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Chains of atoms embedded into transition metal dichalcogenides
as one-dimensional half-metallic magnets

Francis H. Davies©"? and Arkady V. Krasheninnikov ®'
!Institute of Ion Beam Physics and Materials Research Helmholtz-Zentrum Dresden-Rossendorf 01328 Dresden, Germany
2Department of Physics, University of Exeter, Stocker Road, Exeter; EX4 4QL, United Kingdom

® (Received 30 January 2024; revised 8 April 2024; accepted 10 April 2024; published 30 April 2024)

Quasi-one-dimensional structures, single chains of Pt and Co atoms embedded into mirror twin boundaries
in two-dimensional MoS,, have recently been fabricated [Guo ef al., Nat. Synth. 1, 245 (2022)]. Using both
collinear and noncollinear first-principles calculations, we predict that other transition metals can form similar
structures, and that these systems should possess exciting electronic and magnetic properties and specifically
exhibit half-metallic electronic behavior. We further analyze the magnetocrystalline anisotropy of these systems
and show that they possess unique easy axes and varying strengths of anisotropy, making thus efficient magneti-
zation switching possible. We finally discuss the potentials of using single-atom chains embedded in MoS, and
other transition metal dichalcogenides in spintronic devices.
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I. INTRODUCTION

One-dimensional (1D) metallic nanostructures have gar-
nered significant attention owing to their intriguing physical
properties and potential applications in a multitude of fields.
Specifically, these structures exhibit a rich tapestry of phe-
nomena, including Peierls instability [1-5] and Tomonaga-
Luttinger liquid (TLL) [6-10] or Majorana fermion [11,12]
behavior due to their 1D nature and strong electron cor-
relations, and also provide insights into other physical
phenomena, such as size-quantization effects [13,14] and
Aubry-type transitions [15]. They exhibit intriguing mag-
netic properties [16—19], which are of interest to the field of
spintronics [20], where the giant magnetoresistance effect is
commonly utilized [21-23]. Moreover, they possess versatile
electronic characteristics [9-14,24], making the physics of
these systems a fascinating area of research, driving a surge
in exploration and experimentation in this domain.

The realization of 1D structures comes with tremendous
challenges. Various approaches have been explored, including
the creation of free-standing metal atom chains by mechani-
cally breaking junctions between two leads [25-27], growth
of chains by self-organization on substrates [13,28] or edges
of two-dimensional (2D) materials [29], atomic manipulation
[14,16,18], encapsulation inside carbon nanotubes[30-32], or
even using cold trapped ions in optical lattices [15]. Each
of these methods brings its own set of stabilization issues
and considerations about the effects of encapsulation; see
Ref. [33] for an overview. For example, carbon nanotubes
[34] themselves may possess metallic properties, adding an
additional layer of complexity to the study of 1D structures.

1D structures have also been implemented at the interfaces
between two 2D materials, such as transition metal dichalco-
genides (TMDs) [35], heterostrained bilayer graphene [36]
by embedding boron nanostructures into graphene [37], or at
the mirror twin boundaries (MTBs) in TMDs [8]. Moreover,
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recent experiments [38] also showed that 1D structures can
be formed by embedding transition metal (TM) atoms into
MTBs thus creating a single-metal-atom chain (SMAC). A
chemical vapor codeposition technique was used to grow Pt
SMACs at MTBs within a 2D MoS,. The observed SMACs
had an average length of up to 17 nm and showed excellent
stability under ambient conditions. The Pt SMACs were found
to exhibit metallic behavior and formed a network conduction
pathway within the 2D film. The method was also successfully
applied to Co SMACs, which gives rise to two questions:
Can the method be extended to other TMs, and if yes, what
magnetic and electronic properties will such SMACs have?

