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Manipulation of Dirac Fermions in Nanochain-Structured Graphene
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Graphene has afforded an ideal 2D platform for investigating a rich and fascinating behavior of Dirac fermions.
Here, we develop a theoretical mechanism for manipulating the Dirac fermions in graphene, such as from type-
I to type-II and type-III, by a top-down nanopatterning approach. We demonstrate that by selective chemical
adsorption to pattern the 2D graphene into coupled 1D armchair chains (ACs), the intrinsic isotropic upright
Dirac cone becomes anisotropic and strongly tilted. Based on model analyses and first-principles calculations,
we show that both the shape and tilt of Dirac cone can be tuned by the species of chemisorption, e.g., halogen
vs hydrogen, which modifies the strength of inter-AC coupling. Furthermore, the topological edge states and
transport properties of the engineered Dirac fermions are investigated. Our work sheds lights on understanding
the Dirac fermions in a nanopatterned graphene platform, and provides guidance for designing nanostructures
with novel functionality.
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The discovery of graphene[1,2] ushered a blossom-
ing of topological materials hosting quasiparticle-like
fermions and bosons.[3−9] Especially, Dirac fermions
in graphene exhibit a rich spectra of phenomena, such
as quantum Hall effect,[10,11] Klein tunneling[12] and
quantum transport,[13,14] which have also been ex-
tended to artificial acoustic[15] and photonic[16] Dirac
systems. Recent discovery of type-II and type-III Dirac
fermions in topological semimetals[17−19] further en-
riches the Dirac physics with novel Fermi surface
and band topology, as manifested in gapless plasmon
mode[20] and nodeless superconductivity.[21] The vary-
ing types of Dirac states[22,23] mean different transport
properties[24] and magnetic response,[25] offering new
opportunity for quantum and spintronics device ap-
plications.

Beyond graphene, several two-dimensional (2D)
carbon- and boron-based nanostructures[26−28] have
been predicted with Dirac fermions. Different types
of Dirac Fermions have also been predicted in a
few carbon allotropes with bipartite-symmetry break-
ing penta-rings.[29,30] However, each individual ma-
terial hosts inherently one particular type of Dirac
Fermions. It will be fundamentally interesting and

practically useful to develop a scheme to manipulate
Dirac Fermions into different types in one single mate-
rial platform, to realize different device functionalities.

Traditionally there are two distinct approaches
towards nanofabrication of quantum materials: the
bottom-up[31] or top-down approach.[32,33] Similarly,
such approaches can be adopted in creating novel
nanostructured topological materials. As an exam-
ple of the bottom-up approach, recent studies have
shown three-dimensional (3D) “nanowire-structured”
bulk materials assembled from 1D bismuth-halides
(Bi4Br4 and Bi4I4) chains, to display tunable topo-
logical phases of weak topological insulator (TI) and
high order TI.[34−36] As an example of top-down ap-
proach, the van der Waals (vdW) layered 2H-NbTe2
has been modulated into one-dimensional (1D) stripe-
like patterns by silicon intercalation, to induce forma-
tion of directional Dirac fermions.[37,38] Researchers
also observed the emergence of multiple Dirac cones
in high mobility graphene devices with a gate-tunable
1D superlattice.[39] Moreover, the atomic-thick BeN4

layers consisting of polyacetylene-like nitrogen chains
were reported to host anisotropic Dirac fermions.[40]

These progresses offer new insights into Dirac fermions
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based on nanochain-structured materials, i.e., nanos-
tructures with distinct 1D building blocks or 1D elec-
tronic patterns. Noting that 2D graphene consists
of basic building blocks of 1D armchair and zigzag
chains, it is desirable to create nanochain-structured
graphene, to tune the properties of Dirac fermions.

In this Letter, we demonstrate theoretically a
top-down approach towards constructing nanochain-
structured graphene and manipulating the tilting de-
gree and anisotropy of Dirac fermions. By selec-
tive chemisorption, 2D graphene is nanopatterned into
coupled 1D armchair chains (ACs), which by them-
selves in isolation represent the 1D Su–Schrieffer–
Heeger (SSH) model.[41,42] Using 𝑘·𝑝 analysis and a
tight-binding model, we show that collectively the cou-
pled ACs can host strongly tilted Dirac cones de-
pending on the strength of interchain coupling. Us-
ing first-principles calculations, we confirm the tran-
sition of Dirac fermions from type-I to type-II and
type-III, by tuning the interchain coupling with differ-
ent chemisorption species. Furthermore, we discuss
potential applications of such nanochain-structured
graphene as anisotropic quantum devices, based on
calculations and analyses of their topological edge
states and transport properties.
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Fig. 1. Illustration of the top-down patterning of 2D
graphene. (a) Armchair chain (AC) as the 1D building
unit of graphene. (b) Zigzag chain as the 1D building
unit of graphene. (c) Complete blocking the coupling
between building units of graphene turns the relativistic
Dirac fermions into ordinary fermions. (d) Schematic of
partially blocking 2D graphene into patterned armchair-
to-reversed-armchair (A–RA) chains. The tunable inter-
AC coupling drives the system into different Dirac states
without gap opening (see Fig. 3).

The concept of the proposed top-down pattern-
ing approach to create a nanostructured graphene
platform is illustrated in Fig. 1. From reduction-
ism, if one imagines graphene is made of 1D building
blocks, then the smallest 1D unit is either an arm-
chair, zigzag or chiral atomic chain in different ori-

