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tiling and in-plane n-orbitals: coexistence of flat and Dirac bands

Cyclacene-based carbon lattices form a novel class of
quasi-2D materials with distorted hexagonal tiling and
in-plane rt orbitals. DFT calculations reveal tunable band
gaps, coexisting flat and Dirac bands near the Fermi level,
and dominant px/py orbital character. These unconventional
electronic features open avenues for correlated electron
physics and nanoelectronics.
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The discovery of nanomaterials with unique electronic band structures, such as flat bands, has drawn
significant interest for enabling novel physical phenomena and advanced technological applications.
Kagome lattices, characterized by corner-sharing triangles, are a notable class of materials featuring the
coexistence of flat and Dirac bands. This study investigates a new class of carbon lattices derived from
cyclacene molecules (cyc-CL), featuring a distorted hexagonal tiling. In these two-layer carbon
structures with hydrogen-saturated bonds, n orbitals lie parallel to the layers, unlike typical 2D carbon
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Accepted 11th July 2025 18-cyc-CL), examining band gaps, density of states (DOS), and orbital contributions. Cyc-CL systems
exhibit tunable band gaps, flat and Dirac bands near the Fermi level, and dominant & orbitals from py

and p, states. These results highlight cyc-CL'’s potential for studying quantum phenomena and enabling
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Introduction

Over the past two decades, the design, discovery, and charac-
terization of nanomaterials and nanostructures with unique
electronic band structure features have gained tremendous
attention. Among these, materials and structures exhibiting
dispersionless electronic states, or flat bands, have been widely
studied because electrons in these states exhibit suppressed
kinetic energy, resulting in spatial localization, which in turn
leads to intriguing physical phenomena and applications in
energy storage, optoelectronics, and quantum computing.'™
Kagome compounds, particularly in two-dimensional (2D)
layered forms, have emerged as a key area of research in
materials science due to their unique lattice structure and
electronic properties.®** The Kagome lattice (Fig. 1a), origin-
ally named after a Japanese basket-weaving pattern, is a 2D
network composed of corner-sharing triangles arranged in a
hexagonal framework.'® In the physics literature, these lattices
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are often identified as a ‘‘decorated honeycomb” or ‘‘star
lattice” structure.'®® This geometric configuration imparts
Kagome materials with “frustration”—a phenomenon where
electrons or spins in the lattice cannot simultaneously satisfy
all favorable interactions. This characteristic, combined with the
lattice’s symmetry, gives rise to unconventional and desirable
electronic states, including flat bands and Dirac bands.>*2°

The remarkable electronic behavior of Kagome compounds
is rooted in geometric frustration, which induces flat bands in
their electronic band structure. Flat bands are formed when the
kinetic energy of electrons is effectively quenched, leading to
highly localized electronic states. These flat bands are espe-
cially significant because they confine electrons within an
extremely narrow energy range, leading to a remarkably high
density of states (DOS). This characteristic has been linked to
various phenomena like Wigner crystallization,?”*® flat-band
ferromagnetism,* fractional quantum Hall states,>*** and a
possibility of high-temperature superconductivity.'*>*¢ These
properties render such materials highly promising for various
energy, quantum computing, and optoelectronics applications.
Flat bands have been observed in several Kagome-based 2D
materials, especially in systems based on transition metals or
carbon.”” In such systems, destructive interference in the hop-
ping processes causes the single-particle eigenstates to localize as
degenerate states on different plaquettes.'® The Bloch-wave band
states formed are superpositions of these localized states, result-
ing in effectively dispersionless bands."
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(a) Schematic representation of a Kagome lattice (trihexagonal tiling, symmetry group *632). (b) Schematic representation of n-cyc-CL derived

distorted hexagonal tiling (symmetry group *632). The dotted lines represent the unit cells of the lattice and structures.

In addition to flat bands, Kagome structures often feature
Dirac bands, another hallmark of their electronic architecture.
Dirac bands are characterized by linear energy-momentum
dispersion near certain points in the Brillouin zone, supporting
electrons that behave as massless Dirac fermions. This beha-
vior results in high mobility and low energy dissipation.*” The
Dirac bands in Kagome lattices emerge from the lattice’s
symmetry and unique geometric features, which create quasi-
relativistic electron behaviors akin to those observed in
graphene.’ This coexistence of flat and dispersive Dirac bands
enables simultaneous exploration of highly localized and delo-
calized electronic states, a unique feature that has sparked
interest in their potential use in electronic devices.®?*%*°

Recent computational studies have focused intensively on
2D and bulk carbon allotropes that exhibit unique electronic
features, such as Dirac cones, flat bands, and non-trivial
topological states.”**™*” However, while various 1D carbon
allotropes are well-documented, these structures typically lack
associations with flat band physics.**>* Only a few studies have
explored the potential for flat bands in 1D carbon nanomater-
ials. Rare instances of flat bands have been observed in systems
such as partially flat bands in zigzag graphene nanoribbons,>*
spin-polarized flat bands in hydrogenated carbon nanotubes,’”
and moiré flat bands in certain chiral carbon nanotubes with
collapsed structures®®>’
configurations.>®