In this study, inspired by the findings of Guo ef al. [38], we
address these two questions. Using density functional theory
(DFT) calculations we perform a systematic study of SMACs
formed by 21 different TMs at MTBs in 2D MoS,. To assess
the likelihood of the experimental realization of SMACs, we
calculate the energy of configurations when TM atoms are
embedded into an MTB or basal plane of MoS,. We further
study the electronic structure and magnetic properties of all
systems, using both collinear and noncollinear calculations.
We find half-metallicity in a subset of systems and demon-
strate the localization of magnetic states to the SMAC. Finally
we calculate the magnetocrystalline anisotropy of these mate-
rials to evaluate their potentials for use in modern spintronic
devices.

II. COMPUTATIONAL APPROACH

In our calculations, we used plane-wave DFT with an
energy cutoff of 500 eV. The PBE functional [39] was
employed together with the PAW pseudopotentials [40], as
implemented in the Vienna Ab initio Simulation Package
(VASP)[41]. Brillouin zone integration was performed using
the Monkhorst-Pack grids [42], with 2D supercell structures
maintaining a k-point density equivalent to the primitive cell
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FIG. 1. Schematic representation of MoS, with an 8|55 MTB, both “naked” (a) and decorated with TM atoms substituting for Mo atoms
(b, ¢). SMAC formed at the MTB can undergo dimerization or Peierls distortion, as illustrated in panel (c). A substitutional TM impurity in
Mo atom position in the basal plan is shown in panel (a). The legend on the right displays the atomic species.

with an 8 x 8 x 1 grid (or greater), and 1D structures main-
taining a k-point density equivalent to 8 x 1 x 1 (or greater).
The supercells consisted of 130 atoms (two embedded TM
atoms). Supercells of double sizes (four embedded TM atoms)
were used in exchange interaction calculations. A vacuum gap
of at least 15 A was introduced to prevent spurious inter-
actions with the system replicas. In the electronic/magnetic
structure calculations we accounted for the spin-orbit cou-
pling (SOC) [43] and also used the Hubbard+-U approach
[44]. As the choice of U can have a strong effect on the mag-
netic properties [45], while the exact value of this parameter is
generally unknown, we investigated its influence on the results
of calculations by considering a range of U values.

III. RESULTS AND DISCUSSION

A. Energetics of chains of transition metal atoms
at mirror twin boundaries

To assess the likelihood of a SMAC forming at the MTB,
we first calculated the energy gain or loss when replacing an
infinite chain of Mo atoms, at the MTB, with the TM species,
A (energy is per A atom). This configuration (referred to as
C-sub, with “C” standing for “chain”), is compared to the case
when the A atoms are incorporated into the basal plane of
MoS,; as substitutional impurities (referred to as B-sub, with
“B” standing for “basal plane”).

The formation energy of the C-sub configuration is given
by

E[C-sub] = LEwrs[A]l + imo — 3Ewmts — ta, (1)

where Eyp[A] represents the total energy of the system with
a SMAC at the MTB normalized per A atom (note that we
always used two atoms to account for possible dimerization
of the chain; Fig. 1) and Eyp represents the total energy
of the system with a “naked” 8|55 MTB, which can also be
referred to as Mo SMAC. We adopt standard notation of 8|55
to describe the morphology of MTB seen in Fig. 1(a) [46].
The symbols o and s denote the chemical potentials of
Mo and the substitutional A atom, respectively. The formation

energy of the B-sub configuration is given by
E¢[B-sub] = Epuk[A] + pmo — Epuik — Ua, ()

where Eyyk[A] is the total energy of the supercell with a
substitutional atom A (in the position of Mo), as schematically
illustrated in Fig. 1(a), and Eyy is the energy of the pristine
supercell.

We stress that although naked 8|55 MTBs have been ob-
served in W-containing TMDs [47], they have not been found
in MoS,, as the naked 8|55 MTB has higher energy than
MTBs of other types [46]. However, as as our goal is to
assess the energy difference AE; = E(C-sub) — E;(B-sub)
for a wide range of TM atoms and compare it to AE for the
structures with the experimentally realized elements [38] (Pt,
Co), the choice of the MTB type and chemical potentials of
the atoms is inconsequential resulting in only a uniform shift
of all energies.

