
PHYSICAL REVIEW B 100, 195304 (2019)

Predictive design of intrinsic half-metallicity in zigzag tungsten dichalcogenide nanoribbons
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Realization of half-metallicity with a sizable minority-spin gap and ferromagnetic ordering has been a
central research emphasis in the development of next-generation spintronic devices. To date, only three-
dimensional half-metals have been achieved experimentally, while their counterparts based on two-dimensional
(2D) materials remain to be materialized despite extensive efforts based on various predictive designs. This
standing challenge is largely due to stringent requirements to establish ferromagnetic order in low-dimensional
systems. Here we use first-principles approaches to show that atomically thin zigzag tungsten dichalcogenide
WX2 (X = S, Se) nanoribbons preserving the stoichiometry of W : X = 1 : 2 stand as highly appealing intrinsic
half-metallic systems, without invoking the prevailing approaches of applying an external electric field, chemical
modification, or carrier doping. The readily accessible half-metallicity is attributed to distinctly different edge
reconstructions, insulating along the X-terminated edges and metallic along the self-passivated W-terminated
edges; the latter are further characterized by a robust spin-polarized electron transmission channel. These findings
are expected to provide indispensable elemental building blocks for spintronic applications purely based on 2D
materials.

DOI: 10.1103/PhysRevB.100.195304

I. INTRODUCTION

Half-metallic materials are capable of complete spin se-
lection, allowing electrons with one spin orientation to be
transported through, blocking electrons with the other spin
orientation [1]. Such materials have attracted tremendous
attention in past decades due to their potential applications in
spintronics. To date, only three-dimensional (3D) half-metals
have been well established [2–8], while their counterparts
based on two-dimensional (2D) materials remain to be re-
alized despite extensive efforts based on various predictive
designs [9–24]. Earlier theoretical efforts to search for half-
metallicity in 2D systems have been mainly focused on light-
element-based materials or systems with sp-valence electrons.
Compelling examples include zigzag graphene nanoribbons
under the application of a strong external electric field across
the ribbons [9,10], proper chemical modification of the ribbon
edges [11–13], or edge modification plus carrier doping [14].
On the experimental side, a definitive proof of the existence
of half-metallicity in 2D systems remains to be achieved.
This standing challenge is inherently tied to the fundamental
limitation that ferromagnetism is hard to establish in pure
light-element-based or sp-electron systems [25–27], while the
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existence of ferromagnetic ordering is an essential prerequi-
site for establishing half-metallicity.

Beyond sp-electron-based systems, 2D transition-metal
dichalcogenides (TMDs) [28–30] offer a new class of materi-
als for potentially realizing half-metallicity in atomically thin
systems. Such elemental building blocks are highly desirable
for developing spin-based devices consisting only of layered
materials [31]. Indeed, more recent predictive designs of
half-metallic systems in lower dimensions (2D or quasi-one-
dimensional) have expanded to materials containing transi-
tion metals, including both 2D bulk and ribboned structures
[17–24]. Another compelling motivation for such research
efforts on low-dimensional half-metallicity is provided by
the very recent breakthrough experimental advances in 2D
ferromagnetic materials of Cr2Ge2Te6, CrI3, and Fe3GeTe2

[32–34], making it more pressing to acquire half-metallic
building blocks based on 2D materials, all of which in-
volve transition metals. In retrospect, essentially all the well-
established half-metallic systems in 3D bulk form also contain
transition metals [2–8], which serves as another underlying
reason for the rationale of the present search effort.