In light of this, our study aims to fill an existing gap by
examining a family of realistic carbon nanostructures that
naturally host flat bands across their Brillouin zones. Unlike
prior approaches, which often rely on doping or structural
instabilities to induce flat bands, the flat electronic states in
our structures emerge due to inherent geometric and orbital
frustration. Specifically, we focus on a cyclacene-derived carbon
lattice (cyc-CL). A cyc-CL features a type of distorted hexagonal
tiling (see Fig. 1b). It shares the symmetry group *632 with the
regular hexagonal tiling of the graphene lattice, but it differs
from it by being composed of regular and irregular hexagons. A
unique feature of the cyc-CL lattice, which consists of two layers
of carbon atoms and has hydrogen saturation to avoid dangling
bonds, is that the n orbitals are not oriented orthogonal to the
layer, but rather parallel to the layer. To the best of our knowl-
edge, the chemical characteristics and electronic properties of
such materials remain unexplored.

or incommensurate double-walled
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Cyclacenes (C4,H,,) are unique carbon-based molecules,
which have captured significant interest with their hoop-
shaped, zigzag carbon frameworks similar to zig-zag carbon
nanotubes.’*™®" Initially conceptualized by Heilbronner in
1954, cyclacenes belong to the polycyclic aromatic hydrocarbon
family and show potential for use in organic semiconductors
due to their tunable electronic properties.®*** However, their
synthesis is challenging due to high structural strain and
reactivity.®*"®® Noteworthy efforts include work by Stoddart
et al.,**’*7? Cory et al.,”*”> and Schliiter et al.”®’” on synthesiz-
ing specific cyclacene sizes, while recent advances by Itami
et al in carbon nanobelts offer promising synthetic
insights.”®”® Wang’s team reported forming [8]-cyclacene via
a retro-Diels-Alder reaction in the mass spectrometer,®® while
attempts to generate [12]-cyclacene on surfaces by Gross, Pefia
et al. have thus far been unsuccessful.®!

More recently, a computational study of a crystal composed
of cyclacene molecules as building block was reported.®* A two-
dimensional crystal of [6]-cyc molecules held together by weak
intermolecular forces forms through a self-assembly process,
resulting in a structure referred to as [n]crystacene.®” In this
arrangement, the molecules organize into a triangular lattice
with their tube axes oriented perpendicular to the crystal plane.
The investigation of the electronic structure of [6]crystacene
explored the development of molecular local moments, the
characteristics of intermolecular exchange interactions, and
their dependence on the rotational angle.®* Recently, a compu-
tational investigation of cyclacene dimerization revealed this
to be a highly exothermic and low barrier process.®*%*
This suggests that the two-dimensional [6]crystacene array is
unstable towards collapse into a covalent framework that
resembles a cyclacene-derived carbon lattice (cyc-CL) (see
Fig. 2a).

Building on these studies, our work examines the potential
for cyclacene molecules to assemble into carbon lattices of
distorted hexagonal tiling, driven by their high reactivity and
dimerization energies (see Fig. 2a). This is a conceptually novel
type of carbon lattice as it involves r orbitals that lie within the
two-dimensional lattice and not orthogonal to it. This work
marks the first investigation into the electronic structure of
cyclacene-derived carbon lattices (cyc-CL), focusing on their
intrinsic flat-band features and the underlying geometric and
orbital frustration. It paves the way for understanding the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic representation of the assembly of cyclacene into carbon lattices of distorted hexagonal tiling (n-cyc-CL), along with black lines

representing the unit cells of the structures. (b) Top view (left), perspective view (middle), and side view (right) of a unit cell of 6-cyc-CL.

unique electronic properties and exploring the potential appli-
cations of cyc-CL in nanotechnology and quantum materials.

Computational methods

We performed first-principles calculations using density func-
tional theory (DFT) as implemented in the VASP code.®*®” The
potential of the core electrons and the exchange-correlation
interaction between the valence electrons are described by the
projector augmented wave®®®® and the generalized gradient
approximation (GGA) of Perdew, Burke, and Ernzerhof
(PBE).”>°" A kinetic energy cutoff of 850 eV was employed.
The atomic positions were optimized using the conjugate
gradient method, with an energy convergence criterion of
1077 eV between two consecutive steps. A maximum force of
107% eV A~! was allowed on each atom. To mitigate spurious
interactions, symmetric monolayers were placed in the middle
of crystals and separated by vacuum layers of 15 A at both the
top and bottom. Integrations over the Brillouin zone were
performed using a 7 x 7 x 1 Gamma-centered k-point grid
for structural relaxations. In contrast, a finer grid 18 x 18 x 1
was used to calculate the electronic density of states (DOS) of 6-
cyc-CL, 12-cyc-CL, and 18-cyc-CL, respectively and the results
were post-processed using the VASPKIT package.”” Since the
PBE functional underestimates the band gap, we used the
Heyd-Scuseria-Ernzerhof (HSE06)” functional (with a screen-
ing parameter of 0.2 A™* and a mixing parameter of 0.25) to
obtain accurate electronic band structures, for which a kinetic

