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ABSTRACT: The experimentally realized atomic chains composed O Mo/W O Se/Te/S @ TM (Sc, Ti, V, Cr, ...)
of transition metal atoms embedded into mirror twin boundaries ¢ :
(MTBs) in two-dimensional MoS, represent a class of quasi-one-
dimensional systems with intriguing magnetic and electronic
characteristics. By employing first-principles calculations, we
investigate the possibility of creating single-metal-atom chains
(SMACs) in other Mo- and W-based H-phase transition metal
dichalcogenides. Our results indicate that for the transition metal
atoms with the number of d-electrons different from that in Mo and
W, the formation of SMACs is energetically preferable over having
isolated substitutional impurities in the basal plane of the TMDs,
pointing out that these structures can be synthesized. We further
study the magnetic and electronic properties of these systems and
demonstrate that many structures exhibit half-metallic electronic behavior associated with a Peierls-like distortion and thus can be
employed in spintronic applications. Finally, we investigate the potential of various SMACs to be used as a catalyst in the hydrogen
evolution reaction (HER). Our calculations predict that some of the SMACs should exhibit HER activity comparable to or even
superior to that of the standard Pt(111) surface.
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B INTRODUCTION

Materials with reduced dimensionality, and specifically one-
dimensional (1D) metallic nanostructures, are of particular
interest in condensed matter physics and materials science, as
their confined geometry and strong electron correlations give
rise to quantum phenomena that are absent in higher
dimensions. These include the Peierls instability, which drives
a metal-to-insulator transition via lattice distortion,'™ non-
Fermi liquid behavior described by the Tomonaga-Luttinger
liquid (TLL) theory,’ " and the emergence of exotic
quasiparticles such as Majorana Fermions, which are of
significant interest for topological quantum computing.'"'*

The electronic and magnetic properties of these materials
are equally compelling,"*~'® making them interesting in the
context of spintronics.'” Their versatile electronic character-
istics,”""*7*” including phenomena such as giant magneto-
resistance,”' > hint also at potential applications in electronics
and information storage.

However, the synthesis, stability, and scalability of well-
defined 1D structures present considerable obstacles. A diverse
arsenal of techniques has been developed to overcome this
challenge. These methods range from physical approaches,
such as mechanical break of junctions between macroscopic
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leads”*™*° and manipulating individual atoms with the

13,15,19

scanning probe microscope, to bottom-up growth of

atomic chains via self-organization on crystalline substrates'
or at the edges of two-dimensional (2D) materials.”®
Additional approaches involve confining metal chains within
the hollow cores of carbon nanotubes™ ' or engineering 1D
systems with cold trapped ions in optical lattices.**

Each fabrication technique faces its own distinct set of
challenges related to stabilization of the chains and their
characterization. For instance, the presence of an encapsulating
material, e.g, a metallic carbon nanotube,®® can screen
interactions and prevent the use of specific experimental
methods for studying the intrinsic electronic properties of the

chains inside the tube.**
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A particularly promising route involves creating quasi-1D
systems at the interfaces of 2D semiconductors, as on the one
hand, the chains are stabilized by the atomic environment, and
on the other, their characteristics can directly be assessed using
various techniques, such as scanning tunneling microscopy
(STM). This has successfully been demonstrated at the
interfaces between different transition metal dichalcogenides
(TMDs)* and at the mirror twin boundaries (MTBs) in
various TMDs.*® The weakly screened environment also leads
to various many-body phenomena, such as Tomonaga-
Luttinger liquids,” Hubbard-type Coulomb blockade effects,””
or Kondo physics.*®

Incorporating foreign atoms inside MTBs leads to chains
with tailored electronic and magnetic properties. It has been
shown by Guo et al.”” that embedding transition metal (TM)
atoms into the MTBs of MoS, results in the formation of 1D
single-metal-atom chains (SMACs). Using a chemical vapor
codeposition method, Pt SMACs at MTBs in MoS,
monolayers were grown, which were stable under ambient
conditions with an average length of up to 17 nm. These
metallic Pt chains formed an interconnected conduction
pathway throughout the 2D film. Subsequent work by Qin et
al.*® demonstrated the successful synthesis of Co-, Ni-, Pd-,
and Pt-based SMACs within MoS, using essentially the same
technique. The creation of SMACs in MoS, raises a
fundamental question of whether this approach can be
generalized to other TMD hosts in the H-phase and what
the magnetic and electronic properties of these systems could
be.

