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Janus graphene nanoribbons with localized 
states on a single zigzag edge

Shaotang Song1,8, Yu Teng1,2,8, Weichen Tang3,4,8, Zhen Xu5,8, Yuanyuan He1, Jiawei Ruan3,4, 
Takahiro Kojima5, Wenping Hu2,6, Franz J. Giessibl7, Hiroshi Sakaguchi5 ✉, Steven G. Louie3,4 ✉ 
& Jiong Lu1 ✉

Topological design of π electrons in zigzag-edged graphene nanoribbons (ZGNRs) 
leads to a wealth of magnetic quantum phenomena and exotic quantum phases1–10. 
Symmetric ZGNRs typically show antiferromagnetically coupled spin-ordered edge 
states1,2. Eliminating cross-edge magnetic coupling in ZGNRs not only enables the 
realization of a class of ferromagnetic quantum spin chains11, enabling the exploration 
of quantum spin physics and entanglement of multiple qubits in the one-dimensional 
limit3,12, but also establishes a long-sought-after carbon-based ferromagnetic transport 
channel, pivotal for ultimate scaling of GNR-based quantum electronics1–3,9,13. Here we 
report a general approach for designing and fabricating such ferromagnetic GNRs in 
the form of Janus GNRs ( JGNRs) with two distinct edge configurations. Guided by 
Lieb’s theorem and topological classification theory14–16, we devised two JGNRs by 
asymmetrically introducing a topological defect array of benzene motifs to one 
zigzag edge, while keeping the opposing zigzag edge unchanged. This breaks the 
structural symmetry and creates a sublattice imbalance within each unit cell, initiating 
a spin-symmetry breaking. Three Z-shaped precursors are designed to fabricate one 
parent ZGNR and two JGNRs with an optimal lattice spacing of the defect array for a 
complete quench of the magnetic edge states at the ‘defective’ edge. Characterization 
by scanning probe microscopy and spectroscopy and first-principles density 
functional theory confirms the successful fabrication of JGNRs with a ferromagnetic 
ground-state localized along the pristine zigzag edge.

The term ‘Janus’ has been adopted to denote materials that show dif-
ferent properties on two opposing sides or faces17,18. In the realm of 
two-dimensional materials, creating asymmetric Janus materials by 
breaking the top- and bottom-layer symmetry provides an attractive 
route for engineering properties and functionalities such as enhanced 
valley spin splitting, out-of-plane piezoelectricity and second har-
monic generation19–22. Reducing the dimension of Janus materials from 
two-dimensional to one-dimensional systems with two different edge 
structures or topologies (hence properties), especially those with an 
asymmetric zigzag edge in Janus zigzag-edged graphene nanoribbons 
( JGNRs), creates opportunities for the realization of one-dimensional 
ferromagnetic quantum spin chains and the assembly of multiple 
qubits. It also enables the creation of ferromagnetic transport chan-
nel in the one-dimensional limit23,24, which can carry completely 
spin-polarized current without applying an in-plane electric field10, 
strain25 or chemical functionalizations26,27, as required for conventional 
zigzag-edged graphene nanoribbons (ZGNRs).

Although theoretical attempts have been made to break the zigzag 
structural symmetry by attaching triangular fragments to one edge of 
the ZGNRs, the resulting ferromagnetic state is more delocalized and 

extends into the triangular fragments28. Moreover, the experimental 
realization of such GNRs remains elusive, as the rational design of pre-
cursors towards such GNRs requires the simultaneous breaking of their 
structural and spin symmetries. This task is even more challenging than 
fabricating symmetric ZGNRs, which is notoriously difficult owing to 
their high reactivity and the challenges in the design and synthesis of 
precursors. So far, only two symmetric ZGNRs have been reported, 
both based on the U-shaped precursor design. Moreover, the width 
of the obtained ZGNRs is limited to having six carbon zigzag chains 
across the ribbon, namely, 6-ZGNR1,2.

The design principle for JGNRs
Guided by topological considerations, our strategy for creating such 
JGNRs involves decorating one zigzag edge with a topological ‘defect’ 
array (termed as the TDZ edge), while keeping the other zigzag edge 
unchanged. We introduce a periodic array of benzene motifs attached 
to the TDZ edge to break structural symmetry and to create a sublattice 
imbalance (ΔN = 1), leaving one net unpaired site in each unit cell14,29 
(Fig. 1a). As a result, this introduces a zero-energy band in line with 
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Lieb’s theorem, initiating the spin-symmetry breaking30–32. To effec-
tively quench the spin polarization at the TDZ edge and maintain a 
singly occupied ferromagnetic edge-state band at the zigzag edge, 
the key is to determine the optimal spacing (denoted as m, m = 1, m = 2, 
m = 3 and so on) between periodic benzene rings at the TDZ edge that 

maximally disrupts the edge states. To achieve this, we applied the 
topological classification theory using chiral symmetry developed in 
ref. 16. In one-dimensional bipartite lattices such as GNRs, because of 
the negligible second-nearest-neighbour interactions, chiral symmetry 
is well satisfied, leading to a Z-classification of electronic topological 

