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Two-dimensional hexagonal Zn;Si, monolayer: Dirac cone material
and Dirac half-metallic manipulation®
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The fascinating Dirac cone in honeycomb graphene, which underlies many unique electronic properties, has inspired
the vast endeavors on pursuing new two-dimensional (2D) Dirac materials. Based on the density functional theory method,
a 2D material Zn3Si; of honeycomb transition-metal silicide with intrinsic Dirac cones has been predicted. The Zn3Siy
monolayer is dynamically and thermodynamically stable under ambient conditions. Importantly, the Zn3Si; monolayer is
a room-temperature 2D Dirac material with a spin—orbit coupling energy gap of 1.2 meV, which has an intrinsic Dirac cone
arising from the special hexagonal lattice structure. Hole doping leads to the spin polarization of the electron, which results
in a Dirac half-metal feature with single-spin Dirac fermion. This novel stable 2D transition-metal-silicon-framework
material holds promises for electronic device applications in spintronics.
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1. Introduction

Dirac materials!!! are a class of materials which pos-
sess a unique Dirac-like cone in band structure within the
first Brillouin zone. Graphene, as the most typical two-
dimensional (2D) Dirac material,/?! has stimulated interest
in finding Dirac materials of two-dimensional crystals.3=]
Dirac fermions produced in Dirac cone structures are dif-
ferent from the standard electrons of metals, whose en-
ergy has a linear dependence on momentum and follows
the Dirac equation.!® In particular, the massless fermions
lead to some novel properties in graphene, such as half-
integer!”-8) /fractional [>1%/fractal! =131 quantum Hall effects
(QHE) and ultrahigh carrier mobility.!"*! Compared to the
single-element Dirac material, bi-element Dirac materials
have more complex structures and more modulation potential.
Until now, many 2D Dirac cone materials based on p-block
metals or transition metal oxides have been proposed, such as
Na3Bi, 5] Bi,Tes/SbyTes,['®) TIBiSes, ! (VO,),/(TiO2)m,
(Cr0,),/(Ti0»),,,'"® and Cs3Bi,Brg bilayer.[!”! Recently, the
2D transition metal-based QSH insulators M3Cy (M = Zn,
Cd, Hg)"?" with Dirac cone have also caused interest due
to their high structural stability and diversity, and their ad-
ditional phases of node-line semimetal under external strain.
On the other hand, organometallic crystals of Pby(CgHy)s, %!

Nis(C¢Hy)3, and Cos(CgHy)3.[2?1 with a hexagonal lattice
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have recently been proposed to possess Dirac cones. More-
over, due to the incorporation of the magnetic Ni and Co
atoms, Niy(Ce¢Hs); and Coy(CgHa)s present half-metallic
properties, which may extend the applications of 2D Dirac ma-
terials in spintronics.[?3! The regulation of half-metallic (HM)
properties in Dirac cone materials promotes their application
in spintronics.

Recently, a family of 2D Dirac materials called Dirac
half metals (DHM) has emerged which has potential appli-
cations in high-speed and low-power-consumption spintronic
devices. Combining the two fascinating properties of mass-
less Dirac fermions and 100% spin polarization, the DHM 4]
was investigated based on the model of a triangular lattice.
The DHM has the full bandgap in one spin channel and
retains the Dirac cone in the other channel. At present,
based on theoretical predictions, a large number of intrinsic
DHM materials have been discovered, such as heterostructures
(CrO,/Ti0,), > Kagome lattices (Ni»C24S¢H>, MnDCA, and
M;3C1,017),2928 honeycomb-Kagome lattices (C3Ca, and
Nb,03),12930 MXene materials (YN3),B! and Na,C.B2 In
addition, the gap opening by the spin—orbit coupling (SOC)
drives the DHM MnXj; (X = F, Cl, Br, )*3) into the quantum
anomalous Hall state. However, there are few reports on the
manipulation of the DHM properties.

In this work, based on the density functional theory,
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a novel 2D crystal in transition metal silicide Zn3Si, with
a hexagonal lattice has been predicted. It not only shows
good stability but also exhibits interesting orbital configura-
tions and unique electron properties. In particular, the Zn3Si
monolayer demonstrates zero-gap Dirac semiconductive fea-
ture and possesses a distinct Dirac cone in the absence of SOC.
When SOC is considered, the monolayer shows a gap of about
1.2 meV. Carrier doping arouses the spin-polariztion of the
structure and leads to the spin splitting of the Dirac band in
the case of no external magnetic field. As a result, a Dirac
half-metal with single-spin Dirac fermion (SDF) can be ob-
tained via one-hole doping. These findings render the Zn3Si,
monolayer a promising platform for applications in spintronic

devices.

