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Spin splitting of dopant edge state in 
magnetic zigzag graphene nanoribbons

Raymond E. Blackwell1,5, Fangzhou Zhao2,3,5, Erin Brooks1, Junmian Zhu1, Ilya Piskun1, 
Shenkai Wang1, Aidan Delgado1, Yea-Lee Lee2, Steven G. Louie2,3 ✉ & Felix R. Fischer1,3,4 ✉

Spin-ordered electronic states in hydrogen-terminated zigzag nanographene give rise 
to magnetic quantum phenomena1,2 that have sparked renewed interest in 
carbon-based spintronics3,4. Zigzag graphene nanoribbons (ZGNRs)—quasi 
one-dimensional semiconducting strips of graphene bounded by parallel zigzag 
edges—host intrinsic electronic edge states that are ferromagnetically ordered along 
the edges of the ribbon and antiferromagnetically coupled across its width1,2,5. Despite 
recent advances in the bottom-up synthesis of GNRs featuring symmetry protected 
topological phases6–8 and even metallic zero mode bands9, the unique magnetic 
edge structure of ZGNRs has long been obscured from direct observation by a strong 
hybridization of the zigzag edge states with the surface states of the underlying 
support10–15. Here, we present a general technique to thermodynamically stabilize and 
electronically decouple the highly reactive spin-polarized edge states by introducing 
a superlattice of substitutional N-atom dopants along the edges of a ZGNR. 
First-principles GW calculations and scanning tunnelling spectroscopy reveal a giant 
spin splitting of low-lying nitrogen lone-pair flat bands by an exchange field 
(~850 tesla) induced by the ferromagnetically ordered edge states of ZGNRs. Our 
findings directly corroborate the nature of the predicted emergent magnetic order in 
ZGNRs and provide a robust platform for their exploration and functional integration 
into nanoscale sensing and logic devices15–21.

Graphene nanostructures terminated by zigzag edges host spin-ordered 
electronic states that give rise to quantum magnetism1,2. These intrinsic 
magnetic states emerge from the zigzag edge structure of graphene 
itself, and create opportunities for the exploration of carbon-based 
spintronics and qubits22–24, paving the way for the realization of 
high-speed, low-power operation spin-logic devices for data storage 
and information processing25–28. The edge states of ZGNRs have been 
predicted to exhibit a ferromagnetic (parallel) alignment of spins along 
either edge of the ribbon while the spins on two opposing edges are 
antiferromagnetically coupled (antiparallel alignment)1,2. This unusual 
electronic structure can give rise to field- or strain-driven half metallic-
ity in ZGNRs2,29. A strong hybridization of the electronic edge states of 
ZGNRs with those of the underlying support, along with the susceptibil-
ity of zigzag edges to undergo passivation through atom-abstraction 
or radical-recombination reactions, represents a veritable challenge 
to their exploration30.

Our strategy for engineering robust ZGNR edge states relies on the 
introduction of a superlattice of isoelectronic substitutional dopant 
atoms along both edges of a ZGNR. Replacement of every sixth C–H 
group along the zigzag edge of a 6-ZGNR (a zigzag GNR featuring six 
lines of carbon atoms across the width of the ribbon) by a N atom leads 
to the structure of N-6-ZGNRs depicted in Fig. 1a. Each trigonal planar 
N atom contributes the same number of electrons (one electron in a 

half-filled pz-orbital) to the extended π-system of the N-6-ZGNR as the 
trigonal planar C–H groups that they replace. Although the magnetic 
spin-polarized edge states remain largely unaffected by the subtle 
modulation of frontier bands imposed by a superlattice of N-dopant 
atoms, first-principles calculations show that the substitutional dop-
ing in N-6-ZGNRs leads to a lowering of the total energy of formation 
(Ef ) by E∆ f  = –0.124 eV per unit cell when compared to the parent 
6-ZGNRs (see Methods).

Guided by this idea we designed a molecular precursor for N-6-ZGNRs, 
the dibenzoacridine 1 (Fig. 1b). N-6-ZGNRs were grown on Au(111) films 
on mica by sublimation of 1 in ultrahigh vacuum (UHV) onto a clean 
Au(111) surface held at 297 K. Fig. 1c shows a constant-current scanning 
tunnelling microscopy (STM) topographic image of a sub-monolayer 
coverage of 1 on Au(111) at T = 4 K. Molecule-decorated surfaces were 
subsequently annealed at 475 K to induce the homolytic cleavage of 
C–Br bonds followed by a radical step-growth polymerization to give 
poly-1. Further annealing at 650 K induces a thermal cyclodehydro-
genation that leads to the fully fused N-6-ZGNR backbone (Fig. 1d). 
STM topographic images reveal extended GNRs featuring atomically 
smooth zigzag edges with an apparent height and width of 0.23 nm 
± 0.03 nm and 1.95 nm ± 0.05 nm, respectively, consistent with the 
formation of the fully conjugated N-6-ZGNR backbone (Extended Data 
Fig. 1). The position of N atoms along the edges of N-6-ZGNRs can be 
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inferred from a characteristic edge defect previously observed for 
all-carbon 6-ZGNRs15. Excision of a m-xylyl group in poly-1 during the 
thermal cyclodehydrogenation step results in an indentation along 
the zigzag edge of the GNR (Fig. 1e, inset). The position of a N-dopant 
atom at the opposing zigzag edge across from the defect site can be 
derived directly from the structure of the molecular building block 1.

