crystals

Article

Magnetic and Electronic Properties of Edge-Modified Triangular
WS, and MoS; Quantum Dots

Hazem Abdelsalam 2, Omar H. Abd-Elkader 3*(©, Nouf S. Zaghloul # and Qinfang Zhang 1-*

check for
updates

Citation: Abdelsalam, H.;
Abd-Elkader, O.H.; Zaghloul, N.S.;
Zhang, Q. Magnetic and Electronic
Properties of Edge-Modified
Triangular WS, and MoS, Quantum
Dots. Crystals 2023, 13, 251. https://
doi.org/10.3390/ cryst13020251

Academic Editor: Arcady Zhukov

Received: 6 January 2023
Revised: 26 January 2023
Accepted: 30 January 2023
Published: 1 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Materials Science and Engineering, Yancheng Institute of Technology, Yancheng 224051, China
2 Theoretical Physics Department, National Research Centre, P.O. Box 21111, Giza 12622, Egypt
Department of Physics and Astronomy, College of Science, King Saud University, P.O. Box 2455,

Riyadh 11451, Saudi Arabia

Bristol Centre for Functional Nanomaterial’s, HH Wills Physics Laboratory, Tyndall Avenue,

Bristol BS8 1FD, UK

*  Correspondence: omabdelkader7@ksu.edu.sa (O.H.A.-E.); gfangzhang@ycit.edu.cn (Q.Z.)

Abstract: The magnetic and electronic properties of zigzag-triangular WS, and MoS, quantum dots
are investigated using density functional theory calculations. The pristine WS, and MoS; nanodots
hold permanent spin on their edges which originates from the unpaired electrons of the transition
metals at the edges. The ferromagnetic spin ordering in zigzag-triangular WS, and MoS, can be
transformed to antiferromagnetic ordering with S = 0 and to nonmagnetic, respectively, by edge
passivation with 2H. The calculations of the Curie Temperature indicate that these magnetic states
are stable and withstand room temperature. The paramagnetic susceptibility of these structures
significantly decreases by edge sulfuration. Moreover, it can be converted to diamagnetic suscepti-
bility by edge passivation with 2H as found in WS, nanodots. These structures are semiconductors
with energy gaps of ~3.3 eV that decrease unexpectedly by edge passivation due to the existence
of lone pairs from S atoms that give a high contribution to the low-energy molecular orbitals. With
these preferable magnetic properties and controlled electronic ones, WS, and MoS, quantum dots
are potential candidates for spintronic applications.

Keywords: WS; and MoS; quantum dots; DFT; magnetic and electronic properties; magnetic susceptibility;
spintronics

1. Introduction

Two-dimensional quantum dots (2DQDs) are finite nanostructures from single- or
few-layer 2D materials with small sizes ranging from 2-10 nm [1,2]. 2DQDs are character-
ized by many interesting physical and chemical properties such as quantum confinement,
edge effect, and ultimate surface areas [3-6]. Based on the tunable electronic properties,
2DQDs found their way toward different applications including transistors [4,7], memory
devices [8,9], light-emitting diodes [10,11], and photovoltaic cells [12,13]. The edge effect
appearing in 2DQDs due to the small size and the high surface area that can be chemi-
cally functionalized makes 2DQDs promising for sensors [14,15], catalysts [16,17], water
treatment [18,19], and biological applications [20,21].

