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 2

Diffusion phenomena on surfaces and inside solids are important material processes 

closely associated with solid#state phase transformation1, nanomaterials growth2#4, 

single#atom doping1 and heterogeneous catalysis5. To tailor or design these diffu#

sion#related properties6, it is essential to understand the underlying atomic process 

involved. However, the determination of microscopic mechanisms is non#trivial as 

diffusion can proceed along many different kinetic pathways. Even for simple 

self#diffusion inside solids, for example, it can take place via vacancy, interstitial or 

direct exchange mechanisms. Experimental determination of the stable and metastable 

configurations and their evolutions remains important to identify the dominant kinetic 

pathways involved, as well as providing vital realistic calibration to the complex 

�	*
�
�

 calculation. 

Among the available experimental techniques, scanning tunneling microscopy 

(STM)7, 8, atomic force microscopy (AFM)9, and field ion microscopy (FIM)10 have 

the required atomic resolution to image the surface migration of adatoms11#15, and the 

rotation16, transformation9, 17, 18 and self#assembly19 of adsorbate molecules. With the 

development of aberration correction optics, transmission electron microscopy (TEM) 

has been demonstrated as an alternative technique with  a proper time window to 

observe adatom diffusion20 or defect evolution21#37. However, the experimental sin#

gle#atom tracking and statistical analysis of the metastable/intermediate states in 

atomic migration via different mechanisms are still limited. Furthermore, in contrast 

with the well#known one#dimensional pathway#dependent barrier, the 

two#dimensional potential landscape of the surface diffusion has never been mapped 

experimentally.  

In this paper, we report a direct observation of the dynamics of bulk#like in#plane 

diffusion of Mo vacancies and surface migration of Mo adatoms in monolayer MoS2, 

by atomic#scale tracking using chemically sensitive scanning transmission electron 

microscopy (STEM). As monolayer MoS2 has a sandwich structure consisting of a 

Mo layer bonded by surface S layers on both sides, it is an ideal model system to 

study and contrast atom migration both on and below the surface. Specifically, we 

show that such observation can help identify the preferred migration pathway and 
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 3

outline the two#dimensional migration energy landscape. 9	*
�
�

 density function 

theory (DFT) calculation further provides detailed quantum mechanical description of 

the atomic processes along such kinetic pathways, accounting for the different diffu#

sion rates measured for adatoms and vacancies. As a member of transition metal 

dichalcogenides38, MoS2 has shown considerable potential in applications such as ca#

talysis39#43 and electrode materials for batteries44, 45. The insight gained can enhance 

our understanding and optimization of applications of such materials and the relevant 

systems involving mass transport under either electronic, chemical or ionic currents.  

 

)�������

���� ��
�	����� �
� !�� �	�	���� 	��� ���� ���	��	���� ��	���� Figure 1	�� shows the 

time#lapsed annular dark#field (ADF) images of the migrating Mo vacancy within 

monolayer MoS2 at room temperature. According to the Z#contrast mechanism re#

sponsible for ADF#STEM imaging, it is easy to quantitatively assign the nature of lat#

tice atoms and vacancy defects in monolayer MoS2. The total duration of observation 

was sufficiently short that we did not detect additional loss of Mo or S atoms in this 

area of interest. Note that the vacancy diffusion is actually the motion of the neigh#

boring Mo atom, highlighted with arrows in Fig. 1	��. The vacancy migration in Fig. 

1	���went through an intermediate state (labeled as V′Mo) and gives the clue to the ki#

netic pathway for the hopping of Mo vacancy from one site in the Mo sublattice to the 

next (Fig. 1�). More vacancy hopping examples can be found in Supplementary 

Fig.S1#2 and Animation1#3.  

We have also analyzed the kinetic pathway of Mo vacancy migration by �	*
�
�

 

DFT calculation, starting with the atomic geometries deduced from TEM observation. 

