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We present theoretical simulations of the electronic properties of graphene-like two-dimensional
(2D) carbon networks with a periodic arrangement of defect lines formed by alternating four- and
eight-membered rings. These networks can be seen as arrays of armchair-edged nanoribbons (AG-
NRs), which are covalently connected at the edges. Using a combination of density functional theory
and a simple tight binding model, we show that the electronic properties of these networks can be
understood to arise from the family behaviour of the constituting AGNRs, plus a rigid shift due to
an ’inter-ribbon’ coupling across the defect lines. As a result, we find one class of zero-band-gap
semiconducting 2D networks, and two classes of semimetallic networks with quasi-linear band close
to the Fermi energy. The formation of closed-ring electron- and hole-like Fermi surfaces due to hy-
bridization across the defect lines offers interesting perspectives of using such defective 2D networks
for transport applications or the realization of carbon-based nodal line semimetals.

I. INTRODUCTION

In recent years, the versatile chemical bonding capa-
bilities of carbon has driven the exploration of carbon-
based one- (1D) or two-dimensional (2D) lattices that
exhibit metallic, semiconducting, or unconventional elec-
tronic characteristics, paving the way for the develop-
ment of ”all-carbon” structures. A cornerstone mate-
rial in this context is graphene, which has demonstrated
remarkable electrical conductivity, outstanding mechani-
cal strength, and excellent thermal conductivity, making
it a promising candidate for applications such as high-
speed transistors, flexible displays, and energy storage
devices [1-3]. Quantum confinement effects and the in-
troduction of edges or pores allow for a modification of
the material characteristics, while retaining many of the
promising electronic properties of graphene.

The introduction of structural defects, such as four-
and eight-membered rings, provides an additional design
dimension for carbon-based nanoribbons [4, 5] and nan-
otubes [6], as well as for novel two- and three-dimensional
materials. In the latter class, recently proposed materi-
als include T-carbon [7], T-graphene [8, 9] and PHOTH-
graphene [10]. In a previous work [11], we studied the
electronic properties of graphene nanoribbons with bi-
secting 4-8 ring defect lines. We found that, akin to
defect-free armchair-edged nanoribbons [12, 13] and car-
bon nanotubes, the defective ribbons can be classified
into two families of semiconducting nanoribbons with
bandgaps increasing due to quantum confinement for de-
creasing ribbon width, and a third family of nanorib-
bons featuring linear crossing bands at the Fermi energy.
Using tight-binding models, we concluded that the elec-
tronic properties of the defective nanoribbons are defined
by the properties of nanoribbon halves on either side of
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the defect lines, modified by an additional 'interhalf’ cou-
pling. Such defective nanoribbons could conceivably be
realized through bottom-up synthesis techniques using
suitable molecular precursors.

In this paper, we extend our previous results [11] on
defective nanoribbons to the case of graphene-like 2D net-
works with a periodic array of defect lines of alternating
four- and eight-membered rings. We show that these 2D
networks as well inherit the family properties of pristine
AGNRs and can be categorized into three groups, ac-
cording to their electronic bandstructures. The stronger
hybridization effects across the defect lines lead to semi-
metallic properties for two thirds of the networks, which
might be interesting for transport applications and the
realization of carbon-based nodal line semimetals.

II. COMPUTATIONAL METHOD

The atomic geometries and electron bandstructures
were calculated with the ABACUS computational pack-
age [23] using numerical atomic orbitals in combination
with normconserving pseudopotentials from the SG15 li-
brary [24]. Energy cutoffs of 100Ry and 500 Ry were
used for the real-space representation of the electron
wavefunctions and for the calculations of numerical or-
bital two-center integrals, respectively. We fully opti-
mized the atomic positions as well as the lattice con-
stant along the nanoribbon axis until the residual forces
and stresses were below 0.0025e¢V/A and 0.01 GPa, re-
spectively. The atoms were allowed to move freely in
both in-plane and out-of-plane directions and no sym-
metry constraints were imposed during the optimiza-
tion step. For this step, the exchange-correlation inter-
action was approximated by the revised Perdew-Burke-
Ernzerhof functional (PBEsol) [25] and the electrons were
represented by a triple-zeta double-polarized (TZDP) ba-
sis set. The two-dimensional Brillouin zone was sampled



