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ABSTRACT: We predict theoretical existence of intrinsic two-
dimensional organic topological insulator (OTI) states in Cu—
dicyanoanthracene (DCA) lattice, a system that has also been grown
experimentally on Cu substrate, based on first-principle density
functional theory calculations. The p_-orbital Kagome bands having a
Dirac point lying exactly at the Fermi level are found in the
freestanding Cu—DCA lattice. The tight-binding model analysis, the
calculated Chern numbers, and the semi-infinite Dirac edge states
within the spin—orbit coupling gaps all confirm its intrinsic topological

r semi-infinite Dirac edge states

properties. The intrinsic T1T states are found to originate from a proper
number of electrons filling of the hybridized bands from Cu atomic and DCA molecular orbitals based on which similar lattices
containing noble metal atoms (Au and Cu) and those molecules with two CN groups (DCA and cyanogens) are all predicted to

be intrinsic OTIs.
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wo-dimensional (2D) topological insulators (TIs) exhibit

quantum spin Hall (QSH) effect with spin-filtered edge
states in the bulk gaps.1_3 Besides the inorganic 2D TIs, with
two material systems of HgTe/CdTe and InAs/ GaSb/AlSb™®
being already experimentally confirmed, it recently has been
predicted that organometallic lattices consist of an interesting
class of 2D organic topological insulators (OTIs),° and
subsequently more 2D OTIs are predicted and
investigated.””'® The OTIs could be extremely important for
the field of organic/molecular spintronics,'” ™" as they could
expand the range of organic materials that can be used for
spintronics applications.® Compared to the inorganic materials,
organic materials have potentially the advantages of low cost,
easy fabrications, and mechanical flexibility.

To date, two families of 2D OTIs have been investigated.
The first group is made of hexagonal organometallic lattice in
which metal atoms bond with three phenyl groups;®™® the
second group is made of Kagome lattice in which metal atoms
bond with two neighboring molecular groups.””'® Experimen-
tally, none of the structures predicted in the first group has yet
been made, while a few structures in the second group have
been synthesized in the experiments.%12 However, none of the
2D OTIs’™'® predicted in the second group with a Kagome
lattice is intrinsic; hence, heavy doping (one or two electrons
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per unit cell) is required to move the Fermi level to inside the
gap opened by spin—orbit coupling (SOC) at the Dirac
point'*™'® before measurements of topological properties can
be conducted.

It is important to realize that as a coordination polymeric
material, organometallic (or metalorganic) lattices are usually
formed according to specific electron counting rules of
coordination chemistry. Consequently, nonisovalent doping,
for example, substitution of the host metal atom with a foreign
metal atom of different valence, which changes coordination
chemistry, is usually difficult without changing the geometric
structure. This is es(})ecially true for heavy doping up to the
stoichiometric limit** with all the host metal atoms replaced, as
required. Alternatively, doping of the organometallic (or
metalorganic) lattices may be achieved by changing the
oxidation states of the metal ions through redox control.”!
However, such a process is still limited by the amount of
doping it can achieve; in general, it is highly desirable if intrinsic
2D OTIs can be found so that topological states can be realized
and measured directly without doping.
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In this Letter, we report the first intrinsic 2D OTI in an
existing experimental synthesized system, the Kagome lattice of
Cu—dicyanoanthracene (DCA),”*** based on first-principle
density functional theory (DFT) calculations. The calculated
Chern numbers and the semi-infinite Dirac edge states within
the SOC gaps both confirm the nontrivial topological
properties of this lattice. The single-orbital tight-binding (TB)
model fitting to the DFT bands helps to further reveal the
mechanism of the SOC gap opening. The intrinsic TI states are
found to originate from a proper number of electrons filling the
hybridized bands from Cu atomic and DCA molecular orbitals.
On the basis of this finding, we further predict a number of
similar intrinsic 2D OTlIs.

All DFT calculations are carried out using Vienna ab initio
simulation package (VASP)** with the projector augmented
wave method, and a generalized gradient approximation (GGA)
in the form of Perdew—Burke—Ernzerhof (PBE) is adopted for
the exchange—correlation functional.” The energy cutoff of the
plane-wave basis sets is 400 eV. A S X S X 1 Monkhorst—Park
k-point mesh is used to do the static self-consistent calculation.
In all the calculations, a 15 A vacuum layer is used, and all
atoms are fully relaxed until the residual forces on each atom
are smaller than 0.01 eV/A.

