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ABSTRACT 
Magnetic two-dimensional (2D) topological insulators with spontaneous magnetization have been predicted to host quantum anomalous 
Hall effects (QAHEs). For organic topological insulators, the QAHE only exists in honeycomb or Kagome organometallic lattices 
based on theoretical calculations. Recently, coloring-triangle (CT) lattice has been found to be mathematically equivalent to a Kagome 
lattice, suggesting a potential 2D lattice to realize QAHE. Here, based on first-principles calculations, we predict an organometallic 
CT lattice, Cu-dicyanobenzene (DCB), to be a stable QAH insulator. It exhibits ferromagnetic (FM) properties as a result of the 
charge transfer from metal atoms to DCB molecules. Moreover, based on the Ising model, the Curie temperature of the FM ordering 
is calculated to be around 100 K. Both the Chern numbers and the chiral edge states of the semi-infinite Cu-DCB edge structure, 
which occur inside the spin-orbit coupling band gap, confirm its nontrivial topological properties. These make the Cu-DCB CT lattice 
an ideal candidate to enrich the family of QAH insulators. 
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1 Introduction 
Two-dimensional (2D) topological insulators (TIs) have attracted 
considerable research interests due to the protection of their edge 
states inside bulk band gap by the time reversal symmetry (TRS) 
[1–7]. These robust edge states have the potential in applications 
such as spintronics and quantum computation with the advantage 
of low-power-consumption [8]. 2D TIs are also termed quantum 
spin Hall (QSH) insulators because of their quantized Hall 
conductivity induced by an external magnetic field [4]. When 
a TI has an intrinsic magnetic exchange interaction, a quantized 
Hall conductivity can be observed inside the topologically 
nontrivial insulating gap without the external magnetic field due 
to the broken of the TRS. This leads to a quantum anomalous 
Hall effect (QAHE) [9, 10]. The QAHE was first observed 
experimentally by Chang et al. in thin films of chromium- 
doped (Bi, Sb)2Te below 30 mK [11]. To date, despite various 
theoretical predictions and the new developments in synthetic 
methods, an experimental observation of a higher-temperature 
QAHE is still a daunting challenge [11, 12]. Thus, it is highly 
desirable to search for innovative topological materials with 
intrinsic magnetization and subsequently the QAHE. 

So far, most materials predicted for realizing the QAHE are 
inorganic. Recently, however, several theoretical works suggested 
the possibility of 2D organometallic frameworks as organic 
topological insulators (OTIs) [13], which are known to have  

potential advantages such as low costs, easy of fabrication, and 
mechanical flexibility. To date, 2D OTIs can be divided into 
two groups: In the first one, metal atoms bond with two molecule 
ligands forming honeycomb lattices with a magnetic ground 
state [14–17]. They are the OTIs with QAHE; in the second 
one, metal atoms bond with three molecule ligands forming  
a Kagome lattice with a non-magnetic ground state [18–21]. 
In order to realize QAHE in OTIs with the Kagome lattice, 
substitution of the noble metal atoms (Cu, Pb, Bi) with magnetic 
metal atoms (Mn, Co) [22–24] is required, which turns the 
non-magnetic ground state into a magnetic ground state. 
Recently, Liu et al. proposed that a coloring-triangle (CT) 
lattice [25] can host the Kagome band and predicted that such 
a CT lattice can exist in an Au overlayer on Ca2N substrate, 
although the overlayer here is non-magnetic. Clearly, time is 
ripe to uncover a class of intrinsically magnetic 2D CT lattices 
to host the QAHE. 

