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Single-metal-atom chains (SMACs) possess a variety of unique properties and
functionalities but suffer from ambient vulnerability due to their delicate one-
atom-width structures. While some SMACs can be effectively stabilized by
nanochannel confining, it remains a pressing challenge to experimentally
realize more versatile atomic chains with sufficient stability and extended
length. Here, we propose a computational protocol to identify transition
metals capable of forming SMACs along mirror twin boundaries in two-
dimensional metal dichalcogenides. Taking MoS, as a prototypical example,
our thermodynamics and kinetics calculations indicate that Co, Ni, Rh, Pd, and
Pt atoms can be enticed by the progressive formation of mirror twin bound-
aries to yield robust SMACs; whereas other transition metal elements tend to
result in either substitutional doping or nanoclusters. These findings are
supported by successful experimental synthesis of Co-, Ni-, Pd- and Pt-based
SMAC:s using a chemical vapor co-deposition method, which exhibit high
stability due to their covalent bonding with MoS, grains. These results lay a
solid foundation for investigating exotic transport behaviors within extremely
confined channels.

M Check for updates

Dimensionality is a key factor determining the properties and func-
tionalities of nanomaterials, since it dictates how electrons interact

can confine electrons within an absolutely 1D space. This characteristic
renders SMACs as a unique platform to investigate a series of intri-

and behave by altering the symmetry and potential fields in materials.
For instance, zero-dimensional (OD) nanoclusters exhibit quantized
energy levels, while two-dimensional (2D) materials provide deloca-
lized states of electrons confined in a planar space. Among them, one-
dimensional (1ID) nanostructures have attracted special research
interest'?, since they represent the smallest dimension that maintains
efficient electron transports, and, thus, have been deemed critical to
the functionality and integration of nanoscale devices’. Single-metal-
atom chains (SMACs)—the ultimate manifestations of 1D structures—

guing quantum transport behaviors and correlation effects*”, includ-
ing quantized conductance®’, magnetoresistance®, Peierls transition’
and Tomonaga-Luttinger liquid'®™", opening up a wealth of opportu-
nities for cutting-edge applications in electronics”, magnetism', and
optics®.

There have been two typical synthesis approaches for fabricating
SMACs, one is the top-down mechanical stretching method for sus-
pended SMACs, and the other is the self-assembly method for sup-
ported SMACs. However, the atomic chains fabricated using these
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methods suffer from low yield and limited chain length, largely due to
sophisticated experimental procedures'®”. Moreover, most of the
reported SMACs exhibit structural vulnerability and poor ambient
stability since all their atoms are highly undercoordinated'. Recently,
we have pioneered a chemical vapor co-deposition (CVCD) method
enabling the fabrication of Pt SMACs network at wafer scale. The as-
fabricated Pt SMACs exhibit structural stability up to 1000K and an
average length of up to tens of nanometers. Aside from the Pt SMACs,
the CVCD growth method is, in principle, applicable to a range of
transition metals (TMs) for synthesizing similar SMACs. However,
experimental synthesis of SMACs out of numerous choices of elements
in a trial-and-error manner is expensive and inefficient. Therefore,
there is an urgent need to develop a predictive theory for guiding the
experimental synthesis based on a deep understanding of the forma-
tion mechanism.

Herein, we propose a theoretical protocol for computationally
screening TM atoms that can form stable atomic chains by exploiting
mirror twin boundaries in hexagonal metal dichalcogenides MX,
(M=Mo, W; X=S§, Se, Te). The key factors for screening the TMs include
the possibility of substitution doping, surface clustering, edge adsorp-
tion, and the kinetic growth of TM-decorated edges. Taking MoS; as an
example, we identify 5 elements—Co, Ni, Rh, Pd, and Pt—from a list of 27
TM elements, which can theoretically form air-stable SMACs. Among
them, Co, Ni, Pd, and Pt chains are confirmed by our CVCD experiments
(confirmation for Rh is infeasible due to precursor limitation). These
results reveal a general growth process for 1D confined atomic chains
and can be extended to synthesize a range of peculiar nanostructures by
exploring various confinements intrinsic to 2D materials.