Topographic (Fig. 2a) and bond-resolved STM (BRSTM) images 
(Fig. 2b) were recorded on a fully cyclized segment of N-6-ZGNR fea-
turing the same m-xylyl deletion defect. Although topographic STM 

images (Fig. 2a) resolve the zigzag edge structure of N-6-ZGNRs and 
hint at a superlattice of substitutional N dopants, BRSTM images show 
an alternating pattern of five bright lobes protruding from the edge 
of the N-6-ZGNRs (Fig. 2b, arrows) flanked on either side by inden-
tations of darker contrast. The pattern on one zigzag edge is offset 
by half a period from the opposite edge and is superimposable with 
the position of N atoms derived from the analysis of m-xylyl deletion 
defects. Enhanced signal in zero-bias dI/dV imaging suggests a strong 
hybridization of the Au(111) surface state with the spin-polarized edge 
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Fig. 1 | Bottom-up synthesis of N-doped N-6-ZGNRs. a, Schematic 
representation of spin-ordered edge states in N-6-ZGNRs. b, Schematic 
representation of the bottom-up synthesis and on-surface growth of 
N-6-ZGNRs from molecular precursor 1. c, STM topographic image of 
molecular precursor 1 as deposited on Au(111) (Vs = 50 mV, It = 20 pA). d, STM 
topographic image of fully cyclized N-6-ZGNRs following annealing to 650 K 

(Vs = 50 mV, It = 20 pA). e, STM topographic image of a fully cyclized N-6-ZGNR 
featuring a characteristic single point defect resulting from the cleavage of an 
m-xylene group (Vs = 50 mV, It = 20 pA). Arrow, position of a N atom. Inset, 
chemical structure of the N-6-ZGNR segment imaged in e. All STM images 
recorded at T = 4 K. DMSO, dimethylsulfoxide ; THF, tetrahydrofuran.
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states of the ribbon. dI/dV point spectra recorded along the edges of 
as-grown N-6-ZGNRs (as-grown herein refers to GNRs that have not 
been subjected to STM tip-induced decoupling) show a broad feature-
less local density of states (LDOS) that cannot be assigned to van Hove 
singularities associated with the valence band and conduction band 
edge (Fig. 3a and Extended Data Fig. 2b).

To overcome this robust electronic coupling and experimentally access 
magnetic edge states of ZGNRs, we developed a scanning probe micros-
copy (SPM) tip-induced decoupling protocol that disrupts the strong 
hybridization of the N-6-ZGNRs with Au(111). When placing the STM tip 
~4 Å above the centre of a N-6-ZGNR (Fig. 2a, red cross), and sweeping the 
bias voltage from Vs = 0.00 V to Vs = +2.50 V, a discontinuous drop in the 
tunnelling current (ΔIt

+ = 0.16 nA) can be observed at Vs
+ = +2.23 ± 0.05 V 

(Fig. 2e and Extended Data Fig. 3). The abrupt decrease in It suggests an 
electronic decoupling of the GNR from the underlying Au(111) substrate. 
Subsequent bias sweeps from Vs = 0.00 V to +2.50 V near the position of the 

red cross yield no further change in It. STM imaging of the same N-6-ZGNR 
segment following tip-induced decoupling reveals a local change in the 
constant-height dI/dV map (Extended Data Fig. 4). BRSTM images (Fig. 2c) 
of the ribbon in the vicinity of the STM tip during the decoupling step 
(1–2 nm surrounding the position of the red cross) are clearly resolved 
and show the distinctive structure of the N-6-ZGNR backbone and the 
characteristic pattern of N atoms along both zigzag edges (Fig. 2c, arrows, 
N atoms appear with a darker contrast when compared to the C–H groups; 
Extended Data Fig. 5a, b). The same irreversible decoupling event can be 
observed by applying a negative bias. Sweeping the bias voltage from 
Vs = 0.00 V to Vs = –2.50 V (Fig. 2a, blue cross) reveals a comparable drop 
ΔIt