Among the family of 2D materials, 2D transition metals dichalcogenides (TMDs) and
their corresponding quantum dots show promising characteristics such as sizable band
gap [22], near unity quantum yield [23], and strong light absorption [24,25]. For instance,
Bastonero et al. reported that vertical heterostructures from PdS; and PtS; have outstanding
light absorption up to 50% in the visible spectrum with a maximum short-circuit current
equals to 7.2 mA /cm? under solar irradiation. In addition, charge separation between the
two layers has been achieved, thus they are ideal applicants for building highly efficient
and ultrathin heterojunction solar cells [25].
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In the field of spintronics, 2D materials and their quantum dots show interesting
properties such as the large spin-orbit coupling in TMDs [26-28] and the intrinsic spin of
triangular graphene QDs [29-32]. The origin of the ferromagnetic ground state in triangular
graphene or silicene QDs with zigzag edges is the frustrated m-electrons at the edges that
cannot form 7-bonds with neighbor C or Si atoms due to sublattice imbalance. Thus,
they form half-filled electronic states with nonzero net spin; this net spin increases by
increasing the size of the triangular QDs. Additional manipulation of the magnetic states
of these nanostructures was achieved by connecting these triangular nanodots [33-35]. For
example, Mishra et al. fabricated a one-dimensional spin chain using triangular graphene
having S = 1 as the building blocks [35]. In this antiferromagnetic S = 1 chain, gapped spin
excitations in the bulk and gapless fractional excitations, S = 1/2, at the chain termination
were observed [36,37].

In this work, we study the magnetic properties of triangular MoS, and WS, quantum
dots with zigzag termination. The goal of this work is to study the combined effect of
both the zigzag edges, which created non-zero spin in nanographene and the intrinsic
magnetism by the d-orbitals of the transition metals on the magnetic properties of the
selected nanostructures. Moreover, we investigate the effect of edge modification on the
magnetic and electronic properties by considering pristine edges and edge passivation
with 2H and S atoms. These effects show interesting properties such as control over the
spin-polarized ground state and magnetic susceptibility. It is worth noting that Bertel et al.
and Tiutiunnyk et al. have recently investigated the electronic, optical, and magnetic
properties of triangular MoS; quantum dots using DFT calculations [38,39]. The total
magnetic moment was used as an indicator for studying the magnetic properties. The main
difference between our works is that they focus on the effects of doping and size on the
properties while we consider different edge morphology and chemical functionalization
of the edges that facilitates precise control over the magnetic and electronic properties.
We also studied the magnetic susceptibility which has not been studied before for these
nanodots. The magnetic susceptibility investigations show that the considered nanodots
can be converted from paramagnetic to diamagnetic by passivating the transition metals on
the edges with 2H or S atoms. The paper is organized as follows: the computational model
is given in Section 2, the results and the discussion are presented in Section 3, the conclusion
is provided in Section 4, and finally, the supporting materials are given in Appendix A.

2. Computational Model

The magnetic and electronic properties of the selected TMDs are investigated using
DFT calculations as implemented in Gaussian 16 [40]. The calculations were made using
the hybrid M062X functional [41] and the effect core potential LANL2DZ basis set [42].
This level of theory shows accuracy and adequacy for calculations of transition metals-
based compounds and similar systems [43-45]. The magnetic ordering is specified by
optimizing the structure at different magnetic states, namely closed shell (nonmagnetic),
open shell (antiferromagnetic ordering), and various spin-polarized states. The state with
the lowest total energy is chosen as the ground state of the structure. Since calculations of
spin-polarized states (triplet, quintet, etc.) are complicated and require high computational
power, thus we optimize the structures using a self-consistent field (SCF) conversion
criterion of 10~%. However, to test the considered order of conversion, we performed one
set of runs for the different magnetic states of T-MoS, with conversion criterion of 10~7. We
found that in both cases the magnetic state with the lowest ground state energy is the same
in both cases, namely the septet spin state. Additionally, the difference between the ground
state energy in the two cases is only 0.004 eV. Therefore, the approximated conversion
used here can be considered reasonable when considering both computational power and
results accuracy.
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3. Results and Discussion

The triangular quantum dots considered in this work are shown in Figure 1 for WS,
the same structures are also considered for MoS,. Figure 1a represents triangular WS,
(T-WS,) in the pristine case, without any edge passivation. This nanodot is then passivated
by attaching sulfur/2H atoms to the edge transition metals, as shown in Figure 1b,c.
Another morphology of the edges, with more transition metal at the edges, is considered in
Figure 1c,d for the pristine edges and the sulfurated ones.

