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Researches on one-dimensional topological insulators have garnered significant attention following the discovery of
symmetry-protected topological phases in graphene nanoribbons (GNRs). The topological properties of GNRs are mod-
ulated by shape modulation, such as altering the width, edge structure, and unit cell termination. Compared to shape
modulation, the introduction of foreign atoms doping in the unit cell has proven more practical. However, the impact of
doping on topological properties and the underlying mechanisms remain incompletely understood. In this study, nitrogen
doping in chevron GNR is utilized to investigate the mechanism of the topological properties with different doping concen-
trations. The nitrogen doping reduces the intracell hopping parameter, and transforms the GNR from trivial to nontrivial
when the doping level reaches eight nitrogen atoms per unit cell. Additionally, the GNR junctions comprising the chevron-
GNR and pristine armchair GNRs demonstrate antiferromagnetic exchange coupling. These findings may inform future

experimental design of GNR-based electronic devices.

Keywords: one-dimensional topological insulators, nitrogen-doped chevron graphene nanoribbons, density
functional theory, junction states, antiferromagnetic spin centers
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1. Introduction

The investigation of topological materials and their dis-
tinctive robust in-gap surface or interface states can be
traced back to the discovery of the Bi;_,Sb, family.“’zl
While previous research predominantly focused on three-
dimensional (3D)B*! and two-dimensional (2D) systems.>~7!
One-dimensional (1D) systems have recently garnered in-
creased attention following the theoretical prediction of
symmetry-protected topological phases in graphene nanorib-
bons (GNRs).[®!!l GNRs exhibit comparable physical be-
haviors to their higher-dimensional counterparts with reduced
complexity, offering substantial potential for realizing non-
trivial in-gap states. Recent experimental work has demon-
strated a topologically engineered GNR superlattice hosting
a 1D array of nontrivial in-gap states.[!>"14] The study of 1D
topological GNRs with topologically nontrivial states has sig-
nificant implications for practical applications, including so-
lar cell, spintronics, catalysis as active sites, and topological
superconductors. 13171

The topological properties of GNRs are determined by
the Z, invariant, an index of either O or 1, indicating two dis-
tinct topological classes. The Z, invariant correlates with the
width, edge shape and terminating crystallographic unit cell
of the GNRs.!8] Consequently, the topological properties of
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GNRs can be manipulated through various methods, includ-

8,11,18,19] oxtend-

ing modifications to widths and termination, [
ing the shape from armchair edge to cove or chevron edge.
While previous investigations concentrated on GNRs with dif-
ferent unit cell shapes,'7-?%! introducing foreign atom doping
while maintaining the unit cell shape has proven more acces-
sible. For instance, nitrogen doping in GNRs typically in-
duces an overall band shift.[*! However, the effect of doping
on topological properties and the underlying mechanisms have
remained incompletely understood.

In this work, nitrogen doping is introduced in chevron
GNR (CGNR) to reduce the intracell hopping parameter and
transform the CGNR from trivial to nontrivial when the dopant
reaches eight nitrogen atoms per unit cell. The nitrogen
atoms are incorporated at the edges to maintain the total
electron to be the same. To further utilize the topological
states, three superlattices are constructed using two topolog-
ically inequivalent segments: 4N-CGNR/8N-CGNR superlat-
tice, 9AGNR/4N-CGNR superlattice and 9AGNR/EN-CGNR
superlattice. The analysis reveals that the 9AGNR/4N-CGNR
superlattice exhibits type-I band alignment, which indicate
that the topological states are around the Fermi level. Den-
sity functional theory (DFT) calculations demonstrate that the
junction states in this superlattice function as stable spin cen-

ters, forming a Heisenberg antiferromagnetic chain. These
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findings establish a promising framework for experimental re-
alization of robust junction states and further investigation of
1D quantum spin physics.

2. Results and discussion

Recently, a specific type of CGNRs, related to armchair
GNRs, has been synthesized through bottom-up self-assembly
of molecular building blocks.?'>*1 This study examines the
topological properties and underlying mechanisms of such
GNRs. Three CGNRs with identical unit cell shapes but
varying nitrogen atom doping levels are analyzed: pristine
chevron GNR (p-CGNR), four nitrogen atoms doped (4N-
CGNR) and eight nitrogen atoms doped at the edge in a unit
cell of chevron GNR(8N-CGNR), as shown in Fig. 1(a). Al-
though the edge-doped nitrogen atoms maintain consistent to-
tal electron counts, they provide an effective method for mod-
ifying electronic band structures. As shown in Fig. 1(b), the
band structures of these three ribbons exhibit similar band gaps
(1.58 eV, 1.58 eV, 1.49 eV for p-, 4N- and 8N-CGNR, respec-
tively). A significant band offset is observed, consistent with
previous studies.[?!>> For instance, the valence band maxi-
mum (VBM) of the 8N-CGNR is 0.2 eV lower in energy than
the VBM of the 4N-CGNR; similarly, a 0.3 eV shift applies to
the conduction band minimum (CBM).