In this study, we seek to answer these questions. We present
a systematic first-principles study of 27 different transition
metal elements forming SMACs at the MTBs in four TMDs:
MoSe,, MoTe,, WS,, and WSe,. For the sake of completeness,
we also include previously published data*' for MoS,. To
evaluate the potentials for the experimental realization of
SMACs in these hosts, we assess the energetics of the
configurations with TM atoms embedded in an MTB as
compared to its position in the basal plane of TMDs, the
approach we used previously'' and which predicted the high
stability of the Ni and Pd SMACs, which were experimentally
synthesized later on.** Our calculations reveal that a subset of
these systems exhibit half-metallicity and host magnetic states
that are localized specifically at the SMACs, highlighting their
potential for nanoscale spintronic devices.

In addition, as TMDs are currently under scrutiny in the
context of catalysis as potential substitutes for platinum group
metals to reduce catalyst cost,”” "> we further investigate the
catalytic properties of various SMACs. Specifically, we study
the hydrogen evolution reaction (HER) performance for
different SMACs in MoSe, and compare it to that of pristine/
defective MoSe, and Pt(111) surface. Our calculations show
that some of the SMACs may exhibit HER activity comparable
or even superior to that of the standard Pt(111) surface.

B COMPUTATIONAL APPROACH

In our calculations, we used plane-wave density functional
theory (DFT) with an energy cutoff of 500 eV. The
calculations were performed usmg the Vienna Ab initio
Slmulatlon Package (VASP),”* employing the PBE func-
tional”” to describe exchange and correlations and the
projector augmented-wave (PAW) potentials.*® All calcula-
tions were spin-polarized, and spin—orbit coupling (SOC) was

also taken into account in the calculations of the SMAC
electronic structures.

For Brillouin zone integration, we used Monkhorst—Pack
grids*” with a k-point density equivalent to an 8 X 8 X 1 grid
for 2D supercells and an 8 X 1 X 1 grid for 1D structures, or
higher. Supercells comprising 130 atoms were used, each
containing two embedded transition metal (TM) atoms along
the MTB direction. For exchange interaction calculations, we
used supercells that were doubled in size, each containing four
embedded TM atoms. A vacuum gap of 20 A was implemented
to mitigate spurious interactions arising from periodic
boundary conditions. We note that due to the symmetry of
the TMD ribbons with MTBs, the system can be made
periodic only in one direction (along the SMAC), so that
vacuum was added at the edges of the ribbons and in the out-
of-plane directions; see ref 41 for details.

B RESULTS AND DISCUSSION

Energetics of Transition Metal Atom Chains at Mirror Twin
Boundaries

Following the methodology we used in our previous work,*" to
assess the feasibility to form a SMAC at the MTB for a TM
atom A, we computed the energy difference AE; between two
configurations: the A atoms substituting for the Mo atoms at
MTB in MoSe,, MoTe, (for the W atom for WS,, WSe,), and
for the metal atoms within the basal plane of the corresponding
host material. The former configuration is denoted “C-sub”
and its energy is calculated as follows:
1 1

E[C-sub] = EEMTB[A] T Uyow — EEMTB — My (1)
Here, Eyrp[A] stands for the total energy of the system
(normalized per the number of A atoms) containing a SMAC
at the MTB. For this calculation, we used supercells with two A
atoms to account for potential chain dimerization, as th1s is
also observed for 8 1SS MTB without foreign atoms.>® The
dimerization is schematically illustrated in Figure 1. Eyrs
denotes the total energy of the system with the “naked” 5518
MTB* consisting of one octagon and two pentagons. o w
and , represent the chemical potentials of Mo/W and the
substitutional A atom, respectively.

