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ABSTRACT: Two-dimensional topological insulators with propagating
topological edge states are promising for dissipationless transport, while
their one-dimensional analogs are capable of hosting localized topological
junction states that are mainly envisaged for quantum computing and
spintronics. Here, in contrast, we propose to use the localized nature of
topological junction states for sensing applications. We report a systematic
topological classification of a wide class of graphene nanoribbons represented
by already synthesized extended chevron species. Using this classification, we
theoretically model a double junction transport that shows an enhanced
interaction with the NO2 molecule. Our results show that topological junction
states of nanoribbons can open an avenue for topological sensing and
junction-assisted chemistry applications.
KEYWORDS: graphene, topological phases, density functional theory, tight-binding model, quantum transport, gas sensing

The exploration of topological states in condensed matter
physics has revolutionized our understanding of electronic

materials,1−3 opening new pathways for advanced technological
applications in electronics and error-resilient quantum informa-
tion.4 Among themyriads of topologically intriguing systems,5−7

carbon-based nanostructures played a key role from the
beginning.8,9 In recent years, particularly graphene nanoribbons
(GNRs) have garnered significant attention.10−22 These one-
dimensional (1D) nanostructures, derived from graphene,
exhibit unique electronic properties due to their distinct edge
terminations and narrow widths.23,24

The bulk-boundary correspondence principle is at the heart of
the topological band theory of solids. It states that, at the
interfaces between regions of different topological orders,
topological interface states occur as highly localized electronic
modes that are resilient to disorder or perturbations.1 The
topological stability of these interface states can be controlled by
several topological invariants. In the case of the integer quantum
Hall effect25,26 or Haldane model,27 the invariant is the Chern
number, while it is Z2 invariant instead for topological
insulators.8,9 The Z2 invariant provides the binary classification
of topological phases with values of 0 or 1. A wider classification
based on the Chern number utilizes the whole set of integer
numbers Z. In both cases, a zero value stands for a trivial
topological order. An interface state appears, whenever two
regions with different Z or Z2 values meet each other. This basic
principle works in all dimensions and has recently attracted a lot
of attention for 1D structures, such as graphene nanoribbons,
where topological junction states (TJS) have been revealed and

classified.10,11,17,18 The classification of TJS in GNRs can be
carried out based on Z2 invariant10−12 and also can be
generalized by incorporating chiral symmetry and spin
corrections.17 Some of these states have already been
experimentally shown and investigated through an atomically
precise on-surface bottom-up engineering.14,15,21,28

The envisaged applications of topologically protected states
are (i) disorder-resilient low-dissipation transport and (ii)
robust long-coherence spin states.2,4 The latter has become a
roadmap for topological junction states as potential candidates
for designing customizable spintronics10,13,20 and quantum
computing13,20 nanodevices. Notably, this widely accepted
roadmap overlooks chemical sensing, which is arguably a more
natural and immediate application. Chemical sensing relies
critically on the interaction between the sensor material and the
target analyte, where sensitivity and selectivity are paramount.29

The 1D nature of GNRs, combined with topological junctions
providing a high density of localized electronic states to facilitate
interaction with chemical species, potentially offers enhanced
sensitivity and selectivity that are accessible for readout in a
standard transport device similar to a field-effect transistor.30,31
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This paper presents a theoretical investigation of topological
junction states in GNRs, with a particular focus on their
application in gas sensing. The gas sensing application has
already been proposed and investigated both theoretically32−35

and experimentally36,37 for the edge and end states of GNRs; see
also a review of more general sensing schemes in ref 31. Some
experimental studies have demonstrated the detection of volatile
compounds such as ethanol and methanol36 as well as nitrogen
dioxideNO2.