In this paper, we use first-principles calculations within
density functional theory (DFT) to show that atomically thin
zigzag tungsten dichalcogenide WX2 (X = S, Se) nanorib-
bons preserving the stoichiometry of W : X = 1 : 2 stand
as highly appealing intrinsic half-metallic systems based
on 2D materials, without the typical invocation of an

2469-9950/2019/100(19)/195304(10) 195304-1 ©2019 American Physical Society

https://orcid.org/0000-0003-3196-2563
https://orcid.org/0000-0003-2112-9834
https://orcid.org/0000-0001-5844-3558
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.100.195304&domain=pdf&date_stamp=2019-11-08
https://doi.org/10.1103/PhysRevB.100.195304


PING CUI et al. PHYSICAL REVIEW B 100, 195304 (2019)

FIG. 1. (a) Top view (upper panel) and side views (right and bottom panels) of a rectangle-shaped WX2 (X = S, Se) nanoribbon with
coexisting zigzag and armchair edges. (b) Top view (left panel) and side view (right panel) of the optimized atomic structures of 8-ZZ
WX2 nanoribbons. The reconstructed structures along the W-terminated and X-terminated edges are indicated by the red dashed rectangles,
respectively. The atoms included in the supercell calculations are indicated by the blue solid rectangle.

external electric field, chemical modification, or carrier dop-
ing. The readily accessible half-metallicity is attributed to
distinctly different structural reconstructions along the two
zigzag edges of the WX2 nanoribbons [35], insulating along
the X-terminated edges and metallic along the W-terminated
edges self-passivated with S or Se; the latter are characterized
by a robust spin-polarized electron transmission channel. We
further demonstrate that the half-metallic nature of the WX2

nanoribbons is robust as the ribbon width varies. These find-
ings are expected to provide indispensable elemental build-
ing blocks for spintronic applications purely based on 2D
materials.

The paper is organized as follows. In Sec. II, we briefly de-
scribe the model systems and details of the DFT calculations.
In Sec. III, we show the different reconstructions along the
different edges of zigzag WX2 (X = S, Se) nanoribbons and
further demonstrate their intrinsic half-metallicity. The half-
metallic properties are shown to be attributable to the different
structural reconstructions along the two zigzag edges, and are
shown to be robust as the ribbon width varies. In Sec. IV,
we make closer connections with potential application as-
pects of the half-metallicity in zigzag WX2 nanoribbons and
their fabrication aspects, and discuss the contrasting structural
and electronic properties for MoX2 (X = S, Se) and WTe2

nanoribbons. Finally, we conclude in Sec. V.

II. MODEL SYSTEMS AND METHODS

A pristine WX2 nanoribbon is likely bounded by zigzag
or armchair edges, as shown in Fig. 1(a). In this work, we
focus on zigzag nanoribbons with preserved stoichiometry of
W : X = 1 : 2 (X = S, Se). To model infinitely long zigzag
nanoribbons of WX2 with different edge reconstructions, we
use 6×1 supercell geometries as highlighted in Fig. 1(b),
representing WS2 or WSe2. The width of the nanoribbons can
be varied, defined by the number of the infinitely long zigzag
chains. We hereafter label a nanoribbon containing n zigzag
chains along the ribbon direction as an n-ZZ nanoribbon.

Our DFT calculations were performed using the projector-
augmented wave method [36] implemented in the Vienna Ab-

initio Simulation Package (VASP) [37,38], with the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional [39].
A plane-wave basis set was adopted with an energy cutoff
of 350 eV. The one-dimensional (1D) Brillouin zone was
sampled using a 6 × 1 × 1 Monkhorst-Pack k-point mesh
for the 6 × 1 supercells. For the density of states (DOS)
calculations, we use the tetrahedron method (ISMEAR = −5)
with a k-point mesh of 6 × 1 × 1, and the energy range be-
tween Efermi − 1 and Efermi + 1 is divided into 2000 intervals
(NEDOS = 2000). We have also tested the convergence using
much denser k-meshes of 9 × 1 × 1 and 6 × 3 × 3, which pro-
vide very similar DOS to that of 6 × 1 × 1 for both systems.
In each supercell, the vacuum layers between two neighboring
ribbons are thicker than 16 Å. All the atoms were fully relaxed
by the conjugate gradient algorithm until the residual force
components were less than 0.01 eV/Å. We have used two
different approaches (namely, by varying all the simulation
cell sizes or the size along the ribbon direction only) to check
on the effects of constant volume simulations, and confirmed
that the overall energetics stays intact, especially with regard
to relative stabilities. A canonical ensemble was adopted for
ab initio molecular dynamics (AIMD) simulations using the
algorithm of Nosé [40], with the time step of 2 fs.