entations. It is well known that the AC [Fig. 1(a)],
which represents a 1D SSH model, is a semiconductor,
while the zigzag chain [Fig. 1(b)] is an antiferromag-
netic semiconductor.[13,43] Accordingly, it has been
proposed before to nanopatterning graphene into a
semiconductor. For example, by patterning graphene
into a nanohole superlattice with both armchair and
zigzag edges, a dilute magnetic semiconductor can
be designed.[44] It is important to note that previous
nanopatterning approach has generally assumed to
completely block the hopping between the nanoscale
building blocks,[45,46] which converts the relativistic
Dirac fermions into ordinary non-relativistic fermions
by opening a gap at the Dirac point [Fig. 1(c)]. Differ-
ently, using the 1D SSH ACs as the building blocks,
here we propose to only partially block the inter-chain
coupling [Fig. 1(d)], which retains the Dirac fermions
without opening a gap but convert them into differ-
ent types (Fig. 3). We achieve this partial blocking
by selective surface adsorption, which makes it possi-
ble to tune the inter-chain coupling by using different
adsorption species, as demonstrated below.
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Fig. 2. Schematic illustration of Dirac cone tilting evolu-
tion by symmetry breaking. (a) Pristine folded Dirac cone
of the honeycomb lattice. (b) Formation of high-symmetry
line (HSL) Dirac cone upon introducing anisotropy, with
𝛿1 > 𝑚1, 𝛿2 = 0, |𝑣𝑦 | = 0. (c) Type-II Dirac cone upon

chiral (sublattice) symmetry breaking, with 𝛿1 > 𝑚1,
𝛿2 = 0, |𝑣𝑦 |> |𝑣𝑦 |.

We first discuss the general working principle un-
derlying our idea, based on continuum model and sym-
metry analysis. Without losing generality, we start
from the effective Hamiltonian of graphene,

𝐻(𝐾± + 𝑘) = ±𝑣𝑥𝑘𝑥𝜎𝑥 + 𝑣𝑦𝑘𝑦𝜎𝑦, (1)

where 𝑣𝑥,𝑦 is the Fermi velocity; 𝑘𝑥,𝑦 is the wave vec-
tor; 𝜎𝑖 are Pauli matrices of sublattices. For conve-
nience, one can fold Dirac points (𝐾± valleys) from
the corners of Brillouin zone to 𝛤 point, as shown in
Fig. 2(a), considering a hypothetical superlattice con-
sisting of a periodic array of 1D ACs. In this stage,
we neglect the inter-valley hybridization, and the su-
perlattice Hamiltonian at 𝛤 is

𝐻0
𝛤 (𝑞) =𝐻(𝐾+ + 𝑞) ⊕𝐻(𝐾− + 𝑞)

= 𝑣𝑥𝑞𝑥𝜏𝑧𝜎𝑥 + 𝑣𝑦𝑞𝑦𝜏0𝜎𝑦, (2)

where 𝜏𝑖 are Pauli matrices describing the valley pseu-
dospin, 𝑞𝑥,𝑦 is the wavevector measured from 𝛤 point.
Next, considering the coupled 1D system, it supports
a two-fold rotational symmetry 𝐶2𝑦 : 𝜏𝑧𝜎𝑦, and also
preserves time-reversal 𝑇 : 𝜏𝑥𝐾 (𝐾 is a complex con-
jugation operator), inversion 𝑃 : 𝜏𝑥𝜎𝑥, and mirror
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𝑀𝑥𝑧: 𝜏𝑦𝜎𝑧 symmetries, as inherited from the orig-
inal honeycomb lattice. The terms that respect all
these symmetries include 𝑚1𝜏𝑥𝜎𝑥, 𝛿1𝜏𝑧𝜎𝑦 and 𝛿2𝜏𝑦𝜎𝑧.
Here, 𝑚1𝜏𝑥𝜎𝑥 denotes the mass term arising from
the 𝐾± valley hybridization when they are approach-
ing, which would open a gap. We introduce 𝛿1𝜏𝑧𝜎𝑦

and 𝛿2𝜏𝑦𝜎𝑧 to account for the apparent anisotropy
in the patterned lattice, which denote the different
separations of the 𝐾± valleys in the 𝑞𝑥 and 𝑞𝑦 di-
rections, respectively, due to the inter-valley interac-
tion. The anisotropy requires 𝛿1 ̸= 𝛿2 and their to-
tal strength acts as

√︀
|𝛿21 − 𝛿22 | [see Fig. S8(a)]. For

simplicity, we take 𝛿2 = 0 so that 𝛿1 quantifies the
degree of anisotropy. The greater the 𝛿1, the larger
the anisotropy and separation of 𝐾± valleys. Com-
bining 𝑚1𝜏𝑥𝜎𝑥 and 𝛿1𝜏𝑧𝜎𝑦, in order to preserve the
Dirac cone, 𝛿1 > 𝑚1 must be satisfied, then the

type-I Dirac cone appears along the high-symmetry
line (HSL) 𝑞𝑥 = 0 with the 𝐾± valleys locating at

(0,±
√︀

𝛿21 −𝑚2
1/𝑣𝑦), as shown in Fig. 2(b). Moreover,

tilting of Dirac cone occurs because the Dirac point
is not located at a high-symmetry point.[47] One can
consider another 𝑣𝑦|𝑞𝑦|𝜏0𝜎0 term to break chiral (sub-
lattice) symmetry 𝐶 : 𝜏𝑜𝜎𝑧 while preserving 𝑇 , 𝑃 , 𝐶2𝑦

and 𝑀𝑥𝑧 symmetries. Then the full 𝑘·𝑝 Hamiltonian
is

𝐻𝛤 (𝑞) = 𝑣𝑥𝑞𝑥𝜏𝑧𝜎𝑥 + 𝑣𝑦𝑞𝑦𝜏0𝜎𝑦 + 𝑚1𝜏𝑥𝜎𝑥

+ 𝛿1𝜏𝑧𝜎𝑦 + 𝑣𝑦|𝑞𝑦|𝜏0𝜎0. (3)

Equation (3) contains a critical point |𝑣𝑦| = |𝑣𝑦| for
the existence of type-III Dirac state. Therefore, the
type-II Dirac cone emerges once |𝑣𝑦| > |𝑣𝑦| is satis-

fied, as illustrated in Fig. 2(c).
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Fig. 3. Engineering Dirac cone in coupled 1D ACs. (a) Schematic of the A–RA-type coupled-chain model (CCM).
The gray and black sites belong to different sublattices. (c) The first Brillouin zone. (c)–(e) Band structures of tilted
type-I, type-III and type-II Dirac states, respectively, with fixed 𝑡1 = −1.90, 𝑡′1 = −1.96, 𝑡3 = 0.3: (c) 𝑡2 = −0.15,
𝛥 = −0.03; (d) 𝑡2 = −0.3, 𝛥 = −0.06; (e) 𝑡2 = −0.5, 𝛥 = −0.14. The red (green) bands share +1 (−1) eigenvalues
under 𝐶2𝑦 operation. In (c)–(e), only two bands of interest are shown and all parameters are in units of eV. (f)
Phase diagram with fixed 𝑡′1 = −1.96, 𝑡3 = 0.27 and 𝛥 = 0. Here, the gray lines denote the boundary between
Dirac and gapped states, the gray dashed line denotes type-III Dirac state. The Dirac point position 𝜅 is marked in
(c) and 𝜅 = 0 (1) represents the gap location at 𝛤 (𝑀2).