37 However, the sensitivity of TJS in GNRs remains
unknown. Here, we explore the electronic properties of these
states, their formation mechanisms, and their interaction with
NO2 as the target molecule. We have noticed that some of the
ribbons that we have studied previously34 (we refer to those as
A60 within a more general class of zigzag-shaped GNRs38−41),
are, in fact, topologically nontrivial. For some combinations of
their unit cell structural parameters, they are characterized by the
Z2 invariant derived from the intercellular Zak phase42,43

calculated in the periodic gauge of the tight-binding (TB)
Hamiltonian.3 Thus, they can form TJSs via seamless

combination with a topologically trivial unit cells of armchair
GNRs (AGNRs).10 Performing density functional theory
(DFT) calculations to study sensing, we focus on nitrogen
dioxide (NO2) gas, which is a free-radical and a moderate Lewis
acid. NO2 is an air pollutant affecting the environment and
health of people44,45 and a prototype of a vast range of
substances belonging to nitrocompound group, e.g. nitro-
paraffins and nitroarenes. By leveraging the unique properties
of topological junctions in GNRs, we aim to elucidate their
potential in creating highly sensitive and selective chemical
sensors, paving the way for advancements in environmental
monitoring, and industrial safety.46

■ TOPOLOGICAL PROPERTIES
The TB Hamiltonian of π-electron network is (neglecting a
vanishing spin−orbit term47)

H c c t c c c c( )
i

i i
i j

i j j i
,

1= + +† † †

(1)

Table 1. Junctions between Various Types of GNRsd

aJunctions previously reported, see Figure 2b in ref 11. bAmbiguity of Z2 with respect to applied strain has been reported in ref 53; see, for example,
Figure 2c. Here the structure is considered to be gapless, i.e. metallic. cThis junction is obtained by the reducing model of ref 53, that accounts for
up to third nearest neighbor hopping interactions. dLight green marks topological structures, while light blue and green-blue marks are trivial and
undefined, i.e. “metallic”, structures, respectively. Black dots are the alignment points for a pair of unit cells forming a junction. Crimson dots show
excluded from π-network C atoms that are not bonded to as many C atoms as they would be in the bulk of the structure. Insets: possible chemical
terminations. The period of translation for the bulk structures is along horizontal Ox-axis.
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where ci† and ci are electron creation and annihilation operators,
respectively, ε = 0 is the on-site energy equal for all lattice sites, t1
= 3.12 eV48 is the nearest-neighbor hopping integral. We note
here that t1 varies for different structures,49,50 therefore, we will
use E/t1 dimensionless units in what follows. By going into
reciprocal k-space in eq 1 via a Fourier transform,
c e ci N k k

1 ikR i=† † (and similar for ci) with N being the
number of unit cells and Ri being the site position, we solve the
eigenproblem of n× nmatrix Hamiltonian for a given unit cell of
a GNR with n lattice sites in the cell, using TBpack package.51,52

Then k-space Hamiltonian eigenvectors, Ci(k) = (Ci,1(k),
Ci,2(k), ..., Ci,n(k))T, can be employed for the calculation of the
intercellular Zak phase by eq 31 in ref 42

C k C kIm log Det ( ) ( )
j

N

p j q j2
1

1

k

= [ ]
=

†
+

l
m
ooo
n
ooo

|
}
ooo
~
ooo (2)

whereNk is the number of k-point sampling the Brillouin zone of
the GNR, and the indices p and q run from 1 to n/2 so that dot
products of eigenvectors in eq 2 form a matrix from all occupied
states.

In Table 1, six topological junctions of interest are
constructed. The first two cases are dealing with chevron-type
GNR (cGNR)54 and AGNRs, classified by the number of carbon
atom pairs in their unit cells Np, i.e. AGNR(Np). Those Cases 1
and 2 are used to verify topological band theory in finite-size
cluster approach to supplement periodic calculations of refs 10
and 11. Cases 3 and 4 present the topological junctions in focus
of the given study, constructed using the A60 class of
GNRs38,39,41 defined by a set of four structural parameters (l1,
l2; w1, w2), that are explained in Scheme 1.