Results and discussion

Four-step screening protocol

Our previous work has shown that the key factor in the synthesis of Pt
SMAC:s lies in the behavior of Pt precursor, which is supplied in the
form of pre-deposited uniform nanoclusters, with sizes and average
spacings of only a few nanometers. In a typical CVCD experiment,
these TM nanoclusters serve two important functions: (i) inducing
massive nucleation of MX, nanograins, and (ii) facilitating the incor-
poration of TM single atoms into the MX; lattice”. These nanoclusters
exhibit notable size-dependent melting behavior®® (Supplementary
Fig. 1), leading to a liquid phase under typical growth temperature,
which promotes atom diffusion and the formation of thermo-
dynamically stable structures. However, to form highly ordered
SMACs, single TM atoms need to be precisely delivered to the grain
boundaries in a thermodynamically and kinetically favorable manner
(Fig. 1a). This behavior strongly depends on the intrinsic properties of
the element itself. For example, when diffusing on the MoS, surface,
TM atoms with high chemical activity tend to be trapped by the host
lattice in the form of substitutional doping, while those with high
cohesive energies tend to form metal aggregations. In both cases, the
early depletion of available TM atoms hinders their migration to the
growth front of MoS,. Moreover, even if TM atoms reach the MoS,
domain edge and are adsorbed there, this edge decoration may sup-
press the kinetic growth of MoS, domain—another obstacle for the
SMAC formation. The stable edge adsorption configurations of TM
atoms are also required to satisfy the stoichiometric requirement of
forming a complete SMAC when two growing grains are stitched along
the grain boundary.

To this end, guided by key processes of SMAC growth kinetics, we
designed a four-step screening protocol—i.e., calculations of sub-
stitution doping, surface clustering, and edge adsorption of TM atoms,
as well as kinetic growth barrier of TM-decorated edges—termed SSEK
(Fig. 1b). We adopted MoS; as the prototypical MX; host. Throughout
the screening procedures, 27 TM elements of the periods 4-6 in the
periodic table were systematically assessed, which we will discuss step
by step in the following sections.

Substitution doping in MoS, grains

Thermodynamically favorable substitutional doping of TM atoms into
the MoS; host lattice hampers SMAC formation at grain boundaries.
Thus, we first examine its possibility by calculating the dominating
factor, substitution energy (£) for a TM atom to replace a native atom,
given by the following equation:

Es = Etot - EMOSZ * Hnative — HT™ (1)

where Eys, and Ey, denote the total energies of the MoS, lattice
before and after TM doping, and p,.. and ppy are the chemical
potentials of the replaced native atom (i.e., Mo or S) and the doped TM
atom, respectively”. Here, i, is taken as the energy of a single TM
atom in the bulk phase, while the value of u . (i.e., v, O Us)
depends on the given growth condition.

At thermodynamic equilibrium, the chemical potentials of Mo
(po) and S (ug) satisfy following equation:

Hwmos, = Hmo +2Hs )

where fiyq5, is the total energy of a MoS; unit cell. Given the S-rich
condition in our CVCD process, we assumed that the chemical
potential of S atom in the growth system is equivalent to that of
element sulfur (S, molecular), that is, " =p2. Subsequently, we
have the chemical potential of Mo atom following equation:
Ko™ " = Hynos, — 218 3)
We employed a 5x5 monolayer MoS, supercell for including one
doped TM atom to minimize the effect of interactions between TM
atoms in adjacent images (Supplementary Fig. 2). Note that TM sub-
stitution at the S sites is excluded, given the positive £ for all TM
atoms (Supplementary Table 1). Therefore, TM substitution at the Mo
sites was carefully studied. As shown in Fig. 2a, E strongly depends on
TM, ranging from -4.05 to 3.70 eV. The trend of £ values increasing
from left to right within the same period suggests a reduced likelihood
of substitution as the atomic number increases. To assess the ther-
modynamic feasibility of TM substitution, we employed an exothermic
reaction (E;<0) as our selection criterion. Applying this rule, we
excluded 15 TM elements (Sc, Ti, V, Cr, Mn, Fe, Y, Zr, Nb, Ru, Hf, Ta, W,
Re, and Os) located in the blue region of Fig. 2a. A part of these ele-
ments with a propensity of substitutional doping in 2D MX,, such as Ti,
V, Cr, Mn, Fe, Nb, W, and Re, have been validated in previous
experiments® 2,

Atoms clustering on the MoS, surface

Prior to the CVCD process, nanosized (0.5-2 nm) TM clusters were pre-
deposited to initiate MoS, nucleation and subsequently form SMACs'.
At the growth temperature (650 °C), increased thermal fluctuations
tend to disrupt the unstable “amorphous” state of TM precursor,
leading to the formation of more stable configurations. TM atoms
experience two primary interactions on the MoS, surface: a vertical
interaction with the MoS, substrate (TM-MoS,) and a lateral interac-
tion with adjacent TM atoms (TM-TM). The competition between these
two interactions largely influences SMAC formation. A stronger TM-
MoS, interaction tends to attract TM atoms from the nanocluster to
the MoS, surface, positively charging them and resulting in mono-
dispersed TM atoms, known as the monodispersed phase”. In con-
trast, a weaker TM-MoS, interaction favors the formation of an initial
TM aggregated phase, progressing into large clusters (Supplemen-
tary Fig. 3).

