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Two-dimensional hexagonal MsC, (M = Zn, Cd
and Hg) monolayers: novel quantum spin Hall
insulators and Dirac cone materials¥
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The intriguing Dirac cones in honeycomb graphene have motivated the search for novel two-
dimensional (2D) Dirac materials. Based on density functional theory and the global particle-swarm
optimization method, herein, we predict a new family of 2D materials in honeycomb transition-metal
carbides M3C, (M = Zn, Cd and Hg) with intrinsic Dirac cones. The M3C, monolayer is a kinetically stable
state with a linear geometry (C—=M—C), which to date has not been observed in other transition-metal-
based 2D materials. The intrinsic Dirac cones in the ZnsC,, CdsC, and HgsC, monolayers arise from p—d
band hybridizations. Importantly, the HgzC, monolayer is a room-temperature 2D topological insulator
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DOI: 10.1039/c7tc02739g with a sizable energy gap of 44.3 meV. When an external strain is applied, additional phases with node-

line semimetal states emerge in the M3zC, monolayer. These novel stable transition-metal-carbon-
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Introduction

Two-dimensional (2D) topological insulators (TIs), also known
as quantum spin Hall (QSH) insulators, constitute a remarkable
class of atomically thin layered materials, which feature unique
symmetry-protected metallic edge states sheltered from back-
scattering. These are innovating functional materials due
to their potential applications in dissipationless electronic
devices.'™ Since the first 2D TI was proposed in graphene” by
Kane and Mele, intensive efforts have been devoted to searching
for new TIs in 2D crystals. This yielded a host of 2D TIs in
p-block metal based 2D materials, such as silicene,”” germanene,®
stanene,’ Bi,Se;,"® 2D III-Bi compounds,’* BiCHj;,'*> GeCH,,"
X2-GeSn,'* Gel,"” decorated stanene,'® Bi,F,,"” Bi,Br,,'® BiX/Sbx,"
and GaBiCL*® Many of these systems are now considered for
applications in future high-speed electronic-devices. However, the
QSH effect, which is the prominent feature of 2D TIs, has only been
experimentally realized in HgTe/CdTe*" and InAs/GaSb> quantum
wells. Recently, 2D transition-metal-based QSH insulators with large
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framework materials hold great promise for 2D electronic device applications.

band gaps have also attracted great interest due to their high
structural stability and diversity as well as strong resistance against
thermal fluctuations at room temperature. These newly discovered
2D transition-metal-based TIs (e.g;, ZrC,>* ZrTes,>* MX (M = Zr and
Hf; X = Cl, Br and 1),”® TaCX,*® M0,TiC,0,,>*® MoCe,>® Cu,Te,*
HgSe,” 1T'-M0S,,">** 50-M0S,,**" g-M0S,,***° 1T"-M08S,,*® TiNI*'
and g-MoN,H,") greatly enrich the family of QSH insulators for
practical applications. Importantly, 2D ZrTes crystals have been
already verified experimentally to possess an intrinsic QSH
effect,"** thus further confirming the potential of 2D transition-
metal materials as topological insulators.

Amongst all the predicted and synthesized 2D crystals, the
hexagonal lattice is the most favourable for 2D topological
insulators with intrinsic massless Dirac fermions.*® However,
only several varieties of 2D TIs, which were predicted theoreti-
cally, are hexagonal lattices with intrinsic Dirac cones, including
graphene,"” silicene,”” germanene,® and graphynes.***” Recently,
Liu and co-workers suggested the existence of intrinsic Dirac
cones in transition-metal-based organic TIs by assembling
molecular building blocks into a hexagonal lattice.***® Compared
to the well-known inorganic TIs, these transition-metal-based
organic TIs greatly broaden the diversity of topological materials
despite their tiny band gaps. However, these materials exhibit
kinetic instability and pronounced imaginary frequencies in their
phonon density of states,’® which hamper the feasibility of
experimental realization.

Inspired by previous studies, herein, our computational
investigation predicts a novel family of 2D crystals in transition
metal carbides M3;C, (M = Zn, Cd and Hg) with hexagonal
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lattices, which favour a novel linear geometry (C—=M=—C). Our
computations utilize the global particle swarm optimization
(PSO) methodology®® and density functional theory (DFT)
methods.*® In particular, we find that the M;C, monolayer
demonstrates a zero-gap semi-metal feature and possesses
distinct Dirac cones in the absence of SOC, showing strong
robustness against external strain. Remarkably, the Hg;C,
monolayer exhibits the QSH effect with an energy gap of
44 meV. Here, existence of topological helical edge states is
rationalized by p-d band inversion, which is a distinguishing
feature from other conventional TIs.