Side View

(a) T-WS2

(¢) T-WS2-2H (d) T-WS2_w (e) T-WS2 w-S

Figure 1. Optimized structures of triangular WS, with pristine (a), sulfurated (b), and double
hydrogenated edges (c). The structures in (d,e) represent pristine and sulfurated WS, using another
way of building the triangular structure to increase the number of edge Mo atoms.

3.1. Structure Stability

The stability of the considered WS, and MoS; quantum dots are investigated by two
means. First, we calculated the binding energy (E;,) using the following equation:

Ep = MmEm + nsEs + nprEpr — Ev) /e (1)

where np,, ns, nyy, and n; are the number of transition metals, sulfur, hydrogen, and the total
number of atoms, respectively. En, Es, Ef, and E; are the corresponding energies. As given
in Table 1, the binding energy has values from 5.1 to 5.9 eV. The pristine quantum dots,
especially those with a higher number of transition metals at the edges, have slightly higher
binding energy, which is a result of the edge reconstruction and the formation of stronger
bonds between the metal atoms compared to the bonds between metals and passivating
elements. In general, all the binding energy values are positive, which ensures the stable
formation of these quantum dots from their constituent elements. Frequency calculations
are the second tool that we used to test the stability of the considered structures. From
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frequency calculations, we can obtain the infrared (IR) spectrum which holds detailed
information about the structure and its dynamics. The IR spectrum is a relation between
the vibrational frequencies and the corresponding transition intensity. If the vibrational
frequencies are positive this means that the structure is in its ground state. While negative
frequencies in the IR spectrum are an indicator of a nonoptimized, transition state, or
unstable structure. According to the IR spectra shown in Figure A1 (Appendix A) for the
investigated structures, all the vibrational frequencies are positive which confirms that the
structures are in their fully relaxed ground states, and are consequently, dynamically stable.

Table 1. The binding energy (E,), magnetic state (MS), spin (S), and the modules of the difference
between the antiferromagnetic ground state energy and the ferromagnetic ground state energy (AE).
The last three columns give Curie Temperature (T¢), the magnetic susceptibility(xm), and the energy

gap (Eg).

Struct. Ey, MS S AE(eV) Tc(K) Xm(a.u) Eg(eV)
T-WS, 5.57 Sept 3 0.25 645 57.64 Ega =3.39, Egp =3.39
T-WS,-S 5.59 Trp 1 0.29 748 53.67 Ego =347, Egp =2.65
T-WS,-2H 5.14 Opn 0 1.26 3294 —22.37 Ego =253, Egp =2.53
T-WS, w 5.78 Sept 3 1.36 1169 160.12 Ega =2.57, Bgp =2.83
T-WS,_w-S 5.78 cls 0 — — —16.40 Eg=3.19
T-MoS; 5.56 Nont 4 0.021 54 67.27 Ego =247, Egp =3.39
T-MoS;-S 5.54 Trp 1 1.03 2656 17.42 Ego =346, Egg =2.93
T-MoS,-2H 5.06 cls 0 — — 66.59 Eg =278
T-MoS;_Mo 591 Nont 4 1.81 1556 645.80 Ega =3.22,Egp =3.53
T-MoS;_Mo-S 5.75 Trp 1 0.29 748 137.69 Ego =3.14, Egp =3.29

3.2. Magnetic Properties

The magnetic state (MS) is obtained by calculating the optimized ground states energy
for nonmagnetic and magnetic initial states, the one with the lowest ground state energy
is defined as the magnetic state of the structure. In Table 1, For instance, the MS of the
pristine triangular WS; (T-WS,) is the septet state (sept in Table 1) while the sulfurated
one (T-WS;-S) is the triplet state (trp). This means that the net spin of T-WS, decreases
from S = 3 to S = 1 by edge sulfuration as shown for T-WS,-S. Further decrease of the
net spin to the antiferromagnetic spin ordering with S = 0 can be obtained by passivating
edge W atoms with 2H atoms, see TWS,-2H in Table 1. The interesting case of T-WS,_w
(shown in Figure 1d) that has ferromagnetic ordering with S = 3 can be converted to the
nonmagnetic ordering by edge sulfuration as given in Table 1. Thus, the net value of the
spin and its ordering in triangular WS, are strongly affected by the terminating edge atoms
and their passivation.