– = 0.15 nA at Vs
– = –2.16 ± 0.05 V. The resulting BRSTM images (Fig. 2d) 

show the bond-resolved structure of the N-6-ZGNR backbone along the 
entire length of the ribbon. Neighbouring ribbons that are not covalently 
fused with the N-6-ZGNR subjected to the decoupling protocol remain 
unaffected by this process (Extended Data Fig. 5c, d).
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Fig. 2 | Tip-induced decoupling of magnetic edge states in N-6-ZGNRs from 
Au surface. a, Topographic image of a fully cyclized N-6-ZGNR segment 
recorded with a CO-functionalized STM tip. b, Constant-height BRSTM image 
of the N-6-ZGNR segment from a. Arrows, position of the five lobes associated 
with the C–H groups along the edges of the N-6-ZGNR (Vs = 0 mV, modulation 
voltage Vac = 11 mV, modulation frequency f = 455 Hz). c, Constant-height 
BRSTM image of N-6-ZGNR segment following tip-induced decoupling using a 
positive voltage sweep from Vs = 0.0 V to Vs = +2.5 V at the position marked by a 
red cross in a (Vs = 0 mV, Vac = 11 mV, f = 455 Hz). Arrows, position of selected 
N atoms along the edge of the N-6-ZGNR. d, BRSTM image of N-6-ZGNR 

segment following tip-induced decoupling using a negative voltage sweep 
from Vs = 0.0 V to Vs = –2.5 V at the position marked by a blue cross in a following 
decoupling in c (Vs = 0 mV, Vac = 11 mV, f = 455 Hz). e, It/Vs plot showing the 
positive (red) and negative (blue) voltage sweeps used during the decoupling 
procedure. Return sweeps (grey) show the irreversible shift in the tunnelling 
current It. f, STM height profiles showing the corrugation recorded along the 
left edge (blue squares) and the right edge (red circles) of a representative 
as-grown N-6-ZGNR (top), a partially decoupled N-6-ZGNR (middle), and a fully 
decoupled N-6-ZGNR (bottom) (Vs = 50 mV, It = 20 pA; CO-functionalized tip). 
All STM experiments performed at T = 4 K.
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The mechanism of this electronic decoupling can be explained by a 
tip-induced relaxation of the adsorption geometry of N-6-ZGNRs on 
Au(111). STM height profiles recorded along opposing zigzag edges 
of as-grown N-6-ZGNRs (Fig. 2f, top) are characterized by irregular 
π-bonding interaction patterns between the Au(111) surface layer and C 
and N atoms lining the edges of the ribbon (Extended Data Fig. 6). Local 
application of our SPM tip-induced decoupling protocol reversibly 
breaks C–Au and N–Au π-bonds allowing the backbone of N-6-ZGNRs 
to adopt a less strained, lower energy adsorption geometry epitaxial 
with respect to the Au(111) surface (Extended Data Fig. 6c). STM line 
profiles of partially and fully decoupled N-6-ZGNRs (Fig. 2f) show 
that this global minimum adsorption geometry is characterized by a 
height modulation (Δz ~ 0.3 Å) along the edges of the ribbon that places 
N atoms closest to the Au(111) surface. The corrugation of opposing 
zigzag edges in decoupled N-6-ZGNRs is offset by half a period (φ = π) 
to fall in registry with the atomic spacing of the Au(111) surface layer. 
First-principles calculations confirm that this conformation represents 
the global minimum adsorption geometry of N-6-ZGNR on Au(111) 
(lattice commensuration between N-6-ZGNRs and Au(111) < 1.8%, see 
Extended Data Fig. 6).

The local electronic structure of surface-decoupled N-6-ZGNRs was 
characterized by dI/dV point spectroscopy. A typical dI/dV point spec-
trum recorded along the edge of N-6-ZGNRs (>3 nm from either end 
of the ribbon; Fig. 3a, inset) shows two prominent electronic states. 
A sharp peak centred at Vs = –0.30 ± 0.02 V and a broader feature at 
Vs = +0.50 ± 0.05 V can be assigned to the valence band and conduction 
band edge, respectively. Substitution of C–H groups with the more 
electronegative N atoms not only leads to an overall thermodynamic 
stabilization of N-6-ZGNRs but a significant reduction of the band gap, 
ΔEexp = 0.80 ± 0.05 eV, when compared to a pristine all-carbon 6-ZGNR 

