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Abstract

Topological insulators (TIs) represent an exciting new class of materials with potential
applications in spintronics and quantum computing. In this work, we present a theoretical study
on a new family of two dimensional (2D) nanomaterials based on the coordination of shape
persistent organic ligands (SPOLs) to heavy transition metals ions such as Pd*" and Pt**. These
2D structures may be readily fabricated and are expected to be stable under normal atmospheric
conditions. From first principles calculations and tight-binding model simulations carried out to
characterize the bulk band structures, edge states, spin Chern numbers, and the Z> topological
invariants, we were able to identify candidates with non-trivial topological properties that may

serve as topological insulators in real world applications.
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coordination complex
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Introduction

Topological insulators (TIs), like ordinary insulators, are materials that have a bulk energy
gap separating the highest occupied and lowest unoccupied electronic bands. However, they have
the important distinction of hosting non-gapped states on the edges/surfaces that cross the bulk
band gap, which facilitates electron conduction on the boundaries of the material.! In two
dimensional (2D) TIs, spin-orbit coupling (SOC) plays a role analogous to the external magnetic
field in Quantum Hall systems. The edge states are spin-polarized, and electrons with different

spin orientations propagate in opposite directions.*

To date, the majority of known TIs are based on inorganic materials.!¢1° For example,
quasi-2D inorganic crystals of BixTes and BixSe; with superior thermoelectric properties to the
bulk may be obtained by mechanical exfoliation but reproducibility remains an issue.!! More
recently, inorganic binary/ternary nanoplates and nanowires are mainly obtained via methods like
chemical vapor deposition, vapor-solid or vapor-liquid-solid growth methods.!>!” Compared to
the abovementioned approaches, which are more suitable for simple binary/ternary crystalline and
polycrystalline inorganic materials, traditional wet chemical synthesis is more suited for
assembling complicated coordinated complexes with precise stoichiometric ratio. In both

approaches, materials with high purity may be obtained.

Recently, a new type of phenyl-metal organometallic 2D structures was predicted by density
functional theory (DFT) calculations to possess non-trivial topological properties.!82° Also, a
n-conjugated nickel bis(dithiolene) (Ni3C12S12) nanosheet was successfully synthesized?! and later
found by theoretical calculations to exhibit properties consistent with a 2D TIL?? Unlike
organometallic compounds, coordination complexes are usually stable in the presence of air and
moisture. An extended planar 2D coordination framework can be fashioned in a similar way by
selectively matching transition metals with a preference for square planar coordination schemes to

conjugated organic ligands.

In this work, we carry out first principles calculations and tight-binding (TB) model
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simulations to characterize the electronic structure and wave function topology of 2D structures
assembled by the coordination of shape-persistent organic ligands (SPOLs), i.e. amino-, hydroxyl-
and thio-substituted triphenylene to heavy transition metal ions, Palladium (Pd*") and Platinum
(Pt?*) ions. SPOLs are conjugated, planar aromatic linkers with excellent charge carrier mobility
that are readily synthesized. In particular, their 2D networks normally exhibit Dirac bands akin to
those found in graphene. We have chosen to study five different triphenylene ligands, namely,
3,7,11-triaminotriphenylene-2,6,10-trithiol ~ (1);  3,7,11-triaminotriphenylene-2,6,10-triol  (2);
triphenylene-2,3,6,7,10,11-hexathiol ~ (3); triphenylene-2,3,6,7,10,11-hexaamine  (4) and
triphenylene-2,3,6,7,10,11-hexaol (5) (Fig. 1a). All five organic ligands are expected to coordinate
to the &® Pd*>" and Pt** ions (M) in a planar configuration that may be fully extended to form a 2D
honeycomb framework as shown in Fig. 1b, where we have specifically used ligand 1 in our
illustration. We study eight (8) trans-complexes formed by the various combinations of ligands,
either 1 or 2 in Fig. 1a to the central metal ions. The trans- and cis-structures involving either

amino- and NH coordinations are illustrated in Fig. lc.