The origin of the spin is the unpaired electrons in the d-orbital of the transition metal.
Since the hybridization of WS, or MoS; is the sd® hybridization, then every transition metal
should be bound to six neighbor atoms. Decreasing the number of surrounding S atoms by
any means, such as S-vacancy at the surface or the edges of QDs as in our case, will create
frustrated electrons unable to bind with neighbor atoms and eventually form half-filled
electronic states. As seen in Figure 1a, T-WS; has three W atoms at the edges that form
only four bonds with neighbor S atoms. Therefore, T-WS, will have six unpaired electrons
that form the septet spin state with S = 3. This result is confirmed by the spin distribution
shown in Figure 2a where the spin density, mainly contributed to by the spin-up density, is
localized on the edge W atoms. Attaching 2H atoms to the edge W atoms will passivate
their frustrated electrons and form the antiferromagnetic ordering with S = 0. Passivation
with atoms having two unpaired electrons such as S atoms in T-WS;-S does not passivate
the two unpaired electrons of the W atoms at the edges as the 2H did because the sp®
hybridization of S atoms requires a specific bond angle between all the hybrid orbitals.
Thus, an S atom passivates only one electron from the edge W atom which eventually
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leaves three unpaired electrons in S atoms and three in Mo atoms that interact together and
make the structure have a final spin triplet state with S = 1.

(b) T-WS2-S (c) T-WS2-2H

)
JJ"\ y

(e) T-MoS2 ) T-MoS2 -S (2) T-MoS2_ Mo (h) T-MoS2_Mo-S

Figure 2. Spin density distribution of spin up (red) and spin down (blue) on WS, and MoS, quantum
dots before and after double hydrogenation as labeled below each subfigure, the isovalue of the spin
density is 0.004 A~3.

The structure T-WS;,_w is expected to have a higher value of spin due to the higher
number of W atoms at the edges. However, this does not happen and the net spin is
3, similar to the T-WS; as given in Table 1. As seen in Figure 1d, the majority of the
edge W atoms are already passivated by interacting with each other, thus they do not
participate in the net spin. The ferromagnetic spin ordering of T-WS, w can be transformed
to antiferromagnetic ordering with S = 0 by edge sulfuration, see Figure le, where the
unpaired two electrons from S atoms passivate the unpaired ones from W atoms. The
magnetic ordering of T-MoS; and its derivatives should, in general, have the same behavior
as T-WS; because they have the same orbital hybridization and the same number of
electrons participating in the bonds between the transition metal and the chalcogen that
form the monolayer TMDs. However, the deformation, which is higher in MoS; quantum
dots, increases the net spin in some cases such as the nonet spin state in T-MoS,. The
enhanced spin in T-MoS, compared to T-WS, can be seen in Figure 2e where the spin
density distributes not only on the transition metal at the edge but also on the surface
atoms. The net spin in T-MoS; is controlled by edge passivation similar to T-WS,, where
passivation with S atoms lowers the spin state to the triplet state and passivation with 2H
results in S = 0 and antiferromagnetic spin ordering.

The magnetic stability is investigated by calculating the ground state energy difference
between the antiferromagnetic spin state and the ferromagnetic one (AE). AE is then used
to estimate the Curie temperature (T¢) based on the mean-field theory using the following
equation [46,47]:

Tc = 2AE/(3c-kp) )

where c is the number of magnetic atoms; here it is the transition metal at the edges, and
kg is the Boltzmann constant. The obtained values of AE and T¢ are given in Table 1, it is
observed that all the structures, except T-MoS;, have a Curie temperature higher than room
temperature. These results indicate that the magnetic states of the considered nanodots are
stable and withstand room temperature.