We then investigate the specific parametric
conditions for engineering the Dirac phases in
the nanochain-structured graphene by developing a
coupled-chain model (CCM). We focus on the sym-
morphic armchair-to-reversed-armchair (A–RA) con-
figuration, as shown in Fig. 3(a), and leave the results
of the A–A configuration in Figs. S1 and S2 (see the
Supplementary Material). The Wannier orbitals are
𝑝𝑧-like and the gray (black) dots mark the sublattice

B (C) sites. Then the four-site Hamiltonian is given
by

𝐻0 =
∑︁

𝛼𝑖
𝛥𝛼𝑖𝑐

†
𝛼𝑖𝑐𝛼𝑖 +

∑︁
⟨𝛼𝑖,𝛽𝑗⟩𝑥

𝑡𝑥𝛼𝑖,𝛽𝑗𝑐
†
𝛼𝑖𝑐𝛽𝑗

+
∑︁

⟨𝛼𝑖,𝛽𝑗⟩𝑦
⟨⟨𝛼𝑖,𝛽𝑗⟩⟩𝑦

𝑡𝑦𝛼𝑖,𝛽𝑗𝑐
†
𝛼𝑖𝑐𝛽𝑗 + H.c., (4)

where ⟨ ⟩ and ⟨⟨ ⟩⟩ represent the nearest and next-
nearest hopping, respectively; 𝛼, 𝛽 = B, C and 𝑖, 𝑗 =
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1, 2; on-site energies 𝛥𝛼𝑖 are uniformly set as 𝛥; 𝑡𝑥𝛼𝑖,𝛽𝑗
denotes intra-AC coupling 𝑡1 and 𝑡′1 along 𝑥 direc-
tion, and 𝑡𝑦𝛼𝑖,𝛽𝑗 represents inter-AC coupling 𝑡2 and
𝑡3 along 𝑦 direction. Note that the relatively weak
inter-AC coupling is considered up to the next-nearest
neighbor. CCM obeys time-reversal symmetry and
𝐶2ℎ point group symmetry. The spatial operators in-
clude two-fold rotation 𝐶2𝑦 (B1→C1, B2→C2), mir-
ror 𝑀𝑥𝑧 (B1→B2, C1→C2) and inversion 𝑃 (B2→C1,
B1→C2). Figures 3(c)–3(e) show the band structures
of CCM, which illustrate the tilting of Dirac cone into
tilted type-I, type-III and type-II Dirac in the coupled
1D ACs. The tilted Dirac cone elongates along the
𝐶2𝑦 invariant 𝛤–𝑀2 path, which is characterized by
a nontrivial time-reversal invariant[48,49] Z2 = 1 (see
Table S1).

We have constructed a phase diagram of the result-
ing Dirac fermions in the parameter space of relative
hopping strength, as shown in Fig. 3(f). At the limit
of vanishing inter-AC coupling, i.e., 𝑡2 = 𝑡3 = 0, the

CCM model reduces simply to the conventional SSH
model, exhibiting a universal Peierls transition.[50]

Given the intra-AC hopping 𝑡1 ̸= 𝑡′1, there exists a 1D
gap 𝛥1𝐷 = 2|𝑡1 − 𝑡′1|.[51] With the inter-AC coupling,
if |𝑡3| > 𝛥1𝐷/2, the 2D Dirac state retains, albeit
with an anisotropic and tilted Dirac cone; otherwise,
the Dirac state disappears with a gap opening. Thus,
the conditions 𝑡1 − 𝑡′1 = ±|𝑡3| set up two horizontal
phase boundaries for the existence of Dirac fermions,
as shown in Fig. 3(f). Inside these two boundaries,
another vertical boundary conditioned with |𝑡2| = |𝑡3|
divides different types of Dirac fermions. Note that
the inter-AC coupling 𝑡2 breaks chiral (or bipartite
lattice) symmetry. Since the Fermi velocity of one
Dirac branch is proportional to |𝑡2|−|𝑡3|, it goes to
zero when |𝑡2| = |𝑡3|, which gives rise to the type-
III Dirac fermions and divides the type-I (|𝑡2|< |𝑡3|)
and type-II (|𝑡2|> |𝑡3|) regions. The effect of spin-orbit
coupling (SOC) and edge states of CCM are discussed
in Figs. S3, S6 and S7.
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Fig. 4. Highly tilted Dirac fermions in the AC-patterned graphene. (a) Atomic structure of the AC-patterned
graphene. The 𝑠𝑝2 carbons (orange) constitute the A–RA type chains. Bond lengths of C–X (𝑑H) are 1.11, 1.44,
1.87, 2.22 Å and 𝑠𝑝3 carbon buckling heights (Δ𝑧) are 0.67, 0.63, 0.63, 0.53 Å for X=H, F, Cl, Br, respectively.
[(b), (c)] Spinless band structures with density of states (DOS) of C6Cl2 and C6F2, respectively. In (b) and (c), the
red (green) bands share +1 (−1) eigenvalues under 𝐶2𝑦 operation and total DOS (gray filled) near the Fermi level
are mainly from 𝑝𝑧 orbitals of 𝑠𝑝2 carbons (blue filled). The left insets are real-space charge distribution near the
Fermi level. VHS is short for van Hove singularity. (d)–(g) Spinless semi-infinite spectra of C6Cl2 periodic along
[11], C6F2 periodic along [11], C6Cl2 periodic along [1̄1] and C6F2 periodic along [1̄1], respectively. In (f) and (g),
two helical edge states are degenerate.