1: R1:R3:R5:N Hz, R2:R4:R6:SH
2: R1:R3:R5:N Hz, R2:R4:R6:OH

32 R1: R2:R3: R4:R5:R6:SH

O 4. R1: R2:R3: R4:R5:R6:NH2
Re Rs 5: Ri= Ry=R3= Rs=Rs=R¢=0H

1+M= i OOO trans-(NH;)S-3Ph OO ;
s
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c 1+ M => trans-M-(NH;)S-3Ph 1+ M => trans-M-(NH)S-3Ph
Hy H .,
~ S N
OO OO
NS P N s ™~
H, H
3+M+4 => cis-M-(NH,)S-3Ph 3+M+4 => cis-M-(NH)S-3Ph

Ha H .
~ - ~ S N
(YCOE O
Fig. 1 (a) Five shape persistent organic ligands (SPOLs); (b) a 2D honeycomb framework formed
by the reaction of 1 with M. The area enclosed by the blue solid line highlights the coordination

structure of the central metal ion; and (¢) two trans- and two cis-structures. When sulfur atoms are

replaced with oxygen, we will have four oxo analogues.

Computational Details

First-principles calculations were carried out within the framework of density functional
theory (DFT) implemented in the Vienna ab initio Simulation Package (VASP).>* The
exchange-correlation interactions were treated within the generalized gradient approximation
(GGA) of the Perdew-Burke-Ernzerhof type.>* The k-point meshes for self-consistent calculations
are set to 5x5x1 in the Brillouin zone. Vacuum layers of 15 A were introduced to minimize
interactions between adjacent layers. All atoms were fully relaxed in each optimization cycle until
atomic forces on each atom were smaller than 0.01 eV/A and the energy variation between

subsequent iterations fell below 10 eV.
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Fig. 2 The top view of 2D trans-Pd-(NH>)S lattice. A unit cell is enclosed by the solid lines while

the dashed lines outline the kagome lattice. The optimized lattice constant is 23.15 A.

For ligands 1 and 2, there are two coordination styles with either amino (NH2) or NH to
metal ions (Pd** or Pt*") to form planar 2D complexes. The former is classic amino coordination
style like Cisplatin, cis-diamindichloroplatinum(Il), a widely used cancer chemotherapeutic
drug®>?$. The 2D trans-Pd-(NH>)S presented in Fig. 2 is that of the amino coordinated structures
in which one of the H atoms bonded to N is hidden from the plan view. The NH coordinated
complexes show diradical characteristics much like square planar bis(benzene-1,2-dithiolato)

metal complexes?’?8

. Normally, diradical configurations are less stable and more reactive
compared to their closed shell counterparts, which can be verified based on calculated formation
energies (Table 1). But in real synthesis works, the diradical trans-configurations are frequently
obtained.?® A possible reason could be that, in a trans-diradical electronic configuration, the two
unpaired electrons are delocalized throughout the 2D structure (conjugation with SPOLs), which
stabilizes the whole 2D system. It is likely that reaction kinetics will also play a key role in

determining the final configurations obtained, either that of the NH> or NH coordinated complex.

In our study, we are considering both possibilities.
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Results and Discussion