The atomic structure of a SMAC at MTB is illustrated
in Figs. 1(b) and 1(c). The figure displays the MTB with
impurity atoms substituting for Mo atom along the reflection
line. Our calculations indicate that, as depicted in Fig. 1, there
can be a noticeable dimerization of SMACs. The extent of
dimerization varies for different TM atoms. For instance, ele-
ments such as Pt exhibit negligible atomic shifts, as shown in
Fig. 1(b), while others, like Fe, show significant dimerization,
which is related to the intricate effects related to band fillings
(multiple bands cross Er) and charge transfer from the edges,
as discussed below.

The calculated formation energies of the C-sub and B-sub
configurations for 21 SMACs are listed in Table S1 in the
Supplemental Material [48], along with AE,. The energy
difference is presented in Fig. 2, which also indicates what
structures have experimentally been realized [38].

Experimentally observed Pt SMACs have a calculated
C-sub preferability of AE; =4.46eV, and Co has AE, =
3.51eV, which serve as a point of comparison for other
SMAC:s. Elements with greater favorability are expected to
form SMACs more easily than Co, while those with lower fa-
vorability should be more challenging to form experimentally.
Elements with negative values AE, are expected not to form
SMAC:s at all.
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FIG. 2. A chart of AE;, a comparison of the formation energy
difference of C-sub and B-sub configurations for different elements.
AE;/ is positive when C-sub is energetically preferable and negative
when B-sub is preferable. The energies are listed in order from most
favorable to least favorable.

The data suggest that Pt is among the more favorable
elements for SMAC formation, which is consistent with it
being the first which was experimentally synthesized. Based
on these energies, our results indicate that SMAC from other
elements can also be realized. Specifically, it can be inferred
that elements like Ir, Os, and Fe have the potential to form
SMAC:s under comparable conditions.

(a)

(b)

B. Electronic structure of chains of transition
metal atoms at mirror twin boundaries

Having optimized the geometry and assessed the energetics
of SMACs at MTBs, we investigated the electronic structure
and magnetic properties of 21 SMACs. Due to the symmetry
of TMDs [49], it is not possible to construct a periodic super-
cell containing MTB (with or without SMAC), so that edges
should be introduced. The presence of the edges gives rise to
the states localized at the edges. This may give rise to a charge
transfer from the edges to the MTB, as discussed previously
[8,50]. The effects of the edges can be explored by calculating
the electronic structure with different edge morphologies. We
can then project the the states onto the atoms constituting the
edge, the bulk, and the interface, allowing us to investigate this
with two sulfur ion edges, single sulfur ion edges, and Mo ion
edges.

This band projection is demonstrated in Fig. 3, where we
use the bare MTB as a reference point, also here called the
Mo SMAC. In this figure the electronic structure of the 8|55
MTB is presented for comparison. It showcases the projected
states from different regions of the material. In Fig. 3(a),
the simulated atomic structure is highlighted, with the edge,
interface, and bulk regions displayed in distinct colors. The
spin-split band structure around the Fermi level is depicted
in Fig. 3(b), while the noncollinear electronic structure with
spin-orbit coupling (SOC) is presented in Fig. 3(c).

The presence of SOC leads to band splitting in edge states,
while the interface and bulk states remain unaffected. Al-
though the bulk states maintain consistent dispersion across
all substituting TMs, their position relative to the Fermi
level varies. In contrast, the edge states display remarkable
consistency, with a minor variation of only 0.04 eV across
all systems. It is important to note that the interface states,
influenced by SOC, vary depending on the specific interfacial
TM element present.
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FIG. 3. Atomic and electronic structure of 8|55 MTB. (a) Highlighted/shaded regions schematically show the atoms used for edge,
interface, and bulk projections. (b) Electronic bands associated with bulk (black), edge (green), and interface (red/gold) states calculated
without SOC. (c) Electronic structure with account for noncollinear magnetism and SOC. Interface states shown in red only. Energies are in

eV, and the Fermi level is set to zero.
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FIG. 4. Band structures for Fe, Mo, Mn, and Co SMACs. The bands associated with bulk states are plotted in black, edge states are omitted,
and interface states are shown in red and gold for spin up and spin down, respectively.