In this paper, we report for the first time an organometallic 
CT lattice, i.e., the Cu-dicyanobenzene (DCB) lattice, as a stable 
QAHE insulator. We find that its ferromagnetic (FM) state, with 
local magnetic moments, comes from a charge transfer between 
the metal atoms and DCB molecules. The FM ordering is studied 
with the Ising model, which yields a Curie temperature for 
the Cu-DCB CT lattice at about 100 K. The calculated Chern 
numbers and the semi-infinite chiral edge states within the 
spin-orbit coupling (SOC) gap confirm its nontrivial topological 

Address correspondence to Lizhi Zhang, lzhang94@utk.edu; Shixuan Du, sxdu@iphy.ac.cn 



 Nano Res.  

 | www.editorialmanager.com/nare/default.asp 

2 

properties. Our findings suggest that Cu-DCB could be an ideal 
material for realizing QAHE. 

2 Results and discussion 
Figure 1 shows the structure of optimized freestanding 2D 
Cu-DCB CT lattice containing a hexagonal (honeycomb) lattice 
formed by Cu atoms (red dashed line), and a CT lattice formed 
by DCB molecules (blue shadows). In each unit cell (black 
rhombus in Fig. 1), there are two Cu atoms and three DCB 
molecules; the optimized lattice constant of the freestanding 
Cu-DCB CT lattice is a =17.63 Å. One DCB molecule contains 
one benzene ring and two CN groups (bottom left in Fig. 1). 
The DCB molecule can form strong coordination bonds with 
transition metal atoms due to its lone pair electrons of the CN 
group [26, 27]. The bond length and bond energy of Cu–N are 
about 1.87 Å and 1.08 eV, respectively. Ebond = −(Etot – 3 × Emol – 
2 × ECu)/6, where Etot is the total energy of the lattice, Emol is  
the energy of a free DCB molecule, and ECu is the energy of a 
free Cu atom). Molecular dynamics (MD) simulation at room 
temperature (RT) (Fig. S1 in the Electronic Supplementary Material 
(ESM)) demonstrates that Cu-DCB CT lattice is stable at RT. 

We calculated the total energies of the Cu-DCB CT lattice in 
FM, antiferromagnetic (AFM) and nonmagnetic (NM) states. 
The results indicate that the FM state (Fig. 2(a)) is more stable 
than the AFM (Fig. 2(b)) and NM states by about 65 and  
303 meV/unit cell, respectively. Although the energy differences 
normalized to atom are lower than the thermal energy at RT, 
the local magnetic moments in the DCB molecule are robust 
against structural distortion. The thermal stability of the FM 
ordering of these local magnetic moments can be evaluated 
using Monte Carlo simulations within the Ising model, which 
exhibits a Curie temperature of about 100 K, as illustrated in 
Fig. 2(c). Figures 2(a) and 2(b) show the spatial distributions 
of spin-polarized electron density in FM and AFM states, 
respectively. The spin-polarization in FM state mainly comes 
from the pz orbitals of carbon and nitrogen atoms in the DCB 
molecules, resulting in a magnetic moment of 2.0 μB per unit 
cell. The spin-polarization in AFM state also comes from pz 
orbitals of DCB molecules with a net spin of zero.  

To better understand the intrinsic FM state of Cu-DCB CT 
lattice, we perform a molecular orbital analysis. From the 
electronic configuration of the Cu atom (3d104s1), one can 
conclude that each Cu atom offers one extra electron to the 
DCB molecule. In accordance, the Bader charge analysis shows  

 
Figure 1 The atomic structure of Cu-DCB CT lattice. The bottom left inset 
shows the DCB molecular unit. The red dashed line and black rhombus 
outline the honeycomb lattice of Cu atoms and the unit cell, respectively. 
The blue shadows represent the CT lattice of the DCB molecules. 