2. Method

The first principles computation is implemented in the
Vienna ab initio simulation software package (VASP).[343]
The projector augmented plane wave (PAW) approach is
used to represent the ion—electron interaction. The Perdew—
Burke-Ernzerhof (PBE) generalized gradient approximation

136 To elim-

is adopted for the electron-electron interactions.
inate spurious interactions between periodic replicas, the
Zn3Si; monolayer is separated from each other in the aperi-
odic direction by a vacuum region of 18 A. The energy cutoff
of the plane wave is set to 400 eV. The energetic and force
convergence criteria are set at 107% eV and 0.02 eV-A~!, re-
spectively. A 13 x 13 x 1 Monkhorst—Park k-point mesh is
used to do the structural optimization and a 35 x 35 x 1 k-point
mesh for the static self-consistent calculation. The phonon dis-
persion relationship is calculated based on the finite displace-
ment method in the PHONOPY code!*”! combined with the
VASP. Thermal stability is also examined via several ab ini-
tio molecular dynamics (AIMD) simulations using the Nosé
algorithm®®! in the NVT ensemble at 300 K.

3. Results and discussion
3.1. Geometric structure and stability

Figure 1(a) presents the top and side views of the ge-
ometric structure of the Zn3Sip monolayer, containing three
zinc (Zn) atoms and two silicon (Si) atoms in a unit cell. Ob-
viously, the Zn3Si, monolayer has a planar honeycomb lat-
tice structure with P6/mmm (No. 16) symmetry. The black
dotted line indicates the minimum repeating unit of Zn3Si
with @ = b = 8.05 A. As shown in Fig. 1(a), there are one
unique Zn atom (site symmetry 3g) and one independent Si
atom (site symmetry 2d) in the primitive unit of the 2D Zn3Si,
monolayer which is structurally similar to the graphene-like

[39]

honeycomb Be3Si;'””! monolayer. In this planar monolayer,

the bond angle Si—Zn-Si is 120° and the Zn-Si bond length
is 2.31 A (as shown in Fig. 1(b)). All Si atoms are trigo-
nally coordinated to surrounding the Zn atoms through sp>-
hybridization. Such structure can be seen as transition metal
atoms been linearly interposed between two Si atoms in an en-
larged silicon framework, it is a benefit to the expansion of the
7 bond and the stability of the 2D sheet.

]
0

(a) o cwo o (b)
bod . pod 000
o 6 o ¢ a o
»0d < bod - boOdg 162 4Q
6 o e o ¢ o & 120° °
pod " pod [
. ¢ o)ro-é ° OZn ) ()
" o o osi 00 o

000000600000000000

Fig. 1. (a) Optimized geometry of Zn3Si, monolayer, with a unit cell labeled
by the black dotted line. (b) A zoom-in figure of (a).

To examined the lattice,

40]

stability of the Zn3Sip
to the
atoms is first considered, which is obtained as E.,, =
(3Eza+2Esi—Ezn;si,)/5 = 1.95 eV per atom, where Ezys;i,
Ez,, and Eg; are the total energy of the monolayer, the energy

the cohesive energy! with respect isolated

of a single zinc atom, and the energy of a silicon atom, re-
spectively. The cohesive energy in our result indicates that the
Zn3Si; monolayer might be synthesized by epitaxial growth
on an appropriate substrate such as silicone, because the value
is comparable with that of grey antimonene (2.30 eV/atom) 4!}
and metallic bismuthene (2.26 eV/atom).!*?! In addition,
the formation enthalpy also has been considered to inves-
tigate the stability of the Zn3Siy lattice further according
to the formula AH (Zn3Siz) = E(Zn3Siz) — [1 —x] E (Zn) +
xE (Si),[4344 where E(Zn3Siy) is the total energy of Zn3Si,
phase per atom and obtained by the first-principles calcula-
tions. E(Zn) andE(Si) are the energies of the pure elements
Zn and Si, respectively. x is the composition of Si in the com-
pound, x = 3%2 = % It is found AH = —7.3 eV, which implies
that the thermal stability of Zn3Si; is good.

The dynamical properties of the 2D Zn3Si, monolayer
have been studied by phonon dispersion calculations, as shown
in Fig. 2(a). It clearly shows that the 2D Zn3Si, mono-
layer has no imaginary frequency, indicating that the 2D
Zn3Sipmonolayer is kinetically stable. Additionally, we also
perform AIMD simulations using a supercell of 3 x 3 unit cells
(see Fig. 2(b)). Note that the structure still maintains the 2D
lattice shape throughout a 3 ps MD simulation at 300 K, indi-
cating that the Zn3Si, monolayer is dynamically and thermally
stable at room temperature. Considering that many 2D mate-
rials such as graphene, MoS;, BN, and stanene have been ex-
perimentally synthesized, it is expected that a similar method

can be used to synthesize a Zn3Si, monolayer.
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Fig. 2. (a) Phonon dispersion of Zn3Si, monolayer, where no soft mode is
found. (b) The total energy for the Zn3Si, lattice as a function of simulation
time at 300 K. The inset illustrates the snapshots of the optimized crystal
structures of the Zn3Si, lattice at 1 ps, 2 ps, and 3 ps.