The latter configuration, denoted “B-sub”, was calculated

through
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Figure 1. Schematic representation of MoSe,/MoTe,/WS,/WSe,
with a 55|18 mirror twin boundary, both “naked” (left) and decorated
with transition metal atoms substituting for Mo/W atoms (right) and
forming a single-metal-atom chain at the boundary. The chain can
undergo dimerization or Peierls distortion, as illustrated on the right.
A substitutional transition metal impurity in the Mo/W atom position
in the basal plane is also shown.
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Figure 2. Formation energy difference AE; of the C-sub and B-sub configurations in TMDs. (a) Fragment of the periodic table showing the
considered transition metal atoms, their covalent radii,”> and the difference Ae in the number of electrons in the transition metal atom and the
reference Mo/W atom (top). AE; for MoS, (b), MoSe, (c), MoTe, (d), WS, (e), and WSe, (f). AE; is positive when the C-sub configuration is
energetically preferable. Half-metallic and magnetic structures are indicated with red and blue stars. Other SMACs are nonmagnetic. The structures
that underwent dimerization are marked through the checkerboard pattern.

1 1
E([B-sub] = EEbqu[A] * lyorw — EEbqu = Hy

2)
Here, E,[A] stands for the total energy of the supercell
containing a substitutional atom A at a Mo/W site (Figure 1).
E,u is the corresponding energy of the pristine, defect-free
supercell. As we are interested in the energy difference AE; =
E{B-sub] — E{C-sub], the choice of the chemical potentials
for isolated atoms is not important, as these terms cancel each
other.

Our theoretical approach is different from what was used by
Qin et al.* to describe the formation of SMACs during the
chemical vapor codeposition process under S-rich conditions,
where TM atoms were assumed to stick to the edges of the
growing MoS, islands, followed by island coalescence. SMACs
can potentially also be produced by a postgrowth treatment of
the systems with MTBs by TM atom deposition at elevated
temperatures,”””' and our methodology also describes the
energetics of this direct atom exchange. We note that our
approach correctly predicts the high stability of the
experimentally synthesized Pt, No, Pd, and Co SMACs*7*
in MoS,.

Figure 1 shows the atomic structure of a SMAC at an MTB.
The impurity atoms substitute for Mo/W atoms along the

reflection line of the MTB. SMACs can undergo dimerization,
a phenomenon that our calculations find to be dependent on
the TM atom. We note that contrary to the free-standing
chains, the periodicity of the structure is the same as the unit
cell size in the host material, that is, the sum of the separations
a, b between the atoms is equal to the unit cell length of the
host material, e.g,, a + b = ay,s, for MoS,; see also Figure S1

and Tables S1—-S4.

Figure 2 presents the energy difference between C-sub and
B-sub configurations for SMACs formed by various TM atoms
in MoS, (Figure 2b), MoSe, (Figure 2c), MoTe, (Figure 2d),
WS, (Figure 2e), and WSe, (Figure 2f). SMAC formation is
more likely for the TM atoms with high values of AE. As
mentioned above, our calculations indicate that Co, Ni, Pd,
and Pt SMACs at MTBs in MoS, are energetically preferable
structures over isolated substitutional impurities in MoS,,
which agrees with the experimental observations.””*’ The
formation of SMACs is less favorable for the elements that
have roughly the same number of electrons as the host Mo/W
atoms, Figure 2a, as in this case, the chemical bonds in the
substitutional configurations in the basal plane can be easily
formed. It is also obvious that the trends cannot be explained
by the atomic radii of the TM atoms, as they decrease
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Figure 3. (a—e) Electronic structures of Co atoms at MTBs in different TMDs. Blue symbols represent the majority and red the minority spin
states localized at the SMAC. Black stands for bulk states considering both spins. (f) Spin density in a Co chain in MoSe,. Here, red and blue colors
stand for majority/minority spin density, and green and brown balls represent Se and Mo atoms, respectively.
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Figure 4. (a—e) Electronic structures of Zn SMACs at MTBs in different TMDs. Blue symbols represent up and red interface down spin states
localized at the SMAC. Black symbols stand for bulk states considering both spins. (f) Electron density in the energy range corresponding to the

states in the band gap of MoSe,.

monotonously from left to right, Figure 2a (putting aside
coinage metals). Many SMACs exhibit dimerization, which
correlates with their half-metal behavior to be discussed in the
next section.