Now, we propose material realization of the above
CCM, namely a top-down nanopatterning process
of graphene. Inspired by the fabrication of one-
third hydrogenated graphene with long-range 1D
AC patterns,[52] we devise a form of AC-patterned
graphene in Fig. 4(a). One notices that the A–RA
stacked 𝑠𝑝2 carbon ACs are staggered by 𝑠𝑝3 carbons.
The unit formula of such AC-patterned graphene is

C6X2 (X = H, F, Cl, Br). The lattice constants are
4.31, 4.30, 4.30, 4.31 Å for X = H, F, Cl, Br, respec-
tively, and the lattice belongs to the layer group 𝐶2/𝑚
with 𝐶2𝑦, 𝑀𝑥𝑧 and 𝑃 operations. The phonon calcu-
lations confirm their dynamical stability (Fig. S10).

Figures 4(b) and 4(c) (see also Fig. S9) show the
band structures of AC-patterned graphene, obtained
from first-principles calculations, which clearly illus-
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trate the phase transition of Dirac fermions. In par-
ticular, Fig. 4(b) displays the spinless type-III Dirac
fermion along the 𝛤–𝑀2 path for C6Cl2. One Dirac
band branch is flat with a 13-meV bandwidth, lead-
ing to a van Hove singularity (VHS) in the density
of states (DOS). The SOC opens a negligible gap of
2.0 meV. Figure 4(c) shows the type-II Dirac fermion
for C6F2, and the Dirac point is ∼0.2 eV above the
Fermi level. The manipulated Dirac states in the
AC-patterned graphene are found to be robust when
placed on an insulating substrates, such as BN (0001)
(see Figs. S13 and S14). We also discovered the exis-
tence of type-II Dirac fermions in the AC-patterned sil-
icene and strained germanene (Fig. S12). In addition,
the first-principles results of AC-patterned graphene
are well fitted by both CCM in Fig. S5 and maximally
localized Wannier functions[53] in Fig. S11. The fit-
ting parameters confirm quantitatively the phase di-
agram of CCM. For instance, the fitted parameters
are 𝑡2 = −0.54 eV and 𝑡3 = 0.42 eV for C6F2, which
satisfy the |𝑡2| > |𝑡3| condition for the type-II Dirac
fermion.

Next, we study the edge states of AC-patterned
graphene. We first evaluate the topological descrip-
tors (see Table S2). The spinless semimetal phase
of AC-patterned graphene is featured with crossings
of bands with opposite 𝐶2𝑦 eigenvalues. This gives
rise to a nontrivial Z2 = 1 and rotation invariant
𝛿r = 1 (as defined in Ref. [54]). Also, the 2D Zak
phase[55] or electrical polarization[56] is calculated as
(𝑝1, 𝑝2) = (0, 1/2), indicating a fractional topological
charge 𝑒/2 along 𝛤–𝑀2 path. The directional edge
band structures and semi-infinite edge spectra of AC-
patterned graphene are shown in Figs. 4(d)–4(g) and
Figs. S17–S21. We have considered the periodic direc-
tions of [10], [11] and [1̄1] with different ribbon ter-
minations. Here, we focus on the centrosymmetric
ribbons along the 𝐶2ℎ preserving [11] and [1̄1] direc-
tions. Along the [11] direction, two bulk Dirac cones
of AC-patterned graphene are folded into the 𝛤 point.
In Figs. 4(d) and 4(e) of edge spectra, the conduction
band dispersion of C6F2 and C6Cl2 becomes parabolic
with a U shape. Due to the existence of 𝑒/2 topologi-
cal charge along [1̄1] direction, we observe two degen-
erate helical modes within the bulk states of C6F2 and
C6Cl2 [Figs. 4(f) and 4(g)]. The helical modes come
in pairs subjected to the 𝐶2𝑦 rotation symmetry.

To further explore the transport properties of AC-
patterned graphene, we calculate the static conduc-
tivity tensor using the Kubo–Bastin formula based on
linear response theory:[57,58]

𝜎𝛼𝛽(𝜇, 𝑇 ) =
𝑖𝑒2}
𝛺

∫︁ ∞

−∞
𝑑𝜀𝑓(𝜀)×Tr

[︁
𝜈𝛼𝛿(𝜀−𝐻)𝜈𝛽

· 𝑑𝐺
+(𝜀,𝐻)

𝑑𝜀
− 𝜈𝛼

𝑑𝐺−(𝜀,𝐻)

𝑑𝜀
𝜈𝛽𝛿(𝜀−𝐻)

]︁
, (5)

where 𝑇 is temperature, 𝜇 is chemical potential, 𝛺
is the volume of primitive cell, 𝜈𝛼,𝛽 is the velocity

operator, 𝑓(𝜀) is the Fermi–Dirac distribution and
𝐺±(𝜀,𝐻) = [(𝜀 − 𝐻 ± 𝑖𝜂)]−1 are the advanced (+)
and retarded (−) Green’s functions. In Fig. 5, we
compare the conductivities of AC-patterned graphene
with graphene at 0 K. First, the coupled ACs display
a larger longitudinal conductivity 𝜎𝑥𝑥 along the chain
direction than graphene, while the “barrier” from 𝑠𝑝3

carbons in between the ACs limits the electron trans-
port in the 𝑦-direction. The high anisotropy manifests
a distinct quasi 1D electrical response in AC-patterned
graphene. Second, there exist significant conductiv-
ity differences between type-I (graphene), tilted type-
I (C6H2), type-III (C6Cl2) and type-II (C6F2) Dirac
fermions. In particular, 𝜎𝑥𝑥 of C6F2 (C6Cl2) is as high
as 21.9 𝑒2/ℎ (17.8 𝑒2/ℎ) at Fermi level, indicating that
the highly tilted Dirac fermions endow C6F2 (C6Cl2)
with metallic behavior, distinct from the semimetal
graphene or C6H2. Consequently, C6F2 and C6Cl2 are
promising for designing highly anisotropic quantum
devices with 𝑥-directional transport and 𝑦-directional
topological edge conductance.
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Fig. 5. Kubo–Bastin static conductivity of tilted type-
I C6H2 (red), type-II C6F2 (green), type-III C6Cl2 (blue)
and graphene (black) at 0K. The solid and dashed lines
are longitudinal 𝜎𝑥𝑥 and 𝜎𝑦𝑦 tensor components, respec-
tively, which are degenerate for graphene.