FIG. 1: (Color online) Atomic structures of graphenic
networks with 4-8-ring defect lines. (a) Structure for 2D
networks with even number N of carbon dimer lines
between two defect lines. (b) Structure of 2D networks
with odd N. The lattice vectors a; and aq of the 2D
networks are shown as dashed arrows. The bonds across
the defect lines are elongated and indicated through
thicker black lines.

with I'-centered k-points grid with a spacing of at least
0.1 A=! (translating to a 16x16x1 k-point grid in case of a
4-d4sCN. We added vacuum layers of at least 30 A thick-
ness to minimize residual interactions between periodic
images due to periodic boundary conditions. Using these
parameters, the computed total energies are converged to
within 1 meV/atom (cf. supplemental information). To
ensure accurate predictions of the electronic properties,
we then calculated the electronic band dispersions using
the HSE12 hybrid functional [26] and a DZP basis set for
the PBEsol-level atomic structure.

III. RESULTS AND DISCUSSION

Based on our previous study [11] of 1D graphene
nanoribbons with a single 4-8-defect line, we here con-
sider two-dimensional graphenic sheets with periodic 4-
8-ring defect lines. These can be seen as arrays of cova-
lently connected nanoribbons. We classify the networks
according to the number N of carbon dimer lines along
the axis of each constituting nanoribbon. For odd N,
the networks adopt a centered rectangular lattice (space
group D%Z), for even N the networks adopt a primitive
rectangular structure (space group D%h), cf. Fig. 1. In a
first step, we used density functional theory simulations
(refer to Sec. ?? for computational details) to fully op-
timize the atomic structures for defective 2D networks
with N =3 — 18. As we found previously [11] for defec-
tive nanoribbons, the defect lines distort the bond lengths
close to the defect lines; the bond lengths next to the de-
fect line are shortened, similar to the bond lengths at the
edges of armchair graphene nanoribbons. For sufficient

width of the nanoribbons between the defect lines, the
bond lengths approach the computed value in defect-free
graphene (1.423 A). The bond lengths across the defect
lines are significantly elongated, with values of around
1.5 A. Despite the presence of the defect lines composed of
non-benzenoid rings, our simulation predict all networks
to be flat. We further calculated the phonon dispersion
of the smallest networks and found no imaginary modes,
suggesting that all networks are dynamically stable [cf.
supplemental material].

Based on the optimized structures, we simulated the
electronic bandstructures for the defective networks. Fig-
ure 2 (a)-(c) shows the bandstructures for N = 4 — 6,
which are representative for the entire set of considered
defective networks. The calculated bandstructures for
networks with N = 3 — 17 on the PBEsol-level of theory
are shown in Fig. S3 of the supplemental material. We
can distinguish three different classes of networks with
4-8-ring defect lines: Class I networks are composed of
M-AGNRs of the M = 3p family (with integer p), which
possess relatively wide band gaps [12]. In this case, refer
to the representative bandstructure of a 6-dygsCN shown
in Fig. 2 (a), we observe a crossing of valence and con-
duction band at a point on the I' = K (even N) or ' — X
lines (odd N), with a flat band feature at the Fermi en-
ergy between this crossing point and I'. As we will discuss
in more detail later, the formation of this band feature
can be understood from first-nearest neighbor coupling
across the defect line. The crossing point of the valence
and conduction band coincides with the Fermi energy and
the Fermi surface is reduced to two single points. The
class I networks hence are predicted to be zero-band-gap
semiconductors.

For class IT networks [Fig. 2 (b)], the T point conduc-
tion band minimum is below the Fermi energy, forming
an electron pocket, while the Fermi energy crosses the
valence band in the vicinity of X’ (odd N) or M (even
N). Both valence and conduction bands are approxi-
mately linear close to the Fermi energy. The situation is
reversed for class III networks, see Fig. 2 (¢). The C-C
bond lengths across the defect lines show a weak class
structure with periodicity Ty = 3 as well, cf. Fig. S2 in
the supplemental material.

Figure 2 (d) shows the bandstructure of a 3-d4gCN,
which has been recently realized through bottom-up syn-
thesis from bi-phenyl precursors [14] and was found to be
ultraflat and metallic, in agreement with our DFT-based
predictions. This network does not appear to fit into the
periodic class trends of the networks N < 4, with the
conduction band crossing the Fermi energy around the L
point and a hole pocket around the X point. The devia-
tion from the class behavior might be caused by a larger
contribution of the defect lines over the thin hexagonal
ring segments.

