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Prediction of intrinsic two-dimensional topological insulators in Y3-/X3Y ;-
tetrahydroxybenzene metal—-organic networks

Yiyang Yin', Yixuan Gao', Lizhi Zhang?, Yu-Yang Zhang'" and Shixuan Du'

ABSTRACT Using high-throughput density functional the-
ory calculations, we investigate 232 honeycomb-Kagome
metal-organic networks formed by two types of metal clusters
and tetrahydroxybenzene (THB) molecules. Among the me-
tal-organic frameworks (MOFs) formed with THB molecules
and tri-metallic nanoclusters (referred to as Y;-THB), we find
that seven structures are intrinsically topologically nontrivial.
By introducing post-transition metal atoms (T1, Pb, and Bi),
nine intrinsic organic topological insulator candidates with
considerably larger spin-orbit coupling gaps are discovered
among the structure family X;Y,-THB. Typically, the a-Pb;
Zn,-THB structure has a nontrivial gap of 97.5 meV, almost
four times larger than its flat bandwidth (22.5 meV), which
can be an ideal platform for realizing the fractional quantum
Hall effect. This study provides a new avenue for designing
two-dimensional (2D) topological MOFs with large topologi-
cal band gaps.

Keywords: high-throughput, two-dimensional, topological in-
sulator, metallic cluster, metal-organic framework, flat band

INTRODUCTION

The presence of unique symmetry-protected edge states within
bulk band gaps has led to considerable interest in two-dimen-
sional (2D) topological insulators (TIs), with potential applica-
tions in quantum computation and spintronics [1-10]. Thus far,
most researches in this field have focused on inorganic materials
with confirmed experimental existence. However, organic TIs
(OTIs), particularly metal-organic framework (MOF) struc-
tures, have garnered considerable attention [11-13] due to the
vast array of organic compounds and their versatile combina-
tions. Over the past decade, numerous OTIs have been predicted
and explored theoretically, featuring diverse configurations such
as honeycomb lattice [14-17], Kagome lattice [18-21], and Lieb
lattice [22]. Despite the large number of theoretically predicted
systems, only a few of them, such as Cu/Au-dicyanoanthracene
(DCA) [23-26] and nickel bis(dithiolene) [27,28], have been
synthesized experimentally. Thus, the realization of the quantum
spin/anomalous Hall effect (QSHE/QAHE) in 2D organic sys-
tems remains challenging in experimental and theoretical
research.

The realization of 2D-OTIs faces two challenging aspects
within an academic context. First, most 2D organic structures
inherently exhibit semiconductive behavior. Second, because of
their elemental composition, the spin-orbit coupling (SOC)
effect in 2D MOF structures remains notably small. The pre-
vailing research concentrates on MOF structures comprising
single metal atoms and organic ligands, with efforts aimed at
adjusting the Fermi level and SOC strength through metal ele-
ment modifications. Nevertheless, this approach may have
implications for the coordination properties of the structure,
potentially compromising overall system stability. Hence,
achieving 2D-OTIs demands careful consideration and
thoughtful design to surmount these complexities effectively.
Interestingly, a 2D MOF containing Cu trimers has been con-
firmed to exist [29]. Moreover, a type of MOF with hetero-
metallic clusters comprising Bi and Cu can stabilize with organic
linkages [30]. These findings inspire us to believe that inducing
multinuclear metal clusters into the 2D OTIs is a practical
design strategy. By switching some of the metal atoms in the
clusters, electron doping that tunes the position of the Fermi
level can be realized without influencing the coordination
characteristics of the structure. Large SOC gaps can be realized
by inducing post-transition metal atoms (T1, Pb, and Bi) into the
metal clusters. This intriguing experimental research prompted
us to search for MOFs based on multinuclear metal clusters.
Such MOF structures can potentially overcome the limitations
of single metal atom-based MOFs, enabling more precise control
over the Fermi level and SOC strength without compromising
the coordination properties of the structure.

In this study, we comprehensively explore 2D-OTIs formed by
combining metal clusters and tetrahydroxybenzene (THB)
molecules, employing high-throughput density functional the-
ory (DFT) calculations. By systematically investigating 232 MOF
structures involving diverse transition metal elements and con-
figurations, we identify 16 intrinsic TIs. Notably, this set
includes ferromagnetic (FM) and nonmagnetic (NM) materials.
Among these 16 OTIs, the a-PbsZns-THB structure is particu-
larly remarkable because it possesses topological flat bands
(TFBs) and a considerably large SOC gap of 97.5meV. Our
findings suggest that incorporating metal clusters represents a
novel and promising avenue for the design of 2D OTIs. Notably,
the introduction of heavy metal atoms into these clusters proves
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to be an effective strategy for enhancing SOC gaps.