A 9,10-DCA molecule contains three benzene rings and two
CN groups (top left in Figure 1). Because of the lone pair in

Figure 1. Schematic atomic structure of Cu—DCA film. The top left
inset shows the DCA molecule. The red dashed, blue dashed, and
black lines outline the honeycomb lattice by the Cu atoms, the
Kagome lattice by the DCA molecules, and the unit cell, respectively.

the CN group, this molecule can easily form strong
coordination bonds with some transition metal atoms. For
example, the linear Fe(DCA), and Ni(DCA), complexes have
been synthesized on the NaCl bilayer on the Cu(111)
surface.”® Recently, two groups have reported the monolayer
of Cu—DCA framework growing on Cu(111) surface.””** In
Figure 1, we show the optimized freestanding 2D Cu—DCA
lattice, which has a hexagonal (honeycomb) lattice formed by
the Cu atoms (red dash line), and a Kagome lattice by the DCA
molecules (blue dash line).”” Each Cu atom bonds with three
CN groups from the DCA molecules to form a very strong
coordination bond (Cu—N bond length is about 1.88 A). In
each unit cell, there are two Cu atoms and three DCA
molecules; the optimized lattice constant for the freestanding
Cu—DCA lattice is a = 20.36 A, in good agreement with the
experimental results (20.8 + 0.2 A) on Cu(111) surface.”
Figure 2, panel a shows the band structures and projected
density of states (PDOS) of the freestanding Cu—DCA lattice.
One sees a typical type of Kagome band around Fermi
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Figure 2. Electronic structures of Cu—DCA film. (a) Band structures
and PDOS, where the top right inset indicates the charge distribution
around the Fermi level, and the bottom two insets show the zoom-in
bands without and with SOC, respectively. (b) The comparison
between first-principles and single-orbital TB band structures around
two SOC gaps (A, and A,). (c) The semi-infinite Dirac edge states
within the SOC gaps.

level,'0*728 consisting of one flat band with a bandwidth of 3.0

meV above two Dirac bands. According to the PDOS, all the
Kagome bands mainly come from the p,-orbital of the DCA
molecule, as also indicated by the plot of partial charge density
distribution from the Kagome bands (top right inset in Figure
2a), consistent with the Kagome lattice of DCA molecules in
Figure 1. Most importantly, different from all the previous
Kagome systems studied,”"® the Fermi level lies exactly at the
Dirac point for the Cu—DCA system. The bottom two insets in
Figure 2, panel a show the zoom-in plots without (bottom left)
and with SOC (bottom right), respectively. A band gap (A, =
2.9 meV) opens at the Dirac point after the SOC is included, so
that the Fermi level lies exactly inside the SOC gap, indicating
the very nature of intrinsic TI states associated with SOC.

We can use the single-orbital TB model on a Kagome
lattice” to better describe the electronic properties. The
corresponding model Hamiltonian is

E, 2tcos k; 2tcos k,

H = | 2tcos k, E, 2tcos ky

2tcos k, 2tcos k, E,

0 cosk;, —cosk,

+ i24| —cos k; 0 cos kg

cos k, 0
ki = (a/2)3 Kk = (a/2)[( + V/39)/
2]k, = (%)[@} and a is the lattice constant. E, is

—cos k;

where

the on-site energy, t is the nearest-neighbor hopping parameter,
A is the nearest-neighbor intrinsic SOC, and + refers to the
spin-up/spin-down bands. The corresponding parameters for
the Cu—DCA lattice obtained by fitting with the DFT results
are E; = 0.0468 eV, t = —0.0468 eV, and 4 = 0.00084 eV. Figure
2, panel b shows the excellent agreement between the first-

principles (black lines) and single-orbital TB (red dots) band
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structures around two SOC gaps (A; = 2.9 meV and A, = 2.1
meV). Since the Kagome bands around the Fermi level are
mainly from the p_-orbital of the DCA molecule, this molecule
can be considered effectively as a superatom. Then the
electronic hopping between the DCA molecules in the Kagome
lattice is bridged by a Cu atom in between so that the overall
SOC strength is enhanced by Cu with the SOC gaps (A, and
A,) significantly larger than that of carbon.

To confirm the topological properties of the Cu—DCA
bands, we calculated its Chern number (C=C; + C,) and spin

Chern number [C°* = l(CT - Cl)] for each band with different
2

spins using the Kube formula.”””** For the three Kagome bands
with both spins around the Fermi level, 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 marked in
Figure 2, panel b. Thus, within the SOC gap (A, and A,), the
Chern number is 0, while the spin Chern number is —1, which
indicates that the Cu—DCA lattice is topologically nontrivial.
We also calculate the edge states of the Cu—DCA lattice by
using the Wannier90 package.”’ To do so, we first fit a TB
Hamiltonian in the basis of the maximally localized Wannier
functions (MLWFs) to the DFT band structures. Then, using
the MLWFs, we construct the edge Green’s function of the
semi-infinite lattice by using the recursive method™ and
calculate the LDOS of the edge (shown in Figure 2¢). From the
LDOS, clearly one sees the nontrivial topological edge states
that connect with the bulk band edges.