© 2025 The Author(s). Published by the Royal Society of Chemistry

energy cutoff of 520 eV was employed. For HSE06, k-point mesh
was generated using VASPKIT.®> The resolution values of the
normal weighted k-mesh and zero-weighted k-path were set to
0.025 and 0.040 for 6-cyc-CL, 0.025 and 0.030 for 12-cyc-CL, and
0.020 and 0.040 for 18-cyc-CL, respectively. The k-mesh for the
self-consistent field (SCF) calculations was 9 x 9 x 1,4 x 4 x 1,
and 3 x 3 x 1 for 6-cyc-CL, 12-cyc-CL, and 18-cyc-CL, respec-
tively. The number of k-points along each line of the k-path was
as follows: I' - M:12,10,7; M —» K:7,5,5; K — I: 14, 11, 8 for
6-cyc-CL, 12-cyc-CL, and 18-cyc-CL, respectively. To study the
dynamic stability of n-cyc-CL, phonon dispersion calculations
were performed using the Phonopy code®® in conjugation
with DFPT (density-functional perturbation theory),’>®” as
implemented in VASP. Subsequently, ab initio molecular
dynamics (AIMD) simulations were conducted at temperatures
of 300 K and 500 K, employing the Nosé-Hoover
thermostat.’®* A time step of 1.0 fs was used for integration
during simulations.

Results and discussion

The structures of the cyc-CL that we propose (Fig. 3a-c) are
termed n-cyc-CL (n = 6, 12, 18) where n denotes the number of
benzene rings in the cyclacene units that form the lattice by
two-dimensional polymerization. The space group of the cyc-CL
family is P1. The optimized lattice parameters for 6-cyc-CL, 12-
cyc-CL, and 18-cyc-CL are a = b = 7.004 A, 11.866 A, and
16.772 A, respectively. The lattice angles for 6-cyc-CL, 12-cyc-CL,

Mater. Adv,, 2025, 6, 5439-5448 | 5441
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Fig. 3

and 18-cyc-CL are y = 120°, 60°, 120°, respectively. The coordinates
for each structure are presented in the ESLt

To get further insight into the geometrical parameters, the
pore diameters for equilateral hexagonal and distorted hexago-
nal holes in the n-cyc-CL structures (as shown in Fig. 3a-c) were
investigated using the GGA-PBE method. The diameter of
the distorted hexagonal hole (d;) varies among the 6-cyc-CL,
12-cyc-CL, and 18-cyc-CL structures, measuring 4.314 A,
6.745 A, and 9.198 A, respectively. For the equilateral hexagonal
holes, the diameters d, (4.858 A, 9.084 A and 13.410 A) and d;,
(5.378 A, 10.250 A and 15.159 A) also vary across the three
structures.

The formation energy was calculated using the GGA-
PBE method and is defined as: FE; (eVperatom)=
E(total) — xE(C) — yE(H)

X+y
the system, E(c) and Ey are the ground state energies of single
carbon and hydrogen atoms, respectively, and x and y represent
the number of carbon and hydrogen atoms, respectively.

The calculated formation energies E; (eV per atom) for 6-cyc-
CL, 12-cyc-CL, and 18-cyc-CL are 0.211, 0.062, and 0.038,
respectively. The positive values of E; are consistent with
previous studies, which report positive formation energies at
low hydrogen concentrations.’®®™% For comparison, the for-
mation energy per carbon atom in various (10,0) carbon nano-
tube caps ranges from 0.370 eV per atom (for structures
containing 40 carbon atoms) to 0.290 eV per atom (for 60
carbon atoms).’® Additionally, reported values for the (10,0)
carbon nanotube and C, are 0.137 eV per atom and 0.376 eV
per atom, respectively.'® A tight-binding calculation on Ceq
yields a formation energy of approximately 0.40 eV per
atom.'*>'% Furthermore, the phonon band spectrum (see
Fig. S11, ESIt) shows no imaginary frequency, confirming the
dynamic stability of n-cyc-CL structures. To assess the finite-
temperature structural stability of n-cyc-CL, ab initio molecular
dynamics (AIMD) simulations were performed at 300 K and
500 K. Throughout the duration of these simulations, the total
energy of the system remained stable (Fig. S12, ESIY), indicat-
ing no significant structural distortions. These results suggest
that n-cyc-CL retains its structural integrity at and above room

, where E is the total energy of
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18-cyc-C

(a)—(c) Top view of atomic structures for n-cyc-CL (n = 6, 12, 18 respectively), along with black lines representing the unit cells of the structures.

temperature, supporting its viability as a physically realistic
two-dimensional material.

Electronic properties

The band structures for the n-cyc-CL (n = 6, 12, 18) focus on
their in-plane electronic properties along the k-path I'-M-K-I'
(cyc-CL lattice plane in real space). The band structures change
significantly with the variations in the structures. To clearly
illustrate the evolution of the bands with these structural
changes, red and blue curves highlight the valence bands and
conduction bands around the Fermi level, respectively (Fig. 4a-
c). The band structures show that 6-cyc-CL and 12-cyc-CL
exhibit a direct band gap, while 18-cyc-CL has an indirect band
gap. The bands display large dispersions, indicating that the
electrons possess small effective masses in every direction.

