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Using first-principles calculations, we predict an intrinsic quantum anomalous Hall (QAH) state in a monolayer anilato-

based metal-organic framework M2(C6O4X2)3 (M = Mn and Tc, X = F, Cl, Br and I). Spin-orbit coupling of M d orbitals opens a 

nontrivial band gap up to 18 meV at the Dirac point. The electron counting rule is used to explain the intrinsic nature of 

the QAH state. The calculated nonzero Chern number, gapless edge states and quantized Hall conductance all confirm the 

nontrivial topological properties in the anilato-based lattice. Our findings provide an organic materials platform for the 

realization of QAH effect without the need of magnetic and charge doping, which are highly desirable for the development 

of the low-energy-consumption spintronic devices. 

Introduction 

The quantum anomalous Hall (QAH) effect usually requires a 

combination of magnetic polarization and spin-orbit coupling 

(SOC) to generate an integer Hall conductance without an 

external magnetic field.1 Thin films of Cr and V doped 

(Bi,Sb)2Te3 have been experimentally prepared in which Cr and 

V serve as the magnetic dopants.2–4 A plateau in the Hall 

conductance in a range of gating voltage was observed in 

those thin films, signifying the QAH state. However, the 

experiments were conducted at extremely low temperature 

(30 - 50 mK) partly because of a very low magnetic ordering 

temperature even though the bulk energy gap of Bi2Te3 is 

considerably large.5 Therefore, a great number of theoretical 

efforts have been devoted to proposing new high-temperature 

QAH state in both inorganic and organic materials, with a 

special attention paid to ferromagnetic topological systems6–11 

without the need of magnetic doping. Some of the predicted 

structure has been experimentally synthesized, such as Ru 

halides.11 However, most of the predicted systems are not 

intrinsic which require charge doping (either electron or hole 

doping) to move the Fermi level and/or have not been 

experimentally made6,7,9. Here, we theoretically predict an 

intrinsic QAH state in an already experimentally made metal-

organic framework (MOF) consisting of anilato-based lattice. 

MOF is rapidly emerging as a unique class of 

organic/inorganic hybrid material which can be 

straightforwardly self-assembled from their corresponding 

metal atoms with ligands.12–14 For example, the ligand 2,5-

dihydroxy-1,4-benzoquinone (C6O4H4) and its homologues with 

substituents in positions 3 and 6 with F, Cl, Br and I, can 

provide the binding site to metal atoms to form various MOFs. 

Pioneering work of layered honeycomb network M2(C6O4H2)3, 

M = Mn and Cd, was experimentally synthesized by Weiss et al 

in 1986.15 Metal atoms are octahedrally surrounded by oxygen 

atoms of the deprotonated ligands with a metal-to-ligand ratio 

of 2:3. In the last three decades, many efforts have been made 

to promoting additional properties in these anilato-based 

MOFs by taking the advantage of the functionality of the metal 

atoms.16–18 The anilato-based family M2(C6X2O4)3 with 

honeycomb structure has been extended to M = Cr, Mn, Fe, 

Co, Ni, Cu, Zn, Al, Ga and Ln with X = F, Cl, Br and I to tune the 

functionality, such as magnetic ordering temperature and 

electrical conductivity.19–26 So far, only a few MOFs have been 

theoretically predicted to exhibit nontrivial topological 

properties 27–32 33since the first organic Chern insulator 

reported in 2013.34,35 Similar to the case of predicted inorganic 

topological materials, some of the predicted organic structures 

have not yet been synthesized in experiments35 and some of 

them are not intrinsic30–32. Therefore, the focus of the present 

work is to propose experimental realization of QAH effect in 

the already existing anilato-based M2(C6X2O4)3 with neither 

magnetic nor charge doping. 

Using density functional theory (DFT), we investigate the 

structural, electronic and topological properties of the anilato-

based framework Mn2(C6O4Cl2)3 lattice, as experimentally 

synthesized.  A band gap of 13.8 meV at the Dirac point is 

opened by SOC. The calculated nonzero Chern number, 

quantized Hall conductance, and edge states within the SOC 

gap all confirm the nontrivial topology. Remarkably, the QAH 

phase is intrinsic with the Fermi level exactly located within 

the topologically nontrivial SOC gap, which is analyzed and 

explained by the electron counting rule. We expand the 
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anilato-based lattice into M2(C6O4X2)3 (M = Mn and Tc, X = F, 

Cl, Br and I) to further achieve an SOC gap up to 18 meV.  