As for the defective 1D nanoribbons [11], these elec-
tronic properties can be understood from the reduced
coupling of the smaller N-AGNRs constituting the net-
work across the defect lines. The coupling gives rise
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FIG. 2: (Color online) (a)-(c) Computed electronic bandstructures of N-dysCN for N=4-6 as representative
members of the three defective network groups. (d) Electronic bandstructure of the recently synthesized 3-d4gCN,
which does not fit into the class behavior. Note that for networks, even (odd) N, the primitive cells generally are
rhombohedral (rectangular). The grey dashed lines indicate the Fermi energy of the systems. Insets schematically
show the Brillouin zones of networks with even and odd N. All results were obtained on the HSE12-level of theory.

to a hybridization of the individual nanoribbon bands,
which in case of the defective nanoribbons resulted in a
reduction of the electronic band gap and, for two of the
three nanoribbon families, to a direct-to-indirect band
gap transition with either the valence or the conduc-
tion band extremum moving away from the I'" point.
The stronger hybridization in the 2D networks causes a
semiconductor-to-metal transition, while retaining a one-
to-one correspondence between the three network classes
and the three defect-free AGNR families.

We corroborated these qualitative arguments with ex-
plicit tight-binding simulations, where we treated the
network as consisting of individual 'nanoribbons’, cou-
pled by a Hamiltonian

Hep =7y (ala;) (1)
(4,5)

~ couples nearest-neighbor sites 7 and j across the de-
fect lines (i.e. ¢ and j are the atoms making of the four-
membered rings) and is zero otherwise. For the electronic
structure of the individual nanoribbons making up the

networks, we included interactions up to three-nearest
neighbors. We found that this simple model yields elec-
tronic bandstructures that are in good qualitative agree-
ment with the DFT results [15] We then varied 7 across
the defect lines to study its effect on the network elec-
tronic properties.

For vanishing coupling strength, the bandstructure of
each network is a pure superposition of the bandstruc-
tures of the individual AGNRs in the unit cell. In case
of the class I networks, the direct band gap at the I’
point is reduced due to hybridization and the valence
band v+ 1 approaches the valence band top as the ’inter-
ribbon’ coupling « is gradually increased. For sufficiently
large coupling strength, the conduction band ¢ and va-
lence band v+1 cross the Fermi energy. This gives rise to
a flat band dispersion close to the Brillouin zone center
inT'—X (odd N) or I'— K direction, but not in the other
high symmetry directions.

For class II networks, which consist of AGNRs of the
family N = 3p+1, our simulations suggest that the ’inter-
ribbon’ coupling first causes a transformation of the band
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FIG. 3: (Color online) Fermi surfaces of a N-dysCN
with N=3-6 [cf. Fig. 2 (a)-(d)]. Red and blue color
represent electron and hole contributions to the Fermi
surface, respectively. The Brillouin zone corresponding
to the primitive cell is shown as shaded grey area. The
Brillouin zones corresponding to the conventional cell
(dashed green lines) are shown for the N-d4sCN.

gap from direct to indirect, as the conduction band min-
imum at I' and the valence band at X’ /M shift to lower
and higher energies, respectively. For sufficiently large
coupling strength, a semimetallic state with an electron
pocket at T and a hole pocket at X'/M arises, as indi-
cated in Fig. 2 (a) for a 4-d4sCN. For class III networks,
we observe the opposite behavior: these networks con-
sist of AGNRs of the family N = 3p + 2, which, in ab-
sence of edge effects, feature a vanishing band gap at I’
in tight-binding simulations. Here, we observe that the
inter-ribbon coupling causes the valence band to cross
the Fermi level around the I' point, while an electron
pocket forms at the X'/M point. For isolated AG-
NRs of this family, the vanishing band gap can be un-
derstood from zone-folding arguments: the K point of
graphene is mapped onto the I'" point of the nanorib-
bon; consequently, the nanoribbon bandstructure close
to the Fermi energy corresponds to a cut through one
of the graphene Dirac cones, resulting in the character-
istic linear bands. As the bandstructure of the defec-
tive networks close to the Fermi energy is determined by
the electronic structure of the underlying AGNRs plus
a hybridization-induced rigid shift, this suggests a large
mobility of the electrons close to the Fermi energy.
Interestingly, for networks of class 11, the Fermi energy
crosses the conduction band along each of the three high-
symmetry paths involving the I point, while the same is
true for the valence band in case of class III networks.
This suggests that the Fermi surface forms a ring around
the T" point. On the other hand, crossings of the valence
(class II) or conduction bands (class III) occur mainly
around the M (even N) or X’ (odd N) points. To further
analyse this, we computed the Fermi surface for repre-
sentative networks. Fig. 3 shows the Fermi surface for a
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FIG. 4: (Color online) (a) Electronic bandstructure of
a 4-d4gCN for a small z-offset between neighboring
nanoribbons. The unit cell is the conventional cell of
the undistorted network and contains two defect lines.
Several quasi-linear crossing bands appear near the
Fermi energy for paths between the I' point and the
high-symmetry points. The symmetries of the relevant
bands around the Fermi energy are indicated. (b) Band
gap between the crossing valence and conduction bands
throughout the two-dimensional Brillouin zone,
revealing a Dirac nodal line. All results from
simulations with the HSE12 functional.

