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Graphene-based nanostructures exhibit electronic properties
that are not present in extended graphene. For example, quantum
confinement in carbon nanotubes and armchair graphene
nanoribbons leads to the opening of substantial electronic bandgaps
that are directly linked to their structural boundary conditions'>.
Nanostructures with zigzag edges are expected to host spin-
polarized electronic edge states and can thus serve as key elements
for graphene-based spintronics’. The edge states of zigzag graphene
nanoribbons (ZGNRs) are predicted to couple ferromagnetically
along the edge and antiferromagnetically between the edges®, but
direct observation of spin-polarized edge states for zigzag edge
topologies—including ZGNRs—has not yet been achieved owing
to the limited precision of current top-down approaches®. Here
we describe the bottom-up synthesis of ZGNRs through surface-
assisted polymerization and cyclodehydrogenation of specifically
designed precursor monomers to yield atomically precise zigzag
edges. Using scanning tunnelling spectroscopy we show the existence
of edge-localized states with large energy splittings. We expect that
the availability of ZGNRs will enable the characterization of their
predicted spin-related properties, such as spin confinement!! and
filtering'>!%, and will ultimately add the spin degree of freedom to
graphene-based circuitry.

Graphene nanoribbons with armchair edges (AGNRs) can be
synthesized using a bottom-up approach based on surface-assisted
polymerization and subsequent cyclodehydrogenation of oligophe-
nylene precursor monomers'%. On-surface synthesis has been applied
to fabricate many different AGNR structures'*~!%, N-doped AGNRs!"!8
as well as AGNR heterostructures'®!°. However, it is not directly
suited for ZGNRs because polymerization of monomers via aryl-aryl
coupling takes place along the armchair direction rather than the zigzag
direction (Fig. 1a). Additionally, dehydrogenative cyclization of phenyl
subgroups is not sufficient to form pure zigzag edges. Therefore, addi-
tional carbon functions must be placed at the edges of the monomers
to complete the tiling toolbox needed for the bottom-up fabrication of
arbitrary GNR structures.

In our protocol, surface-assisted polymerization and subsequent
cyclization of suitably designed molecular precursors enables the
synthesis of ZGNRs with control over both ribbon width and edge mor-
phology. The idea depends on the choice of a U-shaped monomer (1),
shown in Fig. 1b. With two halogen functions for thermally induced
aryl-aryl coupling at the R, positions, this monomer allows surface-
assisted polymerization to make a snake-like polymer. This monomer
design can, in principle, be generalized to form wider structures by adding
additional phenyl groups at the R; position. Furthermore, it affords
accommodation of additional phenyl groups at the R, position that
fill the holes in the interior of the undulating polymer. The crucial
precursor is monomer 1la, which carries two additional methyl
groups. In this case, as well as the polymerization and planarization,

an oxidative ring closure including the methyl groups is expected
that would then establish two new six-membered rings together with
the zigzag edge structure. The choice of R; further enables either the
growth of pure zigzag edges (R; =H, 1a) or the addition of further
functional groups to the edges (1b).

Monomer la was successfully obtained via multi-step organic
synthesis (see Supplementary Information) and deposited on the clean
Au(111) single-crystal surface by thermal sublimation under ultra-high
vacuum conditions. If the surface is held at the dehalogenation tem-
perature of 475K, then precursor monomers are immediately activated
and undergo polymer formation via radical addition (step 1 in Fig. 1c).
Further annealing to the cyclodehydrogenation temperature of 625K
is then applied to form the final 6-ZGNR (that is, a ZGNR that is six
carbon zigzag lines wide; step 2 in Fig. 1c). This two-step process has
been successfully monitored by scanning tunnelling microscopy (STM;
Fig. 2a, b). Large-scale STM images of the Au(111) surface after deposi-
tion of precursor monomer 1a onto the substrate held at a temperature
of 475K reveal the formation of long (approximately 50 nm) polymers
for which the meandering maxima in the apparent height have a peri-
odicity of 1.55 nm, evidencing covalent-bond formation between the
precursor monomers (Fig. 1c). The maxima with apparent heights of
0.3 nm are attributed to the sterically induced out-of-plane conforma-
tion of the phenyl ring carrying the methyl groups. Further annealing
the sample to 625K results in a complete planarization of the linear
structures and a decrease in apparent height to 0.2 nm, consistent with
the formation of the fully conjugated ribbon structure!®. Small-scale
images (inset of Fig. 2b) reveal completely smooth and flat edge areas.
This indicates that, in addition to the cyclodehydrogenation of the two
phenyl rings, the methyl groups are dehydrogenatively incorporated
to form a fully conjugated system with atomically precise zigzag edges.
Further structural details are accessible by non-contact atomic force
microscopy (nc-AFM) imaging with a CO-functionalized tip (Fig. 2¢),
which enables direct imaging of the local bond configurations at
small distances®. The achieved resolution directly confirms that the
observed width and edge morphology correspond to the expected
6-ZGNR structure as defined by the design of 1a. Furthermore, we
can unambiguously state that the zigzag-edge atoms have the expected
mono-hydrogen termination. Other possible terminations such as
radical edges due to complete dehydrogenation or H, termination can
be disregarded, owing to the absence of bending across the ribbon
(which relates to bonding of the radical edges to the substrate®!) and of
the distinct maxima related to H, edge termination (see Supplementary
Fig. 2), respectively. Thus, our 6-ZGNRs exhibit atomically precise
edges with the expected CH termination. Both features are crucial to
host the predicted antiferromagnetic edge states.