(ΔEGW = 1.20 eV) (Extended Data Fig. 7a). dI/dV imaging of the spatial 
distribution of the LDOS at energies close to the conduction band edge 
(Fig. 3b) shows the largest contrast along the zigzag edge C–H groups 
flanking the position of N-atom dopants while the intensity decreases 
toward the centre of the N-6-ZGNR backbone. dI/dV maps recorded at 
an imaging bias of –0.30 V reveal the LDOS associated with the valence 
band state (Fig. 3d) evenly distributed over the C–H groups lining the 
zigzag edges. Both dI/dV maps of the conduction band and valence 
band edge states show slightly weaker contrast at the position of the 
N-atom dopants, a prominent feature that creates the illusion of iso-
lated pentacene-like motifs lining the edges of N-6-ZGNRs. Rather than 
invoking a localization of the extended conduction band and valence 
band edge states, the difference in contrast between C–H groups and 
N atoms in calculations is a consequence of the edge state extending 
further into the space above and below the N-6-ZGNR plane at the posi-
tion of the C atoms than the site of the N atoms. The difference in the 
contrast between C–H groups and N atoms in dI/dV maps is further 
exaggerated by the corrugation of the zigzag edges in the preferred 
adsorption geometry of decoupled N-6-ZGNRs placing the N atoms 
closer to the Au(111) surface.

Experimental results are in agreement with theoretical calculations 
based on ab initio density functional theory (DFT) within the local spin 
density approximation (LSDA)31, and ab initio GW calculations32, which 
includes the important self-energy corrections to the quasiparticle 
excitations measured in STS experiments. Our first-principles results 
provide quantitative evidence that the SPM tip-induced decoupling 
has resulted in a full recovery of the intrinsic magnetic edge states 
(both in energy and wavefunction) of N-6-ZGNRs. Fig. 3c, e shows 
the calculated LDOS maps at a distance of 4 Å above the plane of the 
freestanding N-6-ZGNR at energies corresponding to the conduction 
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voltage bias of Vs = –0.3 V (Vac = 11 mV, It = 170 pA, f = 455 Hz, CO-functionalized 
tip). e, Calculated GW LDOS at the valence band (VB) edge. f, Calculated GW 
DOS for a N-6-ZGNR (spectrum broadened by 4 meV Gaussian). All STM 
experiments were performed at T = 4 K. Theoretical LDOS are sampled at a 
height of 4 Å above the atomic plane of the N-6-ZGNR.
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band and valence band edges. The characteristic pattern and relative 
contrast of protrusions lining the edges of N-6-ZGNRs (Fig. 3b, d) are 
faithfully reproduced in the corresponding GW LDOS maps (Fig. 3c, e). 
The GW band structure and the corresponding density of states (DOS) 
are depicted in Figs. 4a and 3f, respectively. The quasiparticle band-
gap ΔEGW = 0.83 eV, as defined in Fig. 3f, is in good agreement with the 
experimental gap ΔEexp = 0.80 ± 0.05 eV derived from STS and implies 
the hybridization of N-6-ZGNRs with the underlying Au(111) substrate 
is significantly reduced in the global minimum adsorption geometry. 
Electronic coupling with the Au(111) surface state is weak as the LDOS 
along the z-axis associated with the spin-polarized valence band and 
conduction band edge states in N-6-ZGNRs is smallest at the position 
of the N atoms. The observation that the calculated peak-to-peak gap 
on N-6-ZGNRs remains slightly larger than the experimental value is 
owing to dielectric screening by the Au substrate.

Ab initio calculations on N-6-ZGNR show that an antiferromagnetic 
alignment of spins (across the ribbon width) between ferromagneti-
cally ordered edge states (for example, as shown in Fig. 4c; left edge, up 
spin, and right edge, down spin; note that the absolute spin orientation 
is arbitrary due to negligible spin-orbit interactions) is favoured as 
the ground state over a spatially spin-unpolarized configuration. The 
spin-polarization energy is 16 meV per edge atom, indicating large mag-
netic interaction energies. The antiferromagnetic spin configuration in 
the ground state is consistent with Lieb’s theorem for interacting elec-
trons on a bipartite lattice33. The GW LDOS of upwards and downwards 
spin integrated over the left and right half of a N-6-ZGNR (Fig. 4b) shows 
the expected spatial distribution of the two spin species at the bottom 
conduction band and top valence band. Besides the obvious polari-
zation of the frontier bands, our calculations predict two low-lying 

highly spatially localized spin-polarized states at E – EF = –2.60 eV and 
E – EF = –2.72 eV, respectively. These highly localized flat-band states 
are formed by the lone-pair orbitals of trigonal planar N atoms lining 
the edges of N-6-ZGNRs. The two bands (which have no splitting in 
spin-unpolarized calculations, Extended Data Fig. 7d) split into an 
upper nitrogen flat band (UNFB; –2.60 eV) and a lower nitrogen flat 
band (LNFB; –2.72 eV) due to the exchange interaction of the lone-pair 
electron with the spin-polarized π-electrons, which have a net spin 
population of opposite sign along the two edges. The exchange field 
generated by the ferromagnetic ordering on either N-6-ZGNR edge 
(corresponding to an effective Zeeman field of Bcalc ~ 1,000 T) favours 
a local spin orientation that is parallel to the local exchange field. The 
LNFB and UNFB with spatial spin polarization in the same (left edge, up 
spin; right edge, down spin) and opposite (left edge, down spin; right 
edge, up spin) direction as the magnetic ordering of the N-6-ZGNR 
edges are lowered and raised in energy, respectively, leading to a split-
ting of the flat nitrogen lone-pair bands.