Figure.1��� show DFT fully#relaxed atomic models associated with Fig.1	��, in 

which the migrating Mo atom is emphasized in blue and purple. The overall agree#

ment between the experimental images and those derived from the DFT calculations 

confirms the correct identification of three#dimensional structure of the most stable 

vacancy configuration VMo (Fig. 1	,�) and metastable state V′Mo (Fig.1��
).   
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 4

Figure 2	�� show the statistical counts and dwell#times of different configura#

tions of Mo vacancy (VMo and V′Mo) observed during their migration. The dominating 

counts and longer dwell time of vacancies in the VMo state support the proposition that 

it is the ground#state configuration whereas V′Mo is a metastable configuration. Our 

experimentally determined kinetic pathway (Fig.1��
) for Mo vacancy migration is 

consistent with the most#favored pathway derived from �	*
�
�

 DFT calculation, 

after considering various possibilities, as shown in Fig.2� where the transition state 

(TS) and the energetics involved are also presented. The red arrows in Fig.2� indicate 

the motion of neighboring Mo atom (in blue) with the details shown in Fig. 2�� (see 

also Supplementary Animation 4). The TS state has an energy of 2.9 eV relative to 

that of the most stable Mo vacancy state (VMo). The origin of such a high energy bar#

rier is the unsaturated Mo#S bonds and reorganization of the bond length (Fig. 2�). On 

the other hand, the energy of the metastable state V′Mo (local energy minimum in 

Fig.2�) is only 0.6 eV below that of the TS state, which explains the limited dwell 

time and observation frequency for the V′Mo state. This probably also explains the 

slight distortion of lattice Mo atoms seen in the experimental images in Fig. 1 as the 

atomic configuration is more mobile in such a shallow potential well to be captured 

precisely. Nevertheless, both activation energies are higher than the background ther#

mal energy, suggesting the migration processes seen in Fig. 1 is electron#beam assist#

ed. This is similar to that found for vacancy hopping in graphene31, 46. Despite that, an 

analysis of the migration trajectories (Supplementary Fig.S3) indicates that the va#

cancy migration within Mo sublattice is without directional preference. The travel 

distance and displacement of Mo vacancy both follow the trend expected for the ran#

dom walk of particles (Supplementary Fig.S4). This suggests that the effect of the 

electron beam is probably limited to boosting the mobilities of the atoms with high 

migration barriers.  

�

������	����
��
�!��	�	�����	������������	��	������	���� For comparison, Figure. 

3	�
 show a time#lapse sequential of ADF#STEM images indicating the migration of a 

Mo adatom on the surface of a monolayer MoS2. The Mo adatom47 can be easily 
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 5

identified and this assignment is supported by additional simulation and analysis 

shown in Supplementary Fig.S5#6. More examples of adatom hopping are presented 

in Supplementary Fig.S7 and Animation 5#7. 

After analyzing numerous Mo adatoms (over 500 cases), we identified three 

most#frequently observed configurations of Mo adatoms: on top of Mo sites (TMo), 

above the center of the hexagon or the hollow site (H), and on top of S sites (TS), 

shown in Fig. 4	,�,�, respectively. The corresponding atomic models are shown in Fig. 

4�,�,
, all based on experimentally suggested geometry and fully#relaxed by �	*
�
�

 

calculation. Side views of these structures are presented in Supplementary Fig. S8. 

The image simulations (Supplementary Fig. S9) based on these structural models are 

in agreement with the experiments.  

The statistical analysis of the observed adsorption states in Fig. 4
 demonstrates 

that TMo is the most common adatom configuration, H and TS are less common by 

comparison. Correspondingly, the dwell time of adatoms shown in Fig. 4� also indi#

cates that TMo is more stable than H and TS, although the differences in the counting 

statistics and the dwell times among TMo, H and TS are smaller than those found in the 

case of Mo vacancy. Consistent with the experimental result, DFT calculations give 

their relative energy as 0, 0.33 and 0.99 eV for TMo, H and TS, respectively. Accord#

ingly, we regard TMo as the most stable state and H, TS as metastable states. The pres#

ence of more than one metastable state for adatom migration is a reflection of the in#

creased degree of freedom of adatoms compared with that of the in#plane vacancy 

diffusion. This illustrates the richness of the surface diffusional phenomena and ne#

cessity of determining the dominant kinetic pathway.  