 
Figure 2 Magnetic properties of Cu-DCB CT lattice. The spatial distributions 
of spin-polarized electron density in (a) FM and (b) AFM states, where the 
iso-surface value is set to 0.002 e/Bohr3. (c) Temperature dependence of 
magnetic moment calculated by using Ising model. (d) Molecular orbital 
analysis of intrinsic DCB molecule (upper panel) and the DCB molecule 
doped by one electron (lower panel). 

that about 0.8 electrons are transferred from Cu atom to DCB 
molecule. Thus, we infer that the FM state is induced by an 
electron doping of the DCB molecules. To confirm, we calculate 
a single molecule with one extra electron, while maintaining the 
charge neutrality by a compensating homogenous background 
charge. As shown in Fig. 2(d), the doped DCB molecule indeed 
exhibits the FM. Moreover, the lowest unoccupied molecular 
orbital (LUMO) of the intrinsic DCB molecule splits into a singly 
occupied/a singly unoccupied molecular orbital (SOMO/SUMO, 
blue dashed rectangles in Fig. 2(d)), which is similar with 
previous studies [28, 29]. Physically, the two electrons of the 
two Cu atoms in a Cu-DCB unit cell occupy, according to the 
Pauli exclusion principle, the three SOMOs of the three DCB 
molecules with the same spin direction, which leads to a net 
magnetic moment of 2.0 μB. 

The band structure of the FM state without SOC is shown in 
Fig. 3(a). We can clearly see the typical Kagome bands around 
the Fermi level, consisting of one flat band above two Dirac 
bands. These properties are consistent with the band structure 
of a CT lattice [25].  

We noticed that the Cu-dicyanoanthracene (Cu-DCA) 
Kagome lattice has the same valence electrons as our Cu-DCB 
CT lattice. However, the Fermi level of Cu-DCA Kagome lattice 
is between two Dirac bands and its ground state is non-magnetic 
[19]. For Cu-DCB CT lattice, the spin-up (red line) and spin- 
down (black line) bands split, and only the spin-up bands are 
left around the Fermi level. The Fermi level is exactly between 
the flat band and top Dirac band. We have also investigated 
the influence from the on-site Coulomb interaction to the 
band structures (Ueff = 3 and 4 eV as commonly used for Cu 
atoms [30, 31]), and have found that the band structures (Fig. S2 
in the ESM) are almost the same as that in Fig. 3(a). From  
the projected density of states (PDOS) shown in Fig. 3(b), the 
Kagome bands mainly come from the pz orbitals of the carbon 
and nitrogen atoms in DCB molecules with little contribution 
from the Cu d orbitals. 

When the spin-orbit coupling (SOC) is taken into account, 
a band gap (Δ1 = 2.0 meV) opens between the flat band and 
the top Dirac band, and the Fermi level lies exactly inside the 
SOC gap, as shown in the inset of Fig. 3(c). The Dirac point 
around −0.2 eV also opens a gap of Δ2 = 0.6 meV. The two band   
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Figure 3 Electronic structures of the Cu-DCB CT lattice. (a) Band structure 
and (b) PDOS without SOC. (c) Band structure within SOC around two 
SOC gaps (Δ1 = 2.0 meV and Δ2 = 0.6 meV). (d) The semi-infinite chiral 
edge states within the SOC gaps (Δ1 and Δ2). 

gaps can be further enlarged to Δ1 = 2.5 meV and Δ2 = 6.4 meV 
by placing the Cu-DCB CT on a monolayer h-BN (see Fig. S3 in 
the ESM). As an important signature of 2D TIs, the topological 
edge state of the Cu-DCB CT lattice is calculated by using  
the Wannier90 package [32], in which a tight-binding (TB) 
Hamiltonian in the basis of the maximally localized Wannier 
functions (MLWFs) is fitted to the first-principles band structure. 
Using these MLWFs, the edge Green’s function of the semi- 
infinite CT lattice is constructed using the recursive method 
[33], and the local density of state (LDOS) of the edge structure 
is calculated. The LDOS for spin-up components of a semi- 
infinite Cu-DCB CT lattice is shown in Fig. 3(d). The nontrivial 
chiral topological edge states connecting the bottom of conduction 
band and top of valence band emerge in both SOC gaps (Δ1 
and Δ2). A global band gap is opened when Cu is replaced by 
Au (see Fig. S4(d) in the ESM), due to its larger SOC than  
Cu. It separates the chiral edge states from the bulk states (see 
Fig. S4(e) in the ESM), which can be highly desirable in practical 
applications. 