To validate our theoretical predictions, we recorded dI/dV point 
spectra along the edge of a fully decoupled N-6-ZGNR at a bias from 
Vs = –1.50 V to Vs = –3.00 V (Extended Data Fig. 8). Only when the STM 
tip is located immediately above the position of a N atom (Fig. 5a), 
do the dI/dV point spectra show two characteristic peaks centred at 
Vs = –2.60 ± 0.02 V and Vs = –2.70 ± 0.02 V, corresponding to the UNFB 
and LNFB states, respectively (Extended Data Fig. 9). dI/dV imaging 
of the spatial distribution of the LDOS at energies close to the UNFB 
and LNFB reveals a featureless ZGNR backbone that shows enhanced 
contrast at the edge of the ribbon at the precise position of the N atoms 
(Fig. 5b, d and Extended Data Fig. 10). The distinctive patterns in the 
dI/dV maps faithfully reproduce the calculated UNFB and LNFB LDOS 
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maps (Fig. 5c, e), further corroborating the assignment of UNFB and 
LNFB to the spin-split nitrogen lone-pair bands.

Although the longitudinal modulation of the valence band and con-
duction band states imposed by a substitutional N-dopant superlat-
tice represents a universal strategy to stabilize the exotic magnetic 
edge states in ZGNRs, the isoelectronic substitution of one out of 
six of the C–H groups along the zigzag edge with N atoms does not 
deteriorate the spin polarization and the edge magnetism in ZGNRs. 
Our calculated spatial distribution of electron spin polarization 
in the ground state (Fig. 4c) reveals that the magnetization on one 
N atom in N-6-ZGNRs amounts to ~80% of the expected magnetization 
of a C atom along the edge of a pristine 6-ZGNR, indicating almost 
unaltered magnetic edge states. The experimentally observed large 
exchange splitting ΔESTS = 100 ± 30 meV of the low-lying nitrogen 
lone-pair dopant flat bands by the ferromagnetically ordered spins 
along the edge of N-6-ZGNRs implies that the two electrons occu-
pying the nitrogen lone-pair experience an effective local exchange 
field Beff = 850 ± 250 T, consistent with theoretical prediction. We 
therefore conclude that the isoelectronic substitution of C–H groups 
with N-atom dopants does not disrupt the intrinsic magnetization 
emerging from the spin-polarized edge states in ZGNRs. Our results 
provide direct experimental evidence for the antiferromagnetic 
coupling of the ferromagnetically ordered edge states on oppo-
site edges of ZGNRs. SPM tip-induced decoupling fully restores the 
emergent spin degree of freedom in N-6-ZGNRs and creates a path for 
the development of atomically precise graphene-based high-speed 

low-power spin-logic devices for data storage and information  
processing.
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Fig. 5 | Spin splitting of nitrogen flat band states (NFB) of sp2 lone-pair 
orbitals in N-6-ZGNRs. a, dI/dV point spectroscopy of decoupled N-6-ZGNR  
on Au(111) at the position of two N atoms marked in the inset (red and blue 
cross; imaging, Vs = 300 mV, It = 20 pA), at the position of a carbon atom 
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(spectroscopy, Vac = 11 mV, f = 455 Hz). b, Constant-current dI/dV map of UNFB 
recorded at a voltage bias of Vs = –2.6 V (Vac = 11 mV, It = 2 nA, f = 455 Hz).  
c, Calculated GW LDOS integrated in a bias range ΔV = 200 mV around the 
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Methods

Precursor synthesis and GNR growth
Full details of the synthesis and characterization of 1–5 are given in 
the Supplementary Information. N-6-ZGNRs were grown on Au(111) films 
on mica under UHV conditions. Atomically clean Au(111) surfaces were 
prepared through iterative Ar+ sputter–anneal cycles. Sub-monolayer 
coverage of 1 on atomically clean Au(111) was obtained by sublimation 
at crucible temperatures of 460–470 K using a home-built Knudsen 
cell evaporator. After deposition the surface temperature was slowly 
ramped (≤2 K min–1) to 475 K and held at this temperature for 30 min 
to induce the radical-step growth polymerization, then ramped slowly 
(≤2 K min–1) to 650 K and held there for 30 min to induce cyclodehy-
drogenation.