Methods

First-principles calculations were performed with the Vienna ab
initio simulation package (VASP)*>? within the framework of the
Perdew-Burke-Ernzerhof (PBE)*® generalized gradient approxi-
mation (GGA),>* and plane-wave basis sets of 500 eV on the
0.01 A~" spacing Monkhorst-Pack mesh. A slab model, together
with a vacuum layer larger than 15 A, was employed in all
calculations. Geometries were fully relaxed until the residual
forces on each atom became less than 0.01 eV A~*. The dynamic
stabilities of all systems were checked by phonon calculations
via the force-constant method®® as implemented in the PHONOPY
code.”® Thermal stability was also examined via several ab initio
molecular dynamics (AIMD) using the Nosé algorithm®” in the
NVT ensemble at the temperature of 1000 and 2000 K. To calculate
the edge states of the Hg;C, monolayer, the iterative Green’s
function®® was firstly constructed via a tight-binding Hamiltonian
in the basis of the maximally localized Wannier functions
(MLWFs)* and then the edge states were computed from the
imaginary part of the surface Green’s function, as provided by
WannierTools.*’

Results and discussion

Our 2D metal carbide M;C, (M = Zn, Cd and Hg) models were
obtained from a global structure search as implemented in
the CALYPSO code.>® They adapt the hexagonal space group
P6/mmm (No. 191) with a = b = 6.52, 7.21, and 7.13 A for Zn;C,,
Cd;C,, and Hg;C,, respectively (Table 1). As shown in Fig. 1a,
the 2D M;C, are structurally analogous to the graphene-like
Mg;N, monolayer® with one unique metal atom (site symmetty 3g)
and one independent C atom (site symmetry 2d) in the primitive
unit. All C atoms are trigonally coordinated to ambient M

Table 1 Calculated lattice parameters [lattice constants (l) and bond
lengths of M—N bonds], cohesive energies (Ecopn), topological Z, invariant
and band gaps with and without SOC for the MzC, sheets

L Ivn  Eeon PBE + SOC  HSE + SOC
Comp. (A) (A) (ev) PBE (meV) (meV) Zy
Zn,C, 652 1.88 252 sm® 1.2 1.1 1
cd,c, 7.21 2.08 1.97 sm® 4.7 3.8 1
Hg;C, 7.13  2.06 1.79 sm® 443 37.4 1

% Semi-metal.
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Fig.1 (a) Top view of the M3zC, monolayer. Primitive unit cells are
emphasized by the solid black line. (b) 3D projection of the Dirac cone
of the CdzC, monolayer in the vicinity of the K point. (c) Orbital-resolved
band structures for the M3zC, monolayers. The Fermi level is set to zero.

atoms via sp>-hybridization. The structure can be viewed as
an enlarged graphene framework with metal atoms linearly
inserted in between 2 C atoms, which favours strong extended
7 bonds and stabilizes the 2D sheets.®

To evaluate the stability of the M;C, lattice, we first computed
the cohesive energy®' with respect to the isolated atoms, which is
defined as E.on = (3Ey + 2E¢ — Eop)/5, where E,p, is the total energy
of the monolayer, and E\; and E are the energies of a single metal
atom and a C atom, respectively. Our results show that the Zn;C,,
Cd;C, and Hg;C, monolayers have cohesive energies of 2.52,
1.97, and 1.79 eV per atom, respectively. The obtained values
are lower than that of graphene (7.85 eV per atom), silicene
(3.91 eV per atom),*” germanene (3.34 €V per atom),® stanene
(3.03 eV per atom),” phosphorene (3.48 €V per atom),**® but
comparable with grey arsenene (2.40 eV per atom),*** greyanti-
monene (2.30 eV per atom),***> and metallic bismuthene (2.26 eV
per atom).’>®® This implies that the M;C, sheet might be synthe-
sized by epitaxial growth on an appropriate substrate such as
silicone.®®

The phonon spectrum and projected phonon density of
states shown in Fig. S1 (ESIt) were calculated to check the
dynamical stability of the M;C, monolayer. All branches over
the entire Brillouin zone are appreciably positive phonon
vibrational modes, which indicate that the M;C, monolayer is
at the energy minimum. From the projected phonon density
of states, it can be seen that the phonon spectrum mainly
contains the out-plane vibrations in the low-energy region,
especially at the zero point, whereas the contributions from
in-plane vibrations become larger when going from the 0 THz

This journal is © The Royal Society of Chemistry 2017
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to 15 THz energy region. The high-energy regions are dominated
solely by the in-plane vibrations, suggesting that the contributions
mainly stem from the strong m-conjugated bonds which poten-
tially further stabilize the planar geometry.