4-d4gsCN. As expected, the conduction band gives rise to
a closed ring centered around the I' point in the Fermi
surface. The valence band, on the other hand, forms a
corresponding closed ring around the M point, but not
M’. We find similar results for all class IT and class IIT
networks, and also the ’classless’ 3-dygCN.

The origins and locations of the two rings in the Fermi
surface can be understood from a simple tight-binding
argument: The wavefunction of band A at k-point k in
terms of the tight-binding basis ¢, 7 (r) is given by

o) = exm (BT) T, (7= T)  (2)
T

where T is a lattice vector. In the limit of vanishing
‘inter-ribbon’ coupling «, the coefficients cy ,, only de-
pend on the components of 7' perpendicular to the defect
lines. This results in a completely flat band dispersion
for all Brillouin zone paths that are perpendicular to the
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FIG. 5: (Color online) (a) Electronic bandstructure of
a 3-d4gCN with a small z-offset between neighboring
nanoribbons. The unit cell is thus a 1x2x1 of the
rectangular primitive cell of the unperturbed network.
(b) Band gap between the crossing valence and
conduction bands throughout the two-dimensional
Brillouin zone, with a Dirac nodal line centered around
the X point. All results from simulations with the
HSE12 exchange-correlation functional.

defect lines, e.g. the I' — X’ path for odd N.

In first-order perturbation theory, the energy correc-
tion from H,p defined in Eq. 1 to band Ak with wave-
function ¢, of the network without inter-ribbon cou-
pling is

Aex(E) = (WS Hep U3 ) - (3)

For simplicity, we will first consider the case of odd N.
H_.p; can then be seen to couple nearest-neighbors across
the defect line that are located in neighboring primitive
cells in y (dz) direction. This introduces a phase factor
due to the exponential term in Eq. 2 For the energy cor-
rections of the highest valence (v) and lowest conduction
band (c), this implies

Aev/c()(/) = exp (Zﬂ-) Aev/c(r)~ (4)

Combined with the flat dispersion in I' — X’ direction in
case of v — 0, a filling of the conduction band around
T" due to hybridization across the defect lines is compen-
sated for by an equal partial depletion of the valence band
around the X’ point. Similar arguments hold for the

case of even N. In contrast to graphene, the two closed
loops in the Fermi surface result in a significant density
of states of ultramobile charge carriers at the Fermi level.

If we assume for a moment a small structural modu-
lation in perpendicular direction to the defect lines (the
y-direction in Fig. 1) that removes the degeneracy be-
tween neighboring nanoribbons, the M (even N) or X'
(odd N) point would be folded onto I', superimposing the
two rings [cf. Fig. 3]. To illustrate the effect of such a
weak symmetry breaking, Fig. 4 (a) shows the bandstruc-
ture of a 4-d4sCN for a network with a small z-offset of
0.15 A between neighboring nanoribbon segments. The
unit cell of this perturbed network is the rectangular con-
ventional cell containing two defect lines and the sym-
morphic o, inplane mirror plane is turned into a nonsym-
morphic symmetry operation with an additional required
shift by %&’2. Due to zonefolding and the aforementioned
anti-symmetry in the inter-ribbon coupling-induced en-
ergy corrections at I' and M, the bandstructure exhibits
quasi-linear crossing bands at the Fermi energy. Plot-
ting the energy difference between the top valence and
the lowest conduction band, Fig. 4 (b), suggests that the
bands in fact form a quasi-Dirac nodal line with band
gaps smaller than 50 meV (on the PBEsol level of theory).
We find similar results for all class IT and III nanoribbons.
For the 3-d4sCN, a similar perturbation leads to a nodal
line centered around the X point of the rectangular Bril-
louin zone [cf. Fig. 5].