Among the investigated SMACs with 21 TMs, six (Fe,
Mn, W, Cr, Co, and Mo, with the last one corresponding
to the naked 8|55 MTB) were found to exhibit half-metallic
behavior, that is, the electronic structure in one spin channel
is metallic, while there is a gap in the other, which is of
considerable interest. Nevertheless, W and Cr are predicted
to be among the least viable. As a result, we focus on the
remaining four half-metallic SMAC:s, specifically the Fe, Mn,
and Co SMAC:s. For the sake of comparison, we also present
the results for Mo SMAC (8|55 MTB), as it does not involve
any impurity atoms.

The band structures near the Fermi level of the four
SMAC:s are presented in Fig. 4. These band structures show
distinct electronic configurations for the two spin channels,
emphasizing significant spin-dependent characteristics. Con-
sequently, interface states attain full spin polarization within
the band gap of the bulk states.

The Mo, Mn, and Co SMACs display metallic behavior in
only one spin channel, with the Fermi level nearing a band
associated with the other, nonmetallic spin channel. Apply-
ing a small gate voltage could enable a transition to fully
spin-polarized conduction. In contrast, the Fe SMAC

demonstrates distinct half-metallicity, featuring a region over
0.5 eV that shows complete spin polarization. This attribute
significantly increases the potential of using Fe SMACs in
spintronic applications.

We also investigated the role of the Hubbard term, and the
results are shown in Fig. S1 [48]. By introducing the Hubbard
parameter, the on-site Coulomb repulsion term within DFT
calculations can be enhanced. This provides a corrective term
to the DFT description of the electronic structure, especially
in systems with transition metals, which have partially filled
d orbitals and where electron correlation plays a significant
role. The DFT+U approach helps to correct the shortcomings
of standard DFT and has been shown to effect the magnetic
character of materials including TMDs [45].

It is evident that accounting for U gives rise to very
little disruption of the interface states. Here U is added
to the interfacial atoms only, even in the case of the Mo
MTB. As U increases from 0 to 6, energy shifts in bands
occur gradually, rarely reaching 0.25 eV per increment in
U. Moreover, the states have the potential to undergo subtle
dispersion modifications while largely retaining their distinct
configurations. In situations of considerable alteration, the
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FIG. 5. Spin density in Mn, Fe, and Co chains embedded in an MTB in MoS,. A supercell with four embedded TM atoms was used in the
calculation. (a) Schematic illustration of spin orientations and Peierls distortion in the chains. (b, ¢) Spin density in a Fe chain, configurations I
and II, respectively. Red and blue colors stand for majority /minority spin density. (d) AFM spin arrangement (configuration III) in Mn chain.

application of a gate voltage at the interface could effectively
restore operational characteristics within a half-metallic
segment of the band structure.

To examine the impact of edge states on the interface, we
explored three distinct edges: the Mo edge, the 2S edge, and
the 1S edge. Given the spatial separation between the edges
and the interface, it is anticipated that they will not directly
influence the interface bands. However, owing to charge trans-
fer and Fermi level pinning, these states can undergo shifts
possibly resulting in minor modifications.

The band structures presented in Fig. S2 [48] illustrate how
the electronic states are influenced by the morphology of the
edges. It can seen that the edge states are unique in each
case; however, the interface bands remain largely unaffected.
Figure S2(b), corresponding to the 1S edge, shows a modest
shift in the interface bands, signifying a charge transfer to
those states. Conversely, Fig. S2(c), representing the Mo edge,
displays a negligible shift in the states. These observations
are representative of Mo, Pt, Fe, and Co MTBs, despite the
reconstruction of the edge, as can be seen in Fig. S3 [48].
Both the 1S edge and 2S edge states undergo band splitting
due to SOC, while the Mo edge remains unaffected by SOC.
Furthermore, although SOC affects the edge states in the case
of the 1S edge and 2S edge, it does not impact the interface
states, so that our results are robust with regard to the types of
the edges.