The Z2 topological classification of symmetric A60 GNRs, l =
l1 = l2 and w = w1 = w2, is summarized in Table 2. For the sake of
completeness, Cases 5 and 6 dealing with metallic structures55

and strain53 are added to Table 1.
Figure 1 summarizes the results for the nanoribbon junctions

presented in Table 1 and the states observed for them. As one

can see from Figure 1a, describing the finite-size structure of
Case 1 in Table 1, the zero energy hosts four states, two of which,
i.e. No. 195 and 198, are localized at the junction region marked
with a vertical dashed black line. These states also have some
weight at the trivial end of the structure. This feature is missing
in periodic structure calculations and never mentioned in ref 11.
The two other states, No. 196 and No. 197, are the end states.
The state No. 196 is a topological end state localized at the
border of the topological cGNR unit cell and the vacuum, which
is trivial insulator,Z2 = 0, because it can be explained by the bulk-
boundary correspondence. In contrast, the state No. 197 forms
at the interface between trivial AGNR(7) unit cell (light blue
color) and the trivial vacuum which must be an ordinary end
state related to carbon atoms featuring unpaired electrons as we
shall see later. Figure 1b shows the energy levels and the wave
functions of the cGNR-AGNR(7) junction, which is Case 2 in
Table 1. In this structure, there are only two zero-energy states,
which are end states. These states No. 196 and 197, respectively,
are both localized at the interface between a topological unit cell
and a trivial vacuum. Thus, these states are predicted by the
bulk-boundary correspondence principle so that they are both
topological end states. For comparison, the two bulk states are
also presented in Figure 1b. Analogous relations can be noticed
in Figure 1c corresponding to Case 3 in Table 1. Here we show
electronic energy levels and wave functions for A60(2, 2, 4, 4)-
AGNR(7) junction between topological and trivial unit cells,
respectively. Similar to Figure 1a, along with the two TJSs, No.
165 and 168, having some weight at the end of the structure,
there are states No. 166 and 167 localized entirely at the ends of
the structure. To verify the hypothesis that they are merely
related to the C atoms featuring unpaired electrons, we
constructed Case 4 structure with 5 atoms removed as shown
in Table 1. Figure 1d confirms that only one TJS remains after all
the C atoms carrying unpaired electrons have been removed.
Finally, we present the results for the controversial Case 5. We
note that eq 2 applied to the AGNR(5) yielded Z2 = 1. Despite
the appeal to interpret the results in Figure 1e with the bulk-
boundary correspondence as in the Case 2 discussed with Figure
1b, this approach will not work for other “metallic” structures.
Due to this reason, the unit cell of AGNR(5) is highlighted with
a blend between light green and light blue colors. On the other
hand, when the metallic structure has a well-defined gap due to
the edge strain as in Case 6, then a localized TJS is clearly
identifiable, as one can see from Figure 1(f). Note that to
construct the strain junction the unit cell must be chosen
differently; see ref 10. Table 1 for allowed choices. Thus, we have
seen that topological band theory allows us to predict and
reliably construct localized junction states. From a chemistry
point of view, these nucleophilic regions with excess electrons
due to TJSs are similar to radicals and they must be perfect
reaction sites. The geometry of the junction compatible with a
standard transport experiment and radical-like nature of the TJS
must make them useful for sensing application.

■ TOPOLOGICAL SENSING
The above presented junctions are all asymmetric. The
asymmetry of the junctions may pose a significant problem for
potential transport measurements by requiring differing
fabrication approaches of the left and right leads. This problem
could be bypassed in a mirror symmetric double junction (DJ).
As shown in Figure 2, a DJ has a few topological unit cells of an
A60 GNR sandwiched between trivial AGNRs.