4N-CGNR 8N-CGNR

(a)

e ———

74 ) , i
T e E,=1.49 eV
-5 5 °
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Fig. 1. Electronic properties of chevron GNRs with different topological
phases. (a) Schematic and (b) band structures of pristine, 4N-doped and
8N-doped CGNRs.

To investigate the topological properties of CGNRs, the
Zak phase of all the occupied 7m-electron bands for these three
CGNRs is considered.!?®! The Zak phase of the n-th band is
the integral over the BZ of the Berry connection written as

. 275 n/d
Yh=1 (d) / dk<”nkz|vkunk>a

—n/d

where k is the wave vector, d is the unit cell size, u, is the
periodic part of the Bloch wave function of the n-th band. The
Zak phase can be expressed in two components: an intercell
part (independent of coordinate origin) and an intracell part.

In general, the Zak phase depends on the shape of the unit
cell and could take on any value. However, if the system has
spatial symmetries such as inversion and/or mirror, the inter-
cell Zak phase of a band is quantized at 0 or w (mod 27x),
corresponding to a topological trivial or nontrivial band, re-
spectively. Furthermore, when the origin of the unit cell co-
incides with the inversion or mirror center, only the intercell
Zak phase contributes to the total Zak phase. Since the three
CGNRs possess inversion and mirror symmetry, only the in-
tercell Zak phase contributes to the total Zak phase. The inter-
cell Zak phase thus serves as the appropriate quantity to char-
acterize the symmetry-protected topological (SPT) phases in
CGNR, and depends on the unit cell choice determined by a
structure’s termination geometry.

To simplify the calculations, a Z, invariant is employed
instead of the Zak phase.[?’”) The Z, invariant and the total Zak
phase for GNR systems are related by (—1)% = eiXn% where
the sum is taken over the occupied bands. Z, = 1 indicates a
nontrivial topological insulator, while Z, = 0 indicates a triv-
ial insulator. Given the extremely weak spin—orbit coupling
(SOC) of carbon atoms, SOC is neglected in our calculations.
As a result, time-reversal symmetry leads to effective spin de-
generacy. It is emphasized that the Z, refers to the inversion-
quantized polarization based on the SSH model. The Z; in-
variants have been calculated for these chevron GNRs with
specific unit cell shapes indicated by dashed lines in Fig. 1(a).
Calculation results demonstrate that 8N-CGNR belongs to the
topological nontrivial class (Z, = 1, marked by red dashed
line), whereas p-CGNR and 4N-CGNR belong to the topo-
logical trivial class (Z; = 0, marked by blue dashed line).

To elucidate the mechanism by which nitrogen dopants
affect CGNR topology, we analyze the intracell and intercell
coupling of the structure by using SSH model. The CGNR
structure can be divided into two components: extension seg-
ments (blue patterns in Fig. 2(a)) and the straight AGNR
backbone. This configuration creates an effective solid-state
analogue of a dimerized cis-polyacetylene-like SSH model
(Fig. 2(b))). The basic elements of SSH model are an ensem-
ble of equivalent fermion states at each site i of the chain, an
intracell coupling #, between two such states within dimers,
and an intercell coupling ¢, between states of neighboring
dimers. The extension segment corresponds to the intracell
coupling #,, while the AGNR backbone determines the in-
tercell coupling #,,. The band dispersion from coupled topo-
logical interface states follows the standard two-band tight-
binding form E (k) = £/12 +12 + 2t cos (k).1*521 This
dispersion relation yields a topological non-trivial phase when

th <tm (Z» = 1) and a topological trivial phase when ¢, > 1,,
(Z» = 0). The nitrogen atoms’ doping positions at the GNR
edges primarily affects the intracell coupling #,. This suggests
that the topological phase transition from trivial to nontriv-
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ial with increasing nitrogen doping levels correlates with de-
creased intracell hopping.

p-CGNR 4N-CGNR 8N-CGNR
(Z,=0) (Z,=0) (Z,=1)
(b) ty <twm Zy=

Fig. 2. (a) Schematic structures of chevron nanoribbons with pure car-
bon, 4 N atoms doped and 8 N atoms doped in a unit cell. (b) Schematic
of SSH model.