In conclusion, we have theoretically investigated
a top-down nanopatterning approach of 2D graphene
to manipulate the Dirac fermions, such as changing
from isotropic type-I to anisotropic type-II and type-
III. Our model analyses and material calculations ex-
tend the study of topological states to coupled 1D
systems, which links the 1D SSH model with the
2D Kane–Mele model.[48,59] Furthermore, we demon-
strate the concept of nanopatterning in reconstruct-
ing a pristine system with novel functionality by se-
lective chemisorption. It is worth noting that one of
our proposed nanochain-structured graphene, namely
C6H2 monolayer, has already been successfully fab-
ricated in millimeter scale using ultrahigh vacuum
radio frequency plasma.[52] Similar plasma methods
are promising for synthesizing halogenated graphene
C6F2, C6Cl2 via halogenating agents such as XeF2

[60]

and Cl2
[61] under suitable conditions of plasma con-

centration, treatment time, and substrate, etc. These
results enrich the fundamental understanding of 2D
Dirac fermions and provide guidance for designing

097101-5
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functional nanostructures based on graphene, and
therefore, are expected to draw immediate attention
from experimentalists.
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1. Methods 

We performed first-principles calculations via Vienna Ab-initio Simulation 

Package
[1]

 within density functional theory. The Perdew-Bruke-Ernzerhof 

parametrization
[2]

 of generalized gradient approximation was adopted. All the energy 

cutoffs of plane-wave basis were set as 500 eV. A k-mesh of 20 × 20 × 1 and another 

16 × 16 × 1 were used for Brillouin zone sampling of primitive cell and rectangular 

conventional unit cell, respectively. A dense k-mesh of 200 × 200 × 1 was employed 

for calculating the density of states (DOS). The convergence conditions were 10
-6

 eV 

for total energy and 0.01 eV/Å for the atomic force, respectively. The thickness of 

vacuum layer was 15 Å. The phonon dispersions were acquired by using the density 

functional perturbation theory as coded in QUANTUM-ESPRESSO package,
[3]

 using 

a 18×18×1 k-mesh and a 3×3×1 q-mesh. We constructed the maximally localized 

Wannier functions (MLWFs)
[4]

 from pz orbitals of sp
2
 hybridized carbons via 

Wannier90 code.
[5]

 The Kubo optical conductivity tensor was computed using 

Kubo-Greenwood formula and a 200 × 200 × 1 k-mesh. The edge band structures of 

nanoribbons were calculated using Hamiltonian constructed from MLWFs. The 

spectral functions were calculated using the iterative Green's function technique
[6]

 as 

implemented in the WannierTools package.
[7]

 The Kubo-Bastin conductivities were 

calculated using Chebyshev polynomial
[8]

 with tight-binding fitted Hamiltonian, 

where we adopted -2.8 eV as the nearest-neighbor hopping of graphene. 

We obtained quantized dipole in 2D systems with inversion and time-reversal 
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symmetry by:
[9]

 

 𝑝𝑖 =
1

2
  𝑞𝑖

𝑛
𝑛∈𝑜𝑐𝑐  modulo 2 , (−1)𝑞𝑖

𝑛
=

𝜂𝑛 (M i )

𝜂𝑛 (Γ)
 (S1) 

where i = 1 or 2 denotes the direction of reciprocal lattice vector; 𝜂𝑛(𝑘) is parity 

eigenvalue of the nth occupied band at k point. 

2. CCM Discussions 

The A-A type coupled-chain models (CCMs) have non-symmorphic structures as 

shown in Fig. S1(a) and Fig. S2(a), as generated from honeycomb or rectangular 

lattices. Up to the next nearest-neighbor (NN) interchain chain coupling, the A-A type 

CCMs exhibit Dirac cone when |𝑡2| > |𝑡1 − 𝑡1
′ |. The Dirac cone tunability of A-A 

type CCM is similar to the A-RA type, with  𝑡2 = |𝑡3| as the critical condition for 

type-III Dirac cone. We further considered the third-NN interchain coupling due to the 

lattice geometry, type-II Dirac cone also appears in Fig. S1(d). However, the critical 

condition for type-III Dirac cone becomes complicated because one of the Dirac band 

is not completely flat as the third-NN interchain coupling is included. 
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Fig. S1. A-A type CCM in a honeycomb lattice. (a) Structure schematic. Here, strong 

intrachain x couplings are 𝑡1 and 𝑡1
′ , weak interchain y couplings are 𝑡2, 𝑡3 and 𝑡4. 

(b) First Brillouin zone. (c) Band structure of type-II Dirac cone with 𝑡1 = −1.9 eV, 

𝑡1
′ = −1.96 eV, 𝑡2 = −0.3 eV, 𝑡3 = −0.4 eV and ∆= 0.1 eV. (d) Band structure 

of type-II Dirac cone with 𝑡1 = −1.9  eV, 𝑡1
′ = −1.96  eV, 𝑡2 = −0.3  eV, 

𝑡3 = −0.4 eV, 𝑡4 = −0.4 eV and ∆= −0.22 eV. 

 

Fig. S2. A-A type CCM in a rectangular lattice. (a) Structure schematic. (b) First 

Brillouin zone. (c) Band structure of type-III Dirac cone. Here, 𝑡1 = 𝑡1
′ = −1.96 eV, 

𝑡2 = −0.3 eV, 𝑡3 = −0.15 eV and ∆= 0 eV. The critical condition for type-III 

Dirac cone with flat band is  𝑡2 = 2|𝑡3|. 