Nodal-line semimetals (NLSM) have received attention
recently due to their transport properties and the poten-
tial for topological boundary states [16]. In these materi-
als, nodal lines of crossing linear bands arise from a band
inversion mechanism in combination with a topological
protection of the crossings due to crystal symmetry. In
case of our perturbed networks, the Dirac nodal lines
are allowed by the non-symmorphic (o0, %52,0) sym-
metry operation, which leads to differing symmetries of
the crossing bands [cf. Fig. 4 (a). However, most re-
ported nodal line semimetals adopt a hexagonal lattice,
while examples of 2D nodal line semimetals of square
or rectangular symmetry are rare. Further, many previ-
ously proposed NLSM contain heavy atoms and the re-
lated spin-orbit coupling (SOC) induces relatively large
bands gaps of order 100meV in the nodal lines, e.g. in
a CuySi monolayer [17]. For this reason, NLSM consist-
ing of lighter elements and a weaker SOC are of partic-
ular interest. For instance, a carbon nitride covalent 2D
network [18] and Al;Bs and AlB, monolayers [19] have
been recently proposed as low-band gap NLSMs with ex-
otic electronic properties. For our networks as well, SOC
effects change the band gaps by less than 1 meV. Addi-
tionally, several purely carbon-based three-dimensional
NLSMs have been proposed and studied based on den-
sity functional theory simulations [20-22], but, to the
best of our knowledge, experimental realizations of these
materials still have not been achieved.



IV. CONCLUSION

In summary, we used density functional theory to
study graphene-like carbon networks with a regular ar-
rangement of 4-8-ring defect lines. We showed that the
band structures of these 2D networks are largely domi-
nated by the family structure of the nanoribbon segments
between the defect lines, which are modified by hybridiza-
tion effects across the defect line. As a result, two out
of three defective network classes are semimetallic, with
quasi-linear bands crossing the Fermi energy. The signifi-
cant density-of-states of electron and hole charge carriers,
which retains much of the outstanding charge carrier mo-
bility of graphene, renders these defective networks po-
tentially interesting for transport applications. The im-
pact of 'inter-ribbon’ hybridization indicates a tunability
of the network electronic properties through strain in per-
pendicular direction to the defect line. Synthesis of such
networks would be feasible using bottom-up techniques
through suitable molecular precursors. Further, modify-
ing the periodicity of the presented defective networks
in perpendicular direction to the defect lines might serve

as a starting platform for the experimental realization of
purely carbon-based nodal-line semimetals with rectan-
gular symmetry and small band gaps. In this direction,
further work on the detailed symmetry and topological
properties of the electronic bandstructure is necessary to
confirm the nature of the nodal line band crossings.

V. ACKNOWLEDGEMENTS

The authors gratefully acknowledge the scientific
support and HPC resources provided by the Er-
langen National High Performance Computing Cen-
ter (NHRQFAU) of the Friedrich-Alexander-Universitét
Erlangen-Niirnberg (FAU) under the NHR project
b181dc. NHR funding is provided by federal and Bavar-
ian state authorities. NHR@FAU hardware is partially
funded by the German Research Foundation (DFG) —
440719683. This work was supported by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foun-
dation) — GRK2861 — 491865171. We further acknowl-
edge the support of the Supercomputing Wales project,
which is part-funded by the European Regional Develop-
ment Fund (ERDF) via the Welsh Government.

[1] F. Schwierz, Nature Nanotechnology 5, 487 (2010).

[2] K. S. Novoselov, V. I. Falko, L. Colombo, P. R. Gellert,
M. G. Schwab, and K. Kim, Nature 490, 192 (2012).

[3] A. Olabi, M. A. Abdelkareem, T. Wilberforce, and E. T.
Sayed, Renewable and Sustainable Energy Reviews 135,
110026 (2021).

[4] M. Liu, M. Liu, L. She, Z. Zha, J. Pan, S. Li, T. Li, Y. He,
Z. Cai, J. Wang, Y. Zheng, X. Qiu, and D. Zhong, Nature
Communications 8, 14924 (2017).