I. Band structures and characterization of wave function topology

Fig. 2 presents the top view of an optimized structure of the 2D trans-Pd-(NH2)S lattice,
where the NHz and S groups are coordinated to the central Pd** ion in a trans-like fashion with
preserved space inversion symmetry. Apart from the two H atoms linked to each amino group, all
other atoms reside exactly in plane. Meanwhile, each of the organic linkers 1 coordinates to three
Pd?* ions, resulting in a kagome lattice with six-fold symmetry. Fig. 3 illustrates the effect of
incorporating SOC within our DFT calculations for mapping the energy dispersion for the three
highest valence bands (kagome bands), comprising one flat band lying above two Dirac bands.
The bands are spin degenerated which conform to the diamagnetic nature of square planar
complexes with a d® electron configuration. When SOCs are included, induced gap openings in
momentum space are observed at the Dirac K point (A;= 1.27 meV) and I" point (A2 = 2.34 meV),
respectively. These gap openings are mainly due to intrinsic SOC within the d-orbitals of Pd
atoms, herein, Rashba SOC effect can be excluded due to the inherent lattice inversion symmetry.
It is also noted that the width of the gaps are relatively small. One of the reasons could be the
existence of hybridization between the d-orbital of heavy metal atoms (Pd) and p-orbitals of light
atoms (like N, S and C atoms) that dilutes the strength of SOC. Apart from d-orbital components
shown in Fig. 3, we also find contributions from p-orbital components belonging to coordinated S
atoms as well as © orbitals from the planar SPOLs (see Fig. S1 in Supporting Information (SI)).
However, coordinated N atoms have not shown any p-orbital component among these topmost
bands, which means the lone paired electrons in N atoms may donate into empty Pd d-orbitals and
form solid bonds, and their energy bands should lie in deeper levels. By comparing Fig. 3 and Fig.
S1, it is found that the weight of p-orbitals in these bands is higher than that of d-orbitals. These
p-orbitals have little SOC effect, and the more p-orbital components included in the energy bands
(i.e. significant hybridization), the weaker SOC occurred and the smaller gaps observed. While,
by replacing heavier metallic atoms with stronger intrinsic SOC, for example, replacing Pd** with

Pt**, the wider gap opening can be expected. We will discuss more details in Section 1II.

Page 6 of 18



Page 7 of 18 Nanoscale

a 0535 b .0530

-0.540 - -0.535

-0.545 -0.540

trans-Pd-(NH,)S
no SOC

trans-Pd-(NH,)S
SOoC

-0.550 1 -0.545 1

E-E, (eV)

-0.555 -0.550

-0.560 -0.555

Fig. 3 The three topmost valence bands (kagome bands) of 2D trans-Pd-(NH2)S lattice: (a)
without and (b) incorporating SOC along the high symmetry directions. The size of the shaded
circles (green) represents the relative occupancy of d-orbitals from Pd?". The same signs and

scales are used in the following figures as well as those figures in Supporting Information (SI).

Next, we apply a single-orbital tight-binding model to this kagome lattice and reconcile this
with results from our first principles calculation. Such an approach has also been taken up in
previous studies.??>?*3% The nearest and next-nearest neighbor hopping are considered in the
Hamiltonian,

H,=-t z cjacjg —t, z cfacja (D)

(iHo (o

where cfa and ¢, are the creation and annihilation operators of electron with spin o. (i)

denotes the nearest neighbor (NN) and (({ij)) the next-nearest neighbor hopping respectively,

while #; and ¢, are the corresponding hopping parameters. The spin-orbit term takes the form,

Hg, =id Y (d;xd})- 6 4cC. )
(rap

where A is the SOC strength, d ;.’2 are the unit vectors along the two nearest neighbor bonds the

electron traverses going from site j to i, and & is the vector of Pauli spin matrix which is

reduced to s, in our 2D situation. It can be shown that the gap opened up at the Dirac points is
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equal to 23 | 4|, which allows us to determine that A = 0.37 meV. The other fitting parameters

are #;7 = 3.4 meV, 12 = 0.2 meV, and Ep = -0.54 eV, which show a good agreement with the
first-principles results (Fig. 3a). However, there are still small mismatches at the I' point mainly
arising from the heterogeneous distribution of d-orbitals of Pd along the high symmetry directions

(see shaded circles in Fig. 3).

It is known that when s, is conserved, the spin Chern number?! can be used to characterize
2D TIs. The Chern numbers of each kagome band with different spins are calculated using the
Kubo formula®** and the results are given in Fig. 4a. For these three bands, different spins result

in opposite Chern numbers. C = C; + C| turns out to be zero, which is required by time reversal

symmetry. Within the SOC gaps, A; and A, the spin Chern number, defined as C, = %(CT -C))

was found to be 1. This further confirms that the 2D trans-Pd-(NH2)S lattice, within the

DFT-GGA framework, is topologically nontrivial.