COMPUTATIONAL DETAILS

All the calculations performed in the high-throughput screening
process are based on first-principles DFT calculations using the
Vienna ab initio simulation package [31] with the projector
augmented wave method; the Perdew-Burke-Ernzerhof gen-
eralized gradient approximation [32] is adopted for the
exchange-correlation functional. The energy cutoff of the plane-
wave basis sets is 520 eV, and a 5 x 5 x 1 k-mesh grid is used for
the self-consistent total energy calculation. In all the calcula-
tions, a 15-A vacuum layer is used, and all atoms are fully
relaxed until the residual force on each atom is less than
0.01 eV A"

RESULTS AND DISCUSSION

The structure schematics of the two MOF families investigated
in this work, Y;-THB and X;Y,-THB, are shown in Fig. 1. Both
structures contain a Kagome sublattice formed by THB mole-
cules (marked by the blue dashed line) and a honeycomb sub-
lattice formed by metal clusters. Two different configurations are
considered for each family: an a configuration (Fig. la, ¢), in
which each transition metal atom bonds with one THB mole-
cule, and a B configuration (Fig. 1b, d), in which each transition
metal atom bonds with two THB molecules. The unit cell of
these MOFs (marked by a black rhombus) involves two metal
clusters and three THB molecules. Each THB molecule contains
four hydroxy groups on one benzene ring that are dehy-
drogenated to bond with the metal atoms. The a and B config-
urations are combined honeycomb and Kagome lattices with
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D6h symmetry; thus, they should have typical Kagome or hon-
eycomb bands that are topologically nontrivial near the Fermi
level. By altering transition metal atom Y, we aim to tune the
position of the Fermi level into the topological nontrivial gaps of
the Kagome or honeycomb bands to obtain intrinsic TIs.

To date, most predicted 2D-OTIs have narrow SOC gaps,
making the quantum Hall effect difficult to realize in these
systems. To address this challenge, we propose a novel approach
involving the introduction of post-transition metals such as Tl,
Pb, and Bi into the clusters. These heavy elements are known for
their high SOC strength. This concept leads us to investigate a
new class of structures denoted as X;Y,-THB, as depicted in
Fig. 1c, d, where “X” represents the post-transition metal atoms.
Additionally, we incorporate an additional transition metal atom
“Y” at the center of the cluster, thereby enhancing the overall
stability of the structure. In particular, such clusters have been
verified to be feasible in the context of 2D-MOF systems [30],
making them a viable and promising consideration for our
study. By incorporating these innovative X;Y,-THB structures,
we aim to explore the potential for enhanced topological prop-
erties and open up exciting avenues for realizing 2D TIs with
outstanding performance.

Fig. 2 shows the flow of the high-throughput calculation
performed in this work. By altering transition metal atom Y and
post-transition metal atom X (T1, Pb, and Bi) in the structures
demonstrated above, we obtain 232 initial MOF structures for
study. Then, to evaluate the stability of these structures, we
screen them in terms of formation energy Er, which is defined as
follows:
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Figure 1 Schematic atomic structures of (a, b) Y;-THB and (c, d) X5Y4-THB. Two configurations of each, named o and f, are demonstrated on the left (a, c)
and right (b, d). The inset on the bottom left shows the dehydrogenated THB molecular unit. The blue dashed line and black solid line outline the Kagome

sublattice formed by THB molecules and the unit cell, respectively.
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Figure 2 Schematic of the high-throughput workflow conducted in this
work.

where Eryp refers to the energy of a THB molecule, n is the
number of THB molecules in a unit cell (which is three in this
case), and Ee is the energy of one metal atom calculated by
averaging the energy of the corresponding elemental metal
substances by the number of atoms. The full data of the calcu-
lated Er values can be found in Tables S1 and S2. All structures
with Er > 0 are considered thermodynamically unstable and are
excluded from the candidate list in the following calculations.