To better understand the intrinsic topological properties of
the Cu—DCA lattice, we next perform an electron counting and
orbital hybridization analysis. According to the above
calculation results, the Kagome bands around the Fermi level
mainly come from the p,-orbital of DCA molecule of the Cu—
DCA lattice. In other words, we may consider the DCA
molecule as a superatom with two groups of lone pairs in the
outer shell, and it tends to accept electrons from its nearest-
neighbor Cu atoms (see PDOS of DCA molecule (a) before
and (b) after binding with Cu atoms in Figure S1 in the
Supporting Information). A schematic drawing of the orbital
hybridization between Cu atoms and DCA molecules is shown
in Figure 3. The hybridization between d orbitals of Cu atoms
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Figure 3. Schematic drawing of the orbital hybridization between Cu
atoms and the lone pairs from the CN groups of DCA molecule. Each
arrow denotes one electron with an up or down spin, while each black
dot denotes two spin-degenerate electrons.

(d,, and d,,) and the lone pairs of CN groups of DCA molecule
(7 orbitals) leads to four groups of triple states: the bonding
states t}, t, and the antibonding states tf, £f. There are a total of
14 valence electrons, two from Cu atoms (other valence
electrons of Cu occupy the rest d and s orbitals not involved
with hybridization) and 12 from the lone pair of CN groups of
DCA molecules. Consequently, #, and ¢, bands are fully
occupied, leaving another two electrons to fill the bottom half
of Dirac bands formed from the ¢§ states so that the Fermi level
lies exactly at the Dirac point at K without SOC or inside the
SOC gap with SOC. This suggests that similar systems with CN
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groups and noble metal atoms might also be intrinsic OTIs.
Actually, the metal-NC group coordination bonds are very
common in the metalorganic frameworks. Many experimental
results about the noble metals and transition metals
coordinated with CN groups are reported. For examgle, the
two- and three-fold coordination Cu—NC bonds>>*33¥3
three-fold coordination Au—NC bonds,* three- and four-fold
coordination Co—NC bonds,***” two-fold coordination Fe—
and Ni—NC bonds,*® and so on.

Since there are many types of metal-NC group coordination
bonds, similar 2D frameworks as the Cu—DCA lattice could
also be synthesized. As an example, we have calculated the Au—
DCA system by replacing Cu with Au in the Cu—DCA lattice.
The optimized lattice constant of Au—DCA is 21.06 A. In
Figure 4, panels a and b, we show its band structures with SOC

k (n/a)

Figure 4. (a) Band structure with SOC and (b) the semi-infinite edge
states within the SOC gaps of Au—DCA.

and semi-infinite edge states within the SOC gaps, respectively.
The band structures and topology of Au—DCA are found very
similar to those of Cu—DCA lattice, except for larger SOC gaps
(A, = 11.3 meV and A, = 10.6 meV). We also replaced DCA
molecule to cyanogens (the smallest molecule with two CN
groups) and found that Cu—cyanogen and Au—cyanogen also
have the similar band structures and topological properties with
those of Cu—DCA, and they are all intrinsic 2D OTIs with
larger SOC gaps than Cu—DCA (see Figure S2 and Table S1 in
the Supporting Information).

Because of the line properties of CN triple bonds of DCA
molecule, the benzene rings in DCA molecule will rotate
constantly about the axis connecting the two Cu atoms, but
without breaking the bonds (see Figure S3 in the Supporting
Information). To quench such rotational freedom and
investigate the stability of the Cu—DCA lattice, we also
investigate the structure stabilities and electronic properties for
Cu—DCA and Au—DCA on h-BN (see Figure S4 and Figure S4
in the Supporting Information) and find that the nontrivial
topological properties of these OTIs persist on the h-BN
surfaces.

In conclusion, using first-principles calculations, we predict
that the Cu—DCA Kagome lattice is an intrinsic 2D OTL On
the basis of electron counting and orbital hybridization analysis,
we further predict that similar lattices made of noble metal
atoms bonding with molecules containing two CN groups are
all intrinsic OTIs. Our findings facilitate the future experimental
confirmation of OTIs without the need of doping.
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