R

m
1 2 3 4 5 6 ∞

Ferromagnetic

Ferrimagnetic

Antiferromagnetic

c

b

a

d

JGNR ZGNR

m = 2m ∞
ZGNR JGNR

EF

m ∞m = 2 m = 3m = 1

ΔN = 1 ΔN = 1 ΔN = 1

1
3

Left LeftRight Right
–1.0

–0.8

–0.6

–0.4

–0.2

0

0.2

0.4

0.6

ZTDZ = – L 2
3

Zzig = L 1
3

ZTDZ = L 4
3

Zzig = L 1
3

Zzig = L 1
3

Zzig = LZTDZ = 0 Zzig = L

ZTDZ

Zzig
R = –

m – 2
3

ZTDZ = L

m + 1
3

Zzig = L

Fig. 1 | Design principle of JGNRs. a, Schematic illustration of JGNRs with 
various TDZ edges of different m values. The red and blue arrows represent 
spin-up and spin-down of edge states (by convention), respectively. The 
numbers at the bottom represent the CPI index of the corresponding TDZ  
(ZTDZ) and intact zigzag (Zzig) edges, where L is the number of unit cells for a 
finite-length ribbon along the zigzag direction (the unit cells are shaded by 
colours). The red and blue atoms are carbon atoms from two different 
sublattices. b, Schematic diagram of the repeated unit of JGNRs, illustrating  
a gradual increase in ‘defective’ site spacing between adjacent benzene rings, 
progressing from left to right: 1, 2, 3 and towards infinity (∞). The sublattice 
imbalance per unit cell remains as ΔN = 1 for all the cases except for m = ∞.  

c, The m-dependent magnetic orderings between the two edges, which can be 
described using the negative sign of the ratio of the CPI index for the two edges 
of JGNRs (defined as R = −(ZTDZ/Zzig)). As m increases, R transforms from a positive 
to a negative value, crossing 0 at m = 2. From Lieb’s theorem and CPI theory,  
a JGNR undergoes a transition from ferromagnetic to antiferromagnetic 
through a region of ferrimagnetic coupling. d, Schematic diagram of the spin- 
polarized band structure near the fundamental bandgap going from ZGNR 
(m = ∞, antiferromagnetic coupling between the two symmetric zigzag edges 
that are ferromagnetically ordered) to JGNR (m = 2, ferromagnetic order at only 
the single zigzag edge).
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phases with a conventional Z index16. As the Z index is zero for a vacuum 
(which is a topological trivial phase), the count of end states can be 
deduced from the Z index of the GNRs.

Here we use an important correspondence that the edge of a JGNR 
(which can be either a defective zigzag edge or a normal zigzag edge) 
can be viewed as the end of a wide armchair-edged GNR (AGNR) in the 
large-width limit (Extended Data Fig. 1). This means that the topological 
edge states of a defective zigzag edge are the topological end states 
of a large-width AGNR with the same defective structure at its end. For 
the end of an AGNR, the Z index is given by16:







Z W
W

= −
3

(1)notco

where W is the number of rows of carbon atoms forming its width, and 
Wnotco is the number of rows of atoms with unconnected carbon pairs 
within the specific unit cell that is commensurate to the end termina-
tion. The topless brackets denote mathematically the floor function.

Figure 1a shows a family of JGNRs with different spacing of m as 
defined in Fig. 1b. We map the edge of a finite-length JGNR to the end 
of a large-width AGNR with the same structure. For a JGNR consisting 
of L unit cells along the defect zigzag edge direction, the associated 
AGNR will contain L repeat units along the width of AGNR (with L taken 
in the large limit and equal to a multiple integer of 3). The number of 
rows of carbon atoms forming the width of the AGNR is W = 2(m + 1)L, 
where m is the number of missing benzene rings, as shown in Fig. 1a. 
For the TDZ edge of the JGNR, Wnotco = mL, and the corresponding chi-
ral phase index (CPI; which dictates the number of topological edge 
states) is Z L= m

TDZ
− 2
3  using the Jiang–Louie formula16 given in equa-

tion (1). For the non-defective edge, the width of the associated AGNR 
is the same W = 2(m + 1)L, whereas Wnotco = (m + 1)L, and the correspond-
ing CPI is Z L= m

zig
+ 1

3  (Extended Data Fig. 2). Moreover, to account for 
the spin degree of freedom, Lieb’s theorem is applied, leading to 
spin-polarized topological edge states and a magnetic ground state. As 
illustrated in Fig. 1b, the sublattice imbalance for all JGNRs is ΔN = L (as 
the sublattice imbalance per unit cell is ΔN = 1). Thus, the ground state 
consists of  Lm − 2

3  spin-up (by convention and a negative ZTDZ denotes 
a reversal of spin orientation) topological states localized at the TDZ 
edge of JGNRs and Lm + 1

3  spin-down topological states localized at the 
regular zigzag edge. Our ab initio density functional theory (DFT) cal-
culations numerically validated these topological findings (Supple-
mentary Figs. 1 and 2).