9	*
�
�

 calculation confirms that the experimental most#favored kinetic path#

ways for Mo adatom migration follows a TMo1→H→TMo2 transition (red arrows 

shown in Fig.4��and observed in Supplementary Animation 5), with an initial energy 

barrier of 0.62eV. The energy barrier for the less#favored TMo→TS transition is calcu#

lated to be 1.11eV by comparison (Supplementary Fig.S10 and Animation 8). The de#

tailed structure evolution across the TMo1→H→TMo2 transition can be followed in 

Fig.4* where the migrating adatom is emphasized in blue (see also Supplementary 
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 6

Animation 9)� Compared with Mo vacancy diffusion, the reduced energy barriers for 

surface adatom migration are related to the smaller structural relaxation (Supplemen#

tary Fig.S11) with breaking of at most only one Mo#S bond.  

Although both MoS2 and graphene surfaces are considered to be inert, the kinetic 

pathways for the adatoms are very different and depend on both the surface and the 

adatoms, indicating strong chemical adatom#surface interaction in both cases. For 

example, adatoms on graphite still migrate in a similar hexagonal lattice but they fol#

low either T1→B→T2 (Au adatom), H1→B→H2 (Al or Cr) or B1→B2 (C adatom) 

pathways24, 48. Here B stands for bridge sites above the center of C#C bonds.  By 

contrast, the bridge#site adsorption on MoS2 is not, even locally, a stable configuration 

for Mo adatoms. The preference for the TMo1→H→TMo2 pathway on MoS2 surface is, 

we believe, due to the tendency of the d#electrons of the Mo adatom to form covalent 

bonds with the surface S in a triangular#prismatic or octahedral coordination49. This 

chemically#sensitive adatom diffusion may dominate the diffusion rate of intercalating 

ions in layered materials as battery electrodes41.  

    Similar to the Mo vacancy case, the migration trajectory of Mo adatoms suggests 

that the migration jumps have no obvious directional preference (Supplementary 

Fig.S12). The travel distance and displacement of the hopping Mo adatom (Supple#

mentary Fig.S4) is typical of random walk or Brownian motion of particles, suggest#

ing the electron beam may help overcome the migration energy barriers. 

 

������
� ��	�������� �
� ��
������
�	����� 	��� �������	�� ����
�� �	����	��� The Mo 

adatom hopping statistics can be visualized spatially in terms of the polar scatter dia#

gram shown in Fig.5	. The red#star dots indicate the final sites of one#step adatom 

hopping from the initial site on Mo (coordinate origin), all superimposed on the hex#

agonal MoS2 lattice. The radii of inscribed circles represent the range of the hopping 

steps that can be reached from the circle center. Most hoppings are between TMo and 

H, without directional preference. The density distribution of dots in this polar dia#

gram reflects the two#dimensional potential landscape of a Mo adatom on monolayer 

MoS2, as higher density means more stable atomic configuration. The density distri#
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 7

bution indeed coincides qualitatively with the theoretical adsorption potential diagram 

shown in Fig.5�. The TMo, H and TS sites are all valleys in this potential#energy land#

scape, corresponding to the ground and metastable states, shown in Fig.4, respectively. 

The contrasting energy barriers between TMo→H (0.62 eV) and TMo→TS (1.11 eV) 

indicate that the TMo→H transition should be the elementary hopping process in 

thermally activated atomic migration.  

Similarly, polar scatter diagram in Fig.5� summarizes the hopping step distribu#

tion of Mo vacancies, where green triangles stand for the final sites of one#step hop#

ping of Mo vacancy whose initial site is the origin. Compared with the surface adatom 

migration, the energy landscape is much simpler as VMo jumps only between Mo sub#

lattice sites. Moreover, this stable migration within the Mo layer also has no direc#

tional preference, indicating a 2D random walk behavior. 