The mechanical stability of the M;C, monolayer can also be
assessed via elastic constants. The calculated 2D linear elastic
constants are C;; = 39.71, 31.74 and 41.16 N m ' and C;, =
34.46, 26.84, and 33.41 N m™ ! for the Zn,;C,, Cd;C, and Hg;C,
monolayers, respectively. These values are significantly smaller
than that of graphene (Cy; = 358.1 Nm " and Cy, = 60.4 N m™)*’
and fall under the Born criteria,® which further confirm their
mechanically stability.

We next examined the thermal stability of the M;C, mono-
layers by carrying out AIMD simulations. As shown in Fig. S2
(ESIt), the M3C, monolayers at 1000 K do not undergo drastic
structural distortions or transformations and can be optimized
back to their initial structures via simple relaxation calculations.
However, the snapshots of the Cd;C, and Hg;C, monolayers at
2000 K show the significant distortions of the geometry. Thus the
M;C, monolayers are all thermally stable at least up to 1000 K.

To study the electronic properties of the M;C, monolayer, we
next calculated their band structures as, shown in Fig. 1 and 2.
The monolayer is a zero-band-gap semi-metal with the valence
band (VB) and conduction band (CB) touching each other at the
K point in the absence of SOC (Fig. 1). It can be seen that linear
band dispersion appears around the Fermi level, which creates
the intrinsic Dirac cone (Fig. 1b). When SOC is taken into
account, the Dirac cones are well retained for Zn;C, and Cd;C,
with enlarged band gaps of 1.2 and 4.7 meV at the Dirac points,
respectively, which indicate the robustness of the Dirac cones
against SOC. This feature renders Zn;C, and Cd;C, as 2D Dirac
cone materials with negligible energy gaps. For the Hg;C,
monolayer, SOC introduces a larger gap of 44.3 meV in the
massless Dirac fermion (Fig. 2), which gives rise to room-
temperature topological insulating states. Refined calculations based
on the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional®>”°

1.0
Hg
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0.5F - I
2 a | <
250.0F &0.0£44.3 meV - N
= N.§
K M | I
-0.5}
-1.0
r K M r DOS

Fig. 2 Calculated band structures and projected density of states of the
HgszC, monolayer with SOC. The Fermi level is set to zero.
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give band gaps of 1.1, 3.8 and 37.4 meV for the Zn;C,, Cd;C,
and Hg;C, monolayers, respectively. Considering the point group
symmetry (Dgp,) for the HgzC, monolayer, the Hg-d orbitals are
classified into three categories: dyx2_y2, dizyz, and de. In the
vicinity of the Fermi level, the VB and CB mainly originate from
the C p, orbitals and some contributions from Hg-pyy, -dyyx2—y2
orbitals (Fig. 2). Meanwhile, the VB-1 is primarily derived from the
C-pxy and Hg-py,, -dyyx2—y2 oOrbitals. Consequently, the p,, and
dyyx2—y2 oOrbitals are responsible for the ¢ bonds, whereas the p;,
and d,;,, orbitals are hybridized into = bonds, which yield the
Dirac cones (Fig. 2 and Fig. S3, ESIf). Noticeably, such 2D
n-conjugated local network owing to p—d hybridization leads to
the linear geometry around the M atom bonding to two C atoms,
which is to some extent analogous to the well-known d'° transi-
tion metals-based molecules such as Cul, Agl and Aul linearly
coordinated with a ligand [N=C-M-C=N]".”" Notably, such
structure is yet to be observed in other 2D transition-metal-based
crystals, which would advance the boundaries of coordination
chemistry.