With the CPI analysis and the Jiang–Louie formula, we reach the 
following prediction without using any detailed calculations. The sign 
of the quantity R, defined as the negative of the ratio between the CPI  
of the two edges R = −(ZTDZ/Zzig) = −((m − 2)/(m + 1)), determines the 
magnetic ordering of the JGNRs (Fig. 1c). For m = 1 (with R > 0), both 
edges of the JGNR have the same spin alignment but with different 
magnitude, giving rise to a ferromagnetic state. In contrast, for m > 2 
(where −1 < R < 0), the two edges of the JGNR show different spin con-
figurations with varying magnitude, resulting in a ferrimagnetic order. 
Notably, when m = 2 (R = 0), no edge state exists at the TDZ edge, lead-
ing to a ferromagnetic ground state localized exclusively at the zigzag 
edge. The band structure near the Fermi level (EF) for the m = 2 case 
(Fig. 1d) is in marked contrast to that of the symmetric ZGNRs with 
antiferromagnetically coupled edge states. The symmetric ZGNRs 
can be viewed as an extreme scenario with m = ∞ (with R = −1), where 
the perturbation of the infinitely spaced benzene rings becomes 0. 
Therefore, by varying the parameter m, our theory predicts the emer-
gence of different magnetic ground states with different cross-edge 
couplings in JGNR, which is unattainable in symmetric ZGNRs (Fig. 1a). 
Below, we used the notation (n,m)-JGNRs to describe the specific 
JGNRs, where n refers to the number of carbon zigzag chain later-
ally across the ribbon and m denotes the benzene ring spacing at 
the TDZ edge.

Precursor design for on-surface synthesis of JGNRs
To achieve the on-surface synthesis of two JGNRs (with n = 4 and 
n = 5, m = 2), we use a Z-shaped precursor design for the asymmetric 
fabrication, in contrast to the U-shaped design for the synthesis of  
6-ZGNRs33–36. The Z-shaped precursor comprises two independent 
branches that are interconnected by a carbon–carbon (C–C) bond (Fig. 2). 
At the termini of the branches, two bromine (Br) atoms are installed as 
connection sites for thermally induced aryl–aryl coupling. This design 
allows for the independent modification of individual branches for the 
separated control over the edge geometries of the resulting JGNRs. 
Utilizing methylphenanthrene groups for both branches (precursor 3 in 
Fig. 3) yields two identical zigzag edges, corresponding to the 5-ZGNR. 
Intriguingly, substituting one of the methylphenanthrene groups with an 
oligophenyl group results in the modification of one of the zigzag edges 
to our target TDZ edge with periodically decorated benzene rings (with 
a spacing of m = 2). In addition, adjusting the length of the oligophenyl 
groups from biphenyl to triphenyl (precursors 1 and 2 in Fig. 2) enables 
the modulation of the width of the JGNRs from n = 4 to n = 5.

The precursors were successfully obtained via multi-step organic 
synthesis (Supplementary Information) and then separately depos-
ited onto a clean Au(111) surface under ultrahigh vacuum. Stepwise 
annealing of the precursor decorated surfaces induces polymeriza-
tion and cyclodehydrogenation reactions to yield the corresponding 
(4,2)- and (5,2)-JGNRs (Fig. 2) and 5-ZGNR (Fig. 3). The topographic scan-
ning tunnelling microscopy (STM) images of both JGNRs reveal bright 
lobes at the intact zigzag edge and larger protrusions at the TDZ edges, 
corresponding to the position of periodically spaced benzene rings 
(Fig. 2b,d). The bond-resolved STM (BR-STM) images of both JGNRs 
acquired at −10 mV using a carbon monoxide (CO)-functionalized tip 
show the corrugated hexagon-like rings in the centre and distorted 
lobe features along the edges, which are presumably attributed to 
the perturbations induced by the electronic states of the JGNRs in the 
vicinity of the Fermi level (EF)37,38 (Fig. 2c,e). In contrast, the BR-STM 
image of 5-ZGNR acquired at 10 mV clearly resolves the characteristic 
hexagon patterns of the backbone, indicating an absence of electronic 
states near EF (Fig. 3j). In addition, non-contact atomic force microscopy 
(nc-AFM) images directly confirm the different edge morphologies of 
the expected JGNRs as defined by the precursor design.