One should note that as individual one#step migration of defects occurs in pico#

second, the transfer process itself is too fast to capture ‘in flight’. The possible much 

longer dwelling on the ground# or metastable#state sites allows us to capture different 

ground/metastable configurations. Hence, we consider the observed transition be#

tween two different states as one hopping step, much slower than the “ps” hopping 

dynamics. Based on the above analysis of the potential landscape for Mo adatoms, we 

interpret the observed long#range one#step jumps in Fig.5	 as consisting of several 

TMo→H elementary hopping events. This is supported by the relative population of 

the jumping steps as shown in Fig.5�, based on an independent hopping model. Here 

the ‘zero peak’ represents those observations that adatoms remain at the same site or 

return to the same starting site. The first peak around 0.18 nm represents the transition 

from TMo to H (the elementary hopping), and the second peak is attributed to transi#

tion from TMo1 to TMo2 (two successive basic hopping), and the third peak is the result 

of second#nearest#neighboring hopping, as illustrated by the insets in Fig. 5�. They 

are compared with the theoretically#predicted relative probability distribution, where 

the relative probability ratio of the elementary hopping TMo→H, near#

est#neighboring#site hopping TMo1→H→TMo2, and second#nearest#neighboring#site 

hopping is 1: 2/3: 1/6 (red curve, see Supplementary Fig. S13 and Note 1 for details). 
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 8

The calculated results agree well with the experiment except the discrepancy for peak 

3 at 0.64 nm due to the limited counts for long#range jumps and the possible involve#

ment of the less#favored TMo→TS pathway.  

    Figure 5� shows the hopping step of Mo vacancy. The vacancy has a much lower 

possibility to migrate in comparison with the case of adatom hopping, due to its much 

higher energy barrier. Nearest#neighboring vacancy hopping is responsible for the 

first peak and the second#nearest neighboring hopping contributes to the second peak 

(see inset pictures). 

 

����������� �

For adatom surface migration, the structural evolution give rise to novel elec#

tronic properties, worth exploring by DFT calculation. We discover that certain ada#

tom configurations (ground state TMo and metastable state H, TS) all have magnetic 

moments >2 KB (Supplementary Fig.S14). They are all highly spin#polarized and lo#

calized mainly on Mo adatom, with a minor contribution from the neighboring S at#

oms. The significant density of states (mostly from the adatom’s � orbitals) at Fermi 

levels may play an essential role in the physical properties of MoS2, such as defect 

magnetism and reactivity as a catalyst.  

The very different magnitudes of the energy barriers for Mo adatoms and vacan#

cies can be ascribed to their contrasting microscopic diffusion mechanisms. In surface 

diffusion, adatoms not only relax more easily into the vacuum, but also retain the 

largest number of unbroken Mo#S bonds. A Mo adatom starts with three Mo#S bonds 

in the triangular#prismatic coordination as the most stable state49 at TMo site, to two 

Mo#S bonds when going through a S#S bridge site, then to three Mo#S bonds in octa#

hedral coordination49 (H site) which is less energetically favorable. In the vacancy 

diffusion, Mo’s migration within the confined Mo atom layer involves the breaking 

and reconnection of more covalent Mo#S bonds (Fig.2�): from initial Mo site 

(most#stable with six Mo#S bonds), through a S#S bridge site (two short Mo#S bonds 

with the ‘Klein’#like S atoms, two long and weak Mo#S bonds with the ‘zig#zag’#like 
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 9

S atoms, Supplementary Fig. S11b), to a hollow#like site (metastable with six Mo#S 

bonds).  

Finally, the observation of vacancy hopping and metastable adatom TS, with en#

ergy barriers much higher than the thermal energy available, is a sign that the migra#

tion is influenced or even driven by the electron beam. Hence it is necessary to quan#

tify the beam induced effect. Considering elastic knock#on scattering mechanism 

(Supplementary Fig. S15, 16), we conclude that the vacancy migration is induced 

solely by the electron beam and adatom migration is influenced by both thermal acti#

vation and beam#atom interaction. Fortunately, the beam#atom interaction allows us to 

explore more comprehensively different kinetic pathways, especially for vacancy dy#

namics inaccessible by thermal activation at a “safe” temperature. One may also note 

the slight atomic distortion of the lattice Mo below the migrating Mo in the vacancy 

hopping in Fig.1, which can be interpreted as a temporary displacement resulted from 

the electron beam radiation on the shallow potential landscape shown above. In the 

future studies, it would be very interesting to carry out 
�*�
�� TEM observation at 

variable temperatures and with higher temporal resolution, which would allow us to 

capture more precisely the atomic dynamics and determine quantitatively the migra#

tion kinetics experimentally, as a complement to DFT calculations. 