The validity of the main findings has also been verified
by using calculations based on the range-separated Heyd-
Scuseria-Ernzerhof 2006 (HSE06) hybrid functional [41,42].
We have further confirmed that the inclusion of the spin-orbit
coupling (SOC) within the systems will not alter the main
picture of the present study.

III. RESULTS AND ANALYSIS

Pristine single-layered TMD systems of infinite size pos-
sess finite band gaps [28–30]. For possible emergence of
spin-polarized conducting states, further reduction of the sys-
tems’ dimensionality is needed. For an infinitely long ribbon
with preserved stoichiometry of W : X = 1 : 2 (X = S, Se),
the two armchair edges are semiconducting and structurally
equivalent, largely preserving their bulk-terminated geometry.
In contrast, the two zigzag edges are distinctly different,
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terminated by W and X atoms, respectively, and the zigzag
ribbons are metallic [43,44]. In particular, some recent studies
have reported that half-metallicity in zigzag WS2 and WSe2

nanoribbons can be expected by invoking chemical modifi-
cation of the edges [45] or doping [46]. Furthermore, it has
been recognized that the metallic nature of the zigzag edges
also suggests that these bulk-terminated edges are likely to be
energetically unstable; as a consequence, these two different
types of zigzag edges will endure drastically different struc-
tural reconstructions [35]. Experimentally, selection of such
reconstructed edges can be achieved under proper physical
conditions during growth, as shown in the case of MoSe2 [47].
This analysis serves as the basis for the potential existence of
half-metallicity in zigzag WX2 nanoribbons.

A. Edge reconstructions

Figure 1(b) shows the energetically most stable structures
of an 8-ZZ WX2 nanoribbon with a (2 × 1)-reconstructed
W-terminated edge and a (3 × 1)-reconstructed X-terminated
edge [35]. Along the W-terminated edge, the 2 × 1 recon-
struction is characterized by place exchanges of the outermost
X and W edge atoms via a self-passivation mechanism. Here,
all the outermost W atoms substantially move inward and half
of the outermost X atoms move outward, leading to a planar
W3 trimer with the edge W atoms all effectively passivated by
the displaced X atoms. The energy gain for the W-terminated
edge of WS2 (WSe2) is 0.807 (1.012) eV per formula unit
along the edge direction relative to the unreconstructed case.
In contrast, the X-terminated edges undergo a more moder-
ate 3×1 reconstruction, characterized by slight local place
readjustments of the edge atoms, with 2/3 of the W-X bonds
shortened, while the other 1/3 are elongated. The energy
gain for the S(Se)-terminated edge of WS2 (WSe2) is 0.172
(0.046) eV per formula unit relative to the unreconstructed
case. Overall, the energy gain of the reconstructed 8-ZZ WS2

(WSe2) nanoribbon is 0.940 (1.035) eV per formula unit along
the ribbon direction.

To examine the thermodynamic stability of the WX2

nanoribbons, we have performed the AIMD simulations at
300 K. In these simulations, we use the 6 × 1 supercells to
allow the systems to be restructured freely at the given tem-
perature. The evolutions of the temperature and total energy
of the 8-ZZ WS2 and WSe2 nanoribbons during the AIMD
simulations up to 15 ps are given in Fig. 2, showing that the
nanoribbons essentially preserve their ordered structures at the
end of the simulations, thereby establishing their thermody-
namic stability.