Furthermore, 8N-CGNR exhibits a 0.2% lattice constant
expansion in the x direction (along the periodic direction) and
a —2% compression in the y direction (perpendicular to the pe-
riodic direction) compared to p-CGNR. This observation indi-
cates that strain influences the topological phase transition in
p-CGNR. Figure S1 shows that p-CGNR transforms from triv-
ial to nontrivial one when subjected to tensile (compressive)
strain exceeding 20% along the x (y) direction. Specifically,
tensile stress along the x direction increases C—C bond lengths
in the x direction, indicating decreased intracell coupling #,.
Conversely, compressive stress in the y direction increases in-
tercell coupling #,,. The energy dispersion relation E (k) as a
function of #, and ¢, of the p-, 4N- and 8N-CGNRs is dis-
played in Fig. S2. The results indicate the doping and strain
effect both contribute to the reduction of #, /1,, and triggers the
topological phase transition from trivial to nontrivial.

As demonstrated by Cao et al., localized junction
states emerged between two GNRs with distinct topological
properties.!®! Based on the Z, values of CGNRs, a CGNR
heterojunction was constructed consisting of two topologi-
cally inequivalent segments 4N-CGNR and 8N-CGNR, as il-
lustrated in Fig. 3(a). A superlattice structure with a lattice
parameter of 13.7 nm was employed for the 4N-CGNR/8N-
CGNR heterojunction. The density of states (DOS) of the het-
erojunction in Fig. 3(b) reveals a new state emerging at 1.3 eV
above the Fermi level. The spatial distribution of this new
state is depicted in Fig. 3(c). We find that only 7 orbitals par-
ticipate in the formation of states near the band gap. Addition-
ally, the new state localizes at the interface between the two
topologically inequivalent segments. This state aligns with the

bulk-boundary correspondence principle, confirming its non-
trivial heterojunction nature. Notably, Cai et al. successfully
fabricated a similar CGNR heterojunction on surfaces, *!l sug-
gesting the feasibility of experimental fabrication for the 4N-
CGNR/8N-CGNR heterojunction.
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Fig. 3. (a) GNR heterojunctions formed with two topologically inequiv-
alent segments. (b) The density of states of the heterojunctions. The
topological junction state, CB and VB are indicated by red, green and
black boxes, respectively. The spatial distribution of these three states is
shown in panel (c). The iso-surface value of topological junction state,
CB and VB are set to be 0.0008 ¢/Bohr>.

The nontrivial junction state does not emerge around the
Fermi level, potentially due to band alignment between the two
semiconductors. Band structure analysis (Fig. S3) indicates
that the 4N-CGNR/8N-CGNR heterojunction exhibits type-II
band alignment, where the CBM of the heterostructure resides
in one material and the VBM in the other. This configuration is
confirmed by the spatial distribution of the valence band (VB)
and conduction band (CB) of the heterojunction, with VB dis-
tributed at the 4N-CGNR and CB at 8N-CGNR (Fig. 3(c)).
The presence of heterojunction states around the Fermi level
would be advantageous, as topological states could be real-
ized and measured directly without doping. Analysis suggests
that heterojunction states are more likely to appear around the
Fermi level in type-I band alignment, where both the CBM
and VBM reside in the same material.

A type-I band alignment non-trivial heterojunction is de-
signed, wherein the wave functions of the CB and VB states
distant from the band gap of the combined systems reside in
the bulk region. The results demonstrate the type-I alignment
between L = 9 AGNR (where L represents the number of car-
bon atom rows forming the ribbon width) and 4N-CGNR, as
shown in Fig. 4(a). The DOS emerges from the bulk regions
away from the junction. Two states appear near the Fermi
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level, indicated by orange shading in Fig. 4(b). These new
states constitute topologically induced junction states (JS) lo-
calized at the interface between the two topologically inequiv-
alent segments, as shown in Fig. 4(c). For comparative anal-
ysis, a type-II band alignment non-trivial heterojunction com-
prising 9 AGNR and 8N-CGNR is constructed, as depicted
in Fig. 4(d). The non-trivial state localizes at the interface
between the two topologically inequivalent segments (shown
in Fig. 4(f)), emerging at 0.7 eV above the Fermi level (or-
ange shading in Fig. 4(e)). Furthermore, the ground state
of the GNR heterojunction consisting of 9AGNR (Z; = 1)
and 4N-CGNR (Z, = 0) exhibits antiferromagnetism (AFM).
According to Lieb’s theorem, the antiferromagnetism in the
9AGNR/4N-CGNR heterojunction stems from sublattice im-
balance of two carbon atoms.