To thermodynamically quantify the structural evolution of TM
atoms on MoS; surface, binding energy (negative), cohesive energy
(negative), and diffusion barrier (positive) are introduced. The binding
energy (Ey,=Erm_mos, — Emos, — Him) quantifies the interaction
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Fig. 1| SMACs growth and screen process. a The formation of SMACs. Two
antisymmetric MoS; grains with appropriately adsorbed TM atoms at edges are
stitching together during kinetic edge growth, resulting in the formation of SMACs
at mirror twin boundary. The light blue and silver spheres represent the Mo and S
atoms, respectively. The red spheres represent the TM atoms adsorbed on the
edges, while the blue spheres denote the newly incorporated Mo atoms during
growth. b Flowchart for screening TM elements capable of forming SMACs. 27 TM
elements are evaluated through substitution doping (blue), surface clustering
(green), kinetic growth barrier (orange), and experimental verification (red). Cor-
responding criteria and experimental result are listed on the right. The elements
excluded by each criterion are marked with corresponding colors. The successful
synthesis of Co, Ni, Pt and Pd SMACs was verified through our CVCD growth.

strength between an individual TM atom and the basal plane of MoS,
surface. The cohesive energy (E.=(Ety — nx pupy)/n) quantifies the
cohesion strength between TM atoms adsorbed on the MoS; surface.
The surface diffusion barrier (£ 4,) quantifies the ability of TM atoms to
diffuse on the MoS, surface?®. Generally, a strong binding to the MoS,
surface and a weak cohesive strength with the neighboring TM atoms
will favor the dispersed monomers on MoS,. Conversely, a weak
binding to MoS,, a strong cohesion between TM atoms, and a high
diffusion barrier of TM on MoS, will favor the formation of TM clusters.
Following the analysis in Ref. 27., we define the activation energy for
the monodispersed phase of TM atoms by following equation:

E,eMO)=Ey, — E, 4)

and define the activation energy for the cluster phase of TM atoms
(exemplified by trimer) on MoS, by following equation:

E,«(TRh)= —E +E. — Ey, 5)

Here the trimer phase is chosen to represent the initial state of the
aggregated phase since the trimerization of TMs on the transition
dichalcogenides has been predicted to be stable on MX, surfaces® and
been confirmed in several experiments®®?!,

Extensive calculations and analysis revealed a linear-like scaling
relationship between £ and E,, fitted as £, = 0.51F, — 0.53 (R*=0.85).
Similar relationship also exists between Ey, and E,, reading as E gy, =
—0.27E,+0.02(R*=0.9) (Supplementary Fig. 4). These results
could be rationalized by that a stronger binding of a TM atom
to the substrate corresponds to its more difficult diffusion and poten-
tially a higher cohesive energy with other TM atoms. Therefore,
the activation energies can be simplified as: £, (MO)=0.49E, +0.53

a [] Periodic 4 [[] Periodic 5 Periodic 6
4 L Au Hg
Ag

E. (eV)

(o

E..(eV)

| | | | |
-4 -3 -2 -1 0
E, (eV)

Fig. 2 | Screening of TM atoms through substitution doping and surface clus-
tering. a Histogram diagram of substitution energy (E,) of TM atoms at the Mo site
under S-rich condition. The TM atoms with negative E; in the blue region tend to
dope into the MoS; lattice, while those with positive £ in the red region are
unfavorable to substitute. b Activation energy (£,.) as a function of TM atom
binding energy (£,) to pristine MoS, monolayer, rendering a volcanic curve. The
left-hand and right-hand sides of the curve favor the monomer and trimer phases
for the adsorbed TM atoms, respectively. Inset presents the free energy evolution
of initially monodispersed Ag atoms on the MoS, surface during AIMD simulation,
with snapshots showing a transition to the cluster structure.