C. Magnetic properties of single transition metal atom chains

As for the magnetic properties of SMACs, we concentrated
on the three most interesting cases: Fe, Co, and Mn chains,
which possess half-metal electronic structure and exhibit fer-
romagnetic behavior. The Mo chains, that is, the “naked” 8|55
MTBs, have higher energy in MoS, than MTBs of other types
[46] and thus are unlikely to be manufactured. We carried
out total energy calculations aimed at evaluating the exchange
interactions for different spin configurations [Fig. 5(a)]. The
spin densities and the energy differences are also presented
in Fig. 5. We note that contrary to the free-standing chains of
TM atoms [51], the periodicity in the atoms in the embedded
chains is dictated by the matrix; that is, the sum of separations
a and b always coincides with the unit cell size of MoS,. For
Fe and Co, the systems with strong Peierls distortion, we were
unable to converge the system into AFM states when magnetic
moments on the adjacent atoms pointed in opposite directions,

as the separation between the atoms is small and FM inter-
action is very strong: instead, we always obtained a FM or
nonmagnetic solution. In general, the convergence of the total
energy for some spin configurations was challenging. This
may also be related with the presence of metallic edge states
interfering with the chain states (see Fig. 3), which created
additional difficulties and required careful convergence of the
results with respect to the number of k points: for some initial
magnetic configurations spin density appeared at the edges,
not at the chains of the embedded atoms. The energy dif-
ferences between the configurations and magnetic moments
on the embedded TM atoms are listed in Table I. Magnetic
moments correlate with the number of unpaired f electrons.
In these calculations, due to high computational costs, we did
not account for magnetic anisotropy by including SOC. Our
results can be used as input parameters for (semi) analytical
models of magnetism in 1D systems [52-54], and specifically
finite-length chains, where ferromagnetism was experimen-
tally observed [19].

We also assessed magneto-crystalline anisotropy, as it
plays a crucial role in determining a SMAC potential for
spintronic applications. The anisotropy was evaluated by ori-
enting the spin vector of the chain in different directions and
calculating the interaction with the atomic orbitals. For this set
of materials, the equation for the anisotropy can be expressed
as [55]

E = K, sin?6 cos® ¢ + K, sin® Osin® ¢ + Kz cos’ 6,  (3)

where € is the energy required to orientate the magnetic mo-
ment in a direction defined by, 6, the angel from the z axis and,
¢, is the azimuthal angle in the x-y plain, originating from the
x axis. The z axis is chosen to be normal to the plain of the 2D
structure while the x axis is chosen to be along the interface

TABLE I. Atom separations a and b (see Fig. 5) and energy dif-
ference for various configurations (magnetic exchange interactions)
in Mn, Fe, and Co chains embedded in an MTB in MoS,. Magnetic
moments M on the embedded TM atoms are also listed.

a(R) b(A) Epypy V) Eppyy (V) Eppqpy (€V) M (1p)
Mn 3.178 3.189 0 +0.17 +0.52 2857
Fe 2401 3.966 0 +0.04 — 1.770
Co 3.038 3.329 0 +0.09 — 0.688

165442-5



DAVIES AND KRASHENINNIKOV

PHYSICAL REVIEW B 109, 165442 (2024)

12 (b)

@ remTB Mo MTB 0.014
10 z 0.012
0.8 0.010
0.008
0.6
0.006
0.4 0.004
0.2 0.002
0.0
©  MnwmTB 0 LM
0.35 0.4
0.30
0.25 0.3
X
- X 0.2
0.15
\% 0.10 Y 0.1
0.05
0.00 0.0

FIG. 6. Visualization of the free energy cost, in ueV, for the
orientation of the magnetization vector as a three-dimensional en-
ergy surface. The distance from the origin to a point on the surface
gives the anisotropy energy for magnetization in that direction of the
crystal. The x axis is along the chain, the y axis is across the grain
boundary, and the z axis is out of the plain.

direction. The coefficients K, K>, and K5 are derived from
first-principles calculations. It is important to note that Eq. (3)
describes relative energies, and as such, we set the energy of
the easy axis to zero.