After removing thermodynamically unstable structures, we
were left with 107 viable candidates for further investigation.
Subsequently, we performed DFT calculations on these struc-
tures to derive their respective band structures. Because on-site
Coulomb interactions are essential in many MOF systems with
transition metal elements [33], we include the DFT + U method
by Dudarev et al. [34] in our calculations. Because of the
semiempirical nature of the Hubbard U model, candidates that
are only intrinsic TIs under certain U values are deemed
“uncertain TI candidates” and excluded from the list of TI
candidates. Ultimately, 16 TIs are identified, with topological
properties robust to U. Table 1 lists their compositions, forma-
tion energies, calculated magnetic ground states (MGS), and
SOC band gaps. Their electronic band structures are presented
in Fig. S1.

According to the candidate list, most candidates resilient to U
interactions are composed of transition metal elements with
half-filled or full-filled d orbitals, typically elements from groups
IB and IIB. Particularly, within the screening process, we have
identified four of the 16 TIs that exhibit TFBs positioned pre-
cisely at the Fermi level. This exciting finding holds great pro-
mise for the potential realization of the fractional quantum Hall
effect (FQHE). As postulated by Tang et al. [35], the presence of
TFB systems with a substantially larger SOC gap (A) than the flat
bandwidth (W) strongly favors the emergence of fractional
quantum Hall states, particularly when the flat band is partially
filled.

Among the six TI candidates featuring TFBs, as listed in
Table 1, a-Zn;-THB, a-Cd;-THB, and o-Hgs-THB exhibit
remarkably similar band structures and topological properties.
Consequently, we designate a-Zn;-THB as the representative
material for comparison with a-PbsZn,-THB, the most pro-
mising candidate possessing a flat band. The notably different
SOC gaps of these two structures indicate the effectiveness of our
strategic approach to introducing heavy elements into the sys-
tem.

Fig. 3 demonstrates the electronic structures and topological
properties of a-Zn;-THB. According to our calculations, a-Zns-
THB exhibits an FM ground state with a magnetic moment of
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Table 1 Properties of 16 2D-OTIs: summarized results of the TI candidates
found in the high-throughput screening process®

Structure Eg (eVuc™) MGS E° (meV)
a-Zn;-THB* —14.21 M 0.2
a-Nb;-THB —2.60 M 12.7
a-Cd;-THB* —-11.78 M 0.5
a-Hgs-THB* -7.61 FM 0.5

a-Tl;Cu,-THB —4.56 M 0.8
a-Tl;Zn-THB —12.47 M 0.6
a-Pb;Cu,-THB —4.00 NM 2.2
a-Pb;Zn,-THB* —6.84 NM 97.5
a-Pb;Pd,-THB —2.41 NM 1.9
a-Pb;Pt-THB —-3.22 NM 25.1
B-Zn;-THB —14.21 NM 0.8
B-Zr;-THB —17.44 M 28.7
B-Cds-THB —-10.34 NM 1.1
$-PbsAu,-THB -3.96 NM 19.1
B-Bis;Ag,-THB* —0.49 NM 6.4
B-BizAuy-THB* —-1.90 NM 46.7

a) The MOF compositions, formation energy Er, MGS, and SOC gap E, 50¢

are presented at the corresponding high symmetry points (namely, T or K).
Candidates marked with * are TIs with TFBs sitting on the Fermi level. FM
refers to ferromagnetic, and NM refers to nonmagnetic.

2 B per unit cell and lying 11 meV below the antiferromagnetic
state. For an isolated dehydrogenated THB molecule, four
dehydrogenated hydroxy groups and delocalized p electrons of
the benzene ring present a total magnetic moment of 2 uB, as
presented in Fig. S2. From Fig. 3a, we clearly find that the
magnetic moment is mainly located on oxygen atoms and
delocalized p electrons of THB molecules, and the magnetic
moment of a-Zn;-THB should originate from the dehy-
drogenated THB molecules’ intrinsic spin polarization. After
forming the a-Zn;-THB network, the bonds between Zn atoms
and the dehydrogenated hydroxy groups partly suppress the spin
polarization of the dehydrogenated molecules, leading to a
magnetic moment of 2 uB per unit cell.