The magnetic properties considered previously account only for the effect of edges on
the magnetic state of the structure. However, for a complete description of the type of the
material, whether it is diamagnetic, paramagnetic, or ferromagnetic, we need to include all



Crystals 2023, 13, 251

60f11

electrons interacting with the magnetic field. This can be done by calculating the magnetic
susceptibility (x,,). It is defined as the second derivate of the ground state energy (E) with
respect to the applied magnetic field (B):

d’E
Xm = Ho e 3)

where pg is the vacuum permeability [48]. The calculations are done using the GIAO
method which requires lower computational power compared to other methods such as
CSGT [49]. The ¥,, given in Table 1 is the sum of isotropic diamagnetic susceptibility
(negative) and isotropic paramagnetic susceptibility (positive). Thus, a positive/negative
value of the total susceptibility means that the material is paramagnetic/diamagnetic. It is
observed from Table 1 that both T-WS; and T-MoS, are paramagnetic with positive x,,. The
value of x,, significantly affected by edge sulfuration or hydrogenation. Attaching sulfur
atoms to the edge W or Mo atoms decreases the paramagnetism, for instance in T-MoS; the
magnetic susceptibility decreases from ~67 (a.u.) to 17 (a.u). Moreover, the paramagnetic
T-WS; can be transformed into diamagnetic material by double hydrogenation where x,,
equals —22.4 (a.u) for T-WS2-2H as given in Table 1. The highest value of x,, was observed
for T-MoS,_Mo, which is mainly due to the higher number of non-passivated Mo atoms at
the edges. The same was also found in T-WS;. Thus, the paramagnetism/diamagnetism
of TMDs quantum dots can be controlled by the number of unpassivated/passivated
transition metals. Further control over the magnetic properties can be achieved by the
lateral or vertical connection of these nanodots similar to the lateral connection of graphene
quantum dots [35]. These 2D heterostructures are expected to be an interesting research
point for future work to study the type of coupling between the quantum dots, whether it
is ferromagnetic or antiferromagnetic coupling. For this task, it is more accurate to use the
broken symmetry-DFT approach for describing these complex systems [50-52].

3.3. Electronic Properties

From the last column in Table 1 which gives the values of the energy gaps, we started
the discussion of the electronic properties of the selected TMDs quantum dots. The en-
ergy gap (Eg) is given by, Eg = ELymo-Enomo where Epyyo is the energy of the lowest
unoccupied molecular orbital and Erjopmo is the energy of the highest occupied molecular
orbital. The energy gaps show that T-WS, and T-MoS, are semiconductors with spin-up
energy gaps (Eg) of ~3.4 eV and 2.47 eV, respectively, and spin-down energy gap (Egp)
of ~3.4 eV. These energy gaps are relatively high when compared to the energy gaps of a
single layer, where the energy gaps of WS2 and MoS, monolayers equal 2.03 and 1.88 eV,
respectively [53]. This increase in the energy gaps of the quantum dots is mainly a result
of the quantum confinement effect, where decreasing the size leads to an increase in the
energy gap. The spin-up energy gap of T-WS; is almost unaffected by edge sulfuration
or hydrogenation, while the spin-down energy gap decreases to 2.7 eV and 2.01 eV in
T-WS;-S and T-WS,-2H, respectively. The energy gaps strongly decrease to Egy = 2.57
and Egp =2.83 eV in T-WS;_w due to the higher number of unpassivated W atoms at the
edges. The same behavior is observed in T-MoS; after passivation with the lowest energy
gap equal to 2.78 eV in T-Mo0S,-2H. The changes in the energy gap can be understood by
considering the low-energy molecular orbitals and their distribution, namely the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) as
seen in Figure 3.
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Figure 3. (a—e) Electronic partial density of states of T-WS, with and without edge passivation.
(f-i) The corresponding HOMO/LUMO distributions for spin-up molecular orbitals. The red and
green colors in (f-i) represent the positive and negative phase distribution in the molecular orbital

wave function, respectively.