and E,,(TR)= — 0.22E, — 0.55. As shown in Fig. 2b, the activation
energy follows a volcano-like trend with respect to E,, peaking at
-1.37 eV/atom. For elements positioned on the left side, the TM-MoS,
interaction dominates, resulting in a lower E,.(MO) value to favor a
thermodynamically preferred monodispersing phase. In contrast, for
elements falling on the right side, a lower E,(TRI) value makes the
trimer phase more favorable. By comparing the values of £,..(MO) and
E,(TRI), we proceeded to screen the remaining 12 TM candidates,
identifying Ni, Ir, Rh, Pt, Co, and Pd as the elements tending to be
monodispersed on MoS, for further evaluation. In addition, this
volcano-like principle is further corroborated by ab initio molecular
dynamics simulations. Taking Ag as an example, our simulations indi-
cate that the initially monodispersed Ag atoms tend to aggregate fol-
lowing a 10-ps relaxation at 923 K (Fig. 2b, inset). This result aligns well
with experimental observations of Ag nanoparticles on the MoS, sur-
face, instead of monodispersed atoms™.

Adsorption structures at MoS, edges

The monodispersed TM atoms will diffuse on the MoS, surface under
thermal fluctuation and preferentially dock at the edges, where the TM
atoms are tightly bound to form stable configurations. Thus, we
investigated the adsorption structures of TM atoms at MoS, edges,
marking the initial stage of SMAC growth.

To search for the ground state structure, various configurations
are tested by considering different edge structures, adsorption sites,
and coordination numbers (Fig. 3a and Supplementary Table 2). It is
noteworthy that S-terminated zigzag edges were chosen to align with
the S-rich condition®. First, we studied the adsorption on an ideal
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Fig. 3 | Adsorption energy of TM atoms on MoS, edges. a Structures of the top-
dimer, eg-dimer, eg-bridge, and eg-sub configurations. b Adsorption energy (E,4)
of TM atoms with different edge adsorption configurations as listed in (a). The light
blue, silver, and red spheres represent the Mo, S, and TM atoms, respectively.

S-terminated zigzag edge. The interaction between the adsorbed TM
atoms and the MoS, edges™ are quantified by the adsorption energy,
expressed by following equation:

Eags = (Eror — EMOSZ —nxupy)/n (6)

where n is the number of adsorbed TM atoms around the edge. Among
the enumerated configurations, three—named as top-dimer, eg-dimer,
and eg-bridge—are validated to be relatively stable due to their lower
adsorption energies (Fig. 3a). In these names, “top” and “eg” signify
whether the TM atoms are adsorbed on top or on the side of the edge
Mo atoms; “dimer” indicates two TM atoms are adsorbed adjacently to
form a dimer; and “bridge” signifies a TM atom spanning over two
adjacent S sites. As shown in Fig. 3b, eg-bridge configuration exhibits
the lowest E,4 for Co, Ni, Rh, Pd, and Pt. Conversely, Ir shows the
lowest E 4 with the top-dimer configuration (Supplementary Fig. 5).

During the kinetic growth process, the real MoS, edge structure
deviates from the ideal scenario due to non-uniform addition of Mo
and S atoms, potentially impacting the most stable TM adsorption
configuration. Therefore, second, we conducted growth kinetics ana-
lysis initialized with eg-bridge and top-dimer configurations for the
respective TM elements. Our results show a notable reduction in the
total energy of the system upon the addition of Mo and S atoms,
suggesting the presence of a lower energy edge adsorption config-
uration, denoted as eg-sub (Fig. 3a). This configuration exhibits a
reconstructed MoS, edge with single S atoms terminating the metal
atoms, resembling TM atoms substituting every alternate edge Mo.
Further calculations demonstrate that £, 4 of the eg-sub configuration
lies at the energy minima for all the six TM elements (Fig. 3b). Thus,
such a configuration is adopted as the grain edge for the following
SMAC growth.

Growth kinetics of SMAC

Similar to the traditional CVD growth processes of MX, and h-BN
characterized by edge nuclei and subsequent advancement of the
edges®™’®, the growth of SMACs should also start from the TM-
decorated MoS, edges and maintained by the accretion of feeding
stocks thereat. This implies that newly added Mo and S atoms during
kinetic growth should intercalate between current MoS, edge and
adsorbed TM atoms until the merging of MoS; grains and the forma-
tion of grain boundaries.

a i ii +1MoS,|| iii +2MoS,
. [ 2

¥ ¥ ¥ Y ¥ 14 Y Y ¥ b ¥ ¥

iv +3MoS,|| v +4MoS,|| vi +5MoS,
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Fig. 4 | Growth kinetics at TM-decorated edges. a Energetically optimal atomic
configurations during the step-by-step addition of Mo+2S units to the Ni eg-sub
zigzag edge. The light blue and silver spheres represent the Mo and S atoms,
respectively. The red spheres represent the Ni atoms adsorbed on the edges, while
the blue spheres denote the newly incorporated Mo atoms during growth. b The
optimal energy pathways for the kinetic growth along the edges decorated with
different TM atoms. The black dashed line indicates the energy barrier for the
kinetic growth at a pristine MoS, edge. We set Aiyqs, =0 €V, representing the
equilibrium condition. ¢ Schematic formation of the Ni SMAC, along with the
evolution of total energy during the formation of SMAC via atomic reorganization
near the grain boundary. As two oppositely oriented grains are about to coalesce,
Ni atoms at two opposite eg-sub edges can migrate toward each other to self-
assemble into the SMAC by an exothermic process.