STM measurements
All STM experiments were performed using a commercial OMICRON 
low-temperature (LT)-STM held at T = 4 K using PtIr STM tips. STM 
tips were optimized for scanning tunnelling spectroscopy using an 
automated tip conditioning program34. dI/dV measurements were 
recorded with CO-functionalized STM tips using a lock-in amplifier 
with a modulation frequency of 455 Hz and a modulation amplitude 
of VRMS = 11 mV. dI/dV point spectra were recorded under open feed-
back loop conditions. dI/dV maps were collected under constant 
current conditions. BRSTM images were obtained by mapping the 
out-of-phase dI/dV signal collected during a constant-height dI/dV 
map at zero bias. Peak positions in dI/dV point spectroscopy were 
determined by fitting the spectra with Lorentzian peaks. Each peak 
position is based on an average of approximately 90 spectra collected 
on 10 GNRs with 10 different tips, all of which were first calibrated to 
the Au(111) Shockley surface state.

SPM tip-induced decoupling protocol
From the tunnelling setpoint (It = 20 pA, Vs = 50 mV), the STM tip is relo-
cated to a position above the Au(111) substrate. Using an open-feedback 
loop, the bias voltage is ramped to ±2.5 V at a rate of approximately 
100 mV s–1 and the tunnelling current as a function of time is monitored. 
A monotonically increasing (decreasing) It curve is used to ensure that 
a global tip change has not occurred. The process is repeated with the 
STM tip located above the GNR backbone. Discontinuous drops in the 
tunnelling current are used to indicate a successful decoupling event.

Calculations
DFT calculations of GNR superlattices were performed in the LSDA 
as implemented in the Quantum ESPRESSO package35, and the GW 
calculations were performed by the BerkeleyGW package36. Only 
freestanding GNRs (without substrate) were calculated. A supercell 
arrangement was used with 15 Å-wide vacuum regions carefully tested 
to avoid interactions between the GNR and its periodic images. We 
used norm-conserving pseudopotentials with a planewave energy 
cut-off of 60 Ry. The structure was fully relaxed within DFT-LSDA until 
the magnitude of the force on each atom was smaller than 0.02 eV Å−1. 
All σ dangling bonds on the edges and the ends of the GNRs were 
capped by hydrogen atoms. A Gaussian broadening of 4 meV was 
used in the evaluation of the DOS and LDOS. In the GW calculation, 
the frequency-dependent screening is incorporated by the Hybertson–
Louie generalized plasmon-pole (GPP) model32, and self-consistency 
in the quasiparticle energy eigenvalues in the Green’s function G is 
performed.

Stabilization of ZGNR edges through substitutional doping with 
N atoms
For any molecule, the total energy of formation Ef is the energy required 
to break all covalent bonds in the molecule into the constituent iso-
lated atoms and stripping all the electrons from the corresponding 

atomic nuclei. Conversely, this corresponds to the energy released 
upon assembling any molecular structure from the constituent iso-
lated atomic nuclei and electrons. Ef can be directly estimated using 
first-principles calculations with reference to a chosen standard state 
of the atoms (often the most stable molecular species of the element). 
A comparison of the energy of formation ΔEf between two molecular 
species requires the application of an imaginary reaction that converts 
reactants Ef(reactants) into products Ef(products) along with the associated 
release of energy ΔEf.

∑ ∑E vE vEΔ = – (1)f f(products) f(reactants)

Below, we show that the introduction of a superlattice of isoelectronic 
substitutional dopant atoms (one out of six Csp2–H groups replaced by 
Nsp2 groups) along the edges of ZGNRs leads to an overall lowering of 
the energy of formation Δ Ef. Following the imaginary reaction

6 − ZGNR + 2 N → N − 6 − ZGNR + 2C + 2H (2)

and substituting in equation (1) we can determine the difference in the 
energy of formation E∆ f:

E E μ μ

E μ

Δ = ( + 2 + 2 )

–( + 2 )
(3)

f f(N−6−ZGNR) (C−graphite) (H−dihydrogen)

f(6−ZGNR) (N−dinitrogen)

Using the same DFT functionals (local density approximation), cutoff 
energies, pseudopotentials, we calculated the energy of formation at 
Ef at T = 0 K for the unit cell (C70N2H10) of a nitrogen doped N-6-ZGNR 
(Ef(N-6-ZGNR)) and the identical size unit cell (C72H12) of the analogous car-
bon 6-ZGNRs (Ef(6-ZGNR)) . μ(C-graphite), μ(H-dihydrogen) and μ(N-dinitrogen) are the 
calculated chemical potentials for carbon, hydrogen and nitrogen 
atoms in the lowest energy conformation of the element, respectively.