In order to gain more insight into the Dirac cone behaviour
of the M;C, sheet, we took the Hg;C, monolayer as an example.
Fig. 3 displays the difference charge density, the electron
localization function (ELF)’*> and the partial charge densities
at the Dirac points for this material. The plots reveal an
electron abundant C-domain and electron deficient Hg atoms.
The electrons are mainly localized at the strong Hg-C bonding
regions. The ELF shows that there are high electron localization
regions between the metal and carbon atoms. This indicates
that the metal atoms serve as “~C=C-" bonding structures in
graphynes,’® which bridge the gap between two C atoms’
(Fig. 3a and b). In real space, the partial charge densities of
the VB maximum (Fig. 3c¢) and CB minimum (Fig. 3d) confirm
participation of the Hg-p;, -ds;;. and C p, orbitals in the
formation of Dirac cones, which further stabilizes the 2D frame
structures of Hg;C,.

| vBM CBM |

SWER| 888

Fig. 3 (a) Difference charge density (isovalue: 0.07 e A~; green: electron
accumulation region; and yellow: electron depletion region.) and
(b) electron localization function (ELF) of the HgzC, monolayer with an
isovalue of 0.75 e A=, Top and side views of (c) VB maximum and (d) CB
minimum charge density contours at the Dirac point of the HgzC,
monolayer.
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Notably, the Dirac cones in the Zn;C, and Cd;C, monolayers
are robust against SOC. The SOC in these two materials is small
and only produces very small gaps of 1.2 and 4.7 meV in the
cones (Table 1), respectively, resulting in the large linear
dispersion and existence of Dirac cones. In the vicinity of the
Dirac points, the Fermi velocity (vf) values were calculated using
the expression v = 0E/(h0k). The v values of the Zn;C, mono-
layer along the I' — Kand K — M directions are 3.17 x 10° m s~ *
and 2.73 x 10° m s~ ', respectively. The Fermi velocity values of
the Cd;C, monolayer are 3.07 x 10° and 2.65 x 10° m s~ ' along
the same two directions. These values are comparable to that in
graphene (8.2 x 10° m s™').*® To benchmark our computations,
the Fermi velocity of graphene calculated using our methodology
is 9.52 x 10° m s " and 7.43 x 10° m s~ ' along the I' — K and
K — M directions, respectively, which are in good agreement with
the previous results.*®

It should be mentioned that previous studies suggested an
intrinsic QSH insulating feature in graphene with Dirac states.
Since the Hg;C, monolayer has a larger SOC gap, we first
checked the existence of a nonzero topological invariant,”®”*
which is a remarkable feature of QSH materials. This was
directly calculated from the parities of occupied bands at time
reversal invariant momenta (TRIM) due to the presence of
inversion symmetry. The detailed parities of occupied bands
for the M;C, monolayer are listed in Fig. S4 (ESI{). The parity
products for the occupied states at the TRIM of the I' and M
points were calculated to be +1 and —1, respectively. This yields
a nontrivial topological invariant v = 1, which indicates the
presence of the QSH effect in the M;C, monolayer.

For 2D QSH insulators, the nontrivial topological feature
appears due to the topological edge states connecting the VB
and CB of each system at certain k-points, which is protected
from back scattering. The obtained edge states are shown in
Fig. 4. It can be seen that the topologically protected edge states
with isotropy actually exist within the bulk band gap of the
Hg;C, monolayer. Due to the nontrivial topology, the edge states
are robust and cut the Fermi level an odd number of times,
further supporting the QSH effect in the Hg;C, monolayer.

e
=

Energy (eV)
e
<

M r

Fig. 4 Calculated topological edge states of HgzC, monolayers with the
Fermi level set to zero. The edge states connect the bulk valence and
conduction bands.
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It is well known that nontrivial topological features are closely
associated with orbital interactions. The evolution of orbitals for
HgC, at the K point is shown in Fig. 5a. With an increase in strain
from —8% to —6%, the ¢ bond (py,, d.y,x_y2 orbitals) with parity
p = —1 as the CB minimum is downshifted, crossing the Fermi
level and finally locates below the VB maximum, which produces
band inversion. Such band crossing induces a new topological
node-line phase in the Hg;C, monolayer (Fig. 5b), where the band
gaps open when SOC is included (Fig. S5, ESIT). Such feature
of 2D node-line is analogous to that in Honeycomb-Kagome
Hg,As,” and different from T-graphene”® with a closed curve
band. The well-defined nontrivial Z, topological invariant demon-
strates that the new phase also exhibits a nontrivial topological
nature. Similarly, band inversion also appears in the Dirac cone
materials Zn;C, and CdsC, (Fig. S6, ESIT) between strains of about
—8% and —6%. The nontrivial topology in the M;C, monolayer
mainly stems from the massive Dirac cones, which are related to
the honeycomb topology with effective hopping, as illustrated for
graphynes.”””® Although the origin of the nontrivial topology in
the M;C, monolayer is similar to that in graphene,” silicene®” and
BiX/SbX monolayers,'® here the massive Dirac cones are essen-
tially composed of the M p,, d,;,. and C p; orbitals. This leads to
new phenomena distinct from the well-known pure p-orbital
Dirac cones. The SOC weakly lifts the degeneracy and opens up
a fundamental gap through the Kane-Mele model, as described
for graphene.”

