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Abstract
Nodal-loop semimetals are novel quantum materials that have attracted considerable research interest from scholars for 
their fascinating properties due to the band crossing characteristic. Nevertheless, nodal loop semimetals in two-dimensional 
(2D) lattices are quite rare. Here, we report our new discovery of a  Zn4C2 monolayer with a P4/mmm symmetry tetragonal 
lattice that possesses a robust Dirac nodal-loop state, using first-principles calculations. Further calculations show that the 
gapless nodal-loop is protected by the horizontal mirror symmetry, which can be well maintained at external strains between 
-8% and 8%, and is also robust against the choice of Ueff for correlation effect and the choice of functional. The results of 
this paper reveal a new type of novel 2D Dirac nodal-loop material, which provides a new potential material for high-speed 
electronic devices.

Keywords First-principles calculations · nodal-loop · semimetal

Introduction

Since the discovery of graphene, two-dimensional (2D) 
materials have been of enormous curiosity to scholars.1–4 
Many of the exciting physical features of graphene are 
related to its topological band structure, i.e., the conduc-
tion and valence bands of graphene cross linearly on the 
Fermi surface in the Brillouin zone (BZ) to form a Dirac 
cone, which allows low-energy electrons to form similar 
two-dimensional massless Dirac fermions.5 With the rapid 
development of experimental technology, in recent years, 
many new 2D materials have been synthesized experimen-
tally,2–4 and due to the discovery of the novel properties of 
graphene, there has been great enthusiasm for exploring 2D 
materials with nonlinear band topology.

After intensive research, more 2D materials with topo-
logical properties have been discovered, among which are 
topological semimetals. As an exciting ingredient for simu-
lating quasiparticles in high-energy physics, topological 

semimetals have attracted much attention in condensed 
matter physics.6–11

The topological semimetals so far known can be cat-
egorized into Dirac semimetals,9,10,12,13 Weyl semimet-
als,14–16 nodal line semimetals,17–20 and nodal surface 
semimetals.21,22All of these have non-trivial topological 
energy band structures near the Fermi surface, or symmetry-
protected linear crossings of the energy bands. For Dirac 
semimetals, the energy band crossings are zero dimension, 
i.e., 0D, nodal points, and the points are isolated in the BZ, 
where they are normally protected by mirror symmetry, rota-
tional symmetry, or glide mirror symmetry. Due to the fasci-
nating physical characteristics of the low-energy excitation 
in this kind of semimetal, e.g., Fermi arcs surface  states23,24 
and chiral anomalies,25,26 they offer great application pros-
pects for high-speed electronics.27 A nodal-loop semimetal 
with one-dimensional (1D) properties forms a closed line 
that is always protected by chiral, mirror, and gliding mirror 
symmetries. Apart from applications in high-performance 
devices,30 this property gives this peculiar semimetal a 
drumhead flat surface state,28,29 which provides an essential 
platform for the implementation of intense electron correla-
tion effects. The number of predicted 2D Dirac nodal states 
is very limited, with structures such as MnN, Si-Cmma, 
 B2O,  B6O,  K2N,  Cr2N6C3 , and  TaSiTe6.31–34 Among these, 
a few Dirac materials, such as  Cu2Si,35 CuSe,36 and  GdAg2

37 
monolayers, have been verified. Therefore, the search for 
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non-trivial topological states, especially nodal-loop states, 
is still of great research value.

In this work, we carried out electronic band structure 
calculations to demonstrate that a 2D monolayer  Zn4C2 is 
a symmetry-protected NL semimetal material, with the NL 
protected by horizontal mirror symmetry in the absence 
of spin–orbit coupling (SOC). The NL states hold steady 
against the uniaxial strains, and are independent of the 
choice of the correlation parameter, Ueff , and the choice of 
functional. Our results provide a new robust candidate of 2D 
nodal-loop semimetal material.

Computational Details

Our structural optimization and properties have been cal-
culated by first-principles calculations based on a density 
functional theory (DFT) approach implemented in the 
Vienna Ab initio Simulation Package.38,39 A vacuum space 
of 20 Å was set up to prevent interactions between neighbor-
ing atomic layers whose periodic images can be neglected. 
The generalized gradient approximation  was used in the 
Perdew–Burke–Ernzerhof (PBE)40 scheme to depict the 
exchange–correlation functional, various Hubbard U values 
were tested, and the results show that the properties are simi-
lar. So, we set Ueff = 7.5 eV to resolve the on-site Coulomb 
interactions in the d orbitals of the Zn atoms. The wave func-
tion was extended using a kinetic cutoff energy of 550 eV. 
The BZ was summarized by an 11 × 11 × 1 Γ-centered 
Monkhorst–Pack k-point grid. The lattice constants of the 
structures and the ionic positions of each atom were con-
firmed through structural full optimization until the energy 
converged to less than  10–7 eV and the force converged to 
less than 0.001 eV/Å. To verify the stability of the struc-
ture, the phonon dispersion spectrum was obtained using the 
PHONOPY code. The ab initio molecular dynamics (AIMD) 
simulations were performed based on Nose–Hoover canoni-
cal thermostat.