Scheme 1. Main Structural Parameters of a Unit Cell of a
Mirror Symmetric A60 Class of GNRsa

al1 = l2 = l and w1 = w2 = w. A60(l1,l2,w1,w2) ⇒ A60 (4,4,6,6) is taken
as an example. It was synthesized in ref 36. The period of translation
is along the horizontal axis.
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Table 2. Z2 Topological Invariant of A60 (l1, l2; w1, w2) GNRs as a Function of Their Structural Parameters l = l1 = l2 and w = w1 =
w2
e

aFigure 2 in ref 38. bFigure 2b in ref 11 and Figure 1 in ref 36. cFigure 2a,d in ref 34. dFigure 2b,e in ref 34. eValues in light gray are for A60 GNRs
used further in this study. Footnotes a−d refer to species previously studied in some aspects.

Figure 1. Electronic properties of topological junctions. (a) Energy levels for cGNR-AGNR(7) topological-trivial junction. Vertical orange and violet
lines mark N/2 and N/2 1+ , with x andN being the ceiling operation and total number of C atoms in the structure, respectively. Dashed black
circles highlight TJSs, gray circles highlight end states. The wave functions of the numbered states are presented below, where the scaling factors
together with the state energies in terms of E/t1 are given. Dark red and green show the positive and negative phase of the wave function, respectively.
Vertical dashed black lines denote the junction. Black dot is the alignment point for the two underlined unit cells. Light green and light blue highlight
topological and trivial unit cells, respectively. (b) Same as (a) but for cGNR-AGNR(7) topological-topological junction. (c) Same as (a) but for A60(2,
2, 4, 4)-AGNR(7) topological-trivial junction. (d) Same as (a) but for A60(2, 2, 4, 4)-AGNR(7) junction with modified ends. (e) Same as (a) but for
A60(2, 2, 3, 3)-AGNR(5) ill-defined junction. The green blue color highlights the “metallic” unit cell. (f) Same as (a) but for the edge-strain-induced
junction in AGNR(5): tedge = 0.5 t1 to the left and 1.5 t1 to the right of the junction.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.5c02355
Nano Lett. 2025, 25, 10594−10602

10597

https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02355?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02355?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02355?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02355?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02355?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02355?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c02355?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Using DFT calculations as implemented in Gaussian 1656 and
postprocessing with Multiwfn software57 for partial density of
states (PDOS) extraction, we scrutinized the electronic and
adsorption properties of the DJ.52 See further details in the
Supporting Information Note 1. In the constructed double
junction, the C atoms with unpaired electrons are electronically
saturated via hydrogenation to form methyl groups, therefore,
we expect one TJS per junction similar to Figure 1d. Since two
junctions are placed close to each other in our DJ, the two TJS
can slightly overlap. This interaction between TJSs shall result in
their symmetric splitting around the Fermi energy, Ef = 0 eV,
similar to what happens with the ground state of a double
quantum well.58

As one can see from Figure 3(a), the DFT modeling confirms
the expected ground state splitting. The DJ highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) energies are separated by the gap Eg = 1.08 eV.
The distributions of theHOMOand LUMO are clearly different
from those of the bulk orbitals. While bulk states extend over a
large number of trivial AGNR(7) unit cells, the HOMO and
LUMO representing TJSs are localized at the two A60(2, 2, 4, 4)
unit cells in the region between the two junctions. These
topological states are expected to be more interactive than the
bulk ones. To compare TJSs to other energy states in the DJ, the
reactivity is tested by studying the adsorption properties of the
NO2 gas molecule on different sites of the DJ. In this testing, the
NO2 is initially positioned at about 3 Å above the DJ at three
sites: (i) the AGNR, (ii) the A60 GNR, and (iii) the junction.
Then the whole structure is optimized so that NO2 ends up at
the sites illustrated in Figure 2. The three chosen adsorption
configurations cover reduced electron densities away from the
junction and increased electron density due to TJS in the
junction region. The adsorption energies in the first two cases
are comparable, namely − 0.27 and − 0.30 eV, respectively. In
contrast, the adsorption energy at the junction site is greater
than double of these values, i.e. Ea = − 0.66 eV. This indicates
that TJSs indeed boost interaction with the target molecule.
Adsorption of NO2 is accompanied by the electron charge
transfer of − 0.55e Mulliken charge [−0.43e Hirshfeld charge]
from the junction to NO2 molecule. Before the adsorption, the
O atom charge in NO2 molecule is − 0.20e [−0.1035e] for both
oxygen atoms, while N atom charge is 0.40e [0.207e]. However,
these charges decrease to − 0.42e [−0.247e] and − 0.35e
[−0.236e] for oxygen atoms and to 0.22e [0.053e] for the
nitrogen atom after adsorption at the junction site. For
comparison, adsorption of NO2 on the A60 and AGNR sites