In the band structure of 6-cyc-CL, there is a flat band
around the Fermi level, which is common in systems with
geometries such as Kagome lattice, Lieb lattice, or other related
structures.'®” This suggests the presence of local single-particle
states as the eigenstates of the band Hamiltonian. The flat
band in 6-cyc-CL disappears around the Fermi level and shifts
downward in 12-cyc-CL and 18-cyc-CL band structures. The
lowest conduction band of n-cyc-CL structures, indicated by
blue bands, is observed to shift upwards from 6-cyc-CL to 18-
cyc-CL. However, Dirac points at the high symmetry point K are
observed for all the cyc-CL structures around the Fermi level.

For 6-cyc-CL, a flat band and a Dirac band coexist at the
Fermi level. This resembles the coexistence of flat band and
steep band discussed in earlier studies,”*°® which investigated
their potential applications in superconductivity. The band gap
of n-cyc-CL (ranging from 2.2 eV to 3.4 eV) is considerably
smaller than that of diamond (5.3 eV)'® and graphane
(4.4 eV)'™ at the same computational level (HSE06), but it
remains relatively large.

To better understand the atomic contribution of n-
cyclacenes in the electronic structure of n-cyc-CL, we calculated
the atom-projected band structure, and density of states (DOS)
using both GGA (see Fig. S1-S9 in ESIt) and hybrid functionals
(Fig. 4d-f). The valence bands show a greater contribution from
carbon atoms around the Fermi level, while the hydrogen atom

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The electronic band structures for (a) 6-cyc-CL, (b) 12-cyc-CL, and (c) 18-cyc-CL, respectively. The labels I'; and I';/T'; in (a) represent CBM
(conduction band minimum) and VBM (valence band maximum) orbital frustration states in 6-cyc-CL, while T}, and I, in (b) and K%, and I’} in
(c) represent CBM and VBM in 12-cyc-CL, and 18-cyc-CL, respectively. K3 /K4, K5 /K4, and K4 /K in (a), (b), and (c) labels Dirac points in 6-cyc-CL,
12-cyc-CL, and 18-cyc-CL, respectively. Atom-projected band structure and DOS of (d) 6-cyc-CL, (e) 12-cyc-CL, and (f) 18-cyc-CL, respectively.
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character is more prominent in the lower energy valence bands.
In the conduction bands, no hydrogen atom character is
observed. Furthermore, atom-specific projected band struc-
tures and DOS using hybrid functional (see Fig. S10, ESIY)
show that the carbon atoms, which result from the rung bonds
(for 6-cyc-CL) or the benzene (for 12-cyc-CL) and naphthalene
(for 18-cyc-CL) units of the cyclacene building blocks, play a
significant role in forming the flat and Dirac bands near the
Fermi level.

To gain a better understanding of the nature of the bonds in
the n-cyc-CL, the density of states (DOS) is projected onto the
orbitals of carbon atoms for HSE06 computations (Fig. 5). Note
that the xy plane is perpendicular to the cyclacene ring, thus
the p, and p, orbitals here are the n orbitals of the n-cyclacenes.
It is found that the projected DOS (PDOS) around the Fermi
level (—3 to 3 eV) is mainly attributed to the electrons of p, and
p, orbitals. There is no contribution from the s and p, orbitals
to the total electronic states at the Fermi level. However, at the
lower energies, the contribution of p, orbitals becomes more
significant.

The dispersionless states observed in n-cyc-CL arise from
destructive interference caused by geometric and orbital frus-
tration, a phenomenon also reported in Kagome lattice
systems.>""'11? At the flat band, electrons localize, giving rise
to a pronounced peak in the electronic DOS near the Fermi
level, as illustrated in Fig. 4 and 5. It is also important to
highlight certain distinctions between the electronic properties
of cyc-CL and those of carbon Kagome nanotubes (CKNTs) or
their conventional analogs.'®** Unlike traditional CKNTs, the
intriguing electronic behavior of cyc-CL is primarily linked to ©
electrons originating from the p, and p, orbitals, whereas the p,
orbitals remain mostly inactive, as confirmed by the PDOS data
presented in Fig. 5.

As seen from the PDOS, the band edges of the n-cyc-CL
structures are primarily dominated by m orbitals, which con-
veniently explains the relationship between the structures and
their electronic properties. In 6-cyc-CL, a singlet state at I,
which is the conduction band minimum (CBM), exhibits anti-
bonding character between the layers in the distorted hexago-
nal ring, as shown in Fig. 6. Similarly, in the case of 12-cyc-CL,
the CBM at I'] is a singlet state with an antibonding character
between the layers in the distorted hexagonal ring. In the case
of 18-cyc-CL, the CBM at K7 is a mixed state with both bonding
and anti-bonding character.

The valence band maximum (VBM) is a doublet state,
represented by I', and I'; for 6-cyc-CL. In contrast, for 12-cyc-
CL and 18-cyc-CL, the VBM is a singlet state, represented by I')
and I}, respectively, both exhibiting n-bonding character. For
the Dirac points, K3 and K,, the electrons are delocalized across
the entire unit cell, particularly at the lattice joints, indicating
strong interactions between lattice sites. In contrast, the Dirac
points K /K}, and K /K/ in 12-cyc-CL and 18-cyc-CL, respec-
tively, show weak interactions between lattice sites, as the
electrons are tightly confined within the n orbitals of the
cyclacenes. This indicates that Dirac electron channels in
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12-cyc-CL and 18-cyc-CL are more aligned along the © orbitals
of the cyclacenes.