The trends are qualitatively the same for all of the TMDs we
considered. However, in MoS,, the energy difference between
the most stable nonmagnetic structures (e.g., Cu, Zn) and half-
metallic SMACs (e.g.,, Co), the most interesting systems in the
context of spintronics, is smaller than in other TMDs, but the
formation of SMAC:s is still energetically favorable.

To assess the thermal stability of the proposed SMAC
structures, we performed DFT molecular dynamics simulations
for Co—MoSe,, selected as a representative and relatively less
energetically favorable configuration. The simulations were
carried out at 800 K for 4 ps. The results show that the overall
structure remains intact throughout the simulation, with only
minor local rearrangements occurring within the SMAC region
(see Movie S1). While this simulation cannot be considered
definitive proof of long-term thermodynamic stability on
macroscopic time scales, it nevertheless provides strong

evidence for the structural robustness of the SMAC

configuration under elevated thermal conditions.

Electronic and Magnetic Structure of Transition Metal
Atom Chain at Mirror Twin Boundaries

After geometry optimization and energetics assessment, we
studied the electronic structure and magnetic properties of
SMACs at MTBs in MoSe,, MoTe,, WS,, and WSe,. The
symmetry of TMDs>” prevents the construction of a periodic
supercell containing an MTB, making the introduction of
edges necessary. By projecting the electronic states onto atoms
in the edge, bulk, and interface regions, we can investigate the
effects of each region on the electronic structure. The presence
of edges leads to the formation of localized edge states. A
systematic study of edge effects was previously carried out*' by
calculating the electronic structure across various edge
morphologies, which showed negligible modifications of the
interface states. Taking this into account, we do not show the
edge states and present only the states localized at the SMACs.

All SMACs we studied exhibit metallic properties, with many
of them being quasi-1D magnets (the lowest-energy spin
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configuration) and specifically, half-metals. As evident from
Figure 2, half-metallic behavior correlates with the dimeriza-
tion through the Peierls-type mechanism, which opens the gap
in one spin channel. To prove this, we calculated the band
structure of Co SMAC keeping the equal separation between
the atoms, Figure S2. It is evident that the Fermi vector in the
nonreconstructed system is at the /2 (X) point (the Brillouin
zone boundary), and the energy of the system is lowered by
the gap opening. We note that we did not observe any
correlation between the number of electrons in the TM atoms
and the position of the Fermi energy in the chain-associated
bands, Figure S8, as the chains are not free-standing, but
embedded into the TMD so that the local atom arrangement
and the Fermi energies are dictated by the environment. We
did not observe any trimerization either (for the system
composed of three primitive cells along the chain axis).

Figure 3 presents the spin-split band structure in the vicinity
of the Fermi level for Co SMACs in MoS, (Figure 2a), MoSe,
(Figure 2b), MoTe, (Figure 2c), WS, (Figure 2d), and WSe,
(Figure 2e). All systems, except for WS,, exhibit half-metal
behavior. The gap in one of the spin channels varies between
0.1 and 0.4 eV. Figure 3f shows the spin density and atomic
structure of the Co SMAC in MoSe, in the ferromagnetic
configuration. Dimerization of the chain is clearly visible. The
typical electronic structure of a magnetic but not half-metallic
system is presented in Figure S3 for Mn SMACs in MoSe, and
WS,. We note that dimerization is absent in these structures,
see Tables S1 and S3, as the Fermi vector is not at the Brillouin
zone boundaries, as is evident from Figure S3.

For the sake of comparison, in Figure 4a—e, we show the
electronic structure of nonmagnetic Zn SMAC at MTBs in
TMDs. Similar to Co and other TMs, new bands in the band
gap of the semiconducting host materials appear. The bands
have the same shape for all TMDs, but their positions with
regard to the CBM and VBM vary, as the TMDs have different
band gaps. All systems are metallic but nonmagnetic, and no
dimerization occurs, as evident from Figure 4f.