Results and Discussion

Figure 1a and b shows the atomic structure predicted in 
this work. The structure has a tetragonal lattice with P4/
mmm symmetry and an optimized lattice constant of 
a = b = 5.30 Å, and each unit cell consists of four Zn atoms 
and two C atoms, with each C atom coordinated by four Zn 
atoms. The bond length of Zn-C was optimized to be 1.87 Å.

The cohesive energy of the quantity  Zn4C2 was calculated 
first to prove its stability, and the equation for the cohesive 
energy is:

in which the EZn and Ec represent the energies of Zn and 
C atom, respectively, and the EZn4C2 represents the energy 
of  Zn4C2. The cohesive energy of  Zn4C2 is 2.149 eV/atom, 
slightly smaller than that of  Cd4C2 (2.46 eV/atom) with 
similar configuration, as reported previously,41 suggesting a 
moderately strong 2D bonded network, which is feasible for 
the experimental realization.

Furthermore, to verify the lattice dynamic and thermal 
stabilities of  Zn4C2, we performed calculations on the pho-
non dispersion spectrum and AIMD simulations using a 3 
× 3 supercell. The results of the phonon dispersion spec-
trum are shown in Fig. 1c. It can be seen that  Zn4C2 is free 
of imaginary modes, demonstrating its dynamical stability. 
From the AIMD simulations, it can be seen that the total 
energy of the  Zn4C2 monolayer fluctuates smoothly at 300 K, 
as shown in Fig. 2a. Figure 2b illustrates snapshots of the 
structures at 0 ps, 10 ps, 20 ps, and 30 ps, while no lattice 

Ec =
(

4EZn + 2EC−EZn4C2

)

∕6,

Fig. 1  (a) Top and (b) side views of  Zn4C2, (c) the phonon dispersion 
spectrum of  Zn4C2.

Fig. 2  (a) Total energy evolution of  Zn4C2 monolayer at 300 K during 
AIMD simulation, (b) geometric structure snapshots of  Zn4C2 mon-
olayers in AIMD simulations at 0 ps, 10 ps, 20 ps, and 30 ps.
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deformation occurred, which demonstrates the thermally 
stability at room temperature.

The study then focused on the mechanical properties of 
the  Zn4C2 monolayers. Their corresponding elastic constants 
were computed as C11 = 245.08 N/m, C12 = 153.93 N/m, 
C22 = 245.08 N/m, and C44 = 168.53 N/m. They well satisfy 
the Born–Huang  criterion42 (C11 > 0, C11C22 > C12

2, and 
C44 > 0). Taking this into account, the in-plane Young's 
modulus and the in-plane Poisson's ratio along any azi-
muthal angle ϕ can be computed using:

where � is the polar angle, c = cos � and s = sin � . As plotted 
in Fig. 3a, we can see that the Young's modulus of  Zn4C2 
indicated a distinct anisotropy due to the quadrilateral sym-
metry. The maximum value of Young’s modulus is about 
364.97 N/m at � = 45°, and the minimum value is 62 N/m 
when θ = 0°. The proportion of the maximum to the mini-
mum value of the Young's modulus is about 5.87, this is fur-
ther evidence of the significant anisotropy of the mechanical 
properties of  Zn4C2. The behavior of the Poisson's ratio of 
 Zn4C2 can be seen in Fig. 3b, which shows the exact oppo-
site trend to the Young's modulus. The Young's modulus 
and the Poisson's ratio of the monolayer  Zn4C2 structure are 
clearly orientation-dependent, which also demonstrates its 
anisotropic mechanical characteristics.

The DFT-based electronic band structure of  Zn4C2 on 
the high symmetry path G-R-Y-G-X is plotted in Fig. 4a. 
Interestingly, the valence and conduction bands cross at 
the Fermi energy level and intersect at points, and we can 
see from Fig. 4a that these are along the G-R, G-Y, and 
G-X paths at three different points, D1, D2, and D3, respec-
tively. Figure 4b plots a partial enlargement of the Fermi 
level band structure near point D2, which shows that the two 
bands exhibit a linear crossover property and that the charge 

Y(�) =
C11C22 − C

2

12

C11s
4 + C22c

4 +
(

C11C22−C
2

12

C44

− 2C12

)

c2s2

v(�) = −

(

C11 + C22 −
C11C22−C

2

12

C44

)

c2s2 − C12

(

c4 + s4
)

C11s
4 + C22c

4 +
(

C11C22−C
2

12

C44

− 2C12

)

c2s2

,

carriers in them can be characterized as massless Dirac fer-
mions. The more interesting discovery is that each energy 
band forming the Dirac cone corresponds to a well-defined 
orbital component, as shown in Fig. 4c, where crossings 
D1, D2, and D3 are dominated by  pxy of Zn and  pz of C, 
respectively.