Substituting in equation (3) gives

E

E

Δ = (–852.07690 Ry–22.90529 Ry–2.27558 Ry)

–(–837.46377 Ry–39.78492 Ry)
=Δ = –0.00908 Ry = –0.124 eV

f

f

The introduction of a superlattice of substitutional N-atom dopants 
along the edges of 6-ZGNRs leads to an overall lowering of the energy 
of formation ΔEf of N-6-ZGNRs by –0.124 eV per unit cell compared to 
the structure of the all-carbon 6-ZGNR. Therefore, we conclude that 
N-6-ZGNR is energetically more stable than the all-carbon 6-ZGNR.

Consideration of alternative origin of split nitrogen lone-pair 
flat bands
In the absence of a quantum exchange field or an external magnetic 
field, the up spin and down spin electrons residing in the highly local-
ized trigonal planar N-atom lone-pair orbitals lining the edges of 
N-6-ZGNRs are degenerate (see Extended Data Fig. 7d). The strong 
hybridization of the spin-polarized edge state of as-grown N-6-ZGNRs 
with the Au(111) substrate largely quenches the local magnetic exchange 
field induced by a ferromagnetically ordered zigzag edge state. Split-
ting of the two spin-degenerate nitrogen flat bands can therefore only 
be observed once the local magnetic exchange field is restored as part 
of the SPM tip induced decoupling protocol. An alternative explanation 
that invokes a splitting of the spin-degenerate nitrogen flat bands solely 
by the interaction with an external magnetic field from either the SPM 
tip or the substrate can be excluded, as both the Au(111) surface and 
the CO-functionalized PtIr tips are non-magnetic.

Data availability
DFT code with pseudopotentials and GW code can be downloaded from 
the Quantum Espresso (https://www.quantum-espresso.org) and the 
BerkeleyGW (https://www.berkeleygw.org) websites, respectively. We 

https://www.quantum-espresso.org
https://www.berkeleygw.org
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used Quantum Espresso version 6.4.1 and BerkeleyGW version 2.1 for 
the theoretical calculations. All data presented in the main text and 
the supplementary information are available from the corresponding 
authors upon reasonable request.
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Extended Data Fig. 1 | Height profiles of N-6-ZGNRs on Au(111). a, STM 
topographic image of N-6-ZGNR on Au(111) (Vs = 50 mV, It = 20 pA; CO-functionalized 
tip). b, Height profile recorded along the arrows marked in a.
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Extended Data Fig. 2 | dI/dV point spectroscopy of N-6-ZGNRs on Au(111).  
a, dI/dV point spectra collected on bare Au(111) (Vac = 11 mV, f = 455 Hz). b, dI/dV 
point spectra collected on as grown segments of N-6-ZGNRs. c, dI/dV point 
spectra collected on decoupled segments of N-6-ZGNRs following the SPM 
tip-induced decoupling protocol.



Extended Data Fig. 3 | Tip induced decoupling of N-6-ZGNRs. It/Vs plot 
showing in red the positive voltage sweep (Vs = +1.50 V to Vs = +2.50 V) used 
during the decoupling procedure. The respective return sweep (Vs = +2.50 V to 
Vs = +1.50 V) is depicted in grey and shows the irreversible shift in the tunnelling 
current It.
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Extended Data Fig. 4 | Tip-induced decoupling of magnetic edge states in 
N-6-ZGNRs. a, Topographic image of a fully cyclized N-6-ZGNR segment 
recorded with CO-functionalized STM tip. b, Constant-current dI/dV map 
recorded at a voltage bias of Vs = +0.5 V of N-6-ZGNR segment following 
tip-induced decoupling using a positive voltage sweep from Vs = 0.0 V to 
Vs = +2.5 V at the position marked by a red cross in a (Vac = 11 mV, It = 200 pA, 
f = 455 Hz, CO functionalized tip). c, Constant-current dI/dV map recorded at a 
voltage bias of Vs = +0.5 V of N-6-ZGNR segment following tip-induced 
decoupling using a negative voltage sweep from Vs = 0.0 V to Vs = –2.5 V at the 
position marked by a blue cross in a (Vac = 11 mV, It = 200 pA, f = 455 Hz, CO 
functionalized tip). Arrows mark the position of selected N-atom along the 
edge of the N-6-ZGNR.