In addition, we also study the edge states that impart upon 2D topological insulators their
unique properties. A supercell consisting of 50 unit cells along the a> direction and repeated
infinitely along the a; direction with periodic boundary conditions was used. The calculated
results are given in Fig. 4b where gapless conducting states connect bulk states between both of
the SOC gaps. In addition, we can see that states with different spins propagate in opposite
directions due to their different group velocities. That’s the well-known “spin filtered” property of

2D TlIs.

a 0530

Ct=-1,C| =1
W

-0.535
-0.540

-0.545 -
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-0.550
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Fig. 4 (a) A comparison between DFT and TB calculated band structures for the three topmost
kagome bands of trans-Pd-(NH2)S. Chern numbers of each band with different spins are marked
insert; and (b) edge states in the 2D trans-Pd-(NH>)S lattice. Here, a is the lattice constant and the
calculated Z> invariants are equal to 1. Red and blue lines denote spin-up and spin-down
components, respectively. The same signs are used in the following figures as well as those

figures in SI.

The Z topological invariant, v, is one of the most conclusive indicators for identifying a 2D
TI even though it is complicated to determine its precise value in general. Nevertheless, Fu and
Kane* showed that if the structure possesses space inversion symmetry, v can be easily evaluated
based on the parity of the occupied band eigenstates at the four time-reversal invariant momenta
I'; in the 2D Brillouin zone. Accordingly, we have obtained three positive and one negative parity

eigenvalues when the Fermi level is located at A. Thus, the product Hif(l"i) =(-1)" gives the

nontrivial v = 1. A similar situation for electrons filled up to A; also yields v = 1. In fact, the Z»

invariant can also be deduced from the spin Chern number!,
v=C mod2 3)

II. Substituent effects

One of the advantages afforded by a theoretical design of topological insulators based on
coordination complexes is that we may systematically fine-tune their electronic structures by
modifying the central metal ions and organic ligands whilst keeping their overall symmetry and
network linkage intact. The replacement of Pd** with Pt>* is not expected to disrupt the
framework as both are d® ions with preferences for a square planar coordination scheme. Simple
considerations of SOC suggest that the heavier Pt atom should induce a larger mixing in regions
of band degeneracies leading to larger SOC-induced gaps. Our calculations on the 2D
trans-Pt-(NH2)S complex indicate that the three topmost valence bands also exhibit kagome-like
band structures as the Pd analogue (Fig. S5). The band gaps at K and I' points in momentum
space are 2.8 meV and 5.4 meV, respectively (Table 1), expectedly larger than those found in the
trans-Pd-(NH»)S complex (Fig. 4).
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Apart from the stronger SOC effect, we also observe higher contributions from the Pt
d-orbitals to the kagome bands as seen in their higher occupancies. This is matched by a decrease
in contributions from the p-orbital components from atoms (S and C) within the organic moieties
(cf- Fig. 3 to Fig. S5). Taken together, this implies a weaker hybridization between the d-orbitals
of Pt and p-orbitals of lighter atoms comparing to Pd complex, which affects the strength of SOC
to a lesser extent, and results in relatively wide band gaps for trans-Pt-(NH2)S. Intuitively, one
expects a decrease in delocalization of the Pt d electrons to result in a stronger SOC since the
effect is primarily mediated by the heavy metal atom. In addition, we have also fitted the DFT
kagome bands to that of the TB model with a negative #;. The sign changing of NN hopping
parameter moves the flat band position from top to bottom of the Dirac bands. Further
calculations on the spin Chern number, edge states (Fig. 5c & d) and the Z; invariant have
confirmed that frans-Pt(NH2)S is also topologically nontrivial with larger band gaps than the Pd

analogue.
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0.475 4 0.525 -
0.480 | 0.530 -
=~ trans-Pt-(NH,)S trans-Pt-(NH,)S
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Fig. 5 (a) & (b) DFT calculated band structures of frans-Pt-(NH2)S without and with SOC
considerations; (c¢) comparison between DFT and TB calculated band structures; and (d) edge

states for both up and down spins.

Table 1 DFT calculated lattice constants (a), SOC gaps (A1 and A2), and formation energies per
unit cell (Er").