Fig. 3a demonstrates the band structure and projected density
of states (DOS) of a-Zn;-THB. Notably, the bands around the
Fermi level exhibit distinctive and characteristic Kagome bands
comprising a flat band and two Dirac bands. Importantly, the
Fermi level is precisely located between the flat band and the
Dirac bands, proving that a-Zn;-THB qualifies as an intrinsic
flat band TI. Analyzing the PDOS reveals that the Kagome bands
predominantly arise from the p, electrons of the THB molecules,
while the Zn metal clusters contribute minimally to these bands.
This observation aligns with the structural characteristics of a-
Zn;-THB, where the Kagome sublattice is formed by the THB
molecules. Fig. 3b shows the band structure considering SOC.
SOC opens a 0.2 meV nontrivial SOC gap at the I point near the
Fermi level. Fig. 3¢ presents a tight banding model fitting of the
SOC band based on maximum localized Wannier functions
(MLWFs), which is implemented in the package Wannier90
[36]. Further calculation shows that the Chern number is 1,
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Figure 3  Electronic structures and topological properties of FM state a-Zn;-THB. (a) DFT-calculated band structures and the projected DOS of a-Zn;-THB
without SOC. (b) Band structures of a-Zn;-THB with SOC included. (c) Comparison between DFT band structures with SOC and the Wannier band structure

near the Fermi level. (d) Semi-infinite edge states of a-Zn;-THB.

proving the topological nontrivial nature of this structure.
Fig. 3d demonstrates the edge state calculated based on the tight
banding model using the open-source package Wanniertools
[37]. A clear edge state is seen, further proving the topological
nontrivial nature of this edge state.

Although a-Zn;-THB is a typical quantum anomalous Hall
insulator with a typical TFB, its nontrivial gap is too narrow to
be experimentally observed and confirmed. Therefore, we turn
to a-PbsZn,-THB, which has a considerably larger SOC gap due
to the strong SOC effect that Pb atoms induce. Fig. 4 shows the
electronic and topological properties of the a-Pb;Zn,-THB
structure. Its calculated lattice constant is 21.48 A. Similar to
a-Zn;-THB, a-Pb;Zn,-THB has an FM ground state with a
magnetic moment of 2 pB per unit cell when the SOC effect is
omitted and a total energy that is 70 meV lower than the NM
state.

The electronic structure of FM state a-Pb;Zn,-THB is shown
in Fig. 4a. The magnetic moment mainly comes from Pb atoms
in the cluster, in contrast to a-Zn;-THB. We perform a Bader
charge analysis on this system and find each Pb atom loses ~0.6
electrons, each Zn atom loses ~0.5 electrons, and each oxygen
atom gains ~1.1 electrons. This result indicates that Pb atoms
also participate in the bonding between metal clusters and the
ligands. Therefore, we conclude that introducing Pb changes the
bonding between the clusters and THB molecules, resulting in a
substantially different magnetic distribution. The spin density of
a-Pb;Zns-THB is presented in Fig. S2b to provide detailed
information on the magnetic state. The PDOS verifies the key
role of Pb p, electrons. For comparison, we provide the band
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structures and PDOS of the NM state in Fig. 4b. For the FM and
NM states, Pb atoms greatly contribute to the bands near the
Fermi level, explaining the large SOC gap of this system. To our
surprise, a-Pb;Zn,-THB has an NM ground state of 103 meV
below the FM state when the SOC effect is considered, making it
a quantum spin Hall insulator (QSHI). The SOC band structure
shown in Fig. 4c matches the NM band structure without SOC
pretty well. Calculations considering on-site Coulomb interac-
tions give the same result. The same phase transition is also
found in B-Bi;Cd,-THB and B-Bi;Hgs-THB systems (their band
structures are shown in Fig. S3), indicating that this phenom-
enon is not a mere exception or structure-related property of the
a configuration. Notably, this FM-NM transition only appears
when the clusters in our calculations comprise heavy elements
and IIB elements, for instance, Pb;Zn, and Bi;Cd,.

The stability of the FM and NM states can be determined from
the exchange splitting E., and the bandwidth W of the corre-
sponding bands. In this system, E refers to the energy differ-
ence between spin-up and spin-down bands, and W refers to the
bandwidth of the top Dirac band. When E > W, the FM state is
favored; otherwise, the NM state is favored [38]. Because the
magnetic moment of a-Pb;Zn,-THB mainly comes from Pb
atoms, we assume that the strong SOC of Pb is the main cause of
this FM-NM transition. For the a-Pb;Zn,-THB system, the
exchange splitting E. is larger than W because the bandwidth is
split when SOC is omitted. The electrons thus favor filling the
spin-up and -down bands separately, resulting in the FM ground
state. However, after including SOC, the strong SOC effect of Pb
atoms reverses the relation. W slightly changes, but E
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Figure 4 Electronic structures and topological properties of a-PbsZn,-THB. (a) DFT-calculated band structures and DOS of FM a-PbsZn,-THB without
SOC. (b) Band structures and DOS of NM a-Pbs;Zn,-THB without SOC. (c) Band structures of a-PbsZn,-THB with the SOC effect included. (d) Comparison
between DFT band structures with SOC and Wannier band structures near the Fermi level and the semi-infinite edge states of a-PbsZns-THB within SOC

gaps.