Methods 

The first principles calculations for structural stability, 

electronic and topological properties of M2(C6O4X2)3 were 

carried out in the framework of the Perdew-Burke-Ernzerhof 

type generalized gradient approximation functional using the 

Vienna ab initio simulation package (VASP).36 All the self-

consistent calculations were performed with a plane-wave 

cutoff of 400 eV on a 5×5×1 Monkhorst-Pack k-point mesh in 

the supercells with the vacuum layer more than 15 Å thick to 

ensure the decoupling between the neighboring slabs. For the 

structural relaxation, all the atoms are allowed to relax until 

the atomic forces are smaller than 0.01 eV/ Å.  

Results and discussion 

The anilato-based M2(C6O4X2)3 lattice consists of metal atoms 

(Mn or Tc) and organic ligands (L), forming the L-M-L 

organometallic linkages with an octahedral coordination, as 

shown in Fig. 1. After structural relaxation of Mn2(C6O4Cl2)3 in a 

freestanding state, the optimized lattice constant is 13.49 Å, 

which is comparable with the experimental value of 14.07 Å 

with a layered honeycomb structure.20 The ferromagnetic 

state with a magnetic moment of 4.0 μB per unit cell is found 

energetically more favorable than the antiferromagnetic and 

nonmagnetic states. The AFM state is found less stable than 

the FM state by about 0.25 eV per unit cell. Using this energy 

difference as input, we estimated the Curie temperature by 

carrying out Monte Carlo simulations with the Ising model to 

investigate the magnetization energy as a function of 

temperature. The magnetic coupling Hamiltonian can be 

written as,   

�	 � 	��� ��
|�|

�

|�|〈�,
〉

 

where J is the exchange parameter, (J = Eex/3 = 83 meV),  Si is 

the magnetic moment at site i, and S is the normalization 

factor of the magnetic moment. In the Monte Carlo 

simulations, we used a 50×50 super cell with the periodic 

boundary condition. At each temperature, 2×106 loops are 

taken to reach the thermal equilibrium. The variations of the 

magnetic moment and energy per unit cell with respect to 

temperature are plotted in Fig. 2(a). The snapshots of spin 

configuration at 400 K and 1100 K are shown in Fig. 2(b) and 
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2(c), respectively. The system undergoes a transition from FM 

to paramagnetic state at about 735 K. Therefore, the 

experimental observation of QAH state will not be limited by a 

low magnetic transition temperature. 

 To further examine the stability of the Mn2(C6O4Cl2)3 

lattice, a 3×3 super cell containing 342 atoms was adopted to 

perform ab initio molecular dynamics simulations with the 

Nose-Hoover thermostat beginning at 300 K. As illustrated in 

Fig. 3, no destruction was found in the framework up to 3000 

fs of simulation, which confirms the dynamical stability of the 

monolayer structure at room temperature. 

 The spin-polarized band structure along the high-symmetry 

k-path without SOC in Fig. 4a shows that the bands near the 

Fermi level are composed of two Dirac bands above a flat 

band, possessing the characteristic of a kagome band. The 

projected density of states (PDOS) shows that the states near 

the Fermi level mainly come from the d orbitals of Mn, with 

little contribution from the p orbitals of ligands. After taking 

SOC into account, an energy band gap of 13.8 meV is opened 

at the Dirac point (Fig. 4b). A simple electron counting rule and 

orbital hybridization analysis were carried out to explain the 

intrinsic nature of the QAH state. The ligand is considered as a 

super-atom with two free radicals and it tends to accept 

electrons from its nearest neighboring metal atoms. A 

schematic illustration of the orbital hybridization between Mn 

and ligand is shown in Fig. 4c. The crystal field splits the five-

fold degenerate d orbitals in threefold degenerate t2g states 

and twofold degenerate eg states in a nearly octahedral 

environment (see Table S1 in Supporting Information (SI)). The 

hybridization between Mn d orbitals and p orbitals of ligands 

lead to four groups of triple states: the bonding states (I and II) 