Based on the edge energy calculations set forth above, we calcu-
late the growth kinetics for MoS, with the most favorable eg-sub edge
configuration (Fig. 4a and Supplementary Fig. 6). Under practical
growth condition, the precursors MoO; and S, form derivatives, such
as MoS¢™>, which then dock at the MoS, edge to maintain the growth at
a stoichiometric ratio of S/Mo of 2. To simplify the computational
process, Mo+2S units are added step-by-step to the eg-sub edge for
simulating the near-equilibrium growth. Furthermore, we choose the
configurations with the lowest energy at each step as the base struc-
tures for the subsequent atomic accretion. This approach, dubbed
nanoreactor model, enables us to draw the optimal energy pathway
and extract the energy barrier of growth kinetics, and has been suc-
cessfully applied to understand the kinetic growth mechanisms of
graphene®®, boron nitride® and borophene®.

Taking the growth process of Ni-decorated edges as an example,
when a Mo+2S unit is introduced initially, a Ni atom is displaced to the
MoS, growth front, adopting a 4-ring eg-bridge structure (Fig. 4a, i-ii).
Following the addition of the second Mo+2S unit, the previous 4-ring
structure transforms into a tilted hexagonal ring structure with sites
available for further growth (Fig. 44, iii). Upon the introduction of the
third Mo+2S unit, the second Ni atom is extracted to the growth front,
leading to the formation of the second hexagonal ring structure. At
this stage, an edge segment resembling the eg-sub configuration starts
to be formed, thus exhibits relatively low system energy (Fig. 4a, iv).
Notably, the addition of 4th Mo+2S unit energetically prefers
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Fig. 5 | STEM characterizations of Ni and Pd SMACs in MoS;. a, d False-colored
HAADF-STEM images of Ni (a) and Pd (d) SMACs in MoS,. b, e Magnified, simulated
HAADF-STEM images and atomic models of Ni (b) and Pd (e) SMACs corresponding

to the red rectangular area marked in (a) and (d), respectively. ¢, f Intensity profiles
of the experimental and simulated images of Ni (c) and Pd (f) SMACs along the
white dashed boxes in (b) and (e).

extracting the third Ni atom embedded at the original MoS, edge,
rather than directly extending the hexagonal rings further (Fig. 4a, v
and Supplementary Fig. 7). The addition of the 5th Mo+2S unit draws
the newly extracted Ni atoms to the hexagonal ring structure
(Fig. 4a, vi), extending the newly formed eg-sub segment. Notably, the
energy in the step (vi) closely mirrors that of the step (iv), with only a
0.02 eV difference. Further addition of Mo+2S units alternately repeats
steps (v) and (vi), driving the seamless extension of the MoS, lattice
while preserving the eg-sub edge configuration.

The free energy profiles for the various TM atom-decorated edges
along the optimal growth pathway are illustrated in Fig. 4b. It turns out
that the edge growth of MoS, involving Ni, Co, and Pd decorations
follows a similar progression, with the second step acting as the rate-
determining one. The corresponding energy barriers are recorded at
1.37, 1.79, and 0.87 eV, respectively, lower than the growth barrier of
1.80 eV for the pristine MoS, edge. In contrast, the fourth step defines
the energy barrier for the edge growth involving Ir, Pt and Rh atoms,
showing a value of 2.48, 1.7, and 1.88 eV, respectively.