substantially decreases. Because the bands near the Fermi level
are mainly contributed to by Pb p, electrons, the SOC of Pb, in
particular, results in a considerable change in E.. Therefore,
E.c < W when SOC is involved, leading to an NM-favored
ground state. In this particular case, the heavy atoms with strong
SOC contribute greatly to the electron occupations of bands near
the Fermi level. Thus, SOC can considerably interfere with the
band-filling near the Fermi level, eventually causing the FM-NM
transition. The B-Bi;Cds case can be explained similarly. This
phase transition is not found in other X;Ys-THB-involved can-
didates such as a-Pb;Cuy-THB because the heavy atom con-
tribution to bands near the Fermi level is unsubstantial, which
also explains why they do not have large SOC gaps similar to the
a-Pb3Zn,-THB system.

To verify our hypothesis, we investigate the magnetic states of
a-Sn3Zn,-THB for comparison by simply replacing Pb with Sn
in the a-Pb3;Zn,-THB lattice. Because Sn has a much weaker
SOC effect, such magnetic phase transitions may not occur in
the a-Sn;Zn,-THB system. Consequently, non-SOC and SOC
calculations show an FM ground state (Fig. S4), and the FM-NM
transition indeed disappears. These calculation results support
our hypothesis above, indicating the key role of SOC effects in
the unusual magnetic phase transition.

After identifying the ground state with SOC included, we
proceed with a TB model construction using MLWFs to calcu-
late the topological properties, as shown in Fig. 4d. As the system
favors the NM state when SOC is considered, we designate
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a-Pb;Zn,-THB as a QSHI with a TFB. Notably, a-PbsZn,-THB
exhibits an SOC gap of 97.5meV and a flat bandwidth of
22.5 meV, representing a notably large gap in comparison to
previously reported QSHIs with TFBs. The right panel of Fig. 4d
presents the edge state of a-Pb;Zn,-THB based on the TB model.
The observed spin nondegenerate edge state between the top flat
band and the underlying Dirac band is gapless, confirming
a-Pb;Zn,-THB as a topological nontrivial system hosting the
QSHE. Additionally, we calculate the Z, topological invariant
within the gap between the flat band and the top Dirac band,
and the obtained result Z, = 1 further corroborates the topolo-
gical properties of a-Pb;Zn,-THB. Interestingly, nontrivial edge
states are located approximately 0.45eV below and 0.10 eV
above the Fermi level, situated within the gap between the two
Kagome bands. These unexpected edge states may arise from
band inversions between different Kagome band sets, potentially
influenced by the strong SOC of Pb atoms.

CONCLUSIONS

In this study, we embarked on an investigation of 232 MOF
structures composed of metal clusters and THB molecules,
drawing inspiration from previous experimental works. Our
objective was to identify 2D TIs with enhanced SOC gaps. To
this end, we introduced post-transition metal atoms, specifically
T1, Pb, and Bi, into the metal clusters, as they offer stronger SOC
effects. Because of this strategic approach, we successfully
identified 16 promising 2D-OTIs from the pool of 232 struc-
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tures. Our strategy for enhancing the SOC gap is highly prac-
tical, as evidenced by the discovery of a-Pb;ZnsTHB, an
extraordinary system with an SOC gap exceeding 90 meV. This
substantial SOC effect even triggers a fascinating FM-NM phase
transition. Furthermore, a-Pb;Zn,-THB emerges as an intri-
guing TI characterized by the presence of a TFB. The unique
properties of this flat band raise the possibility of hosting various
exotic phenomena, such as the FQHE. Our research findings
expand the horizon of possibilities for 2D-OTIs and offer a
promising avenue for designing 2D topological MOFs with
significant topological band gaps, facilitated by the strategic
doping of heavy elements. This study paves the way for the
exploration of novel materials and devices, holding potential
implications for advancing the field of topological materials and
quantum phenomena research.
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