Complex a/A A1 /meV Az /meV Er/eV
trans-Pd-(NH2)S 23.15 1.3 2.3 -10.3
trans-Pt-(NH2)S 23.14 2.8 54 -15.3
trans-Pd-(NH2)O 22.35 0.9 1.1 -6.9
trans-Pt-(NH2)O 22.37 1.6 2.7 -11.4
trans-Pd-(NH)S 22.94 13.1 17.1 -7.2
trans-Pt-(NH)S 22.95 42.4 55.4 -13.6
trans-Pd-(NH)O 22.24 11.2 14.8 -3.4
trans-Pt-(NH)O 22.27 39.5 51.9 -9.2

*Er= Etotal— 2XEligand — 3XEMm + nxEmn2, [n = 3 for (NH») and n = 6 for (NH)].

While our discussion so far has been centered on the trans-Pt/Pd complexes, we have also
studied the electronic band structures of the cis-complexes but none of them shows non-trivial
topological features. This is because they lack inversion symmetry. Besides, the lowered
structural symmetry leads to poorer electron conjugation with SPOLs due to the different
coordination atoms (S or N) on each side of metallic ions, and their sizes and bonding strength to
the metal ions do not match well which may block/reduce the electron mobility, and subsequent
relative instability as can be seen by comparing their of formation energies with the

trans-structures (Table S1).

In addition to replacement of the central metal atom, we have also studied the effect of

modifying the organic linkers on the electronic band structure. For example, sulfur may be
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replaced with its congener, oxygen, while the amino NH: groups can dehydrogenate upon
synthesis conditions and coordinate to the central metal atom to give NH. The various
combinations are summarized in Table 1. In complexes where O is substituted for S such as
trans-Pd/Pt-(NH2)O, we also find the kagome bands to be present in their band structures (Fig. S3
& S4), even though the SOC induced gaps at both K and I points were found to be little bit
narrow (Table 1). The diminished SOC effect may once again be rationalized by the
delocalization of metal d electrons from the metal center such that this lessens the juxtaposition of
the spin and orbital angular momentum vectors at the heavy nucleus that would have promoted
SOC. Compared to S, the O atoms are smaller and chemically harder. The poorer overlap between
the p orbitals of O and the d orbitals of the central metal ions results in weaker formation energies
(Table 1) as well as lower d-orbital occupancies. As expected, the SOC gaps decrease around 0.4
~ 2.7 meV in trans-Pd/Pt-(NH2)O when compared to the sulfur analogues. Again, we did not see
any p-orbital component from the coordinated N atoms in the three topmost bands, which indicate

that the amino groups also coordinate strongly to the center metal ions in hydroxyl-coordinations.

Next, we study the NH coordinated structures which were earlier shown to have diradical
character?®*3-3°(Fig. 6). The sp? N together with bonded H atoms in these complexes lie exactly in
a plane with other atoms within the molecular framework. Meanwhile, both sides of metal ions
have unpaired electrons within SPOLs. The calculated lattice constants and formation energies per
unit cell for trans-Pd/Pt-(NH)S are summarized in Table 1. Based on the DFT band structures (Fig.
7) and comparisons made between DFT and TB model calculations with inclusion of SOC effects
(Fig. S5), it appears that the NH complexes are potentially better TIs since their SOC gaps (A1 &
Az) in trans-Pd/Pt-(NH)S are about 7 to 15 times larger than those of their amino (NH>)
counterparts. Similar conclusions can also be drawn for trans-Pd/Pt-(NH)O (Fig. S6 & S7) where

we again find larger SOC gaps compared to that for trans-Pd/Pt-(NH2)O (Table 1).
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Fig. 6 The bond lengths (A) in trans-Pt-(NH2) and trans-Pt-(NH) complexes. The solid dots

represent unpaired electrons for the structure on the right with diradical characteristics.

trans-Pd-(NH)S

trans-Pd-(NH)S
no SOC

SoC

E-E. (eV)

trans-Pt-(NH)S
no SOC

trans-Pt-(NH)S
SOC

E-E_ (eV)

Fig. 7 (a) & (b) Band structures without and with considering the SOC effects for trans-Pd-(NH)S;

and (c) & (d) for trans-Pt-(NH)S along the high symmetry directions, respectively.