Next, we investigated the spin-orbit coupling (SOC) effect of CCM, i.e., 

𝐻 = 𝐻0 + 𝐻soc  (𝐻0 is given in Eq. (4)). The leading SOC term for A-RA type CCM 

is 

 𝐻soc =  𝑖𝜆𝑠𝑜𝜐𝛼𝑖 ,𝛽𝑗 𝑐𝛼𝑖
† 𝑠𝓏𝑐𝛽𝑗<𝛼𝑖 ,𝛽𝑗 >𝑦

+ 𝐻. 𝑐. (S2) 

where 𝜆so  is the strength of Kane-Mele
[10]

 like SOC; 𝜐𝛼𝑖 ,𝛽𝑗 = (2/ 3) (𝒅 𝛼𝑖 ×

𝒅 𝛽𝑗 )𝓏 = 1; 𝑠𝓏 is the spin Pauli matrix. The SOC term will open a gap at Dirac point. 
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Here, we considered the same next-NN SOC as in the low-buckled silicene
[11,12]

 

because the 𝑠𝑝3 carbons of monolayer C6X2 (X = H, F, Cl, Br) in Fig. 3(a) cause 

atomic buckling.  

 

Fig. S3. Schematic of the leading SOC term in A-RA type CCM.  

To better understand the Dirac cone in CCM, the symmetry protection of Dirac 

cone is discussed in Fig. S4. The first-principles fitted band structures in Fig. S5 show 

that the A-RA type CCM with up to next-NN interchain coupling is sufficient to 

describe the highly tilted Dirac cones in armchair-chain (AC) patterned graphene. 

 

Fig. S4. Two-fold rotation 𝐶2𝑦  protected Dirac cones in A-RA type CCM. (a,c) The 

nontrivial band crossings rely on the existence of 𝐶2𝑦 . (b) The gapped insulator phase 

will emerge once 𝐶2𝑦  is broken while preserving 𝑀𝑥𝑧 . Corresponding 𝑡1 , 𝑡1
′ , 𝑡2 

and 𝑡3 in (a-c) are -2.275, -2.36, -0.15 and 0.415 eV, respectively. 
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Fig. S5. (a) High-symmetry k-path. (b-d) The A-RA type CCM bands fitted to the 

first-principles bands for monolayer C6H2, C6Cl2 and C6F2, respectively. In (b), 𝑡1, 𝑡1
′ , 

𝑡2, 𝑡3 and ∆ equal to -2.275, -2.36, -0.15, 0.415 and 0.02 eV, respectively ; In (c), 𝑡1, 

𝑡1
′ , 𝑡2, 𝑡3 and ∆ equal to -1.82, -1.97, -0.362, 0.362 and -0.15 eV, respectively; In (d), 

𝑡1, 𝑡1
′ , 𝑡2, 𝑡3 and ∆ equal to -1.915, -2.26, -0.54, 0.42 and -0.27 eV., respectively. 

3. CCM Edge States 

The edge states of A-RA type CCM are examined with considering SOC effect. 

Two pairs of helical modes branch out from the bulk states, as in Fig. S7. 
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Fig. S6. Predicted tilted type-I edge bands of A-RA type CCM with 𝜆so = 0.03 eV. 

(a) 𝑁 = 60  and periodic along x direction. (b) 𝑁 = 200  and periodic along y 

direction. In both (a) and (b), 𝑡1, 𝑡1
′ , 𝑡2, 𝑡3 and ∆ equal to -2.275, -2.36, -0.15, 

0.415 and 0 eV, respectively. The abscissa is in units of 
2𝜋

𝐿
 and 𝑁 is relative ribbon 

width. 

 

Fig. S7. Predicted type-II edge band structures of A-RA type CCM with 𝑁 = 200 

and 𝜆so = 0 eV. (a,b) 𝑡1, 𝑡1
′ , 𝑡2, 𝑡3 and ∆ equal to -1.915, -2.26, -0.54, 0.42 and 

-0.27 eV, respectively. (c) 𝑡1, 𝑡1
′ , 𝑡2, 𝑡3  and ∆ equal to 1.90, 1.70, -0.31, 0.27 and 

-0.20 eV, respectively. The helical modes in (a) are typically flat. Topological trivial 

modes from localized states (green) emerge in (c). In (b) and (c), up and down spin 

channels are degenerate. 

4. 𝒌 ∙ 𝒑 Hamiltonian 

We also investigated the 𝑘 ∙ 𝑝 Hamiltonian for other situations other than Fig. 2. 

For example, when valley hybridization 𝑚1 = 0, the anisotropy (𝛿1 > 𝛿2 ≠ 0) also 

introduces splitting of Dirac cone (Fig. S8(a)). If none of 𝑚1, 𝛿1 and 𝛿2 is zero, the 

chiral symmetry of 𝐻Γ 𝒒  is slightly broken and the condition for Dirac cone along 

𝑞𝑦  direction becomes 𝛿1
2 > 𝑚1

2 + 𝛿2
2 (Fig. S8(b)). Furthermore, when a SOC term 

𝜆𝑠𝑜𝜏𝑧𝜎𝑧𝑠𝑧  is considered, the Dirac cone becomes massive (𝑠𝑧  is the spin Pauli 

matrix). 
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Fig. S8. 𝑘 ∙ 𝑝 Hamiltonian Dirac cone schematics for (a) 𝑚1 = 0, 𝛿1 > 𝛿2 ≠ 0, 

|𝑣𝑦 | = 0 and (b) 𝛿1
2 > 𝑚1

2 + 𝛿2
2, |𝑣𝑦 | = 0 with 𝑚1, 𝛿1, 𝛿2 ≠ 0. 

5. First-Principles Results 

 

Fig. S9. (a) Spinless band structure with DOS of tilted type-I C6H2. The SOC gap is 

0.9 meV. (b) Band structures of type-II C6Br2. The heavy element bromine introduces 

a considerable SOC that opens a 47.6 meV local energy gap (i.e., minimal gap at the 

same momentum). The system is overall metallic since it is globally gapless. 
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Fig. S10. The phonon spectra of C6X2 (X = F, Cl, Br). (a-d) Phonon dispersions of 

monolayer freestanding C6F2, hole doped C6F2, C6Cl2 and C6Br2, respectively. The 

phonon dispersion of C6H2 was reported dynamically stable 
[13]

. 