Conclusion

In this study, we introduced a novel carbon lattice structure
derived from cyclacenes, termed cyclacene-derived carbon lat-
tice (cyc-CL), and investigated its electronic properties using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Wavefunctions are shown in both top view (left) and slab view (right) for the states (a) I'y, I'»/T's and K3/K4 of 6-cyc-CL (b) I'}, I'y and K5 /K of 12-
cyc-CL, and (c) Kj, I'j and K4 /K of 18-cyc-CL corresponding to the states labelled by arrows in Fig. 4(a)-(c).

first-principles calculations. These structures have a distorted
hexagonal tiling. Ab initio molecular dynamics (AIMD) simula-
tions of n-cyc-CL (n = 6, 12, 18) demonstrate that these struc-
tures retain their overall structural integrity at and above room
temperature (300 K and 500 K). Additionally, the absence of
imaginary frequencies in the phonon band spectra confirms
the dynamic stability of the n-cyc-CL systems. They exhibit
dispersionless electronic states, or flat bands, alongside Dirac

© 2025 The Author(s). Published by the Royal Society of Chemistry

points around the Fermi level in their band structure and
density of states.

From 6-cyc-CL to 18-cyc-CL, the flat band near the Fermi
level shifts downward, while the lowest conduction band shifts
upward, leading to an increased band gap across the series.
Dirac points at the high symmetry point K are observed for all
the cyc-CL structures around the Fermi level. Orbital-projected
band structure and orbital-projected density of states analyses
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reveal that the p, and p,, orbitals of carbon atoms have higher
contributions around the Fermi level, surpassing the influence
of the s and p, orbitals.

The unique coexistence of flat and Dirac bands at the Fermi
level in cyc-CL structures underscores their potential for explor-
ing strongly correlated electronic phenomena in nanomater-
ials, positioning them as promising candidates for applications
in superconductivity.

Conflicts of interest

There are no conflicts to declare.

Data availability

The data supporting this article have been included as part of
the ESL.¥

Acknowledgements

This project has received funding from the European Research
Council (ERC) under the European Union’s HORIZON ERC
Synergy Grants action via the project Tackling the Cyclacene
Challenge (TACY), grant agreement number 101071420-
TACY-ERC-2022-SYG. The computations were performed on
BwForCluster JUSTUS2 cluster. The authors acknowledge sup-
port by the state of Baden-Wiirttemberg through bwHPC and
the German Research Foundation (DFG) through grant no.
INST 40/575-1 FUGG (JUSTUS 2 cluster) for computation facil-
ities. We thank Sabine Maier, Christoph Bohle, and Daniel
Huson for helpful discussions.

References

1 L. Balents, C. R. Dean, D. K. Efetov and A. F. Young, Nat.
Phys., 2020, 16, 725-733.

2 C. Elias, G. Fugallo, P. Valvin, C. L’Henoret, J. Li,
J. H. Edgar, F. Sottile, M. Lazzeri, A. Ouerghi, B. Gil and
G. Cassabois, Phys. Rev. Lett., 2021, 127, 137401.

3 O. Derzhko, J. Richter and M. Maksymenko, Int. J. Mod.
Phys. B, 2015, 29, 1530007.

4 M. A. Springer, T.-J. Liu, A. Kuc and T. Heine, Chem. Soc.
Rev., 2020, 49, 2007-2019.

5 P. Miro, M. Audiffred and T. Heine, Chem. Soc. Rev., 2014,
43, 6537-6554.

6 O. Leenaerts, B. Schoeters and B. Partoens, Phys. Rev. B:
Condens. Matter Mater. Phys., 2015, 91, 115202.

7 C. Zhong, Y. Xie, Y. Chen and S. Zhang, Carbon, 2016, 99,
65-70.

8 B. Sarikavak-Lisesivdin, S. B. Lisesivdin, E. Ozbay and
F. Jelezko, Chem. Phys. Lett., 2020, 760, 138006.

9 Y. Chen, Y. Y. Sun, H. Wang, D. West, Y. Xie, ]J. Zhong,
V. Meunier, M. L. Cohen and S. B. Zhang, Phys. Rev. Lett.,
2014, 113, 085501.

5446 | Mater. Adv, 2025, 6, 5439-5448

View Article Online

Materials Advances

10 Y. Chen, S. Xu, Y. Xie, C. Zhong, C. Wu and S. B. Zhang,
Phys. Rev. B, 2018, 98, 035135.

11 L. Zheng, L. Feng and W. Yong-Shi, Chin. Phys. B, 2014,
23, 077308.

12 T. Wavrunek, Q. Peng and N. Abu-Zahra, Crystals, 2022,
12, 292.

13 X. Li, D. Han, T. Qin, ]J. Xiong, J. Huang, T. Wang, H. Ding,
J. Hu, Q. Xu and J. Zhu, Nanoscale, 2022, 14, 6239-6247.