results in − 0.19e [−0.155e] and − 0.11e [−0.081e] Mulliken
[Hirshfeld] charge transfers, respectively. Therefore, physical
adsorption at the junction site is stronger than on the other two
sites. Figure 3(b) shows spin-polarized energy levels for the
system, wherein NO2 is adsorbed on the junction spot of the DJ.
The main effect of the NO2 adsorption is induced spin-splitting
of the TJSs, both HOMO and LUMO, and the resulting band
gap reduction for spin-down component: Eg,↓ = 0.51 eV, as
compared to Eg,↑ = 1.04 eV and Eg = 1.08 eV of a spin-
unpolarized case in Figure 3(a). As seen from the HOMO spin-
down component, the contribution of NO2 into the spin-down
component of the bonding HOMO is significant in the case of
adsorption at the junction which is compelling evidence of the
localized TJSs being more reactive than extended bulk states.
The partial densities of states plotted in Figure 3(c) and (d)
further demonstrate that NO2 contributions (dark blue and
violet) into HOMOs are almost vanishing when the adsorption
takes place at A60(2, 2, 4, 4) and AGNR(7) sites even though
the energy gaps are comparable to the junction case: Eg,↓ = 0.71
and 0.38 eV and Eg,↑ = 1.07 and 1.09 eV, respectively. This
indicates that TJSs may be suitable for facilitating sensing and
catalytic applications.

■ SENSOR READOUT WITH COHERENT TRANSPORT
The constructed symmetric DJ has a favorable configuration for
connecting leads to and passing a coherent current through it.
This current must be sensitive to the electronic properties of the
scattering region represented by two junctions between
topological and trivial nanoribbon unit cells. The changing
current shall be a signature of the physical adsorption happening
at the junction. The geometry of the leads is crucial here. In
order to facilitate electron injection into the semiconducting
structure, we use a combination of topological and chemical
engineering. Specifically, we terminate the scattering region with
topologically nontrivial AGNR(7) unit cell; this engineering is
equivalent to that of Figure 3 of ref 11 or the one in the recent
experiment on Janus GNRs.59 In addition, we n-dope the left
and right leads withN atoms as shown in Figure 4a tomake them
conducting; see Supporting Information Note 2 and Figures S1
and S2. The latter may be a bit challenging step from a
technological point of view, though atomically precise doping of
GNRs has been demonstrated60−64 and N−C interfaces have
already been studied experimentally.65

The quantum transport through the lead-DJ-lead system,
where leads are semi-infinite, is explored using DFT and
nonequilibrium Green’s function methods implemented in

Figure 2.Double junction scheme. Following notation used in Table 1, the light green unit cells of A60(2, 2, 4, 4) are topological ones, while light blue
unit cells of AGNR(7) are trivial. The alignment points for the two junctions are depicted with black dots, while the junctions are marked with two
dashed black lines. The C atoms that are excluded from π-electron network by their conversion into methyl groups are shown as crimson dots. The
three circles highlight the chosen site for investigating adsorption properties: (i) violet - AGNR(7), (ii) dark blue - A60(2, 2, 4, 4), and (iii) orange - one
of the two topological junctions. Hydrogen atoms are not displayed.
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NanoDCAL software,66,67 see ref 52 and Supporting Information
Note 1. Working in a low-bias regime and accounting for well-
matched lead-DJ interface with negligible relaxation and charge
transfer, the nonself-consistent transport modeling is suffi-
cient.68