Next, we examine the growth rate of eg-sub edge decorated with
TM atoms. Artyukhov et al. derived that the growth rate of an atom-
ically flat edge is proportional to e~(ACx*+AG)/2ksT  where AGY, and AG;,
represent the critical nucleation free energy barrier and the propaga-
tion free energy barrier for the edge growth, respectively®, kg is the
Boltzmann constant and T the temperature. Since the introduction of
TM precursors has been demonstrated to facilitate the nucleation of
grains and the formation of SMACs are mainly determined by the
extension and the final coalescence of grains, we assume that the
growth rate relevant to our purpose is dominated by the kinetic barrier
of edge growth, i.e., AGp. Our results indicate that the Ir-decorated
edge (with the highest AG, of 2.48eV) exhibits a growth rate four

orders of magnitude lower than that of the Pd-decorated edge (with
the lowest AG, of 0.87 eV) and even two orders of magnitude lower
than that of the pristine MoS, edge (with AG, of 1.8eV) at the
experimental temperature of 923 K. The significantly lower growth
rate of Ir-decorated grains than bare grains not only reduces the
chance of SMAC formation but also results in structural disorder in
nucleated SMACs, since the pristine edges with no metal decoration
can dominate the overall growth in this case.

As shown in Fig. 4c, when two oppositely oriented MoS, grains
with the preserved eg-sub edge grow and merge, mirror twin boundary
appears in-between, and the Ni atoms self-assemble within the 1D
channel. After a certain period of thermal fluctuation, the Ni atoms at
two opposite edges move toward each other and are re-organized to
form SMAC embedded in the mirror twin boundary. This entire pro-
cess releases 2.18 eV/nm of energy by overcoming an energy barrier of
only 0.37 eV/nm. Note that mirror twin boundaries exclusively support
the formation of continuous SMACs, whereas other boundary types
yield fragmented segments or disordered doping (Supplementary
Fig. 8). Furthermore, we conducted AIMD simulations to examine the
structure stability of the as-formed five SMACs. The results indicate
that all the five SMACs exhibit excellent structure stability, potentially
withstanding temperatures as high as 1000 K (Supplementary Fig. 9).

Experimental confirmation of SMAC synthesis

Our SSEK protocol has theoretically identified five TM candidates (Co,
Ni, Rh, Pd, and Pt) for constructing SMAC in MoS; hosts. Among these
elements, wafer-scale production of Pt SMAC has been successfully
demonstrated in our prior research”, whereas the confirmation of Rh
SMAC is currently difficult due to our experimental restriction (spe-
cifically, the unavailability of high-quality deposition of Rh
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Fig. 6 | Electronic properties and charge densities of Co and Pd SMACs.

a, d Electronic band structures of the Co (a) and Pd (d) SMACs embedded in MoS,.
The band structures are projected onto SMACs and surrounding atoms. The grey
lines represent the total contribution from the TM atoms and the adjacent MoS,
hexagonal ring (unshaded regions marked in Supplementary Fig. 15a). Red lines
represent the contribution of spin-up states from TM atoms and adjacent bonded S
atoms (red box marked in Supplementary Fig. 15a), while the black lines represent
contribution of spin-down states. The weight character of bands is thickness
encoded. b, e Spin-polarized DOS of the Co (b) and Pd (e) SMACs embedded in
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MoS,. The grey lines represent the total DOS from the unshaded regions marked in
Supplementary Fig. 15a. The red lines represent DOS of spin-up states from Co and
Pd d orbits, while black lines represent DOS of spin-down states. The Fermi levels
(E¢) are set as 0 eV and highlighted by the black dashed line. c, f The planar-
averaged charge density difference profiles between pristine and Co (c) or Pd (f)
SMAC-containing MoS, monolayers along the z-direction. Insets show isosurface
plots (0.00015 e/A of the corresponding real-space charge density distributions.
The charge accumulation and depletion regions are colored yellow and blue,
respectively.

nanoclusters). Therefore, we conducted CVCD experiments with
carefully optimized growth conditions (see Methods) focusing on Co,
Ni, and Pd to validate our theoretical predictions.

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) was employed to characterize the detailed
atomic structures of synthesized samples. In virtue of the Z-contrast
nature (-Z%) of HAADF, elements with different atomic numbers (Z)
can be explicitly distinguished. The results unequivocally demon-
strated the successful synthesis of Ni, Pd, and Co SMACs within the
mirror twin boundaries of MoS, grains, where hexagonal honeycomb
lattice indicates the formation of MoS, nanocrystals and a distinct
contrast change was observed in the boundary region of two oppo-
sitely oriented MoS, grains (highlighted by red triangles) (Fig. 5a, d,
and Supplementary Fig. 10a). Unlike Pt SMAC, Co and Ni atoms
exhibited lower contrast in MoS, lattice due to their smaller atomic
numbers, while the Pd atom presented a slightly larger contrast than
Mo (Pd and Mo have similar atomic numbers), which agrees well with
the simulated results (Fig. 5b, ¢, e, f and Supplementary Fig. 10b, c).
Zoom-in images surrounding MoS, boundaries (marked by red boxes)
were investigated to resolve the atomic structures of SMACs. It con-
firms that atomically straight 1D TM channels were formed in MoS,
boundaries, where the TM atoms bonded to S-zigzag edges on both
sides and were confined in the Mo atomic plane of MoS, host (Fig. 5b, e
and Supplementary Fig. 10b). This result contrasts the conventional
MoS, mirror twin boundary structures without TM incorporated,
which are composed of 4-fold rings with S,-site point sharing (4 | 4 P)