Scanning tunnelling spectroscopy of the GNRs
Previous studies have shown that magnetic edge states cannot be 
directly observed in the wider pristine 6-ZGNR and N-doped 6-ZGNR, 
because they couple strongly to the metal substrate1,2. Compared with 
6-ZGNR, both 5-ZGNR and two JGNRs have a narrower ribbon width, thus 
leading to a more rigid backbone that could prevent strong structural 
downwards bending and electronic coupling with the substrate39. Our 
differential conductance (dI/dV, where I and V represent the tunnel-
ling current and bias voltage, respectively) spectroscopic measure-
ments acquired over both 5-ZGNR and JGNRs confirm that magnetic 
edge states, predicted by gas-phase theoretical calculations, can sur-
vive on Au(111). The dI/dV spectrum obtained at the edge of 5-ZGNR 
shows 3 distinct peaks located at 760 ± 18 mV (peak A), −300 ± 5 mV 
(peak B) and −410 ± 7 mV (peak C), yielding an apparent bandgap of 
ΔEexp = 1,060 ± 19 meV (Fig. 3c and Extended Data Fig. 4c,d). Our experi-
mental gap of 5-ZGNR is smaller than that of the 6-ZGNR (1.5 eV) on 
a monolayer NaCl island1. Such behaviour is probably owing to the 
screening effect of the metal substrate in reducing the quasiparticle 
energies and bandgaps of reduced dimensional systems40–43. The  
dI/dV maps recorded at the biases corresponding to these three 
peak energies reveal the characteristic lobe features predominately 
located at both zigzag edges, demonstrating reproducible patterns 
in the DFT-calculated local density of states (LDOS) maps of each of 
the frontier band states (Fig. 3d–f).
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As shown in Fig. 4a, the dI/dV spectrum taken over the zigzag edge 
of (4,2)-JGNR also shows 3 noticeable features, located at 581 ± 19 mV 
(peak A), 45 ± 5 mV (peak B) and −487 ± 14 mV (peak C), which yields 
an apparent bandgap of ΔEexp = 536 ± 9 meV. However, peaks A and C 
are absent in the dI/dV curve taken over the TDZ edge (Extended Data 
Fig. 4a,b). The most pronounced peak B spans across EF, which is ten-
tatively assigned as the partially filled top valence band (spin down, 
defined as the majority spin, and localized mainly along the intact 
zigzag edge) arising from the charge transfer owing to the work function 
difference between GNR and Au(111). The dI/dV image (Fig. 4c) acquired 
at the energy positions of peak B shows a petal-shaped feature on the 

zigzag edge and flower-shaped features distributed on the entire back-
bone of the (4,2)-JGNR. In contrast, the spatial distribution of the other 
two peaks of the (4,2)-JGNRs shows similar characteristic zigzag lobe 
features predominately or exclusively located at the intact zigzag edges 
for peak A and peak C, respectively (Fig. 4b,d and Extended Data Fig. 5). 
Similarly (Fig. 4j), the dI/dV spectrum of (5,2)-JGNR also shows 3 peaks 
centred at 410 ± 11 mV (peak A), 16 ± 2 mV (peak B) and −510 ± 14 mV 
(peak C), which yields a smaller bandgap of ΔEexp = 394 ± 9 meV. Com-
pared with (4,2)-JGNR, all the states observed in (5,2)-JGNR experience a 
slight downwards shift in energy, but show a similar spatial distribution 
of dI/dV maps (Fig. 4k–m and Extended Data Fig. 6).
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(Vs = −800 mV, It = 200 pA). e, BR-STM image (Vs = −10 mV) and nc-AFM image 
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of (5,2)-JGNR. Scale bars, 5 Å (b–e).
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Ab initio calculation of GNRs
Our DFT calculation results on free-standing 5-ZGNRs and two JGNRs 
offer quantitative evidence that the GNRs synthesized on Au(111) 
maintain their intrinsic magnetic edge states. Figure 3g–i shows the 
calculated LDOS maps acquired at the energies corresponding to peak 
A′ (conduction band minimum), peak B′ (valence band maximum) and 
peak C′ (the valence band states near the X point) of the free-standing 
5-ZGNR, respectively. The distinctive pattern and relative contrast of 
protrusions lining the edges of 5-ZGNRs observed in experimental 
dI/dV images (Fig. 3d–f) are well reproduced in the corresponding 
LDOS maps (Fig. 3g–i). The DFT-calculated band structure (Fig. 3l) 
reveals that the valence band is more dispersive than the conduction 
band in the region of around one-third of the Brillouin zone edge near 
the X point, forming a double-peak structure in the DOS spectrum 
owing to the van Hove singularities at the valence band maximum 
away from X (peak B′) and at the X point (peak C′). In contrast, the 

bottom of the conduction band is significantly flattened in this region 
of the Brillouin zone, forming only one peak in the DOS (peak A′). 
Similar behaviour in electronic band dispersion has been observed 
in 6-ZGNR in a previous study3. It is also noted that the experimental 
gap (980 ± 35 meV) derived from dI/dV spectra is larger than that 
of the DFT-calculated one (330 meV). Given the tendency of DFT to 
significantly underestimate quasiparticle bandgaps44 even when 
factoring in the screening effects of the underlying gold substrate, 
it is not surprising that the DFT value is smaller than the experimen-
tally observed gap. Our ab initio calculations on 5-ZGNR reveal that 
an antiferromagnetic alignment of spins across the ribbon width 
between ferromagnetically ordered edge states is favoured over 
both the non-magnetic or a fully ferromagnetic configurations, as 
illustrated in the spin density plot (the inset of Fig. 3l).