In Figures S4—S7, we present the electronic structure for
half-metallic SMACs in other TMDs we studied. The band
structure and local densities of states of SMACs in MoS, were
previously calculated.”’ The gap values, their positions with
respect to the Fermi energy, and the widths of SMAC-
associated bands strongly vary. This potentially offers many
opportunities for engineering spintronic devices equipped with
a back gate®® as small gate voltages could further tune the
electronic characteristics of SMACs. In Figures S4—S7, we also
show the results of noncollinear calculations of the band
structures with account for SOC. No substantial changes in the
band structures were observed, in agreement with the results of
previous calculations for MoS,.*' We did not study the effects
of the Hubbard U parameter on the electronic structures of
SMACs (in all calculations U was set to zero), as although
finite U and generally, the choice of the exchange-correlation
functional, can affect the relative energy difference between the
AFM/FEM states of the free-stamding55 chains or chains on
metal surfaces,”® our previous calculations for these systems®’
pointed out that they are small and moreover, the values of U
are not known for these specific systems.

We also studied the magnetic properties of the half-metal
systems in more detail. To evaluate the exchange interactions
as schematically illustrated in Figure S1, we carried out total
energy calculations for different spin configurations. We note
that for the systems with strong Peierls distortion in MoS,, e.g.,

Fe, Co, we were unable to converge the system into
antiferromagnetic states when magnetic moments on the
adjacent atoms pointed in opposite directions,”’ as the
separation between the atoms is small and the ferromagnetic
interaction is very strong: instead, we always obtained a FM or
nonmagnetic solution. However, as the unit cell size of
selenides and tellurides is larger, it was possible to obtain
antiferromagnetic order for these systems. The energy
differences between the configurations and magnetic moments
on the embedded TM atoms are listed in Tables S1—S4.
Magnetic moments are the largest for Cr, Mn, and Fe, that is,
they correlate with the number of unpaired d-electrons. The
energy difference between magnetic configurations can be used
as input parameters for (semi) analytical Heisenberg-type
models of magnetism in 1D systems.”’ >’

Hydrogen Evolution Reaction for SMACs in MoSe,

It is not necessary to reiterate that green hydrogen production
via water electrolysis plays a central role in building a
sustainable energy system,”’ but the progress in electro-
chemical devices for hydrogen generation through HER is
largely constrained by the challenges related to the materials
design and engineering of the electrode components.”’ In that
context, taking SMACs in MoSe, as model systems, we
assessed the catalytic properties of these systems.

For optimal catalytic performance, a material must avoid
both excessively strong and excessively weak binding of
reaction intermediates, as described by the Sabatier principle.
The HER rate is maximized at moderate hydrogen adsorption
free energy AGy: values: overly positive values hinder
hydrogen adsorption, while overly negative values impede
desorption, causing the surface to become saturated with
hydrogen.””®® Introducing impurities or defects to induce
structural disorder is an effective strategy for developing active,
earth-abundant HER electrocatalysts by tuning AGy:.

Unlike typical defect structures that enhance chemical
activity through the creation of unsaturated bonds, MTBs
form well-ordered quasi-1D crystalline architectures without
broken bonds. As a result, the surface largely preserves its van
der Waals nature with its properties mainly altered by the
electronic influence of the metallic MTBs. Consistent with this
picture, previous theoretical studies have shown that the
absence of unsaturated bonds leads to only weak interactions
between water molecules and MTBs, yielding adsorption
characteristics that are essentially comparable to those of a
pristine, defect-free basal plane.64 These findings were further
validated experimentally using scanning tunneling microscopy,
which revealed that more complex morphologies, e.g., vertices,
exhibit higher catalytic activity compared to the MTBs.”> To
this end, SMACs offer an effective engineering strategy to
enhance the catalytic performance of MTBs while preserving
their intrinsic structural stability and a well-defined one-
dimensional character. Moreover, the modified electronic
properties introduced by SMACs improve charge transport
within semiconducting TMD-based electrocatalysts, thereby
accelerating interfacial electron transfer and enhancing the
overall reaction kinetics.

Our H adsorption calculations show that the interstitial
configuration of H atoms is the energetically most preferred
configuration. The increased size of MoSe, primitive cell,
relative to MoS,, results in greater interstitial free space for
hydrogen. A com(parable behavioral pattern has been
documented for H®® and transition metal atoms adsorbed on
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a MoTe, substrate.”” However, in the 8 [55 MTB
configuration, the hydrogen atom chooses to reside within
the 8-fold ring. From Figure Sc, it is evident that Ir, Co, Pt, and
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Figure S. (a) Optimized atomic structures of hydrogen adsorption on
SMACs in MoSe, and also pristine MoSe,. (b) Absorption energies of
H atom on SMACs and pristine MoSe,. (c) Free energy profiles of
the HER on different SMACs in MoSe, as compared to pristine
(Note: the results are obtained at external potential U, = 0.0 V).