14 W. Jiang, X. Ni and F. Liu, Acc. Chem. Res., 2021, 54,
416-426.

15 M. Mekata, Phys. Today, 2003, 56, 12-13.

16 C. Barreteau, F. Ducastelle and T. Mallah, J. Phys.: Condens.
Matter, 2017, 29, 465302.

17 A. Riegg, J. Wen and G. A. Fiete, Phys. Rev. B: Condens.
Matter Mater. Phys., 2010, 81, 205115.

18 M. F. Lopez and J. Merino, Phys. Rev. B, 2020, 102, 035157.

19 M. F. Lopez, B. J. Powell and J. Merino, Phys. Rev. B, 2022,
106, 235129.

20 J. Merino, M. F. Lopez and B. J. Powell, Phys. Rev. B, 2021,
103, 094517.

21 M. Chen, H.-Y. Hui, S. Tewari and V. W. Scarola, Phys. Rev.
B, 2018, 97, 035114.

22 J.-W. Rhim, K. Kim and B.-J. Yang, Nature, 2020, 584,
59-63.

23 S. Paavilainen, M. Ropo, J. Nieminen, J. Akola and
E. Rasianen, Nano Lett., 2016, 16, 3519-3523.

24 H. M. Yu, S. Sharma, S. Agarwal, O. Liebman and
A. S. Banerjee, RSC Adv., 2024, 14, 963-981.

25 T. Yang, G.-Q. Wang, Y.-Q. Dai, X.-H. Zheng, X.-J. Ye and
C.-S. Liu, J. Phys. Chem. C, 2024, 128, 9413-9421.

26 A. Kumar, K. Banerjee, A. S. Foster and P. Liljeroth, Nano
Lett., 2018, 18, 5596-5602.

27 C.Wu, D. Bergman, L. Balents and S. Das Sarma, Phys. Rev.
Lett., 2007, 99, 070401.

28 M. Shayegan, Nat. Rev. Phys., 2022, 4, 212-213.

29 R. Pons, A. Mielke and T. Stauber, Phys. Rev. B, 2020,
102, 235101.

30 Y.-F. Wang, H. Yao, C.-D. Gong and D. N. Sheng, Phys. Rev.
B: Condens. Matter Mater. Phys., 2012, 86, 201101.

31 E. Tang, ]J.-W. Mei and X.-G. Wen, Phys. Rev. Lett., 2011,
106, 236802.

32 K. Sun, Z. Gu, H. Katsura and S. Das Sarma, Phys. Rev. Lett.,
2011, 106, 236803.

33 T. Neupert, L. Santos, C. Chamon and C. Mudry, Phys. Rev.
Lett., 2011, 106, 236804.

34 X. Zhang and M. Zhao, RSC Adv., 2015, 5, 9875-9880.

35 V. L. Iglovikov, F. Hébert, B. Grémaud, G. G. Batrouni and
R. T. Scalettar, Phys. Rev. B: Condens. Matter Mater. Phys.,
2014, 90, 094506.

36 N. B. Kopnin, T. T. Heikkild and G. E. Volovik, Phys. Rev. B:
Condens. Matter Mater. Phys., 2011, 83, 220503.

37 K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang,
M. I Katsnelson, I. V. Grigorieva, S. V. Dubonos and
A. A. Firsov, Nature, 2005, 438, 197-200.

38 W. Jiang, M. Kang, H. Huang, H. Xu, T. Low and F. Liu,
Phys. Rev. B, 2019, 99, 125131.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00055f

Open Access Article. Published on 24 July 2025. Downloaded on 6/15/2026 1:54:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

39

40

41

42

43

44

45
46

47

48

49

50

51

52

53

54

55
56

57

58

59

60

61

62
63

64

65

66

W. Jiang, H. Huang and F. Liu, Nat. Commun., 2019,
10, 2207.

M. Wang, W. Jiang and Y. Yao, Phys. Rev. B, 2024,
109, 165147.

Z. Li, Y. Xie and Y. Chen, Comput. Mater. Sci., 2020,
173, 109406.

Z. Wang, X.-F. Zhou, X. Zhang, Q. Zhu, H. Dong, M. Zhao
and A. R. Oganov, Nano Lett., 2015, 15, 6182-6186.

Y. Chen, Y. Xie, X. Yan, M. L. Cohen and S. Zhang, Phys.
Rep., 2020, 868, 1-32.

P. Yan, T. Ouyang, C. He, J. Li, C. Zhang, C. Tang and
J. Zhong, Nanoscale, 2021, 13, 3564-3571.

M. Maruyama and S. Okada, Carbon, 2017, 125, 530-535.
M. Zhou, Z. Liu, W. Ming, Z. Wang and F. Liu, Phys. Rev.
Lett., 2014, 113, 236802.

S. Lisi, X. Lu, T. Benschop, T. A. de Jong, P. Stepanov,
J. R. Duran, F. Margot, I. Cucchi, E. Cappelli, A. Hunter,
A. Tamai, V. Kandyba, A. Giampietri, A. Barinov, J. Jobst,
V. Stalman, M. Leeuwenhoek, K. Watanabe, T. Taniguchi,
L. Rademaker, S. J. van der Molen, M. P. Allan, D. K. Efetov
and F. Baumberger, Nat. Phys., 2021, 17, 189-193.