In contrast, our DFT calculations show that the ground state 
for both the JGNRs studied is ferromagnetic, with ferromagnetic 
spin-ordered edge states located at only the intact zigzag edge (insets 
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in Fig. 4h,q). As seen in Fig. 4i,r, each of the originally doubly occupied 
spin degenerate bands (in spin-unpolarized calculation) splits into a 
pair of non-degenerate bands with opposite spin orientation. In par-
ticular, near zero energy, the two split bands (the lowest conduction 
band and the highest valence band) bracketing the EF are edge-state 
bands and show a splitting energy gap of 0.21 eV and 0.19 eV for the 
(4,2)-JGNR and (5,2)-JGNR, respectively. Similar to the 5-ZGNR, the 
highest valence band of both JGNRs is more dispersive than the low-
est conduction band (which both are now non-degenerate), forming 
a double-peak feature (B′ and C′) in the DOS spectrum from the van 
Hove singularities at the Γ and the X points of the Brillouin zone of 
the JGNR. Conversely, the first conduction band is notably flattened, 
forming a sharp peak (A′) in the DOS. Despite variations in the ribbon 

widths, the calculated LDOS patterns of these peak states remain 
similar, and correspond well with the experimental dI/dV maps. As the 
physical properties of JGNRs near the EF are dominated by these edge 
states, variations in the width of the JGNR would only quantitatively 
change the low-energy physics.
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Fig. 4 | Electronic structure of JGNRs. a, dI/dV point spectroscopy of (4,2)-JGNR 
on Au(111) at the corresponding coloured position marked in b (yellow and green 
crosses). The dashed line shows the Au(111) reference spectrum (Vac = 20 mV). 
b–d, Constant-current dI/dV maps recorded at the energy positions of A (b),  
B (c) and C (d) in a (Vac = 10 mV). e–g, DFT-calculated LDOS at the energetic 
positions of A′ (e), B′ (f) and C′ (g) marked in h. The LDOS are computed at a 
height of 4 Å above the atomic plane of the (4,2)-JGNR. h, DFT-calculated DOS  
of spin up (red) and spin down (blue) of a free-standing (4,2)-JGNR (broadened 
by 27 meV Gaussian). Inset: the calculated spin density distribution. i, The 
DFT-calculated band structure for a free-standing (4,2)-JGNR. j, dI/dV point 

spectroscopy of (5,2)-JGNR on Au(111) at the corresponding coloured position 
marked in k (yellow and green crosses). The dashed line shows the Au(111) 
reference spectrum (Vac = 20 mV). k–m, Constant-current dI/dV maps recorded 
at the energy positions of A (k), B (l) and C (m) in j (Vac = 10 mV). n–p. Calculated 
DFT LDOS at the energetic positions of A′ (n), B′ (o) and C′ (p) marked in q. The 
LDOS are computed at a height of 4 Å above the atomic plane of a free-standing 
(5,2)-JGNR. q, Calculated DFT DOS of spin up (red) and spin down (blue) of 
(5,2)-JGNR. Inset: the calculated spin density distribution. r, The DFT-calculated 
band structure of a free-standing (5,2)-JGNR. Scale bars, 5 Å (b,k).
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Methods

In-solution and on-surface synthesis
For the synthesis of the precursor of 5-ZGNR, both branches of the 
Z-shaped precursor are concurrently generated through the Suzuki 
coupling of 5,5′-dibromo-2,2′-diiodo-1,1′-biphenyl with methylphenyl 
boronic acid, then generating an ethynyl group via the cleavage of the 
triisopropylsilyl. Subsequent PtCl2 catalysed cyclization of the ethynyl 
moiety produces two methylphenanthrene motifs connected by a C–C 
bond (precursor 3), serving as branches to construct the zigzag edges. In 
contrast, for the precursor of JGNRs, one of the two methylphenanthrene 
branches is substituted by biphenyl and triphenyl groups by an additional 
step of Suzuki coupling (Extended Data Figs. 7–9). The synthetic proc
edures of the precursors are detailed in Supplementary Information.

Au(111) single crystal (MaTeck) was cleaned by multiple cycles of Ar+ 
sputtering and annealing. A Knudsen cell (MBE-Komponenten) was used 
for the deposition of precursor molecules onto clean Au(111) surfaces 
under ultrahigh-vacuum conditions (base pressure, <2 × 10−10 mbar) 
for on-surface synthesis of product 1.