The chemical stability of the nanoribbons is also impor-
tant in realistic situations, especially when the experimental
environment is not clean enough. Here, the bare edges of
the nanoribbons are accompanied by chemically unpaired
electrons known as dangling bonds, leaving the systems to
be very reactive. Edge reconstruction is a common remedy to
reduce the dangling bond nature to some extent, through the
redistribution of the electrons or formation of new chemical
bonds. Indeed, for the W-terminated edges, the edge atoms
are dramatically readjusted during the reconstruction and
form new chemical bonds, effectively removing the dangling
bonds of the edge W atoms; therefore, we expect that the

reconstructed WX2 nanoribbons in the present study would
not be too chemically active. However, their exact chemical
stability in the presence of other chemicals or elements still
needs further detailed investigation on a case-by-case basis.

B. Intrinsic half-metallicity in reconstructed zigzag WS2

nanoribbons

Distinctively, our spin-resolved electronic structure calcu-
lations further show that an 8-ZZ reconstructed WS2 nanorib-
bon is a half-metal. As a reference, Fig. 3(a) displays the
spin-unresolved band structure of the 8-ZZ WS2 nanoribbon,
which has one edge state (the triply folded I band) cross-
ing the Fermi level. Note that the 6 × 1 supercell adopted
leads to triply folded bands for the (2 × 1)-reconstructed
W-terminated edge and doubly folded bands for the (3 ×
1)-reconstructed S-terminated edge. When spin polarization
is included, this band has a sizable spin split of ∼0.3 eV
[Fig. 3(b)], with the spin-down component (labeled as I-d)
fully occupied, while the spin-up component (I-u) is partially
occupied. In contrast, the rest of the bands away from the
Fermi level have much smaller spin splits, and some even re-
main spin degenerate. As a consequence, the spin-up channel
is metallic, while the spin-down channel is insulating with a
pronounced spin-down (minority-spin) gap of 0.56 eV, similar
to the gap opening associated with charge density waves
along the grain boundaries of TMD overlayers [48,49]. These
observations clearly demonstrate the emergence of robust
half-metallicity in the zigzag WS2 nanoribbon protected by a
large half-metallic gap. Energetically, the spin-resolved state
is 0.105 eV per supercell lower than the spin-unresolved
state, showing that the half-metallicity can be established un-
der physically realistic conditions (such as at experimentally
accessible finite temperatures). Here we also stress that the
energy difference is primarily associated with the relatively
few edge atoms, with the atoms in the inner region of the
ribbon being irrelevant.

The half-metallicity of the WS2 nanoribbon is reflected by
the metallic states propagating only along the W-terminated
edge and possessing only one spin orientation. The spin-
resolved total DOS and the partial DOS (defined by summing
over all the atoms of the two outermost zigzag chains along
the W-terminated edge) are displayed in Fig. 3(b), indicating
that the I-u band originates from the W-terminated edge.
When analyzed at the atom-resolved level, the I-u band is
contributed from the dyz orbitals of the W atoms in the W3

trimers and the py/pz orbitals of the outermost displaced
S atoms along the W-terminated edge (with the nanoribbon
extending along the x direction), indicating its delocalized na-
ture. In contrast, the II-u and II-d bands are mainly contributed
from the dxy, dx

2, and dz
2 orbitals of the W atoms along the

S-terminated edge with negligible contribution from the edge
S atoms, indicating their truly localized nature. We also find
that the bands originating from the W-terminated edge will
split when spin polarization is considered, while those from
the S-terminated edge will not (e.g., the II-u and II-d bands).
The spatial charge density distribution of the I-u band at the �

point is also contrasted in Fig. 3(c), showing that the metallic
states are distributed at the W-terminated edge, consistent with
the conclusion of the DOS analysis.
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FIG. 2. Evolutions of the (a, c) temperature and (b, d) total energy of the 8-ZZ WS2 and WSe2 nanoribbons during the AIMD simulations
at 300 K and up to 15 ps. The insets in (a, c) show the top (left panels) and side (right panels) views of the atomic structures after 15-ps AIMD.