To further confirm the topological properties of the Cu-DCB 
bands, the Chern numbers C for spin polarized bands are 
calculated using the Kubo formula as follows 
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where n is the band index, ψnk is the eigenstate of eigenvalue 
εnk of band n, fn is the Fermi distribution function, νx/y is the 
velocity operator. For the three Kagome bands, the flat band 
and the bottom Dirac band have a nonzero Chern number (±1), 
while the top Dirac band has a zero Chern number, as shown 
in Fig. 4(a). Thus, within the SOC gap of Δ1 or Δ2, the Chern 
number is 1. Apparently, the absolute value of the Chern number 
is consistent with the number of chiral edge state observed in 
each SOC gaps (Fig. 3(d)).  

The existence of topological states of Cu-DCB CT lattice can 
be further manifested by calculated anomalous Hall conductivity  

 
Figure 4 Topological properties of the Cu-DCB CT lattice. (a) The com-
parison between first-principles and Wannier band structures around two 
SOC gaps (Δ1 and Δ2). Chern numbers for each spin-polarized band are 
labeled. (b) Hall conductivity and distribution of the Berry curvatures in 
the Brillouin zone for flat (c) and bottom (d) Dirac band. 

as a function of the nergy (E – EF), as illustrated in Fig. 4(b). 
A quantized anomalous Hall conductivity plateau (e2/h) is 
obtained within two SOC gaps (Δ1 and Δ2) from the Chern  
number as xyσ = C × (e2/h). Such a quantized Hall conductivity 
characterizes its non-trivial topological properties and confirms 
the existence of QAHE in the Cu-DCB CT lattice. We also give 
the distribution of Berry curvatures in Figs. 4(c) and 4(d). The 
Berry curvature of the flat band is mainly around the Γ point 
(Fig. 4(c)), while that of the bottom Dirac band is around the K 
point (Fig. 4(d)).  

Moreover, the fractional quantum Hall effect could be possibly 
realized by further enlarging the energy gap and reducing the 
bandwidth of the flat band [18, 34, 35]. It is worth mentioning 
that the band gap is larger and band width of flat band is 
smaller (10.9 meV vs. 4.8 meV) when we substitute Cu atoms 
with Au atoms (see Fig. S4 in the ESM), suggesting that Au-DCB 
CT lattice is promising for fractional quantum Hall effect. 

3 Conclusions 
We predict QAHE in a new organometallic Cu-DCB CT lattice 
based on first-principles calculations. The Curie temperature 
estimated from Monte Carlo simulations within the Ising model 
can be as high as about 100 K. Moreover, the nontrivial properties 
of the Cu-DCB lattice are confirmed by the calculated nonzero 
Chern number, the quantized Hall conductivity, and the gapless 
chiral edge states. The stable Cu-DCB CT lattice is thus a promising 
candidate for achieving QAHE in experiment as well as for 
further device applications. 

4 Methods 
All density functional theory (DFT) calculations were carried 
out by using Vienna ab initio simulation package (VASP) with 
the projector augmented wave (PAW) method [36, 37]. A 
generalized gradient approximation (GGA) in the form of 
Perdew–Burke–Ernzerhof (PBE) was adopted for the exchange- 
correlation functional [38]. The wave functions were expanded 
using a planewave basis set with an energy cutoff of 600 eV.  
A Γ-centered 6 × 6 × 1 k-point mesh was used in the self- 
consistent calculations. In all the calculations, a 15 Å vacuum 
layer was used, and all atoms were fully relaxed until the residual 
forces on each atom were smaller than 0.01 eV/Å. Moreover, 
PBE+U calculations were also used to study the effects of on-site 
Coulomb interaction of transition metal. Here, we used the 
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method proposed by Dudarev et al. [39], where only the effective 
Coulomb interaction Ueff defined by the difference between the 
correlation energy and the exchange energy was meaningful. 
For Cu-DCB/h-BN system, the DFT-D3 method was used to 
correct the van der Waals interactions [40]. 
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