3.2. Electronic properties and Dirac states

The chemical bonding in the monolayer can be explained
by the electron localization function (ELF),!*! the charge den-
sity difference, and the partial charge densities at the Fermi
level for this material (as shown in Fig. 3). The charge den-
sity difference in Fig. 3(a) shows the hole density near the

(a)

(c)

zinc positions, while the electron is abundant around the in-
plane orbitals of silicone, especially along the Zn—Si bonds.
The electron density responsible for the formation of bonds is
shifted toward the Si atoms. The shape of the distribution in
the Zn3Sip monolayer implies that the in-plane orbitals par-
ticipate in o-bond formation. The ELF diagram (Fig. 3(b))
shows that the electrons in Zn3Si, monolayer are localized
at the Si atoms, whereas the Zn atoms reveal electrons defi-
ciency. The form of electron localization shows the sp” hy-
bridization of the silicone atomic orbitals, which participates
in the construction of the ¢ bonds. Moreover, a small part of
the electron density is located in the gap region — TM donates
electrons to the metalloid and then a portion of the charge is
transferred from the metalloid to the gap region — revealing the
characteristics of metalloid bonding. In real space, the partial
charge density of the valence band (VB) maximum (Fig. 3(c))
and conductive band (CB) minimum (Fig. 3(d)) confirms that
the Zn p;, d,; ., and Si p; orbitals participate in the formation
of the Dirac point. It can further stabilize the 2D framework
structure of Zn3Siy.

To evaluate the electronic properties of the predicted
monolayer Zn3Siy, the projected band structure and the cor-
responding partial density of states (PDOS) are investigated
in the absence of SOC, as shown in Figs. 4(a) and 4(b). The
Zn3Si; monolayer is a zero-band-gap semi-metal with the
VB and CB touching each other at the K point (Fig. 4(a)).
The yellow, gray, blue, and green dots represent the total p;,
Py» Px, and d orbitals, respectively. It can be clearly seen that

(b)

(d)

Fig. 3. (a) The charge density difference with an isovalue of 0.02 ¢/A~3. The blue and orange mean electron accumulation region and electron
depletion region, respectively. (b) ELF of Zn3Si, monolayer with an isovalue of 0.03 ¢/ A3, (), (@) Top and side views of VB maximum and
CB minimum charge density contours at the Dirac point of Zn3Si; monolayer, respectively.
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the Dirac point near the Fermi level is mainly contributed by
the p, orbitals. The other two crossing bands are mainly com-
posed of the p, orbital, which are about 0.5-3.5 eV below the
Fermi level. Considering the Dgj, point group symmetry of the
Zn3Si> monolayer, the Zn-d orbital can be divided into three
categories: d, 212, diz -, and dg. In Fig. 4(b) we plot the
PDOS of the Si and Zn atoms, respectively. Near the Fermi
levels, the VB and CB are mainly from the Si p, orbital and
the Zn py,y, d,;,y, orbitals, respectively. Meanwhile, the VB-
1 is primarily derived from the Si py, and Zn py,,, d

2
Xy a2 —y
orbitals. So, it is considered that the Dirac cone is derived

2

from the special hexagonal lattice structure. As the Zn3Si;

monolayer has a planar structure, it is considered that py, and

are hybridized to form a  bond. The three-dimensional (3D)
valence and conduction bands are also presented in Fig. 4(c),
which clearly shows the features of the Dirac cone at its high
symmetry K point. The Dirac cone-like electronic states gen-
erally mean excellent electronic transport properties. We have
calculated the Fermi velocity (Vg) of the Zn3Si, monolayer
near the Dirac point by using the equation Vg = JE/(hdk).
The calculated Vg values along the directions I" — K and
K — M are 2.85 x 10° m-s~! and 1.65 x 10° m-s~! (without
SOC calculation), respectively, which are in the same order of
those of graphene (9.5 x 10° m-s~! and 8.2 x 10° m-s—!). The
corresponding Vi values with SOC are 2.79 x 10° m-s~! and
1.49 x10° m-s~ !, respectively, which are similar to the results

dxy.,xl‘ _y2 are hybridized to form an ¢ bond, while p; and d.; . without SOC.
4 4
(c)
5 2 2P~ g o 0.2
o —Zn p,+p,
>, —7Zn d;‘.:,y»%»dw % 0.0
T 0 4 —7Znd,,,.
R 0 T = )
‘ 20
—21 —21 5-0.1
L —024 0.6
—4 —a A_q . 0L 04
0 08 0 0.8 0304 &
PDOS/arb. units  PDOS/arb. units k, o v