To confirm that the half-metallic system indeed exhibits a
certain type of ferromagnetic ordering, we note that the spin-
polarized triply folded I-u band around the Fermi level is quite
flat, which serves as the underlying basis for possible emer-
gence of certain collective phenomena such as long-range
ferromagnetism. Our detailed analysis confirms that ferro-
magnetism is stabilized along the reconstructed W-terminated
edge of the WS2 nanoribbon. The total magnetic moment
of the 8-ZZ WS2 nanoribbon is calculated to be 2.0 μB per
supercell. Figure 4(a) shows the atom-resolved distribution
of the magnetic moment of the 8-ZZ WS2 nanoribbon, dis-
playing the dominant contributions by the ferromagnetically
coupled constituent atoms along the W-terminated edge. The
magnetic moments are located mainly on the outermost S
atoms and inner W atoms of the reconstructed W3 trimers
along the W-terminated edge, and these two types of atoms
are ferromagnetically coupled. The magnetic moments on the
other two W atoms of the reconstructed W3 trimer and on
the other W atoms in the second row are roughly an order of

magnitude smaller. In contrast, there is no magnetism along
the S-terminated edge, which can be qualitatively attributed
to the fact that the 3×1 reconstruction effectively stabilizes
the S-terminated edge, making it insulating. We have also
doubled the supercell size along the ribbon direction to in-
clude an even number of the W-terminated 2×1 units, allow-
ing to consider the competition from the antiferromagnetic
state, and the results confirm that the ground state remains
ferromagnetic.

C. Intrinsic half-metallicity in reconstructed zigzag WSe2

nanoribbons

Similar to the WS2 nanoribbon, the 8-ZZ WSe2 nanoribbon
is also shown to be a half-metal, albeit with a smaller insu-
lating gap for the minority-spin channel. Its spin-unresolved
electronic structure shows a triply folded band crossing
the Fermi level [Fig. 3(d)], which splits by 0.26 eV when
spin polarization is included [Fig. 3(e)]. The spin-down
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FIG. 3. (a, d) Spin-unresolved band structure, (b, e) spin-resolved band structure and DOS (including both total and partial), and (c, f)
spatial charge density distribution of the spin-resolved triply folded I-u band crossing the Fermi level at the � point of an 8-ZZ WS2 and WSe2

nanoribbon, respectively. The red color in the charge density plots of (c) and (f) denotes the spin-up states.

FIG. 4. Atom-resolved distributions of the magnetic moments on (a) the W and S atoms of an 8-ZZ WS2 nanoribbon and (b) the W and Se
atoms of an 8-ZZ WSe2 nanoribbon. In both cases, only moments with absolute values >0.005 μB are displayed, with the red (up) and blue
(down) arrows indicating opposite spin orientations. Sizable magnetic moments are distributed on the W and X atoms along the W-terminated
edges of the WX2 nanoribbons, with no magnetism along the X-terminated edges.
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component of band I (I-d) is fully occupied, while the spin-up
component (I-u) is partially occupied. Here, the doubly folded
bands (II-u and II-d) contributed by the py/pz orbitals of
the Se atoms along the Se-terminated edge are much closer
to the Fermi level than those for the WS2 nanoribbon. As
a consequence, the minority-spin insulating gap of 0.32 eV
is substantially narrower than that for the WS2 nanoribbon.
The corresponding total DOS and partial DOS of the atoms in
the W-terminated edge, as well as the spatial charge density
distribution of the I-u band at the � point, are shown in
Figs. 3(e) and 3(f), confirming that the I-u band originates
from the W-terminated edge.

The ferromagnetism of the 8-ZZ WSe2 nanoribbon is also
similar to that of the 8-ZZ WS2 nanoribbon. In particular,
the total magnetic moment of the WSe2 nanoribbon is again
2.0 μB per supercell, and the atom-resolved distribution of the
magnetic moment is displayed in Fig. 4(b).

