogen and metal atoms, accompanied by the 
self-healing process. As suggested by DFT, the local magnetic moment 
can reach 2.85 μB and 4.36 μB in VMo and VMoSe2Se2Se2 in monolayer MoSe2 
due to the unpaired Se p and Mo d electrons highly related to local 
lattice distortions induced by metal vacancies. Therefore, our system-
atic investigation of metal vacancies marks a step forward for collec-
tively engineering atoms located at the interior atomic plane via a 
synergetic electron–matter interaction and paves a promising way to 
achieve desired exotic functionalities in atomically thin 2D materials 
via atom engineering.

Methods
PVP-assisted electrochemical exfoliation
Electrochemical exfoliation of TMDCs was carried out using an elec-
trochemical workstation (CHI760E) with a two-electrode system as has 
been recently reported33. Two-dimensional TMDC bulk crystals and a 
Pt wire served as the cathode and counter electrode, respectively, and 

0.001 M tetrahexylammonium chloride (THA·Cl, Sigma-Aldrich) in 
propylene carbon and 1.0 g L−1 PVP (molecular weight 55,000 g mol−1, 
Sigma-Aldrich) in dimethylformamide (DMF) are mixed as the electro-
lyte. The constant negative voltage of −3 V to −5 V was applied to drive 
the intercalation of ammonium cations into bulk crystals, resulting 
in gentle expansion and exfoliation. The as-exfoliated TMDC flakes 
were separated and collected by centrifugation followed by repeated 
washing with DMF. The as-produced TMDC/DMF (or water) solution 
was dropped onto a holey carbon transmission electron microscopy 
(TEM) substrate for TEM observation.

E-beam-induced metal vacancies
Suspended monolayer TMDCs flakes were irradiated with e-beam 
accelerated by 60 kV using Nion U-HERMES200 microscope. The beam 
current was ~15 pA, and the per-pixel dwell time was 8 μs, while beam 
intensity was adjusted to realize the continuous change of irradiation 
doses. The concentration of point defects was controllable by tuning 
irradiation doses and time.

STEM characterization
ADF-STEM imaging was performed on an aberration-corrected Nion 
U-HERMES200, equipped with a cold field emission gun. The accel-
erating voltage was 60 kV, below the knock-on damage threshold of 
all the TMDs studied in this work. The convergence semiangle of the 
probe was around 35 mrad. The collection angle for high-angle ADF 
and medium-angle ADF imaging was between 80 and 200 mrad and 30 
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Fig. 4 | DFT-calculated electronic properties of metal vacancy complexes in 
MoSe2 monolayer. a, Spin-density distribution (bottom) of VMoSe2Se, VMoSe2Se2Se 
and VMoSe2Se2Se2 vacancy complexes, deduced from experimental images (top), 
in monolayer MoSe2. Purple and yellow balls represent Mo and Se atoms, 
respectively. The position of the missing Mo, one Se, and double Se atoms are 
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isosurfaces correspond to spin-up and spin-down charge densities. b, Spin-
density distribution (top) at VMo defect and corresponding atom coordinate 
changes (bottom). The arrows denote the displacement vectors multiplied by 15 
times for visualization. c, Evolution of magnetic moments for VMoSe0−6, where 
the total (Mtot) and local magnetic moments from adjacent Mo (MMo) and Se (MSe) 
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to 110 mrad, respectively. Medium-angle ADF images were primarily 
used for imaging low Z atomic number atoms, especially in 1H-NbS2, 
1H-MoS2, 1H-MoSe2, 1T-TaS2, 1H-TaSe2 and 1T′′-ReS2. ADF-STEM images 
were filtered by Gaussian filters, and the positions of atomic columns 
were located by finding the local maxima of the filtered series. EDS 
were collected and processed in a probe-corrected JEOL ARM200F 
operating at 80 kV.

Deep learning
We trained FCNs38 using simulated data generated via incoherent image 
simulations using abTEM44. To make the simulations more realistic, we 
apply a cycle generative adversarial network (CycleGAN)45 that intro-
duces a novel reciprocal space discriminator to augment the simulated 
data with realistic, complex spatial frequency information learned from 
experimental data. This approach generates our final training data with 
nearly indistinguishable images from real experimental data, while 
also providing labels for further deep-learning applications. The code 
information for FCNs, image simulations and CycleGAN are provided 
in the relevant reference.

DFT calculations
DFT calculations were performed using the generalized gradient 
approximation for the exchange-correlation potential, the projector 
augmented wave method46,47, and a plane-wave basis set as imple-
mented in the Vienna ab initio simulation package (VASP)48,49. We con-
structed defective configurations by introducing a VMmXn

 (m = 0,1; 
n = 0–6) in 6 × 6 supercells of monolayer MX2 with a 20 Å vacuum space 
along the c axis. The kinetic energy cut-off for the plane-wave basis was 
400 eV in all calculations. The criterion for total energy convergence 
was set to 10−4 eV and all atoms were allowed to relax until the residual 
force per atom was less than 0.02 eV Å−1. A k-mesh of 3 × 3 × 1 was 
adopted to sample the first Brillouin zone. Van der Waals interaction 
was considered at the DFT-D3 level with the Perdew–Burke–Ernzerhof 
functional50,51. For 1H-NbS2 defective systems, on-site Coulomb interac-
tions were considered on the Nb d orbitals with an effective value 
U = 3.2 eV, which was estimated using a linear-response method52. The 
formation energy was defined as Eform = Edefect − Epristine + n × μremove, where 
μremove is the chemical potential of the removed atoms to form a vacancy. 
We use μ⋆

M
+ 2μ⋆

X
≈ μMX2 to calculate the chemical potentials, where the 

μ⋆
M
(μ⋆

X
) is the chemical potential of M (X) in the bulk form. The range of 

them can be deduced as: μMX2 − 2μ⋆
X
≤ μM ≤ μ⋆

M
, 1

2
(μMX2 − μ⋆

M
) ≤ μX ≤ μ⋆

X
. 

Note that μMX2 can be taken as the total energy per one formula unit of 
2D MX2. An initial magnetic moment of 3 μB was set on each atom. Two 
types of magnetic exchange were considered, including antiferromag-
netic and ferromagnetic, in the survey of the magnetism of defective 
monolayer TMDCs.

Data availability
All data are available in the main text or Supplementary Information. 
Source data are provided with this paper.
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