Fig. 4. The electronic properties of Zn3Si, without SOC. (a) The orbital-resolved band structures for Zn3Si, monolayer (yellow: total p,
orbitals; light grey: total p, orbitals; blue: total p, orbitals; olive: total d orbitals). The Fermi level is set to zero. (b) Projected density of states
of Zn3Si, monolayer. (c) 3D projection of Dirac cone in the vicinity of the K point.
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Fig. 5. (a) The calculated band structures of Zn3Si; monolayer with
SOC. The Fermi level is set to zero. (b) The zoom-in around the Fermi
level corresponding to the red dotted box in (a), where the inset indi-
cates the first Brillouin zone.

The SOC results in “frivolous” splitting of orbital energy

levels caused by the interaction of particles’ spin and orbital
momentum. The band structure calculated with SOC is shown
in Fig. 5(a) It can be seen that the Dirac cone remains. In
Fig. 5(b), the zoom-in around Fermi energy shows that a tiny
band gap of 1.2 meV appears after considering SOC. Although
the crystal lattice of silicene is smaller than that of Zn3Si,, the
bandgap of silicene (1.55 meV) with SOC is slightly larger
than that of Zn3Si, due to 2D silicene materials being undu-
lating and the in-plane p, and p, orbitals enhancing the SOC
effect.

4. Manipulation of the Dirac half-metal

According to the previous studies,®! carrier doping is
used as an effective means to manipulate the electronic struc-
ture and magnetic properties. The effect of carrier doping
on the Zn3Si, monolayer has been studied. It can be seen
from Fig. 6(a) that the highest carrier doping concentration is
0.3 electron/hole per atom (carrier density 1.5 x 103 cm™2).
This concentration is experimentally feasible through the elec-
trolysis gates,*”l which can modulate the carrier density to
10> cm™2 order. The negative and positive values on the
horizontal ordinate are for the hole and electron dopings, re-
spectively. It is noted that there is a transition from spin non-
polarization to spin polarization through carrier doping in the
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Zn3Si; monolayer. It is interesting to note that the Dirac half-
metallic property is shown in the case of 0.2 hole/atom dop-
ing. The band structure of the system with the doping of
0.2 hole/atom is shown in Fig. 6(b). Two fascinating proper-
ties, which are independent of the exchange-correlation func-
tional, are observed: (1) the spin-up channel hosts a Dirac cone
state at a high-symmetry K point in the vicinity of the Fermi
level; (2) the spin-down channel is a semiconductor with a in-
direct gap of 0.71 eV (shown by a blue arrow in Fig. 6(b)). It
is considered that the Fermi energy shifts below the spin-up
band, such that the spin-down band is fully occupied, result-
ing in a truly single-spin Dirac fermion state with 100% spin-
polarized currents. Our results indicate that the total magnetic
moment of the Zn3Si; monolayer is 1.009 ug. However, with
the same electron doping concentration, the band splitting of
the Zn3Si; single layer is not very obvious (Fig. 6(c)), and the
corresponding DHM is not obtained. It means that the spin-
polarized Dirac electrons can be obtained by the hole doping
even if there is no external magnetic field, which is a unique
magnetic phenomenon of Dirac bands.
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Flg' 6. (a) The AE = E(spinfpolarized) - E(spin—nonpolarized) with respect to
carrier doping calculated in the Zn3Si; monolayer. The negative and
positive values on the horizontal ordinate are for the hole and electron
dopings, respectively. (b), (¢) Spin-polarized band structures in the ab-
sence of SOC with the doping concentration of 0.2 hole per atom and
0.2 electron per atom, respectively.

5. Conclusion

In summary, our first-principles calculations predict the
Zn3Si; monolayers to be a new 2D material with intrinsic
Dirac states in a hexagonal lattice. The AIMD simulations
and phonon spectra reveal that the monolayer is dynamically
and thermodynamically stable under ambient conditions. The

Dirac cones at a point of high symmetry in the Zn3Si, mono-
layer are sorely derived from the Si p, and Zn p;, d,;, or-
bitals, which are robust against SOC. It has a 1.2 meV SOC
energy gap. Carrier doping of the monolayer leads to structural
magnetism, which also induces spin-polarized Dirac electrons
without an external magnetic field. In particular, the Dirac
half-metallic structures are obtained when 0.2 hole/atom is
doped, resulting in a single-spin Dirac fermion state with

100% spin-polarized currents. By the prediction of this

novel stable 2D transition-metal-silicon-framework material,
we provide a feasible strategy for the design of Dirac materi-
als, which holds promise applications in spintronics.
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