D. Half-metallicity within the hybrid functional
method or with SOC

As a cross-check, the half-metallic nature of the nanorib-
bons is further confirmed by band-structure calculations us-
ing the HSE06 hybrid functional. The hybrid functional, as
implemented with the generalized Kohn-Sham scheme [50],
can improve the band structure and band gap for insulators
over the PBE functional for the right reason [51]. Comparing
the band structures from the HSE06 to that from the PBE,
we find that the half-metallic nature arising from the edge
state qualitatively stays intact, but now with the expected
larger minority-spin gaps, as shown in Figs. 5(a) and 5(b).
Additionally, recent studies have also shown the importance
of SOC in such TMD systems [52,53]. As yet another cross-
check, we have tested the SOC effects on the edge states of the
WX2 nanoribbons. The results are presented in Figs. 5(c) and
5(d), showing that the electronic structures along the edges
are also preserved in the presence of the SOC. The underlying
reason lies in the substantially larger exchange splittings due
to the coupling of different spin states along each edge.

E. Robustness of the half-metallicity

To further examine how robust the half-metallicity of the
nanoribbons is, we have extended to systems with varying
ribbon widths, as the interedge coupling may significantly
alter the electronic and magnetic properties along the two
edges. In doing so, the narrowest ribbon considered corre-
sponds to n = 3, below which the two opposite edges can
no longer reconstruct reasonably independently. We find that,
for all the n-ZZ WX2 nanoribbons with n = 3, 4, …, 12, the
2 × 1 reconstruction along the W-terminated edge and 3 ×
1 reconstruction along the X-terminated edge are preserved,
as shown in Fig. 6. The exception is the narrowest 3-ZZ
WSe2 nanoribbon, which favors a 2 × 1 reconstruction along
the Se-terminated edge. The energy differences between the
nonmagnetic and ferromagnetic states (�Emag = ENM − EFM)
for the nanoribbons with n = 4, 5, …, 8 are shown in Fig. 7,
where ENM and EFM are the energies of nonmagnetic and
ferromagnetic states, respectively. The ferromagnetic states
are the most stable for all the ribbons and their energies are

FIG. 5. Spin-resolved band structures of reconstructed 8-ZZ (a)
WS2 and (b) WSe2 nanoribbons calculated using the HSE06 hybrid
functional. Band structures of the reconstructed 8-ZZ (c) WS2 and
(d) WSe2 nanoribbons calculated using the PBE functional with and
without SOC.

always lower than that of the nonmagnetic states. In particular,
the energy difference �Emag increases with the ribbon width
for the narrower ribbons and converges to a constant value
when the ribbons are wide enough.

More intriguingly, the half-metallicity remains for the n-
ZZ WX2 nanoribbons as long as n � 4, but it is clearly lost for
the 3-ZZ WSe2 nanoribbon, which becomes a nonmagnetic
semiconductor. The electronic properties of some representa-
tive nanoribbons are compared in Fig. 8. We also note that the
total magnetic moments of the WX2 nanoribbons change little
as the ribbon width increases, but the minority-spin insulating
gap increases slightly for the WS2 ribbons and is insensitive
to the width for the WSe2 ribbons, as shown in Table I. For
the 3-ZZ WS2 nanoribbon, it may still be classified as a
half-metal, but the triply folded I-u band is more distinctively
gapped because of stronger interedge coupling.

IV. DISCUSSION

Several aspects are worthwhile to be discussed. First,
though the flat nature of the spin-up bands around the Fermi
level in zigzag WS2 nanoribbons can serve as the underlying
basis for possible emergence of certain collective phenom-
ena, it may also limit the potential applications of the half-
metallicity feature. The flat nature and small bandwidth for
the spin-up bands are likely to result in larger effective mass
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FIG. 6. Optimized structures of the reconstructed n-ZZ WS2 and WSe2 nanoribbons with n = 3,4,5, …,12. The edge reconstructions are
highlighted in the dashed rectangles.