In summary, we have demonstrated an efficient survey of the migration energy 

landscape using single#atom tracking and �	*
�
�

 calculation, providing a successful 

paradigm for exploration of the microscopic mechanisms of atom diffusion in solids. 

Its application in monolayer MoS2 reveals the two#dimensional Mo diffusions on and 

below surface with very different covalent bonds reorganization along their preferred 

kinetic pathway. The results from our joint experiment#theory approach should be 

useful in the rational design of practical applications of TMDs, such as catalysts and 

ion intercalation in electrodes for batteries, as well as bringing us a new perspective 

on solid state mass transport in general. 

 

During the review of this work, we noticed another work focused on the migra#

tion of single Pt atoms in MoS2 monolayer56. 
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 10

�

!�������

$	����� ����	�	���� Monolayer molybdenum disulfide was prepared onto silicon 

substrate with a 300#nm#thick oxide capping layer through standard mechanical exfo#

liation from bulky MoS2 single crystals (SPI Supplies Inc.) using scotch tapes. Se#

lected atomically thin samples were then transferred onto TEM grids and annealed at 

200°C in vacuum (10#4 Pa) to remove surface residues and contaminations before 

loading into the TEM chamber.  

 

+�,�$� !���	�	�����-	�����ADF#STEM imaging was carried out in a FEI Titan 

ChemiSTEM microscope equipped with a probe corrector and operated at 200 kV. 

The probe current was set to be about 60 pA and the convergence angle to 22 mrad. 

The collection angle of the ADF#STEM detector was adjusted to 50~200 mrad. Time 

lapsed ADF#STEM images were recorded in three seconds interval with a frame size 

of 512×512 pixels (corresponding to 10×10 nm2) and a pixel dwell time of 10 Ks. The 

total electron dose to the specimen for each frame was estimated to be 9.7×106 e#/nm2. 

ADF#STEM images were analyzed after a drift correction and Wiener filtering for a 

better signal#to#noise (S/N) ratio (Supplementary Fig. S17). All the observations were 

carried out at room temperature.  

ADF#STEM image simulations, as shown in the Supplementary Fig. S9, were 

achieved by QSTEM50 with the simulation parameters (the convergence and ac#

ceptance angles, the probe size) kept almost the same as those used experimentally.  

Further analysis including the population, the duration time (or lifetime), and 

hopping step statistics were performed based on the raw ADF#STEM images recorded 

from clean regions of MoS2 monolayers.  

�

�,���	����	������  

Density functional theory calculations were performed using the generalized gradient 

approximation for the exchange#correlation potential, the projector augmented wave 
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method51 and a plane#wave basis set as implemented in the Vienna �	*
�
�

 simula#

tion package (VASP)52. The energy cutoff for plane wave was set to 300 eV for 

structural relaxation and increased to 600 eV for total energy calculations. Dispersion 

correction was made at the van der Waals density functional (vdW#DF) level, with the 

optB86b functional for the exchange potential53. An 8×8 slab of monolayer MoS2 

with a 15Å vacuum layer perpendicular to the atomic plane was employed in all cal#

culations to minimize the interactions between a defect and its images. All atoms in 

the supercell were allowed to relax until the residual force per atom was less than 0.01 

eV•Å#1. Barriers of different diffusion pathways were revealed by the nudged elastic 

band (NEB) method54. The climbing#image technique55 was used to precisely identify 

the transition state and the barrier height.  