Based on the above analysis, strain-induced band inversion
in the Hg;C, monolayer appears to drive the formation of Dirac
cones (Fig. 5a). However, it is crucial to check the topological
robustness against external strain. As shown in Fig. 5b for the
Hg;C, monolayer, upon increasing the compressive strain, the
maximum of VB-1 shifts upwards and locates above the Fermi

o strain (-8%)

0,.. with SOC R,y_*-dxy,xZ-yZ
(a “\S/ p z+ A

-‘strain (-6%)
e with SOC

f

Soc gap (meV)
—_— —
S o

n
]

0
-2 9 -6 -3 0 3 6 9 12
strain (%)

Fig. 5 (a) Schematic of the band evolution around the Fermi level at the K
point with SOC. Parity values are presented near the various orbitals.
(b) Nontrivial topological gap of the HgzC, monolayer as a function of
applied external biaxial strain obtained with the PBE + SOC technique.
Olive region: node-line semimetal phase without SOC and green region:
single Dirac core phase without SOC.
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level as the minimum of the CB. This causes Hg;C, to be a 2D
node-line semi-metal when the lattice is compressed in the
range of —12 to —6% in the absence of SOC. The unchanged
nontrivial topological invariant v = 1 is observed in the range
from —12% to 12%, which means that Hg;C, is a robust QSH
insulator against external strain. Although the strain values
considered here in the Hg;C, monolayer are very challenging to
achieve experimentally, they actually lie in an accessible strain
range, as verified in graphene’® and MoS,*® with strain limits
of up to ~15% and ~11%, respectively, without substantial
destruction of their crystal geometry. AIMD simulations expli-
citly demonstrate that M;C, films under an in-plane biaxial
tensile strain beyond 5% are thermodynamically stable and
have no structural disruption or decomposition at 300 K
(Fig. S7, ESIf). The phonon spectrum shows no negative
frequencies (Fig. S8, ESIT), suggesting that the strained M;C,
monolayer under such a strain is dynamically stable. Thus,
these strained M;C, monolayers possessing the QSH effect are
potentially accessible via epitaxial film growth on suitable
substrates, nanoindentation, or mechanical stretch as demon-
strated for graphene in previous experiments.”® The other two
M;C, monolayers, when SOC is not included, feature node-line
(in the range of —12% to —6%) and a single Dirac cone (in the
range of —5% to 12%). Importantly, this feature of Dirac cones
in the Zn;C, and Cd;C, monolayers is robust against both SOC
and external strain in a large range. Similar topological evolu-
tions are also found in the range of —12% to 12% for the Zn;C,
and Cd;C, monolayers (Fig. S9, ESIT). These robust intrinsic
properties greatly expand their potential applications in more
demanding mechanical conditions, which motivate subsequent
experimental studies.

Conclusions

In summary, our first-principles calculations predict that M;C,
(M = Zn, Cd and Hg) monolayers are a new family of 2D
materials in a hexagonal lattice with intrinsic Dirac states.
Here, the linear stable geometry (C—M=—C) emerges, which
is yet to be observed in other transition-metal-based 2D materials.
The Dirac cones in the Zn;C, and Cd;C, monolayers are robust
against SOC. The Hg;C, monolayer is a room-temperature
quantum spin Hall insulator with a sizable energy gap of
44.3 meV. The topological properties of the Hg;C, monolayer
are robust against mechanical deformation, which firmly places
Hg;C, in the realm of QSH materials. By applying in-plane
strain, M;C, (M = Zn and C) sheets show robust Dirac cone
characteristics against external strain in the range of —5% to
12% and topological node-line semimetal features are observed
within the compressive strain range of —12% to —6%. Overall
our findings suggest a new design for possible functional
materials and facilitate experimental realizations.
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