[5] F. Kang, L. Sun, W. Gao, Q. Sun, and W. Xu, ACS Nano
17, 8717 (2023).

[6] F. Li, J. Lu, H. Zhu, and X. Lin, Results in Physics 9,
656 (2018).

[7] X.-L. Sheng, Q.-B. Yan, F. Ye, Q.-R. Zheng, and G. Su,
Phys. Rev. Lett. 106, 155703 (2011).

[8] Q. Gu, D. Xing, and J. Sun, Chinese Physics Letters 36,
097401 (2019).

[9] H. Mousavi, S. Jalilvand, and D. Dahesh, Adv. Nat. Sci:
Nanosci. Nanotechnol. 15, 035016 (2024).

[10] E. A. J. Santos, K. A. L. Lima, F. L. L. Mendonga,
D. A. d. Silva, W. F. Giozza, and L. A. R. Junior, Scien-
tific Reports 14, 9526 (2024).

[11] R. Gillen and J. Maultzsch, Journal of Physics: Con-
densed Matter 36, 295501 (2024).

[12] Y.-W. Son, M. L. Cohen, and S. G. Louie, Phys. Rev.
Lett. 97, 216803 (2006).

[13] N. V. Tepliakov, J. Lischner, E. Kaxiras, A. A. Mostofi,
and M. Pizzochero, Phys. Rev. Lett. 130, 026401 (2023).

[14] Q. Fan, L. Yan, M. W. Tripp, O. Krej¢i, S. Dimos-
thenous, S. R. Kachel, M. Chen, A. S. Foster, U. Koert,
P. Liljeroth, and J. M. Gottfried, Science 372, 852 (2021),

https://www.science.org/doi/pdf/10.1126 /science.abg4509.

[15] The inclusion of interactions across the defect line up to
three nearest-neighbors improves the quantitative agree-
ment with the DFT results but requires a more elaborate
choice of the hopping parameters.

[16] S. Yang, H. Yang, E. Derunova, S. S. P. Parkin, B. Yan,
and M. N. Ali, Advances in Physics: X 3, 1414631 (2018).

[17] B. Feng, B. Fu, S. Kasamatsu, S. Ito, P. Cheng, C.-C.
Liu, Y. Feng, S. Wu, S. K. Mahatha, P. Sheverdyaeva,
P. Moras, M. Arita, O. Sugino, T.-C. Chiang, K. Shi-
mada, K. Miyamoto, T. Okuda, K. Wu, L. Chen, Y. Yao,
and I. Matsuda, Nature Communications 8, 1007 (2017).

[18] H. Chen, S. Zhang, W. Jiang, C. Zhang, H. Guo, Z. Liu,
Z. Wang, F. Liu, and X. Niu, J. Mater. Chem. A 6, 11252
(2018).

[19] S. Abedi, E. Taghizadeh Sisakht, S. J. Hashemifar,
N. Ghafari Cherati, I. Abdolhosseini Sarsari, and F. M.
Peeters, Nanoscale 14, 11270 (2022).

[20] Z.-Z. Li, J. Chen, S. Nie, L. Xu, H. Mizuseki, H. Weng,
and J.-T. Wang, Carbon 133, 39 (2018).

[21] X. Li, J. Liu, F. Q. Wang, Q. Wang, and P. Jena, The
Journal of Physical Chemistry Letters 10, 6360 (2019).

[22] K. Bu and J.-T. Wang, Phys. Rev. B 107, 245111 (2023).

(23] P. Li, X. Liu, M. Chen, P. Lin, X. Ren, L. Lin, C. Yang,
and L. He, Computational Materials Science 112, 503
(2016).

[24] M. Schlipf and F. Gygi, Computer Physics Communica-
tions 196, 36 (2015).

[25] J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov,
G. E. Scuseria, L. A. Constantin, X. Zhou, and K. Burke,
Phys. Rev. Lett. 100, 136406 (2008).

[26] J. E. Moussa, P. A. Schultz, and J. R. Chelikowsky, The
Journal of Chemical Physics 136, 204117 (2012).



Supplementary Material
Semimetallic two-dimensional defective graphene networks with
periodic 4-8 defect lines

Roland Gillen’? and Janina Maultzsch?