 

�������	�� �	����	��� The two#dimensional potential landscape of the adatom was 

calculated as follows. We first mapped 25 adsorption sites onto one third of the lattice 

hexagon, with equal spacing in the atomic plane (xy plane). A Mo adatom was put at 

these sites with its x, y coordinates fixed and z coordinates free to relax. Given the 

minimum energies at those sites, we extrapolate the energies into the whole hexagon 

to yield a continuous two#dimensional projected potential. �

�

+$$./0+� ��/.1� 1��

$��������
���
���	����(�Including Supplementary Figures 1#19 and Notes 1, 2. This material is 

available free of charge via the internet at http://pubs.acs.org. 

+2��.)�01,.)!+�0.1 

/�����������
�+�������

*Correspondence and request for materials should be addressed to C.J. (chhjin@zju.edu.cn), W.J. 

(wji@ruc.edu.cn) or J.Y. (jun.yuan@york.ac.uk). 
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�

�

,�
����7��+��������	�����
�	������
��	�	������
������ (	��) Time#lapse series of experimental 

ADF images of a Mo vacancy. Scale bar: 0.5nm. (���) DFT#relaxed atomic structures correspond#

ing to the evolution in 	�� from the Mo vacancy (VMo in 	) to its metastable state (V′Mo in �) and 

then to another Mo vacancy VMo in �. Scale bar: 0.5nm. Note the vacancy migration is actually the 

motion of a neighboring Mo atom, shown in blue or purple.  
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�

,�
����%��$�	�����
��	�	����	��������������������(	��) Statistical counts and dwell time of va#

cancies and their metastable states during the migration of a Mo vacancy. (�) DFT calculated mi#

gration pathway of Mo vacancy. The dynamic process is shown by the inset atomic models with 

arrows illustrating the migration pathway of the neighboring Mo atom. (�) Detailed atomic dy#

namics of Mo vacancy migration with top#view and side#view, respectively. Note the 

VMo→V′Mo→VMo transition in � is symmetric, hence only the first half process of vacancy migra#

tion (right red arrow in �) is drawn detailed in �. Also note the top#view of the top#row structures 
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in � is rotated with respect to the structures in � and that in ,�
. 1.  

�

�

�

,�
����<��+��������
�	������
�!��	�	������
������(	�*) Experimental time sequential of ADF 

images of Mo adatom hopping as an example. Time interval: 3s. Scale bar: 0.5nm. Different false 

colors are used for better visualization.  
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�

�

,�
����8��+������������	����	��� ����������������	���
��������������	���	��� (	�
) Atomically 

resolved ADF images and structure models of different adsorption states on top of Mo site (TMo), 

at hexagon#center or hollow site (H), and on top of S site (TS), respectively. Scale bar: 0.5nm. 

False color is used to better illustrate the adatom configuration. Relative energies of different ada#

tom states are given.  (
) Statistical counts of different adsorption states in 	,�,�. (�) Statistical 

dwell time of different adatom structures. (�) DFT revealed energetics and pathway for evolution 

between ground state TMo, transition state TS, and metastable state H. (*) Detailed atomic dynam#

ics of transition from TMo to H with top view and side view of the three dimensional atomic struc#

ture respectively. Note the TMo1→H→TMo2 transition in � is symmetric, hence only the first half 

process (left red arrows in �) is drawn.�
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�

,�
����:��$�	������	��������
��������
�	�	����	����	�	������
������(	) Polar scatter diagram of 

hopping steps from the coordinate origin where Mo lattice locates. Red star dots indicate the final 

position of adatom hopping from the initial state at the origin. The data is obtained from analyzing 

over 50 time#series of ADF images of adatom defects on MoS2 monolayers, (�) DFT calculated 

two#dimensional potential diagram for a Mo adatom on the hexagonal MoS2 lattice. TMo sites and 

hexagon center H site are potential valleys. (�) Polar scatter diagram showing hopping steps of Mo 

vacancy from the origin. (�) Hopping step statistics of Mo adatom migration. Insets show the cor#

responding atomic hopping models which are supported by the calculated probability distribution. 

(�) Hopping step distribution of Mo vacancy with inset models presenting the migration process.  
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