As can be seen from the STM image in Fig. 2b, the chemistry of
the ZGNR fabrication process faces intrinsic complications such as
frequent thermally induced chemical cross-linking of ribbons during
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Figure 1 | Synthetic strategy to GNRs with zigzag edges. a, Structure

of armchair and zigzag graphene nanoribbons, and an exemplary
anthracene-based molecular precursor for the bottom-up fabrication of
AGNRs via aryl-aryl coupling (X = halogen). b, U-shaped dibenzo([a,j]
anthracene monomer 1 with halogen functions R; = Br designed to enable

the cyclization step, and, more severely, strong electronic coupling
between the ribbons and the metal surface that obscures the detec-
tion of the electronic edge states. In fact, no evidence for increased
intensity at the zigzag edges could be obtained in differential-
conductance (dI/dV) maps recorded with tunnelling resistances of
more than 0.6 M(2, and spectra taken above the 6-ZGNRs are dom-
inated by the (up-shifted) surface state of the underlying Au(111)
substrate (not shown). However, unambiguous evidence for the
sought-after edge states is obtained for 6-ZGNRs manipulated with
the STM tip onto post-deposited insulating NaCl islands, where they
are electronically decoupled from the underlying metal substrate?>. An
example STM image of a 6-ZGNR bridging between two NaCl islands is
shown in Fig. 3a; a dI/dV spectrum taken at the edge of the decoupled
ZGNR segment is shown in Fig. 3b. In contrast to the result on Au(111),
this spectrum clearly exhibits three resonance peaks near the Fermi
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surface-assisted aryl-aryl coupling into a snake-like polymer along the
zigzag direction. ¢, Monomer 1a, with an additional dimethyl-biphenyl
group in the interior of the U-shape (R, position), which is designed to
afford a 6-ZGNR upon polymerization (step 1) and subsequent cyclization
(step 2).

level, with energy splittings of A°=1.5eV and A!=1.9¢eV between
the two occupied states and the unoccupied one (Fig. 3b). dI/dV
maps acquired at these peaks demonstrate that the corresponding states
are highly localized at the zigzag edges (Fig. 3d). Their characteristic
features, such as a protrusion at each outermost zigzag carbon atom
and an enhanced intensity at the ribbon terminus, are in excellent
agreement with the local density of states (DOS) of the corresponding
Kohn-Sham density functional theory (DFT) orbitals shown in Fig. 3e.
Although effective mean-field theories, such as Kohn-Sham DFT,
tend to provide reliable information about the energy level ordering
and the shape of orbitals in graphene nanostructures, the same is not
true for the size of the electronic gap. More accurate predictions of
the bandgaps of graphene nanoribbons are obtained using the GW
approximation of many-body perturbation theory®® (where ‘G’ and
‘W’ stand for ‘Green’s function’ and ‘screened interaction; respectively).

Figure 2 | Synthesis and characterization of atomically
precise 6-ZGNRs. a, Large-scale STM image of the
Au(111) surface after deposition of monomer 1a on the
surface held at 475 K. Formation of snake-like polymers
is observed. Scanning parameters: voltage V=—1.5V,
current I =40 pA, colour-scale range Az=1.2nm. Scale
bar, 20 nm. Inset, high-resolution STM image of the
polymer. Zigzag alternation of bright maxima indicates
the lifting and/or tilting of the phenyl rings carrying the
methyl groups. A structural model is superimposed for
comparison. V=—1.3V,I=10pA, Az=0.3nm. Scale bar,
1nm. b, Large-scale STM image of the Au(111) surface
after annealing at 625 K. The flatter appearance, reduced
apparent height and lack of internal structure indicate
the complete cyclodehydrogenation of the polymers