1 College of Engineering, Swansea University, Swansea SA1 8EN, United Kingdom 2 Department of Physics,
Friedrich-Alexander University Erlangen-Niirnberg, Staudtstr. 7, 91058 Erlangen, Germany

I. LATTICE CONSTANTS OF N-D4sCNS

The table shows the evolution of the lattice constants of the defective networks as the distance between defect
lines is increased (i.e. increase of N). All values are given for the rectangular conventional cell, i.e. containing two
primitive cells in case of even IN. a and c are the lattice constants parallel and perpendicular to the defect lines. In
case of even IV, the primitive lattice vectors are given by

1=(a/2,¢/2,0)
s = (—a/2,¢/2,0)

a
a

N Class lattice constant a lattice constant ¢

(in A) in (A)
3 None 4.511 3.754
4 1II 4.426 10.024
5 III 4.380 6.263
6 I 4.354 15.016
7T II 4.342 8.732
8§ III 4.331 19.938
9 I 4.320 11.206
10 II 4.314 24.872
11 III 4.310 13.665
12 1 4.305 29.807
13 I 4.301 16.132
14 1II 4.300 34.728
15 I 4.296 18.595
16 1II 4.294 39.659
17 1III 4.292 21.055
18 I 4.291 44.585

II. PHONON DISPERSION OF 4-D4,sAGNR

Figure S1 shows the calculated phonon dispersions of 3-d4gCN, 4-d4sCN and 6-d4sCN networks, obtained using the
GFN2-xTB method in combination with the ASE framework. For even (odd) N, we used 9x9 (9x12) supercells of
the primitive cell to obtain the necessary force constants and then Fourier interpolated the dynamical matrix along
the desired Brillouin zone path. For each of the force constants calculations, we used tight convergence thresholds of
10713 eV and 107! for the SCC error to reduce numerical noise and ensure accurate results. All phonon branches
have positive frequencies, indicating that the network is dynamically stable despite the high defect line density. We
expect that the network stability further increases as the defect line density is decreased (i.e. N increases) and the
nanoribbon components become larger and the networks become more graphene-like.
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FIG. S1: Phonon dispersions from the semiempirical GFN2-xTB method for selected defective networks.

III. INTERRIBBON BOND LENGTHS

Figure S2 shows that the ’interribbon’ bond lengths d across the defect lines (thicker black lines in Fig. 1 of the
main text) also exhibit a family behavior to a certain extent. For the highest defect density, the bond lengths are still
rather short, 1.47 A, due to the larger structural impact of the defect line, while the value quickly approaches 1.5 A
as NN increases.
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FIG. S2: Bond lengths across the defect lines. Colored numbers indicate the network class.



IV. N-D4&CN BANDSTRUCTURES
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FIG. S3: Electronic bandstructures of N-dygCN for N = 3 — 17 on the DFT-PBEsol level of theory. The left (red
color), middle (blue color) and right (green color) columns show the bandstructures of class I, IT and III networks,
respectively. In all plots, the zero-of-energy was set to the Fermi energy of the system.



V. COMPARISON OF TIGHT-BINDING BANDS

Figure S4 shows a comparison of the tight binding bandstructures of a 4-d4gCN for nearest- and up to third nearest
neighbor hopping across the defect lines. Within the nanoribbon segments, up to third-nearest neighbor coupling is
considered.

Nearest-neighbor hopping across the defect line is sufficient to reproduce the linear band crossing at the Fermi
energy and the general qualitative band dispersion. Inclusion of second- and third-nearest neighbor coupling across
the defect line improves the reproduction of the band dispersion compared to DFT, at the cost of additional parameter
fitting.
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FIG. S4: tight.binding bandstructures of a 4-d4sCN for nearest neighbor (left side) and up to third-nearest
neighbor coupling (right side) across the defect line. We used the fitted coupling parameters from defective
nanoribbons [J. Phys.: Condens. Matter 36, 295501 (2024)], i.e. 71 =y = 2.68 ¢V for nearest-neighbor coupling
across the defect line, v = —0.35 eV for second-nearest neighbor coupling, but a weaker 3 = 0.1eV for
third-nearest neighbor coupling. For the coupling within the nanoribbon segments, we used the values

ty = —2.94eV, to = —0.3¢eV, t3 = —0.11 eV from the same publication.

VI. CONVERGENCE TESTS

Figure S5 shows a the results from convergence tests for various calculation parameters
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FIG. S5: Convergence tests for a 4-dygCN.
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