In Figure 4b, the current−voltage (I-V) characteristics for the
DJ-based sensor are presented within a reasonable range of
voltages from 0 to 1.6 V. The reverse bias must have similar
effect because of the mirror symmetry of the DJ, while the
negative bias for the leads is not recommended due to the n-
doping of the leads and the band gap below the Fermi level. The

modeled sensor demonstrates measurable currents of about tens
of μA’s. Due to not very long the AGNR(7) and A60(2, 2, 4, 4)
fragments and the lead engineering, the scattering region passes
enough current. Longer segments of AGNR(7) show lower
conductance in our quantum transport simulations. The
adsorption of NO2 at the favorable junction site results in a 2-
fold increase in current. Simultaneously, the NO2 adsorption at
energetically less favorable sites of AGNR(7) and A60(2, 2, 4, 4)
blocks the current through the sensor. The presented detection
mechanism differs from that of the previously proposed
junction-free AGNR-based sensors.69 In our case, the

Figure 3. Interaction with NO2 gas molecule. (a) The electronic energy levels of pristine DJ together with molecular orbitals of TJS and extended bulk
states. Isovalue: 0.02. Similar to Figure 1 vertical orange and violet lines mark HOMO and LUMO, while dashed black circles highlight TJSs. (b) The
spin-polarized electronic energy levels for DJ after adsorption of NO2 molecule at the A60(2, 2, 4, 4)-AGNR(7) junction between topological and
trivial unit cells. (c) The spin-resolved partial density of states for DJ and NO2 molecule adsorbed at A60(2, 2, 4, 4). The NO2 data are plotted by the
same dark blue color that is used to denote NO2 adsoption site in Figure 2. (d) Same as (c), but for NO2 adsorbed at AGNR(7). Broadening: 0.1 eV.
The frame colors in (b), (c), and (d) correspond to those of circles showing the adsoption sites in Figure 2.
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adsorption of the molecule at the junction increases the current,
whereas in other schemes the current is usually blocked.

Finally, we estimate the recovery time to obtain critical
insights into NO2 desorption dynamics of the constructed
sensor and to reveal its effectiveness and long-term applic-
ability.52 The recovery time (τ) is calculated using the transition
state theory Arrhenius-type equation70,71

E
k T

exp1 ac

B
=

i
k
jjjjj

y
{
zzzzz (3)

where ν is the attempt frequency, Ea is the activation energy, kB is
Boltzmann’s constant in eV/K and T is the temperature in K.
The value of the attempt frequency is taken to be 1012 s−1 as
suggested for carbon nanotube-based NO2 sensor in ref 72. At
the room temperature T = 298 K, the values of τ for adsorption
sites (i), (ii) and (iii) are 3.68 × 10−8, 1.19 × 10−7, and 0.15 s,
respectively. The recovery time for NO2 adsorption at the
topological junction site (iii) is significantly longer than at the
AGNR or A60 sites which means the sensor could be used as is,
i.e. without capping these areas with protective layers.
Concurrently, 0.15 s is more than 10-fold shorter than
experimental 2 s recovery times recently reported for In2O3-
nanoparticle-based NO2 sensor.

73 This suggests that our sensor
could support a high frequency of measurements and rapid data
collection.

■ SUMMARY AND CONCLUSIONS
We report a systematic topological classification for an A60 class
of graphene nanoribbons, which can be used in a mirror
symmetric double junction configuration as active elements of a

gas sensor that is read out by quantum transport measurements.
This envisages a niche for sensor applications of topological
materials, in addition to the quantum computing perspective
suggested in the literature. In view of the recent advance in an
experimental study of topological end states in germanene
nanoribbons,74 we infer that our calculations can also be
extended to inorganic chemistry; or even metamaterials.75−78
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for the sites that are marked with the same colors in panel (a).
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