and the anti-bonding states (I* and II*). There are 14 valence 

electrons, 8 from Mn and 6 from ligands. Consequently, the 

state II* is empty while the state II is fully occupied with 6 

electrons; 6 spin-up electrons occupy states I and I* and the 

other two spin-down electrons occupy state I with Fermi level 

locating exactly at the Dirac point of state I. This gives a net 

magnetic moment 4 μB, which is in accordance with the DFT 

results (Fig. S1). 

 The spin-polarized electron density calculated from the 

charge difference between spin-up and spin-down channels in 

ferromagnetic state is plotted in Fig. S2, indicating that the 

major part of spin density comes from Mn. The interaction 

between magnetic moments connected through an 

intervening non-magnetic ligand with a relatively long distance 

can be explained in terms of superexchange37 mediated by the 
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ligands. The magnetic moments are strongly localized on the 

magnetic centers (Mn) and interact directly with the ligands. 

This induces a spin density on the ligands that is in opposite 

direction to that of the spins on Mn, which can be directly seen 

from the calculated magnetization density distribution, as 

shown in Fig. S2. 

We note that the metal atoms locate at the hexagonal 

sites, while the bands near the Fermi level have the 

characteristics of kagome band. Kagome band in a hexagonal 

lattice has been reported in a model graphene lattice made of 

sd2 hybridized transition metal atoms (W@Cl-Si(111)), which 

can be effectively renormalized into a single-orbital hopping 

on a kagome lattice.38 In the present Mn2(C6O4Cl2)3 lattice, the 

appropriate charge transfer from Mn to ligand facilitates an 

electron localization around the ligand as the charge center to 

form the kagome lattice, which can be distinctly seen from the 

electron localization function (ELF) in Fig. 5. The contour plots 

of ELF in Fig. 5c, 5d and 5e explicitly indicate that the center 

Mn hybridizes with the ligands through the octahedrally 

coordinated O atoms to make the electrons distributed on a 

kagome lattice, which can effectively explain the kagome band 

near the Fermi level with the major contribution from Mn d 

orbitals. 

We further employed the maximally localized Wannier 

functions (MLWFs) to fit the DFT band structure and calculate 

the edge states, Berry curvature and Hall conductance.39,40 The 

bands fitted from the MLWFs in the energy window (Efermi-0.1, 

Efermi+0.1) eV shown in the right panel of Fig. 6a reproduce the 

DFT bands sufficiently well. Based on a recursive strategy, we 

constructed the edge Green’s function of the semi-infinite 

lattice from the MLWFs and calculated the local density of the 

edge, as shown in Fig. 6b for one of the edges and the other 

edge is symmetric to this one. The bulk states are connected 

by the topologically nontrivial edge state and the number of 

edge states indicates the absolute value of the Chern number, 

which is |C| = 1. The Berry curvature for all the occupied 

bands along high-symmetry directions with nonzero values 

localized around K and K’ points with the same sign in shown 

in Fig. 6c. Integrating the Berry curvatures over the first 

Brillouin zone (BZ), the Chern number C = -1, with each Dirac 

cone contributing -0.5. Fig. 6d represents the calculated Hall 

conductance as a function of the Fermi level, which has a 

quantized value within the SOC gap, characterizing the 

signature of QAH state. 

To further illustrate the intrinsic nontrivial topology 

induced by SOC, we constructed a single-orbital tight-binding 

(TB) model to describe the kagome band near the Fermi level. 

For approximation, the TB Hamiltonian with intrinsic SOC and 

exchange field can be written as, 
	
�	 � �� � �	t� � ���� �
�

〈�,
〉,�
� �� � ���� �
�

〈〈�,
〉〉,�
� �� � ���� �
�

〈〈〈�,
〉〉〉,�

� �. �. � � 2��√3����"# ∙ �
%&#
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〉

�* � ���� "�+, ��+
�,�,+

 

where ε0 is on site energy for both spin-up and spin-down 

channels, ����  and 	���  are the creation and annihilation 

operators for an electron with spin α on site i, respectively. 