Figure 6 displays the magnetocrystalline anisotropy of Mo,
Fe, Co, and Mn SMACs. Each of these materials exhibits a
unique easy axis, demonstrating a lack of continuous spin
symmetries. The anisotropy strength varies across different
planes, leading to substantial differences in anisotropy en-
ergy along different directions, with the exception of the Co
SMAC, which displays less variation. The anisotropy en-
ergy is smallest in the Mo chain with just 0.007 ueV/atom
and largest for the Fe chain with 0.61 ueV/atom. Materials
with low anisotropy such as these exhibit reduced pref-
erence for a specific magnetization direction. This makes
it easier to align the magnetization in different directions,
which can be advantageous for applications that require
fast and efficient magnetization switching such as spin
valves [56].

Low values of anisotropy energies may be beneficial or
detrimental for using SMACS in spintronic devices. The low
energies can easily lead to the breakdown of spin polarization,
hindering device operation and leading to a reduction in mag-
netoresistance and a lower signal-to-noise ratio when reading
domain-based data storage [56,57], thus necessitating the use
of a pinning magnetic field.

However, in the case of spin valves, especially those
used as sensors in read heads, maintaining complete spin
polarization is not necessary. These devices depend on re-
sistance variations caused by different magnetic orientations
[56,58]. The advantage of a low anisotropy energy found
for SMACs in this study is that it allows for quick and

reversible changes in magnetization, improving the sensitiv-
ity and response time of these sensors, thereby enhancing
their efficiency in reading data. Furthermore, given their
small scale and the low energy required for reversibility,
SMACs could be promising in the realm of spin logic
devices [59]. In these devices, electron spins are utilized
as an alternative to the traditional transistor-based logic,
potentially offering a new approach to computational oper-
ations. The identified half-metallic SMACsS, their electronic
structures, and magnetocrystalline anisotropy provide oppor-
tunities for the development of reliable and accurate spintronic
devices.

We note that, with regard to the MTB types, the 8|55
MTBs have the lowest formation energies [46] in W-based
TMDs [47], hinting at a possibility to use a postsynthesis
substitution (e.g., deposition of TM atoms on a system with
MTBs combined with mild annealing) to create SMACs in W-
based TMDs. Such structures must be much more robust and
less sensitive to the effects of environment than free-standing
chains or those created on the substrates.

IV. CONCLUSIONS

In conclusion, using first-principles calculations, we inves-
tigated 21 different TM elements forming SMACs embedded
into MTBs in 2D MoS,. By assessing their formation
energies, and comparing the energies to those of the experi-
mentally realized structures, we predict that growth of several
SMAC:s in 2D MoS; and possibly other TMDs with unique
properties should be feasible. In particular, the analysis of
the electronic structure of Fe, Mo, Mn SMACSs indicate that
they should exhibit half-metallic electronic behavior. We also
assessed magnetic exchange interactions in Mn, Fe, and Co
chains. Our results can be used as input parameters for (semi)
analytical models of magnetism in 1D systems [52-54], and
specifically finite-length chains, where ferromagnetism was
experimentally observed [19]. We also note that finite and
relatively shot (tens of TM atoms) chains are expected to
be realized in TMDs, as finite length MTBs exist either as
chains across narrow flakes [8] or as triangles [60], so that
studies on such systems can be interesting also in the con-
text of 1D topological states [61,62]. We further analysed
the magnetocrystalline anisotropy of these systems and show
that they possess unique easy axes and varying strengths
of anisotropy, making thus efficient magnetization switch-
ing possible and hinting at their possible applications in
spintronics.
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