(a) Zy=1  Z,=0 (b)
wn
= Js
4
-
\c_ﬂ/
0
o)
A —1 0 1

Energy (eV)

Fig. 4. GNR heterojunctions formed with two topologically inequiva-
lent segments. Heterostructure consisting of (a) 9AGNR /4N-CGNR and
(d) 9AGNR /8N-CGNR. The densities of states of the heterojunctions
in panels (a) and (d) are shown in panels (b) and (e). The topological
junction states are indicated by orange shadow. The spatial distribution
of topological junction state (indicated by orange shadow in panels (b)
and (d)) is shown in panels (c) and (f). The iso-surface value is set to be
0.001 e/Bohr? in panel (c) and 0.0008 e/Bohr? in panel (f).

To further investigate the AFM in the structure, we build
a 1D AFM spin chain model. When considering the electron
spin degree of freedom, the junction states are coupled to each
other in a 1D superlattice, forming a 1D AFM spin chain, as
illustrated in Fig. 5(a). The interactions between these spin
centers generate a 1D Heisenberg-type antiferromagnetic spin
1/2 chain (Fig. 5(b)). The effective exchange interactions be-
tween the spin centers are mediated through both the 9 AGNR
segment and the 4N-GNR segment. The spin-dependent part

of the Hamiltonian can be expressed as
ol 2 2 ol
H= Zi [Jlsi -8 +sti 'Si+1:| .

Here, i denotes the unit cell index of the superlattice, with
two spin centers present in each unit cell. To determine the
coupling strengths J; (through the 9-AGNR segment) and J,
(through the 4N-CGNR segment) from first-principles calcu-
lations, three different spin configurations are analyzed, as
shown in Fig. 5(b). Using the total energy differences from
our first-principles calculations, we obtain J; = 32.5 meV and
J> =0.1 meV.

The exchange parameters were calculated as a function
of the distance between the spin centers, denoted as d; and d,
respectively. Figure 5(c) illustrates the relationship between
the exchange parameters and distance. The exchange coupling
exhibits an exponential decay with distance. All calculated
exchange interactions demonstrate positive values, indicating
AFM coupling between the spins. Notably, the exchange inter-
action energy J; maintains a significant magnitude of 7 meV,
even at a separation distance of 4.8 nm between spin centers.
These stable spin centers and their exchange interactions pro-
vide a versatile and tunable material platform for investigating
novel quantum spin effects in 1D.

()
sl e+ m - "
3.2 T Linear fitting °J
~ . 2
—~ 228 e
Z T 24 T
\E/ 20F 4, T .
™ 3.6 3.9 4.2 4.5 4.8
%’o Distance (nm)
= "
s 10f
<
S n
=
[ ]
0OF °
1.6 2.4 3.2 4.0 4.8
Distance (nm)
Fig. 5. (a) The spatial distributions of spin-polarized electron den-

sity in AFM state, where the iso-surface value is set to 0.002 e/Bohr3.
(b) Schematics of the 1D antiferromagnetic Heisenberg spin 1/2 chain
corresponding to the system shown in panel (a) and two additional spin
configurations considered in calculations to extract the exchange coupling
parameters. (d) Exchange parameters in the Heisenberg model as a func-
tion of the separation distance.
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3. Conclusion

In conclusion, this study demonstrates that the topologi-
cal phase of chevron GNR can transition from trivial to non-
trivial through nitrogen atoms doping. The introduction of
hetero-atoms in GNRs represents a novel approach to expand
the classification of topological phases in GNR systems be-
yond conventional pristine GNRs. Additionally, the research
reveals multiple possibilities for designing heterojunctions ex-
hibiting topologically induced AFM junction states. These
topological junction states demonstrate significant potential
for quantum topological band engineering.

Appendix A: Computational details

The calculations of GNR heterojunctions are carried
out by using Vienna ab initio simulation package (VASP)
with the projector augmented wave (PAW) method.[?%311 A
generalized gradient approximation (GGA) in the form of
Perdew—Burke—Ernzerhof (PBE) is adopted for the exchange—
correlation functional.[®?) The wave functions are expanded
using a planewave basis set with an energy cutoff of 400 eV,
and K-point sampling was done only at the I" point. The vac-
uum layer is larger than 15 A. The atomic geometries of junc-
tions are fully relaxed until the residual forces on each atom
are smaller than 0.01 eV/A.

DFT calculations as implemented in the Quantum
Espresso package are used to calculate the Z, invariant of
the GNRs. 3] Norm-conserving Martin-Troullier pseudopo-
tentials of C, N and H are used.
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