or edge sharing (4 | 4E)*>*., The line profile analysis along Ni, Pd and Co
SMACs indicated similar atomic spacings (3.17, 3.8, and 3.18A,
respectively); all the values are significantly larger than their bulk case
but close to the MoS, lattice constant, suggesting a tunable lattice
constant of SMACs by varying host materials. Additionally, large-area
HAADF-STEM characterizations reveal consistent ratios for Pt, Co, Ni,
and Pd SMAC in mirror twin boundaries of polycrystalline MoS,
films, and confirm SMAC formation in MoS, multilayers (Supplemen-
tary Figs. 11 and 12). Notably, the MoS, monolayer on different sub-
strates differ in the formed SMACs. The MoS, on a SiO,/Si
substrate exhibits extensive formation of Pt chains, along with a small
amount of dispersed Pt atoms, whereas that on a sapphire substrate
displays more dispersed Pt atoms, in addition to the formation of
Pt chains®.

In addition to these successful examples, we also examined some
elements that were predicted unfavorable for forming SMACs. For
example, our experiments demonstrated substitutional doping of Nb
and Fe atoms in the corresponding synthesized samples (Supple-
mentary Fig. 13). Previous experiments also demonstrated clustering
behaviors on MoS, surfaces when Au, Cu, or Ag precursors were
introduced during the CVD growth®*>**, All these results are well
consistent with our theory, confirming the validity of the SSEK
screening protocol we proposed. Furthermore, we expect that SMACs
can form along the MTBs in other 2D MX; systems, notably in WS,, as
supported by the synthesis of Mo-based SMACs at the 2H/1T phase
interfaces in WS,*.

Nature Communications | (2025)16:4924


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60127-3

Metallic behavior of SMAC

To further explore the potential interactions within the Co, Ni, and Pd
SMACs, an analysis was conducted on the characteristics of partial
charge density distribution on the d orbitals of these elements. Sup-
plementary Fig. 14 shows a noticeable non-localized electron density
distribution between neighboring Co, Ni, and Pd atoms, underscoring
the potential role of SMACs as electron transport channels. Addition-
ally, band structures and projected density of states (DOS) were
computed for the Co, Ni, and Pd SMACs. Compared to the band
structure of pristine MoS, crystal, the introduction of SMACs in MoS,
results in the emergence of electron bands near the Fermi level (as
shown in Fig. 6a, d and Supplementary Fig. 15b). The d orbital electrons
of Co, Ni, and Pd atom:s fill the gap of the pristine MoS, near the Fermi
level, thereby resulting in the metallic nature within a semiconducting
matrix (as shown in Fig. 6b, e and Supplementary Fig. 15c). The metallic
behavior benefits from the close enough distance between adjacent
TM atoms in the SMACs (-3.2 A), which enables a significant overlap of
d electron states between the TM atoms.

Meanwhile, according to the orbital-projected DOS (Fig. 6b),
splitting occurs between the spin-up and spin-down states of the Co 3 d
orbitals. As a result, the magnetic moment of Co-SMAC is mainly
contributed by the Co 3 d orbital with a value of 0.6 u per atom, lower
than the experimental value for bulk Co (-1.7 py per atom)*. Con-
versely, Pd atoms within the corresponding SMAC show a non-
magnetic behavior (Supplementary Fig. 16). Moreover, charge transfer
analysis between two stacked MoS; layers indicated that sulfur atoms
in the bottom MoS, layer donate electrons to confined Co and Pd
atoms in the top MoS; layer (Fig. 6c, f), indicating an effective mod-
ulation of work function of the MoS, layer by SMACs (Supplementary
Table 3).