The precursor was sublimated at varying temperature for 1 min to 
achieve a moderate coverage on Au(111). After the deposition of pre-
cursors, the sample was stepwise annealed at elevated temperatures 
as stated in the main text for 20 min to induce polymerization and 
intramolecular dehydrogenation (Extended Data Fig. 3). The yield of 
all the GNRs is low under our experimental conditions (Supplemen-
tary Figs. 9 and 10), primarily owing to the flexible backbone of the 
corresponding polymers, which undergo random cyclodehydrogena-
tion reactions during thermal annealing. In addition, the asymmetric 
precursors 1 and 2 offer limited control over different polymerization 
modes (Supplementary Fig. 11), namely, head to tail and head to head 
(or termed as tail to tail)34,35. Here we focus on the investigation of the 
targeted JGNRs through the head-to-tail polymerization.

STM, BR-STM, nc-AFM and dI/dV characterization
The experiments were conducted in Scienta Omicron LT-STM/AFM sys-
tems operated under ultrahigh vacuum (base pressure, <2 × 10−11 mbar) 
at a temperature of 4.5 K. All the BR-STM and nc-AFM images were 
taken in constant-height mode with a CO-functionalized tip. A Scienta 
Omicron microscope was equipped with qPlus sensors S0.8 with a  
resonance frequency of f0 = 39.646 K Hz, a stiffness of 3,600 N m−1 
and a quality factor of 119,115. nc-AFM images were collected in a 
constant-height frequency modulation mode using an oscillation 
amplitude of 20 pm. The tip–sample distance with respect to an STM 
set point is indicated in the figure caption for the corresponding AFM 
image. The images were analysed and processed with Gwyddion soft-
ware. It is noted that the outer benzene rings on the TDZ edge appear 
flattened along the ribbon and larger in size than the ones in the 
backbone, whereas the outer rings at the intact zigzag edges appear 
stretched in the direction perpendicular to the ribbon. Such a differ-
ent appearance of hexagons at different edges of JGNRs is presumably 
owing to varying degrees of CO-tip bending effect due to different edge 
topologies (Supplementary Fig. 12).

The dI/dV spectra were collected using a standard lock-in technique 
with a modulated frequency of 479 Hz. The modulation voltages for 
individual measurements are provided in the corresponding figure 
captions. The STM tip was calibrated spectroscopically against the 
surface state of Au(111) substrate.

Topological classifications and edge-state counting
The Z index of the AGNRs, with specific widths and end terminations, 
has been shown to have an explicit form16. This involves simply count-
ing the number of unconnected carbon pairs and the total number of 
carbon pairs in the unit cell of the AGNR that is commensurate with 
its end (as shown by the area enclosed by the orange dashed line in 
Extended Data Fig. 1), given by equation (1).

When considering the edges of a JGNR (which includes a TDZ edge 
and a regular zigzag edge), we can always find an associated wide AGNR 
whose end matches the edge of the JGNR (as illustrated in Extended Data 
Fig. 1). This mapping enables us to calculate the number of edge states 
at either edge of the JGNR by calculating the number of end states of 
the corresponding AGNR.

In Extended Data Fig. 1, each unit cell of the JGNR is enclosed by two 
grey dotted lines and the unit cells are labelled 1, 2, 3, …, L, with a total 
of L unit cells of a finite-length ribbon (it is noted that the unit cell of 
JGNR is different from that of AGNR). In mapping the edge of JGNR to 
the end of a wide AGNR, the corresponding AGNR contains L repeat 
units along its width direction. This means that W, the width of the wide 
AGNR, equals L times the width of each repeat unit, and Wnotco equals L 
times the number of the not-connected carbon pair in each repeat unit. 
With this correspondence, we are able to perform detailed edge-state 
counting for different edges.

First, we map the edge of the ZGNR/JGNR to the end of a wide AGNR. 
Extended Data Fig. 2a–d shows the corresponding wide AGNR for the 
m = 1 TDZ edge, m = 2 TDZ edge, m = 3 TDZ edge and a regular zigzag 
edge, respectively, for the large-L limit. Next, we applied equation (1) 
to compute the Z index. The detailed calculations of Z for the TDZ and 
pristine edge of certain finite-length JGNRs, when considered as the 
ends of wide AGNRs, are as follows.
(1) �For the case where the distance between additional benzene rings 

on the TDZ edge is m = 1, as shown in Extended Data Fig. 2a, and 
there are L additional benzene rings in the JNGR, the number of 
unconnected carbon pairs is L and the number of connected carbon 
pairs is 3L in the unit cell of the corresponding wide AGNR. The  
total number of rows of carbon atoms forming the AGNR width  
is 4L, and Z L L= − = −L4

3
1
3  for the unit cell.