and the formation of 6-ZGNRs. V= —1.0V, =20 pA,
Az=0.7nm. Scale bar, 20 nm. Inset, high-resolution STM
0.3 of a 6-ZGNR, which is in excellent agreement with the
superimposed structural model. V=—0.3V, =5 pA,
Az=0.2nm. Scale bar, 1 nm. ¢, Constant height nc-AFM
frequency shift image taken with a CO-functionalized
tip. The intra-ribbon resolution shows the formation of a
6-ZGNR with atomically precise CH edges. A CH, defect
is seen in the lower left corner. Oscillation amplitude
Apse=0.7A, V=5mV. Scale bar, 1 nm.
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Figure 3 | Edge-state characterization of 6-ZGNRs. a, STM topography
image (V=—0.25V, =100 pA) of a 6-ZGNR bridging between two NaCl
monolayer islands, achieved through STM manipulation. Scale bar, 2 nm.
b, Differential conductance (dI/dV) spectrum (red) taken at the zigzag
edge marked by the red circle in a and the quasiparticle density of states
(DOS; grey). ¢, Quasiparticle band structure (energy versus wave vector k)
(left, black; a is the lattice parameter) and DOS (right, grey) calculated

The resultant quasiparticle band structure and the corresponding DOS
are presented in Fig. 3c. The calculated energy splittings (A’=1.4eV and
Al=1.7eV) are in good agreement with experiment. (The quantitative
agreement between the experimentally obtained energy splittings
and those calculated using many-body perturbation theory is attrib-
uted to a compensation of bandgap reduction due to screening by the
underlying metal and NaCl island, and to bandgap increase due to

LETTER

b I T T T T T
| 1
A
‘ pr—
- W)
s 3
< g
3 c
3 =
0 | Il ! I} | 1 0
-1.0 -0.5 0 0.5 1.0 1.5
Bias (V)
d
Max.
e

IS VPSS |

for an infinitely long 6-ZGNR. d, Differential-conductance maps of filled
(left) and empty (right) edge states taken at a sample bias of —0.3 V and
1.0V, respectively. e, DFT-based local DOS at a 4-A tip-sample distance,
showing the spatial distribution of filled (left, with overlaid structural
model) and empty (right, with overlaid structural model) edge states. Scale
bar for d and e, 1 nm. a.u., arbitrary units.

quantum confinement within the finite decoupled ribbon segments.)
This agreement, in conjunction with the agreement between experi-
mentally determined and simulated DOS maps, clearly evidences
the experimental observation of the unperturbed zigzag edge states.
Although edge states have previously been observed in several systems
with less-well-defined zigzag edges®**~%, the reported energy split-
tings vary greatly and are substantially smaller than those reported
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Figure 4 | Synthesis and characterization of edge-modified 6-ZGNRs.

a, Monomer 1b (top left) with an additional phenyl group at the R3
position of the monomer 1a, which is designed to afford an edge-
modified 6-ZGNR upon polymerization and subsequent cyclization. The
highlighted scheme (dashed red circle) illustrates the two possible rotation
possibilities (bottom left, red arrow) upon activation of the external
phenyl ring. Right, possible cyclodehydrogenation products assuming

no activation of the external phenyl groups (top) and formation of

fluoranthene subunits based on an additional dehydrogenative ring
closure at the external phenyl groups (bottom). b, Overview STM
image (V= —1.5V,I=150 pA) of edge-modified 6-ZGNRs fabricated
on a Au(111) surface. Scale bar, 20 nm. Inset, high-resolution STM
image (V=0.15V,I=2 pA). Scale bar, 1 nm. ¢, Constant-height
nc-AFM frequency-shift image of edge-modified 6-ZGNR (Aye. = 0.7 A,
V=25mV). Scale bar, 1 nm.
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here. This discrepancy indicates that the electronic structure of zigzag
edges is extremely sensitive to edge roughness and interaction with the
supporting substrate.

The synthesis of GNRs with perfect zigzag edge periphery combined
with convincing evidence of their edge states could lead to new meth-
ods for experimentally verifying the electronic, optical and magnetic
properties predicted by theory?®=*, and to the systematic engineering
of these properties by using modified types of ZGNRs. As a first step
along these lines, we further refined our monomer design by intro-
ducing an analogous compound 1b (Fig. 4), which is similar to 1a
except that it bears an additional phenyl group at the R position (see
Supplementary Information). We expected that, owing to the steric
hindrance brought about by the twisted phenyl group, the growing
ribbons would be more efficiently decoupled from the surface and
potentially better shielded from neighbouring GNRs. The structural
characterization of the ZGNRs obtained from monomer 1b in an
analogous, thermally induced polymerization-cyclization procedure
is shown in Fig. 4b, c. The nc-AFM images clearly reveal that, at the
cyclodehydrogenation temperature of 573 K, the external phenyl group
undergoes a ring closure under the formation of a fluoranthene-type
subunit with an incorporated five-membered ring, as illustrated in
Fig. 4a. Because the additional ring closure can occur by dehydrogena-
tion of either of the neighbouring zigzag-edge carbon atoms, we do
not expect to observe fully periodic arrangement of the fluoranthene
subunits. This expectation is confirmed by the nc-AFM image shown
in Fig. 4c, which reveals three, four and five zigzag cusps that separate
neighbouring fluoranthene subunits.