To uncover the mechanism behind this, we study the orbital components in each band and
compare them to that in the amino (NH») analogues. While the occupancies of p-orbitals from S,
O and C atoms only differ slightly from their amino analogues (Fig. S8 & S9). While, we find
additional contributions from the N p-orbitals within the trans-Pt-(NH)S/O complexes, which are
not seen in complexes with NH> (where the N atoms are sp* hybridized). This N p-orbital
component is predominantly composed of unpaired p- electrons on the sp? hybridized N atoms that

is similar to the p. electrons in graphene. These lone pair electrons together with the unpaired
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electrons (diradical) in the ligands are delocalized across the molecular framework and effectively
extend the conjugation within the SPOLs, which stabilizes the whole 2D systems. It can be further
confirmed by their calculated bond lengths in the coordination structures (Fig. 6), where the N-M
bonds in NH coordinations are significantly shorter than that in amino analogues. Meanwhile, we
calculate charge density differences before and after coordination reactions (Fig. S10). It is seen
that electrons around nitrogen in NH> coordinated structures are more localized than that in NH
structures. It seems that SOC in NH complexes would shrink comparing the amino complexes,
which look paradoxical to our calculation results. Table 1 shows us the SOC strength in NH
structure is about 7 to 25 times larger than that in NH> counterparts. Here, we would like mention

again that trans-Pt/Pd-(NH) complexes have unpaired electron cross the 2D structures which is

diradical complexes. It is known, the effective SOC Hamiltonian can be written as £L-S, where

& is the SOC strength. L =rxp is the angular momentum, where r and p are the position

and momentum operators respectively and S is the spin operator. Since the angular momentum
for radical or diradical systems are much larger than that of heavy metallic atoms/ions. So SOC

effect in trans-Pt/Pd-(NH) complexes should be larger than closed shell systems*.

We also note that the Fermi level lies outside the SOC gap at I" point (A2) for
trans-Pt-(NH2)S, which has a global gap of 4.1 meV between the bottom Dirac band and flat band.
From a practicality viewpoint, the Fermi level should ideally be located within the global gaps.
For example in trans-Pt-(NH>)S, to shift the Fermi level within A;, a doping of two holes per unit
cell may be required due to the duplicated energy bands. For the same reason, a doping scheme of
four holes is needed if the Fermi level were to migrate to within the A, gaps. The situation is
slightly different for NH complexes, where each N only bonds to one H and the Fermi level drops

below the kagome bands. In such a case, a doping of two electrons per unit cell may be necessary.

Using the definition for doping concentration, p = % , where S is the surface area of the unit cell,

and #n is the number of the electrons/holes (per unit cell). We find that the doping concentration
required per cell is within the range of 4x10'3 cm™ to 9x10'3 ¢m™, which is experimentally
accessible via electrolytic gate technology*!. Here, also using Jellium Model to add two electrons

in a cell of trans-Pt-(NH)S, and calculated bands (Fig. S11) clearly show the Fermi level is in
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middle of SOC gap.

Conclusion

In conclusion, we have carried out first-principles calculations to characterize a new class of
2D organic topological insulators. Our calculations show spin-orbit coupling induced gap
openings for all trans-coordinated complexes. Single-orbital tight-binding models were employed
to fit the DFT band structures and calculated spin Chern number, edge states, and the Z»
topological invariants showed that the complexes considered have non-trivial topological features.
In addition, our calculations also show that the Pt complexes have larger SOC gaps compared to
their Pd analogues. In addition, NH coordinations have much larger induced SOC gaps than
amino counterparts. In contrast to recently reported inorganic/organometallic TIs, our proposed
2D complexes based on the coordination of shape persistent organic ligands to d® transition metals
could be more readily synthesized. These complexes are also amendable to further
functionalizations and systematic tunings to engineer larger spin-orbit gaps near the Fermi Level

in the development of TIs for real world applications.
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