Nearest-neighbors (NN), second-nearest-neighbors (2NN) and 

third-nearest-neighbors (3NN) hopping are denoted by 〈ij〉, 
〈〈i,j〉〉 and 〈〈〈i,j〉〉〉 with hopping parameters t1, t2 and t3. The 

third term is the NN intrinsic SOC with magnitude λ, s# is the 

spin Pauli matrix and d&#ki is the vector from site i to site k. The 
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last term is the exchange field with magnitude M. We note 

that only the spin-down bands near the Fermi level show the 

obvious topological nontrivial properties, hence we only focus 

on the spin-down states by taking the exchange field strength 

M sufficiently large to separate the spin-up and spin-down 

states.35 

The band structure obtained through the above 

Hamiltonian reproduces the kagome band from the DFT 

calculation pretty well, as shown in Fig. 7a. To more clearly see 

the electronic band structure in a larger BZ containing more 

high symmetric points, we plot a three-dimensional band, as 

shown in Fig. 7b. There are six gapped Dirac cones at the zone 

corners. The Berry curvature distribution of the conduction 

and valence bands calculated from the TB model in Fig. 7c and 

7d give the Chern number C = 1 and -1 by integrating the Berry 

curvature over the first BZ (marked out with the dashed 

hexagon), respectively. Therefore, both DFT calculations and 

TB model have confirmed that the intrinsic SOC in 

Mn2(C6O4Cl2)3 lattice can induce the nontrivial topological 

properties to realize the QAH phase.  

We also calculated the electronic and topological 

properties of other members from the anilato-based family 

M2(C6O4X2)3 with X = F, Br and I (M = Mn), and M = Tc (X = Cl). 

Tc is a transition metal and can serve as the metal centers by 

strong bridges with many organic ligands to form various 

complexes41, such as the experimentally synthesized 

[Tc(CO)3(MeCN)3]ClO4
42, [TcBr2(PMe3)4], [Tc2Br4(PMe3)4]43 and 

tricarbonyl complexes44. So we propose an anilato-based Tc 

lattice to achieve a larger topological nontrivial band gap. The 

correlation effect was examined for Mn, Tc (X = Cl). A 

ferromagnetic ground state for Mn (X = Cl) having a magnetic 

moment of 4.0 μB was obtained using the effective Ueff = 1.0 

and 2.0 eV (parameters for onsite Coulomb interactions), same 

as the result using U = 0. As for Tc (X = Cl), the spin-up and 

spin-down bands cross at the Fermi level giving rise to a non-

integer magnetic moment without U. For Ueff = 2.0 eV, the 

ground state of Tc (X = Cl) is ferromagnetic having a magnetic 

moment of 4.0 μB. The band structures with SOC near the 

Fermi level for the extended lattices are shown in Fig. S3, and 

each of them has an energy gap opened at the Dirac point. The 

Berry curvature for all the occupied bands for Tc (X = Cl) with 

the calculated Chern number C = -1 is shown in Fig. S3(f). We 

also calculated the Chern number of X = F, Br and I (M = Mn) 

with the nonzero value of -1, confirming the existence of the 

QAH phase in the anilato-based lattice. The lattice parameter 

and energy gap are summarized in Table S2. The size of SOC 

gap depends on the nature of metal atoms since the density of 

states near the Fermi level mainly come from the d orbitals of 

M. The lattice parameter does not vary much with the 

substitution of X atoms due to the hollow position of X with 

negligible contribution to the lattice size.  

Conclusions 

In summary, the QAH state in a two-dimensional anilato-based 

M2(C6O4X2)3 (M = Mn and Tc, X = F, Cl, Br and I) lattice is 

predicted by the DFT calculations and TB model. It is the first 

report that the anilato-based lattice can realize intrinsic QHA 

effect without additional magnetic and charge doping. Our 

findings are expected to expedite the experimental 

observation of QAH phase in organic materials at relatively 

high temperatures. 
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