 

 

Fig. S11. The comparison of first-principles and MLWF fitted band structures. (a) 

C6F2 under a primitive cell without SOC and (b) C6Br2 under a conventional unit cell 

with SOC. The inset of (b) exhibits the Brillouin zone of (rectangular) conventional 

unit cell. The conventional unit cell allows additional screw axes 21𝑦  such that there 

are band crossings around Fermi level even with considering SOC in (b). 
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To validate the generality of our top-down approach of AC patterning for creating 

highly tilted Dirac fermions, we investigated other AC-patterned group-IV 

monolayers, as shown in Fig. S12(a-c). For AC-patterned group-V hexagonal 

monolayer structures such as Bi6H2 in Fig. S12(d), the electronic states at Fermi level 

are contributed by both px,y and pz orbitals of bismuth with SOC inverted bands, 

exhibiting the typical 2D topological insulator (TI) feature other than Dirac states. 

 

Fig. S12. (a) Band structure and DOS of AC-patterned silicene Si6H2 without SOC. 

The local energy gap with SOC is 7.0 meV. (b) Band structure of AC-patterned 

germanene Ge6H2 without SOC. The bands near Fermi level along Γ-M2 path are 

tilted while there exist no Dirac cones, making Ge6H2 a normal insulator (NI). (c) 

Band structure of Ge6H2 under 5% y direction compressive strain without SOC. 

Type-II Dirac fermions emerge along Γ-M2 path. (d) Band structure of Bi6H2 with 

SOC. The right panels show the buckled atomic structure. 

We also investigated the robustness of the AC-patterned graphene on substrates. 
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The electronic states of monolayer C6F2 (type-II Dirac fermions) on the 

semiconducting BN (0001) substrate (4 layers) and metallic Ru (0001) substrate (3 

layers) are shown in Fig. S13 and Fig. S14, respectively, with considering the surface 

relaxations and vdW-D3 correction.
[14]

 In Fig. S13, the type-II Dirac fermions of C6F2 

retain and are separatable from the BN substate in band structure. In Fig. S14, the 

surface Ru atoms couple strongly with the bottom-face F atoms of C6F2. The 

superlattice potential rearranges the bottom-face F atoms dramatically, while the 

metallicity of C6F2 is preserved, as indicated by the projected DOS in Fig. S14(c). In 

brief, the semiconducting BN substrate is favorable for supporting the pristine type-II 

Dirac fermions of C6F2. 

 

Fig. S13. 1×1 C6F2 on 1×1 BN (0001) substrate. (a) Side view of the layered structure. 

The lattice mismatch is 2%. (b) Corresponding band structure. Here, the contribution 

from pz orbitals of carbon atoms are marked by red circles and the circle size 

represents orbital weights. 
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Fig. S14. 7×7 C6F2 on 11×11 Ru (0001) substrate. (a) Top view of the layered 

structure. (b) Side view. The lattice mismatch is 1.8%. (c) Projected DOS of the 

carbon atoms. 

6. External Response of AC-Patterned Graphene 

In Fig. S15, we show that the Dirac cones of AC-patterned graphene are movable 

along Γ-M2 direction by uniaxial strain. In Fig. S16, the Kubo-Greenwood optical 

conductivity implies the anisotropic electrical response of AC-patterned graphene. In 

the low-frequency regions, 𝜎𝑥𝑥  is much stronger than 𝜎𝑦𝑦 . We discovered that the 

𝜎𝑥𝑥  absorption peak of type-II C6F2 is shifted to 1.53 eV, which is attributed to direct 

optical transition at M2 point. 
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Fig. S15. (a) C6H2 energy gap and sp
3
 carbon buckling Δ𝑧 as a function of uniaxial 

tensile strain. The tilted type-I to NI phase transition happens at 4% y direction tensile 

strain. (b) C6Cl2 band structure evolution under y-direction strain. The type-III Dirac 

cones remain while the Dirac points shift as the strain varies. 

 

 

Fig. S16. Kubo-Greenwood optical conductivity tensors of C6H2, C6F2 and C6Cl2 

7. Edge Bands of AC-Patterned Graphene 

According to the symmetry and atomic distribution of AC-patterned graphene, we 

chose three types of edge directions Z1 (y,[1 1]), A1 (x, [11]), A2 ([10]) and four unit 

cell shapes for constructing nanoribbons in Fig. S17. Here, the symbols Z (A) follow 

the convention of zigzag (armchair) edges of pristine graphene nanoribbon. We 

considered the spinless case of C6H2, C6F2 and C6Cl2 and the spinful case of C6Br2. 
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Fig. S17. Schematics of the selected unit cells 1, 2, 3, 4 for constructing nanoribbons. 

Here, purple (red) sites stand for sp
2
 (sp

3
) carbons. Conventional cell 2 breaks 𝑀𝑥𝑧  

and the black, red, blue arrows denote periodic directions Z1, A1, A2, respectively. 

 

 

Fig. S18. MLWF calculated edge band structures of C6H2 nanoribbons. (a) The 

quantum confinement effect opens a small gap along A1 direction. (b) Two pairs of 

helical mode protected by 𝐶2𝑦  symmetry and time-reversal symmetry appear along 

Z1 direction. (c,d) The 𝐶2𝑦  mass term opens a gap between two Kramers pairs of 

C6H2 edge bands at a finite ribbon width. 
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Fig. S19. MLWF calculated spinless edge band structures of C6F2 and C6Cl2 

nanoribbons. (a-c) C6F2 periodic along A1, Z1, A2 directions and (d-f) C6Cl2 periodic 

along A1, Z1, A2 directions, respectively. In (b), two helical modes of type-II C6F2 

have not yet intersected for the ribbon width 𝑁 = 200. In (c) and (f), the 𝐶2𝑦  mass 

term is too small to open a gap between the two Kramers pairs at Γ point.  
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8 Edge Spectra of AC-Patterned Graphene 

 

Fig. S20. Semi-infinite edge spectra of C6X2 (X = H, F, Cl). (a,b) Tilted type-I C6H2 

periodic along A1 and Z1 directions. They resemble edge spectra of graphene in 

armchair and zigzag nanoribbon geometry, respectively. (c-e) C6H2, C6Cl2, C6F2 

periodic along A2 direction, respectively. Compared with A1 direction, the two 

degenerate bulk Dirac cones shift away from Γ point due to 𝐶2𝑦  breaking. 