Fe SMACs exhibit optimal HER activity as AGys is close to 0
eV. Here, for comparison, we also show AGyx of the standard
Pt(111) surface. We also observed that AGyy« for all SMACs is
lower than that of pristine MoSe, but higher than that for Se-
vacancy.

To gain deeper insight into the underlying chemical bonding
between the SMAC and hydrogen, we analyzed the electronic
structure of systems with the highest (Pd) and lowest (Ir)
HER energy barriers (see Figure S9). In the case of Ir, the
projected density of states (PDOS) reveals a strong overlap
between H and Ir states near the Fermi level, indicating
significant hybridization and the active participation of partially
filled d orbitals in bonding. In contrast, for Pd, the d states
show weaker overlap with the H-derived states, which are
shifted to lower energies and lie farther from the Fermi level.
Consequently, Ir provides more favorable hydrogen adsorption
and enhanced HER activity compared with Pd.

We note that the incorporation of single metal atoms as
substitutional dopants is an effective strategy to enhance
hydrogen generation activity in transition metal dichalcoge-
nides, as previously reported.”®®” We further compared the
Gibbs free energy of hydrogen adsorption for four transition
metal dopants (Mo, Fe, Co, and Ni) on TMD surfaces with
those in SMAC structures (see Table SS). The results indicate
that the HER energy barrier for the dopant configurations is
generally higher than that of the SMAC structures. This
difference can be attributed to the coordination environment:
most dopant atoms remain 6-fold coordinated to Se atoms,
whereas in SMACs they are typically 4-fold coordinated (or S-
fold coordinated in the case of dimerization). As a result, the
greater number of unpaired electrons in SMAC structures
enhances hydrogen adsorption. An exception is observed for

Ni dopants, where two Ni—Se bonds are broken, resulting in a
4-fold-coordinated Ni atom.”’

B CONCLUSION

To conclude, our first-principles calculations of the energetics
of SMACs at MTBs in the most common TMD monolayers
with the H-phase atomic structure indicate that the formation
of SMACs is energetically preferable over having isolated
substitutional impurities in the basal plane of the TMDs,
pointing out that these structures can be synthesized, following
the first successful experiments where Pt, Co, Ni, and Pd
SMACs at MTBs in MoS, were manufactured.’”*’ We further
studied the electronic and magnetic properties of these systems
and demonstrated that many structures exhibit half-metallic
electronic behavior associated with a Peierls-like distortion.
SMACs can be highly beneficial in spintronic applications.
Although the feasibility of half-metallic SMAC formation is
lower than that of nonmagnetic ones, these systems may still
be created either by CVD-type techniques, via TM atom
adsorption at the edges of TMD islands followed by a second
TMD growth step, or through atom exchange during
postsynthesis deposition of TM atoms on the TMDs with
MTB networks and mild temperature treatment. We stress that
in this work, we concentrate on the energetics, which alone
cannot guarantee that SMACs can be manufactured by either
method. The kinetics should also be important, which requires
calculations of potential barriers for different atomic processes,
such as additions of Mo and S atoms at the edges of the flake
passivated with impurity atoms during its CVD-type growth or
atom exchange at the basal plane and at the MTB, which has
previously been formed in the chalcogen-deficient material.
The migration of the species on top of the TMD flake, their
agglomeration, and interaction with point defects’® and the
MTB should also be accounted for. The detailed analysis of
these processes, which should be done by a combination of
first-principles calculations and kinetic Monte Carlo simu-
lations, is beyond the scope of this work. Finally, taking MoSe,
as the model host material, we studied the potentials of various
SMAC:s as catalysts in the hydrogen evolution reaction. Our
calculations indicate that some of the SMACs should exhibit
HER activity comparable to or even superior to that of the
standard Pt(111) surface.
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