The partial density of states (PDOS) of T-WS; in Figure 3a shows that the spin-up
HOMO (LUMO) peaks originate mainly from sulfur (S) atoms. This means that the electron
lone pairs in sulfur have lower energy than the unpaired electrons from W atoms. This is
confirmed by the distribution of HOMO on sulfur atoms and the LUMO on W atoms, as
seen in Figure 3f. For the spin-down case, the HOMO and LUMO are mainly from sulfur
atoms. After passivation with S or 2H, the contribution of W atoms to the HOMO and
LUMO significantly decreases due to the passivation of their unpaired electrons to form
stronger bonds deeper in the valance band. In this case, the HOMO and LUMO distribute
on S atoms as seen in Figure 3g,h. The decrease in the energy gap is a result of the shifting
of the LUMO toward the HOMO as seen in Figure 3b,c. The contribution of W atoms to
the low energy orbitals significantly increases in T-WS,_w, Figure 3d,i, due to the higher
number of W atoms at the edges.

The partial densities of states of T-MoS, with different edge terminations are shown in
Figure 4, from which we can identify the contribution of sulfur and molybdenum atoms
to the low-energy molecular orbitals. Similar to T-WS,, it is noted that the sulfur atoms
provide a higher contribution to the low energy levels than the Mo atoms, except for the
case in Figure 4d due to the higher number of Mo atoms at the edges. Thus, the interactions
of the WS; or MoS, quantum dots with other materials can be controlled to be through the
transition metal or the chalcogen by controlling the edge type. Regarding prospective work
on 2D heterostructures based on these nanodots, it is expected that these heterostructures
will provide great control of the electronic properties of these systems. For example, the
formation of 2D heterojunctions with tunable electronic and magnetic properties applicable
to different electronic and photovoltaic applications.
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Figure 4. Electronic density of states of T-MoS; before (a,d) and after (b,c) edge passivation with S
and 2H.

4. Conclusions

The magnetic and electronic properties of triangular WS, (T-WS,) and MoS, (T-MoS;)
quantum dots are investigated using density functional theory calculations. The optimiza-
tion process was performed for different magnetic states, namely closed-shell (nonmag-
netic), open-shell (magnetic with antiferromagnetic ordering), and spin-polarized states. In
the pristine case, both the triangular WS; and MoS; have ferromagnetic ordering with net
spin equal to 3 and 4, respectively. The origin of the spin is the unpaired d-orbital electrons
from the W or Mo atoms at the edges. Attaching S or 2H atoms to the transition metals
at the edges significantly decreases the net spin due to the passivation of their unpaired
electrons. For instance, the net spin that equals 3 in T-WS; decreases to zero with antiferro-
magnetic ordering after passivation with 2H. Additionally, T-MoS, with S = 4 transforms
to nonmagnetic by passivation with 2H. The calculated Curie temperatures show that the
obtained magnetic states are stable and detectable at room temperature and higher. The
considered nanodots are paramagnetic with positive magnetic susceptibility. Increasing
the number of sulfur atoms by edge sulfuration decreases the magnetic susceptibility and,
in some cases, converts the structure to diamagnetic with negative susceptibility. The elec-
tronic density of states shows that MoS, and WS, quantum dots are semiconductors with a
wide energy gap of ~3.3 eV that is slightly decreased by edge passivation. The unexpected
decrease is a result of the lone pairs from the S atoms at the edges that participate in the
low-energy orbitals. Thus, edge passivation is an effective tool that can tune the electronic
and magnetic properties of transition metal dichalcogenides quantum dots.
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Appendix A

Figure Al shows the infrared spectra (IR) of MoS; and WS, quantum dots. It is
observed that all the IR intensity peaks occur at a positive vibrational frequency which
confirms the geometrical stability of the considered structures.
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Figure A1. Infrared spectra of selected WS, and MoS, quantum dots before and after edge passivation.
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