K. Wakabayashi, M. Fujita, H. Ajiki and M. Sigrist, Phys.
Rev. B: Condens. Matter Mater. Phys., 1999, 59, 8271-8282.
Y.-W. Son, M. L. Cohen and S. G. Louie, Phys. Rev. Lett.,
2006, 97, 216803.

V. R. Coluci, S. F. Braga, S. B. Legoas, D. S. Galvdo and
R. H. Baughman, Nanotechnology, 2004, 15, S142.

S. S. Yu, W. T. Zheng, Q. B. Wen and Q. Jiang, Carbon,
2008, 46, 537-543.

V. R. Coluci, S. F. Braga, S. B. Legoas, D. S. Galvdo and
R. H. Baughman, Phys. Rev. B: Condens. Matter Mater. Phys.,
2003, 68, 035430.

B. Kang and J. Y. Lee, Carbon, 2015, 84, 246-253.

K. Wakabayashi, Y. Takane, M. Yamamoto and M. Sigrist,
New J. Phys., 2009, 11, 095016.

X. Yang and G. Wu, ACS Nano, 2009, 3, 1646-1650.

O. Arroyo-Gascon, R. Fernandez-Perea, E. Sudrez Morell,
C. Cabrillo and L. Chico, Nano Lett., 2020, 20, 7588-7593.
O. Arroyo-Gascon, R. Fernandez-Perea, E. S. Morell,
C. Cabrillo and L. Chico, Carbon, 2023, 205, 394-401.

M. Koshino, P. Moon and Y.-W. Son, Phys. Rev. B: Condens.
Matter Mater. Phys., 2015, 91, 035405.

L. Tirker and S. Glimdis, J. Mol. Struct. Theochem., 2004,
685, 1-33.

R. Gleiter, B. Esser and S. C. Kornmayer, Acc. Chem. Res.,
2009, 42, 1108-1116.

D. Gupta, A. Omont and H. F. Bettinger, Chem. — Eur. J.,
2021, 27, 4605-4616.

E. Heilbronner, Helv. Chim. Acta, 1954, 37, 921-935.

X. Huang, P.-Y. Gan, F.-W. Gao and Z.-M. Su, Phys. Chem.
Chem. Phys., 2024, 26, 8716-8723.

Q.-H. Guo, Y. Qiu, M.-X. Wang and ]. Fraser Stoddart, Nat.
Chem., 2021, 13, 402-419.

D. Eisenberg, R. Shenhar and M. Rabinovitz, Chem. Soc.
Rev., 2010, 39, 2879-2890.

T.-H. Shi and M.-X. Wang, CCS Chem., 2021, 3, 916-931.

© 2025 The Author(s). Published by the Royal Society of Chemistry

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84
85

86

87

88

89

90

91

92

View Article Online

Paper

Y. Han, S. Dong, J. Shao, W. Fan and C. Chi, Angew. Chem.,
Int. Ed., 2021, 60, 2658-2662.

J. B. Bauer, F. Diab, C. Maichle-Md&ssmer, H. Schubert and
H. F. Bettinger, Molecules, 2021, 26, 3047.

H. Chen, S. Gui, Y. Zhang, Z. Liu and Q. Miao, CCS Chem.,
2021, 3, 613-619.

P. R. Ashton, G. R. Brown, N. S. Isaacs, D. Giuffrida,
F. H. Kohnke, J. P. Mathias, A. M. Z. Slawin, D. R. Smith,
J. F. Stoddart and D. J. Williams, J. Am. Chem. Soc., 1992,
114, 6330-6353.

F. H. Kohnke, A. M. Z. Slawin, J. F. Stoddart and D. ]J.
Williams, Angew. Chem., Int. Ed. Engl., 1987, 26, 892-894.
P. R. Ashton, N. S. Isaacs, F. H. Kohnke, A. M. Z. Slawin,
C. M. Spencer, J. F. Stoddart and D. J. Williams, Angew.
Chem., Int. Ed. Engl., 1988, 27, 966-969.

P. R. Ashton, U. Girreser, D. Giuffrida, F. H. Kohnke,
J. P. Mathias, F. M. Raymo, A. M. Z. Slawin, J. F. Stoddart
and D. J. Williams, J. Am. Chem. Soc., 1993, 115, 5422-5429.
R. M. Cory and C. L. McPhail, Tetrahedron Lett., 1996, 37,
1987-1990.

R. M. Cory, C. L. McPhail, A. J. Dikmans and ]. J. Vittal,
Tetrahedron Lett., 1996, 37, 1983-1986.

O. Kintzel, P. Luger, M. Weber and A.-D. Schliiter, Eur.
J. Org. Chem., 1998, 99-105.

A. Godt, V. Enkelmann and A.-D. Schliiter, Angew. Chem.,
Int. Ed. Engl., 1989, 28, 1680-1682.

G. Povie, Y. Segawa, T. Nishihara, Y. Miyauchi and
K. Itami, J. Am. Chem. Soc., 2018, 140, 10054-10059.

G. Povie, Y. Segawa, T. Nishihara, Y. Miyauchi and
K. Itami, Science, 2017, 356, 172-175.

T.-H. Shi, Q.-H. Guo, S. Tong and M.-X. Wang, J. Am. Chem.
Soc., 2020, 142, 4576-4580.