The real part of Kohn–Sham wavefunctions near the three 
points are plotted in Fig. 5b to understand the mechanism 
of symmetric protection on the nodal-loop state. The space 
group of  Zn4C2 is P4/mmm (No. 123), which includes 16 
symmetry operators. Where all the path of high symmetry 
point R − Γ , X − Γ and Y − Γ in BZ are horizontal mirror-
invariant high symmetry lines, the wavefunction on the 
two lines which are near the fermi level can be marked by 
the chiral eigenvalues (+ or −) of the mirror operator. By 

Fig. 3  (a, b) Young’s modulus and Poisson’s ratio of  Zn4C2 mon-
olayer. Fig. 4  (a) Electronic band structure at high symmetry points in the 

first BZ obtained by the PBE  +  U method, (b) partially amplified 
energy band structure diagram of  Zn4C2 with increasing density of 
dots in the BZ at the second Dirac point, (c) corresponding orbital-
resolved projection.

Fig. 5  (a) Calculated band structure of  Zn4C2 monolayer, (b–d) real 
part of Kohn–Sham wave functions near each band crossing point.
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computing the eigenvalues about the horizontal mirror sym-
metry near the Fermi surface shown in Fig. 5a, we find that 
the crossing two bands have opposite mirror eigenvalues 
at all the three Dirac points (D1, D2, and D3), indicating 
that the band crossing is indeed protected by horizontal mir-
ror symmetry. To illustrate the distribution of the crossing 
points, we further plot the two crossing bands near the Fermi 
level in the whole BZ, as shown in Fig. 6a, b, and we can see 
that the two energy bands intersect to form a closed nodal-
loop state in the center of the first BZ.

In order to verify the mechanism of symmetric protec-
tion, we introduced manually structural distortion, as shown 
in Fig. 7a, b, in which the horizontal mirror symmetry is 
broken by shifting the equilibrium position of one C atom. 
The result shows that the NL states are eliminated due to the 
open of band gap at all the three band crossings (18 meV, 
67 meV, and 67 meV for D1, D2, and D3, respectively). In 
conclusion, mirror symmetry plays a major role in the NL 
state of  Zn4C2 protection.

Since strain is an effective means of regulating the elec-
tronic properties of 2D materials, we then further investi-
gated whether the NL state can remain stable for different 
uniaxial strains without breaking the horizontal mirror 

symmetry. Here, the strain is defined as �
a
=
(

a − a0

)

∕a0 
and �

b
=
(

b − b0

)

∕b0 , and we can vary the lattice constant to 
achieve strain engineering, while the energy band structure 
of  Zn4C2 is well preserved in the strain. Figure 8 shows the 
energy band structure at six different strains, where the NL 
state is well protected due to the persistence of horizontal 
mirror symmetry.

Due to the correlation effect of transition metals possibly 
having an impact on the properties of the material, we used 
different Ueff values to check the band structure of  Zn4C2. 
When the correlation effect is excluded (Ueff = 0), there are 
still three band crossings near the Fermi level, which indi-
cates that the nodal-loop state is intrinsically present (see 

Fig. 6  (a) 3D band structure consisting of two energy bands closest to 
the Fermi surface, (b) in-plane projection of NL.

Fig. 7  (a) Top and (b) side views of geometric structure for distorted 
 Zn4C2 monolayer; the brown dotted line represents the equilibrium 
position of the central C atom, (c) band structure of distorted  Zn4C2 
monolayer (Color figure online).

Fig. 8  Band structure obtained for  Zn4C2 monolayer under uniaxial 
strain along the a direction.

Fig. 9  (a–f) Calculated band structure of  Zn4C2 monolayer with dif-
ferent Ueff values.
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Fig. 9a). The NL state is maintained at different given values 
of Ueff, which indicates good robustness of NL against cor-
relation effects, as shown in Fig. 9b–f. In addition, the band 
structure calculated by the HSE06 hybrid function further 
proves the existence of the NL state, which is similar to the 
band structure under Ueff = 7.5 eV, as shown in Fig. 10a, 
which indicates that the NL has good robustness against the 
choice of functional.

When the effect of SOC is taken into account, as shown 
in Fig. 10b, all three points at the Fermi level are open to 
varying degrees of band gaps. This is because the spin 
taken into account breaks the horizontal mirror symme-
try of the wavefunction, which leads to the elimination 
of orbital orthogonality and the band crossing. How-
ever, since the energy band near the Fermi energy level 
is mainly contributed by the 3d orbitals of the Zn atoms, 
the SOC strength is relatively weak and the band gaps due 
to the SOC are tiny (16.9 meV, 31 meV, and 31 meV for 
D1, D2, and D3, respectively). In principle, such a narrow 
band gap opening does not seriously affect the application 
of the  Zn4C2 monolayer at room temperature.

Conclusions

We have proposed a 2D  Zn4C2 monolayer with the nodal-
loop band state using first-principles calculations. This 
 Zn4C2 film has good kinetic and thermal stability and is 
expected to be synthesized experimentally at room tem-
perature. Notably, the nodal-loop state is protected by the 
horizontal mirror symmetry, making the nodal-loop gapless 
under different correlation effects and the choice of func-
tional. Also, the nodal-loop state is robust against the uni-
axial strain engineering of ± 8%. Our findings reveal a new 

type of novel 2D Dirac nodal-loop material, and provide a 
new potential candidate for high-speed electronic devices.
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