 

 

Fig. S21. Semi-infinite spectral functions of spinful C6Br2 periodic along Z1 direction. 

Comparing (a) and (b), the helical modes in C6Br2 with massive type-II Dirac 

fermions appear only if the mirror symmetry 𝑀𝑥𝑧  is broken.  
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9 Band Irreducible Representations 

Lastly, we listed the symmetry information of the A-RA type CCM and 

AC-patterned honeycomb monolayers in Table S1 and S2, respectively. 

Phase TRIM VB CB ℤ2 Invariant 

Type-I 

Dirac cone 

Γ Ag  Au  Bg  Bu  

1 M1 Au  Ag  Au  Ag  

M2 Au  Bu  Ag  Bg  

Type-II  

Dirac cone 

Γ Ag  Au  Bg  Bu  

1 M1 Au  Ag  Au  Ag  

M2 Au  Bu  Ag  Bg  

Type-III  

Dirac cone 

Γ Ag  Au  Bg  Bu  

1 M1 Au  Ag  Au  Ag  

M2 Au  Bu  Ag  Bg  

Gapped 

at Γ 

Γ Ag  Bg  Au  Bu  

0 M1 Au  Ag  Au  Ag  

M2 Au  Bu  Ag  Bg  

Gapped  

at M2 

Γ Ag  Au  Bg  Bu  

0 M1 Au  Ag  Au  Ag  

M2 Au  Ag  Bu  Bg  

Table S1. A-RA type CCM band irreducible representations (irreps) for 𝑡2 < 0 and 𝑡3 > 

0 without SOC. TRIM, VB and CB stand for time-reversal-invariant momenta, 

valence band and conduction band, respectively. According to Fu-Kane formula in the 

presence of inversion symmetry,
[15]

 the time-reversal invariant 

ℤ2 = 𝛿(Γ)𝛿(M1)2𝛿 M2  and 𝛿 K ∈ TRIM =  𝜉𝑛(K)VB
𝑛=1 , where 𝜉𝑛  is the parity 

of the nth occupied band. 
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Formula TRIM VB CB SI 

C6H2 

Γ Ag Bu AgAu BgAu Ag Bu AgBu BgAg Au  Bg Ag  (0,0,1;0) for IC  

at (0,5,0.5,0.5) 

(0,0,1;2) for IC  

at (0,5,0.5,0.0) 

M1 Ag Au Ag Au Au AgAu Ag AgAu Ag Au Ag  Ag Au  

M2 Au AgBu AgBu BgBu Au Ag AgAu BgBu  Ag Au  

C6H2 

(+10% y 

stretch) 

Γ Ag AgAu Bu BgAu Ag Bu AgBu BgAgBg  
 

(0,0,0;0) M1 Ag Au Ag Au Au AgAu Ag Au AgAg Au Ag  
 

M2 Au AgBu AgBu BgAu Bu Au Ag AgBgBu  
 

C6F2 

Γ AgBu Ag AgAu Bu BgAu Ag Bu AgBgBu AgBu Au Ag BgAu  Bg Ag  (0,0,1;0) for IC  

at (0,5,0.5,0.5) 

(0,0,1;2) for IC  

at (0,5,0.5,0.0) 

M1 Ag Au Au AgAg Au Au AgAg Au Ag Au AgAu Ag Au AgAu Ag  Au Ag  

M2 Ag Bu Au AgBu AgBu BgAg Bu AgAu Au Ag Bu Bu AgBgBu  AgBu  

C6Cl2 

Γ AgBu Ag Au BgAgBu Au Ag Bu AgBu BgAgBu Au Ag BgAu  Bg Ag  (0,0,1;0) for IC  

at (0,5,0.5,0.5) 

(0,0,1;2) for IC  

at (0,5,0.5,0.0) 

M1 Ag Au Au AgAg Au Au AgAg Au Ag Au AgAg Au Au AgAu Ag  Au Ag  

M2 Ag Au Bu AgBu AgBu BgAu Bu Ag Au AgBgAu Bu Ag BgBu  AgBu  

C6Br2 

Γ AgBu Ag Au BgAgBu Au Ag Bu AgBgBu AgAu Bu Ag BgAu  Bg Ag  (0,0,1;0) for IC  

at (0,5,0.5,0.5) 

(0,0,1;2) for IC  

at (0,5,0.5,0.0) 

M1 Ag Au AgAu Ag Au Au AgAg Au Ag Au AgAu Ag Au AgAu Ag  Au Ag  

M2 Ag Au Bu AgBu AgBu BgAu Ag Bu Au BgAgAu Bu BgAg Bu  AgBu  

Si6H2 

Γ Ag AgBu Au BgBu Au Ag AgBu AgBg Au  
 

(0,0,1;0) for IC  

at (0,5,0.5,0.5) 

(0,0,1;2) for IC  

at (0,5,0.5,0.0) 

M1 Ag Au Ag Au Au AgAu Ag Au AgAg AgAu  
 

M2 AgAu Bu AgBu BgAg Bu Au AgAu BgBu  
 

Table S2. First-principles calculated band irreps and symmetry-based indicators 

(SIs)
[16,17]

 by treating C2/m layer group as No. 12 space group. The band irreps listed 

here are spinless results. The double space group irreps with SOC are extracted to 

calculate the ℤ2,2,2,4  SIs (0,0,1;0) and (0,0,1;2) SIs are equivalent but 

convention-dependent,
[17]

 they indicate 2D TI or spinless semimetal phases with 

ℤ2 = 1 or topological crystalline insulator states by stacking 2D TIs. The difference 

between them is the chosen inversion center (IC) during the slab calculation.  
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