FIG. 7. Energy difference (�Emag) between the nonmagnetic and ferromagnetic states as a function of the ribbon width (n) for the zigzag
(a) WS2 and (b) WSe2 nanoribbons.
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FIG. 8. Spin-resolved band structures of (a–c) n-ZZ WS2 nanoribbons with n = 4, 5, and 12, and (d–f) n-ZZ WSe2 nanoribbons with
n = 4, 5, and 12, respectively.

and lower mobility of the spin-polarized electrons, limiting
their transport performance. However, compared with the
zigzag WS2 nanoribbons, the spin-up bands around the Fermi
level in the WSe2 nanoribbons possess larger dispersion and
bandwidths, indicating better electronic transport properties.
It is also noted that the location of the highest occupied spin
channel for the WSe2 nanoribbons is close to the Fermi level
within the PBE, but is far below within the HSE06.

The second aspect is the fabrication of the proposed
nanoribbons. A tungsten dichalcogenide nanoribbon can be
obtained via a top-down approach such as cutting using a

TABLE I. Total magnetic moment (M) and minority-spin insu-
lating gap (�Egap) of the n-ZZ WX2 (X = S, Se) nanoribbons. The
robust nature of the half-metallicity is displayed by the sizable and
slowly varying or nearly constant �Egap as the ribbon widens.

WS2 WSe2

M (μB per �Egap M (μB per �Egap

supercell) (eV) supercell) (eV)

4-ZZ 2.0 0.480 2.0 0.349
5-ZZ 2.0 0.536 2.0 0.333
8-ZZ 2.0 0.561 2.0 0.324
12-ZZ 2.0 0.571 2.0 0.332

transmission electron microscopy tip [54,55] or via a bottom-
up approach under confined growth geometry [56] or using
molecular beam epitaxy [47]. Here we note that the zigzag
WS2 nanoribbons formed within carbon nanotubes do not
seem to exhibit such dramatic 2×1 reconstruction along the
W-terminated edge, likely due to the confined geometry of
the tubes [56]. Therefore, to experimentally realize controlled
fabrication of the proposed WX2 nanoribbons with proper
edge reconstructions, it is vital to fine-tune the nonequi-
librium growth conditions, so as to allow the step edges
to fully relax via edge reconstruction at the growth front
[47].

Third, it is also worthwhile to contrast that, even though the
Mo-terminated edges of zigzag MoX2 (X = S, Se) nanorib-
bons experience similar 2×1 reconstruction, these systems
are not half-metals, because the X-terminated edges are
(2 × 1)-reconstructed and stay ferromagnetically metallic as
well, with states of both spin orientations crossing the Fermi
level [35]. Furthermore, in the present study we have not
included the WTe2 nanoribbons, because the system in 2D
bulk form prefers the semimetallic 1T’ phase [57,58], which
is drastically different from the stable 2H phases of WX2

(X = S, Se) considered here.
Finally, a variety of dislocations and grain boundaries

(GBs) in TMDs have also been studied experimentally
[48,59,60] and theoretically (see, for example, Refs. [61,62]),
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exhibiting different electronic, magnetic, and transport prop-
erties from the TMD single layers including half-metallicity.
Usually, the dislocations and GBs are formed during nonequi-
librium growth, a process which typically lacks precise con-
trol [63]. Compared with such dislocations and GB structures,
the nanoribbons presented here can be fabricated in a more
controllable manner [47].

V. CONCLUSIONS

In conclusion, we have systematically investigated the
electronic and magnetic properties of the zigzag WX2 nanorib-
bons using state-of-the-art first-principles approaches, reveal-
ing their intrinsic and robust half-metallic properties. Ready
availability of WX2 nanoribbons through elegant control of the
growth conditions during bottom-up self-assembly will allow
exploration of their electronic, magnetic, and transport prop-
erties. Such advances will potentially enable experimental
realization of half-metallicity based on 2D materials, which

in turn will provide indispensable elemental building blocks
for future developments of spintronic devices.
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