F. Schulz, F. Garcia, K. Kaiser, D. Pérez, E. Guitian, L. Gross
and D. Pefia, Angew. Chem., Int. Ed., 2019, 58, 9038-9042.
R. Ortiz, J. C. Sancho-Garcia and ]. Fernandez-Rossier,
Phys. Rev. Mater., 2022, 6, 014406.

A. Somani, D. Gupta and H. F. Bettinger, J. Phys. Chem. A,
2024, 128, 6847-6852.

A. Somani, D. Gupta and H. F. Bettinger, Chemistry, 2025, 7, 62.
G. Kresse and J. Hafner, Phys. Rev. B: Condens. Matter
Mater. Phys., 1993, 47, 558-561.

G. Kresse and J. Furthmiiller, Phys. Rev. B: Condens. Matter
Mater. Phys., 1996, 54, 11169-11186.

G. Kresse and J. Furthmiiller, Comput. Mater. Sci., 1996, 6,
15-50.

G. Kresse and D. Joubert, Phys. Rev. B: Condens. Matter
Mater. Phys., 1999, 59, 1758-1775.

P. E. Blochl, Phys. Rev. B: Condens. Matter Mater. Phys.,
1994, 50, 17953-17979.

J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865-3868.

J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson,
M. R. Pederson, D. J. Singh and C. Fiolhais, Phys. Rev. B:
Condens. Matter Mater. Phys., 1992, 46, 6671-6687.

V. Wang, N. Xu, J.-C. Liu, G. Tang and W.-T. Geng, Comput.
Phys. Commun., 2021, 267, 108033.

Mater. Adv.,, 2025, 6, 5439-5448 | 5447


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00055f

Open Access Article. Published on 24 July 2025. Downloaded on 6/15/2026 1:54:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

93 J. Heyd, G. E. Scuseria and M. Ernzerhof, J. Chem. Phys.,
2003, 118, 8207-8215.

94 A. Togo, L. Chaput, T. Tadano and I. Tanaka, J. Phys.:
Condens. Matter, 2023, 35, 353001.

95 A. Togo, J. Phys. Soc. Jpn., 2023, 92, 012001.

96 X. Gonze and C. Lee, Phys. Rev. B: Condens. Matter Mater.
Phys., 1997, 55, 10355-10368.

97 A. Togo and I. Tanaka, Scr. Mater., 2015, 108, 1-5.

98 D. J. Evans and B. L. Holian, J. Chem. Phys., 1985, 83,
4069-4074.

99 G. ]J. Martyna, M. L. Klein and M. Tuckerman, J. Chem.
Phys., 1992, 97, 2635-2643.

100 O. Leenaerts, B. Partoens and F. M. Peeters, Phys. Rev. B:
Condens. Matter Mater. Phys., 2009, 80, 245422.

101 J. O. Sofo, A. S. Chaudhari and G. D. Barber, Phys. Rev. B:
Condens. Matter Mater. Phys., 2007, 75, 153401.

102 O. Leenaerts, H. Peelaers, A. D. Hernandez-Nieves,
B. Partoens and F. M. Peeters, Phys. Rev. B: Condens. Matter
Mater. Phys., 2010, 82, 195436.

103 J. C. Garcia, D. B. de Lima, L. V. C. Assali and ]J. F. Justo,
J. Phys. Chem. C, 2011, 115, 13242-13246.

5448 | Mater. Adv, 2025, 6, 5439-5448

View Article Online

Materials Advances

104 S. Reich, L. Li and J. Robertson, Phys. Rev. B: Condens.
Matter Mater. Phys., 2005, 72, 165423.

105 B. L. Zhang, C. H. Xu, C. Z. Wang, C. T. Chan and K. M. Ho,
Phys. Rev. B: Condens. Matter Mater. Phys., 1992, 46,
7333-7336.

106 ]J. Tersoff, Phys. Rev. B: Condens. Matter Mater. Phys., 1992,
46, 15546-15549.

107 H. Tamura, K. Shiraishi, T. Kimura and H. Takayanagi,

Phys. Rev. B: Condens. Matter Mater. Phys., 2002,
65, 085324.

108 Y. Ding, S. Deng and Y. Zhao, J. Mod. Transp., 2014, 22,
183-186.

109 K. Hummer, J. Harl and G. Kresse, Phys. Rev. B: Condens.
Matter Mater. Phys., 2009, 80, 115205.

110 M. N. Amini, O. Leenaerts, B. Partoens and D. Lamoen,
J. Phys. Chem. C, 2013, 117, 16242-16247.

111 H. M. Guo and M. Franz, Phys. Rev. B: Condens. Matter
Mater. Phys., 2009, 80, 113102.

112 D. Yudin, D. Hirschmeier, H. Hafermann, O. Eriksson,
A. 1. Lichtenstein and M. I. Katsnelson, Phys. Rev. Lett.,
2014, 112, 070403.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00055f