(2) �For the case where the distance between additional benzene rings 
on the TDZ edge is m = 2, as shown in Extended Data Fig. 2b, the 
number of unconnected carbon pairs is 2L and the number of con-
nected carbon pairs is 4L. The total number of rows of carbon atoms 
forming the AGNR width is 6L and Z L= 2 − = 0L6

3  for the unit cell. 
That means no edge states for the TDZ edge in this case.

(3) �For the case where the distance between additional benzene rings 
on the TDZ edge is m = 3, as shown in Extended Data Fig. 2c, the 
number of unconnected carbon pairs is 3L and the number of con-
nected carbon pairs is 5L. The total number of rows of carbon atoms 
is 8L and Z L L= 3 − =L8

3
1
3  in the unit cell.

(4) �For a regular zigzag edge, as shown in Extended Data Fig. 2d, the 
number of unconnected carbon pairs is 1 per benzene ring and the 
number of connected carbon pairs is 1 per benzene ring. The total 
number of rows of carbon atoms forming the AGNR width is 2 per 
benzene ring and Z /(number of benzene rings) = 1 − =2

3
1
3 per benzene 

ring. We note that for an AGNR unit cell containing L benzene rings 
at the regular zigzag edge end, the corresponding CPI is Z L= 1

3 .

Computational method and analyses
First-principles DFT calculations within the local spin density approxi-
mation were performed using the Quantum ESPRESSO package45,46.  
A supercell geometry was employed, with a 10-Å vacuum spacing placed 
in all non-periodic directions to prevent interaction between replicas. 
The atomic geometry was fully relaxed until all components of the forces 
on each atom were smaller than 0.01 eV Å−1. A 100-Rydberg wavefunc-
tion energy cut-off, along with scalar relativistic and norm-conserving 
pseudopotentials for C and H, were used47,48.

In understanding the localization of the edge states in (n,m = 2)-JGNRs, 
previous tight-binding calculations on infinite-width pristine ZGNRs 
indicate a reciprocal vector k-dependent localization length at the 
zigzag edge, with states being more localized when closer to the X point 
of the ZGNR Brillouin zone5. As the edge states of (n,m = 2)-JGNRs can 
be viewed as band-folded states of ZGNR, for the peak originating from 
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states near the X point of the highest valence band of JGNR (peak C′), 
they all originate from states near the X point of the pristine ZGNR. The 
localization length of those states is small compared with the width of 
the JGNRs, so the theoretical LDOS pattern shows a localized pattern at 
the zigzag edge (Fig. 4g,p). In contrast, for states more towards to the 
Γ point (at near 1/3 way from X to Γ or beyond), the localization length 
of those states in the infinite-width pristine ZGNRs exceeds the width 
of the JGNRs considered. The corresponding theoretical LDOS pattern 
(peak B′) shows a delocalized pattern throughout the ribbon width 
(Fig. 4f,o). For the peak formed by the conduction band (peak A′), it 
comprises states from the entire JGNR Brillouin zone, and the LDOS pat-
tern can be viewed as a mixture of the previous two patterns (Fig. 4e,n).

We note also that in the experiment, peak B is located near EF for 
both JGNRs. This is owing to the fact that the work function difference 
between our GNRs (about 4.5 eV) and the Au(111) substrate (about 
5.3 eV) entails a charge transfer from the JGNRs to the substrate, 
which lifts the valence band maximum upwards to the Fermi level. 
By performing calculations at different doping levels, we estimate 
the charge transfer to be approximately 0.1 holes per JGNR unit cell 
and demonstrate that the localized spin-polarized edge states remain 
stable under this amount of charge transfer (Supplementary Figs. 3–5). 
Moreover, calculations on the non-magnetic phase at various doping 
levels show that not only is the energy of the non-magnetic phase higher 
than that of the ferromagnetic phase at the same doping level but also 
the calculated DOS and LDOS do not match our experimental results 
(Supplementary Figs. 6–8).

Data availability
All data are available in the paper or the Supplementary Information. 
The scanning probe microscopy spectra data and theoretical calcu-
lation results are available in the Zenodo repository at https://doi.
org/10.5281/zenodo.13894455 (ref. 49).
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Extended Data Fig. 1 | Schematic illustration of the correspondence 
between the end of a wide AGNR and the edge of JGNR. The unit cell of the 
AGNR, commensurate with its termination, is enclosed by an orange dashed 
curve. The quantities W  and Wnotco in Eq. (1) are to be counted within this specific 
unit cell. The unit cell of the finite-size JGNR is defined by the area between two 