We have developed a computational protocol to screen the TM
atoms capable of forming SMACs coherently confined in 2D metal
dichalcogenides. The protocol delves into four steps involving TM
atoms substitution, surface clustering, edge adsorption, and kinetic
edge growth, thus termed SSEK, all critical in the SMAC formation. Our
SSEK method suggests that only Co, Ni, Pd, Pt, and Rh can form SMACs
in 2D MoS,, and the former four are confirmed in our experimental
synthesis. The combined theory and experiments further establish the
edge-dominated formation mechanism of SMACs. Moreover, metallic
and even magnetic properties are predicted for these SMACs, which
originate from substantial overlap of TM electronic states. These
results open a promising pathway to efficiently fabricating SMACs in
diverse 2D hosts and offer powerful 1D platforms for investigating
quantum conduction, Tomonaga-Luttinger liquids, and other exotic
physical phenomena in 1D scenarios.

Methods

CVCD growth of Pt/Co/Ni/Pd SMACs

First, the targeted transition metal nanoclusters were deposited on
clean SiO,/Si or sapphire wafers using electron-beam evaporation at a
rate of 0.1As™ for 10s. Second, the prepared metal-coated SiO,/Si
wafers and other precursors were loaded into the reaction chamber of
a furnace. Specifically, the wafers were placed facing downward on an
aluminum oxide boat containing MoOs; powder in the center of a
quartz tube, and sulfur powder was loaded in another crucible
upstream in the tube. Third, after purging the CVD system by 500
standard cubic centimeters per minute (sccm) argon flow for 3 min,
the center of the furnace was heated from room temperature to the
growth temperature with a ramp of ~50°C min™ under continuous
argon gas flows of 60 sccm. The SMACs within the MoS, films were
synthesized by maintaining the reaction temperature at 650 °C for
4 min, while maintaining the sulfur source at around 230 °C. Finally,
the furnace was naturally cooled down under the protective argon
atmosphere.

DFT calculations

The substitution and surface clustering simulations were simulated
with a 5x5x1 supercell of a monolayer MoS,. The monolayer was
separated by a 15 A vacuum space in z direction to isolate neighbor
periodic images. A 2 x2 x1 k-mesh was used to sample the first Bril-
louin zone of the model. The adsorption structure of TM atoms on
MoS, S zigzag edge was simulated using a 4 x4 x1 model, with y
direction being continuous while x and z directions separated by 15 A
vacuum slabs. The adsorption model was sampled by a1 x 3 x 1 k-mesh.
The eg-sub edge structure of growth simulation using a 4 x 8 x 1 model,
with y direction being continuous while x and z directions separated by
15 A vacuum slabs. The model was sampled by a k-mesh with similar
density. Spin-polarization was considered in all the calculations. The
cut-off energy was set to be 500 eV. The convergence criteria were
107 eV for the self-consistent field energy and 0.01eV/A for the resi-
dual forces on each atom, respectively. The calculations were per-
formed based on the projector-augmented wave method
implemented in the Vienna ab initio simulation package (VASP)
code’*°, The generalized gradient approximation (GGA) with Perdew-
Burke-Ernzerhof (PBE) functional was employed to solve the Kohn-
Sham density functional theory**%

In ab-initio molecular dynamics simulations for SMACs in mono-
layer MoS,, the edges are passivated with sulfur atoms. The Brillouin
zone was sampled with a (1x 20 x 1) k-point mesh for geometry opti-
mizations, and a (1 x 80 x 1) mesh for electronic structure calculations.
The electronic band calculations were performed by combining the
VASP with post-processing VASPKIT package®. For electronic struc-
ture calculation, we performed an electronic self-consistent field pro-
cedure with tetrahedron method using Blochl corrections. The
thermal stability of TM atoms SMACs in MoS, structure was evaluated
by an ab-initio molecular dynamic simulation using NVT ensemble. The
simulation was run at 1000 K, and the time step was set to 1fs.

The charge density difference map is generally plotted to view the
redistribution of charges after the interaction. Through the calculation
and analysis of different charge density, it is possible to obtain the
properties of charge redistribution. The definition formula of differ-
ential charge density is:

Ap = PbilayerMoS, — PTM—Mos, layer — PMos, layer (7)

where pyjjayermos, 1S the charge density of the entire system,
PTM_Mos, layer IS the charge density of the TM- MoS; layer, and pyes, jayer
is the charge density of perfect MoS, layer.

STEM characterizations

The SMAC samples were first transferred onto commercial TEM grids
through a standard wet transfer method and the STEM experiments
were then performed in a Thermal Fisher Spectra 300 operated at
300kV with a convergence semi-angle of about 24.5mrad and col-
lection semi-angle of 50-200 mrad. STEM image simulations were
carried out with the Dr. Probe package®™, and the simulated parameters
were set based on the experimental conditions.

Data availability
The source data underlying Figures are provided as a Source Data
file. Source data are provided with this paper.
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