Extended Data Fig. 5 | Bond resolved imaging of decoupled N-6-ZGNRs.  
a, Constant-height BRSTM image of a N-6-ZGNR segment from (Vs = 0 mV, 
modulation voltage Vac = 11 mV, modulation frequency f = 455 Hz).  
b, Constant-height BRSTM image of the N-6-ZGNR segment in a following 
tip-induced decoupling using a positive voltage sweep from Vs = 0.0 V to 
Vs = +2.5 V at the position marked by a red cross in a (Vs = 0 mV, Vac = 11 mV,  
f = 455 Hz). Arrows mark the position of selected N-atom along the edge of  
the N-6-ZGNR. c, STM topographic image of as-grown N-6-ZGNRs with 
CO-modified tip. d, STM topographic image of N-6-ZGNR after decoupling  
the GNR on the left. (Vs = 50 mV, It = 20 pA).
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Extended Data Fig. 6 | Calculated adsorption geometries of N-6-ZGNRs on 
Au(111). a, Local minimum Adsorption Geometry I (E = +0.312 eV). Four 
C-atoms per unit cell interact through π-bonding (< 2.5 Å) with the Au(111) 
surface. The corrugation on opposing zigzag edges is in phase (φ = 0). b, Local 
minimum Adsorption Geometry II (E = +0.355 eV). Five C-atoms and one N-atom 
per unit cell interact through π-bonding (< 2.5 Å) with the Au(111) surface. The 

corrugation on opposing zigzag edges is phase shifted by φ = 1/3π. c, Global 
minimum Adsorption Geometry III (E = +0.000 eV). Four C-atoms and two 
N-atoms per unit cell interact through π-bonding (< 2.5 Å) with the Au(111) 
surface. The corrugation on opposing zigzag edges is phase shifted by φ = π.  
All calculations performed with ultrasoft pseudopotentials and 40 Ry cut-offs.



Extended Data Fig. 7 | Electronic structure of 6-ZGNR and N-6-ZGNRs. a, GW 
band structure of freestanding 6-ZGNR (grey) and N-6-ZGNR (red) calculated 
using the same dimension unit cell. b, GW band structure of a freestanding 
N-6-ZGNR. The colour code shows the normalized contributions from C-atoms, 
N-atoms, and H-atoms to the wavefunction of each state. The number of pz + σ 
orbitals for C, N, and H atoms are 280, 8, and 10 per unit cell, respectively. The 
wavefunction projection of the state in the nth band and at wavevector k to the 
C, N, and H atoms is described by Pnk

C, Pnk
N, and Pnk

H, respectively. We define the 
normalized percentage weight Pnk

C, Pnk
N, and Pnk

H as the wavefunction 

projection on the C, N, and H atoms per atom in the unit cell: P nk
C = Pnk

C/280,  
P nk

N = Pnk
N/8, P nk

H = Pnk
H/10. The scale bar defines the mapping between the 

colour scale and the normalized percentage weight. c, Spatial distribution of 
the calculated spin polarized wavefunction for UNFB and LNFB. d, Spin 
unpolarized GW band structure of a freestanding N-6-ZGNR (with DFT within 
the local density approximation (LDA) as the starting point). In the spin 
unpolarized calculation the UNFB and LNFB form narrow non-splitting bands 
with a total band width smaller than 50 meV. e, Spatial distribution of the 
calculated spin unpolarized wavefunction for UNFB and LNFB.
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Extended Data Fig. 8 | Spatial localization of spin split low-lying nitrogen 
dopant flat band states. Waterfall plot of dI/dV point spectra collected along a 
line marked in the inset long the edge of a N-6-ZGNR (Vac = 11 mV, f = 455 Hz). 
When the STM tip is located immediately above the position of a nitrogen 
dopant atom the dI/dV point spectra show two characteristic peaks centred at 
Vs = –2.60 ± 0.02 V and Vs = –2.70 ± 0.02 V, corresponding to the UNFB and LNFB 
states, respectively.



Extended Data Fig. 9 | dI/dV point spectroscopy of spin split low-lying 
nitrogen dopant flat band states. dI/dV point spectroscopy recorded on four 
different decoupled N-6-ZGNR/Au(111) at the position above the N atoms. Ten 
dI/dV point spectra were collected at each position (grey). The respective 
averaged dI/dV point spectra are highlighted in red, orange, yellow, and blue 
(spectroscopy: Vac = 11 mV, f = 455 Hz).
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Extended Data Fig. 10 | Constant-current dI/dV maps of decoupled 
N-6-ZGNR. dI/dV maps recorded at voltage biases of a, Vs = –2.000 V,  
b, Vs = –2.025 V, c, Vs = –2.050 V, d, Vs = –2.100 V, e, Vs = –2.125 V, f, Vs = –2.150 V,  
g, Vs = –2.200 V, h, Vs = –2.225 V, i, Vs = –2.250 V, j, Vs = –2.400 V, k, Vs = –2.500 V, 
and l, Vs = –2.800 V (Vac = 11 mV, It = 2 nA, f = 455 Hz).
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