grey lines, where 1, 2, …, L label the unit cells. A sufficiently wide AGNR can 
always be found that shares the same termination as the edge of the JGNR. 
Through this mapping, the associated AGNR contains L repeated units along  
its width direction. The unit cell of the wide AGNR, commensurate with its 
termination, is the area enclosed by the orange dashed curve.
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Extended Data Fig. 2 | JGNR edge states counting. Sketch of the defective 
edge of JGNR with different m value, which is mapped to the end of a large width 
AGNR with unit cell enclosed by the orange dashed curve that is commensurate 
with its termination on the left (the topological defect edge of interest). W is the 
number of carbon rows forming the length of the finite-size JGNR (which is 
equivalent to the number of carbon rows forming the width of the associated 
AGNR). Wco and Wnotco are the number of connected and unconnected carbon 
pairs, respectively, in the unit cell of the wide AGNR. L is the number of repeat 

units along the width of the associated AGNR direction (i.e., L is number of unit 
cells forming the length of the finite-size ZGNR of physical interest), and the 
repeat unit is denoted by the area between the two grey dashed lines. The 
relationships between L and W, Wco and Wnotco are shown. a, A defect edge with 
m = 1. b, A defect edge with m = 2. c, A defect edge with m = 3. d, A regular zigzag 
edge. The repeat unit along the width of AGNR direction is a single benzene 
ring. These quantities are important in the calculation of Z index.



Extended Data Fig. 3 | On-surface synthesis of the 5-ZGNR and JGNRs.  
a, e, f. STM topographic image of molecular precursor 1, 2, and 3 as deposited 
on Au(111), respectively. b, f, j. The STM topographic images of polymer  
chains obtained by annealing the sample of a, e, f up to 473, 473, and 423 K, 
respectively. c, g, k. STM topographic images of fully cyclized (5,2)-JGNR, 

(4,2)-JGNR and 5-ZGNR through a subsequent annealing at 623, 623, and 573 K 
(Vs = 1 V, It = 100 pA), respectively. d, h, l. Constant current zoom-in STM images 
of an individual (5,2)-JGNR, (4,2)-JGNR and 5-ZGNR, respectively (Vs = −800 mV, 
It = 200 pA, CO-functionalized tip).
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Extended Data Fig. 4 | Spatial localization of edge state of 5-ZGNR and  
TDZ edge state of (5,2)-JGNR. a, Constant current STM images of 5-ZGNR, 
(Vs = −800 mV, It = 200 pA, CO-functionalized tip). b, Colour-coded dI/dV 
spectra collected as a function of position along the red dotted line (from left 
to right) in a (Vac = 20 mV, Vs = 1.5 V). The dashed line overlayed on b is the point 
dI/dV spectrum acquired at the position labelled with a cross in a. c, Constant 

current STM images of (5,2)-JGNR, (Vs = −800 mV, It = 200 pA, CO-functionalized 
tip). d, Colour-coded dI/dV spectra collected as a function of position along the 
red dotted line (from top to bottom) in c (Vac = 20 mV, Vs = 1.5 V). The dashed line 
overlayed on d is the point dI/dV spectrum acquired at the position labelled 
with a cross in c.



Extended Data Fig. 5 | Bias-dependent dI/dV maps of (4,2)-JGNR across  
a wide energy window. a, d, Constant-current dI/dV maps of (4,2)-JGNR 
recorded at various sample biases marked in b by the dashed vertical lines 
(Vac = 10 mV). b, dI/dV point spectrum of (4,2)-JGNR on Au(111) acquired at the 

positions marked in panel c (yellow and green cross). Grey dashed line spectrum 
represents the Au(111) reference spectrum (Vac = 20 mV). c, Constant current 
STM images of (4,2)-JGNR, (Vs = 800 mV, It = 200 pA, CO-functionalized tip).
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Extended Data Fig. 6 | Bias-dependent dI/dV maps of (5,2)-JGNR across  
a wide energy window. a, d, Constant-current dI/dV maps of (5,2)-JGNR 
recorded at various sample biases marked in b by the dashed vertical line 
(Vac = 10 mV). b, dI/dV point spectrum of (5,2)-JGNR on Au(111) acquired at the 

position marked in panel c (yellow and green cross). Grey dashed line spectrum 
represents the Au(111) reference spectrum (Vac = 20 mV). c, Constant current 
STM images of (5,2)-JGNR, (Vs = −800 mV, It = 200 pA, CO-functionalized tip).



Extended Data Fig. 7 | Symmetric design and synthesis of precursor 3. The synthetic scheme towards the Z-shape backbone by simultaneously constructing 
the two identical methylphenanthrene branches and its single crystal X-ray diffraction (XRD) structure.
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Extended Data Fig. 8 | Asymmetric design and synthesis of precursor 2. The synthetic scheme towards the Z-shape backbone by separately constructing the 
triphenyl branch and the methylphenanthrene branch of precursor 2 and its single crystal XRD structure.



Extended Data Fig. 9 | Asymmetric design and synthesis of precursor 1. The synthetic scheme towards the Z-shape backbone by separately constructing the 
biphenyl branch and the methylphenanthrene branch of precursor 1 and its single crystal XRD structure.
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