Controlled edge modification is a useful strategy for engineering
the band structure of edge states. However, the emphasis here is on the
reduction of ZGNR-substrate interaction. Indeed, the edge modification
discussed above alters the ZGNR-substrate interaction enough
to enable the STM to map the typical features of the edge state (see
Supplementary Fig. 7).

The successful bottom-up synthesis of atomically precise ZGNRs
opens extensive opportunities and challenges for the analysis of their
physical properties (for example, their band structure, magnetism and
charge/spin transport) and for the fabrication of ZGNR-based devices
such as the proposed spin valves'2. However, the strong interaction
of the pristine 6-ZGNR with the metal substrate (as reflected in the
obstruction of the spectral features of the edge states) raises impor-
tant questions regarding the chemical reactivity of the zigzag edges,
which needs to be controlled to be able to study and apply these mate-
rials under ambient conditions. A promising method for doing so is
provided by edge ‘passivation’ approaches that preserve the electronic
properties of the ribbon, but reduce the chemical reactivity of their
(functionalized) edges®!.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Sample preparation. Experiments were carried out under ultra-high vacuum
conditions (base pressure 10~ mbar) with a low-temperature STM and a low-
temperature STM/AFM, both from Omicron-Oxford. A Au(111) single crystal was
used as the substrate for the growth of 6-ZGNRs and edge-modified 6-ZGNRs. The
Au(111) surface was cleaned by repeated cycles of argon-ion bombardment and
annealing at 750K for 15 min until a clean surface was obtained, as judged by STM.
Molecular precursors were thermally deposited on the clean Au(111) surface held
at room temperature with a typical rate of 1 A min~". After deposition, the sample
was post-annealed in four steps to 475K, 525K, 575K and 625K for typically
15 min per step to achieve long, high-quality GNRs. A modified growth protocol
was used for the experiments in which 6-ZGNRs are transferred onto NaCl islands.
After precursor deposition at room temperature, the substrate temperature was
directly increased to 625K (1 Ks™!) and kept at this temperature for 5min. This
protocol increases the number of short and isolated 6-ZGNRs needed for successful
manipulation with the STM tip. Compared to the protocol described above, this
increases the number of defects at the ZGNR edges.

Imaging, manipulation and spectroscopy.

Constant-current STM imaging. STM images were acquired in the constant-current
mode at sample temperatures of 77 K or 5K, as indicated in each case. Scanning
parameters are specified in each figure caption.

Constant-height, non-contact AFM imaging. Non-contact AFM measurements
were performed with a tungsten tip attached to a tuning fork sensor*. The tip was
a posteriori functionalized by the controlled adsorption of a single CO molecule at
the tip apex from the previously CO-dosed surface®. This procedure enables the
imaging of the chemical structure of organic molecules®. The sensor was driven
close to its resonance frequency (about 23,570 Hz) with a constant amplitude of
approximately 70 pm. The shift in the resonance frequency of the tuning fork
(with the attached CO-functionalized tip) was recorded in constant-height mode
(Omicron Matrix electronics and HF2Li PLL by Zurich Instruments).

Transfer of GNRs onto NaCl monolayer islands. We developed a routine to transfer
bottom-up fabricated short GNRs from the metal surface onto insulating NaCl
islands in order to be able to access their intrinsic electronic structure. This
method, in which physisorbed individual 6-ZGNRs are laterally and/or vertically
manipulated on the Au(111) surface, consists of four steps: (1) deposition of NaCl
islands (thermal evaporation of submonolayer coverage, deposition temperature
of about 1,000K) on the 6-ZGNR/Au(111) surface; (2) pick-up of one end of a
GNR by approaching and retracting the STM tip with low bias (about —50mV);
(3) lateral displacement of the tip, together with the GNR, above the NaCl island;
and (4) release of the ribbon by a 3.0 V voltage pulse, leaving the GNR partially
adsorbed on NaCl and partially on the metal surface.

Differential-conductance spectroscopy. The differential conductance (dI/dV) meas-
urements were performed in alow-temperature STM at 5K via the lock-in technique,
using a bias-voltage modulation of 20mV and a frequency of 860 Hz. dI/dV maps
were acquired in the constant-current mode for the decoupled 6-ZGNR, and in
the constant-height mode for ribbons on Au(111).
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Theoretical details. DFT calculations were carried out using the CP2K code
(http://www.cp2k.org) for geometry optimizations; the Quantum ESPRESSO
code® was used for scanning tunnelling spectroscopy simulations. In CP2K, the
core electrons and nuclei are represented using the GTH pseudopotential®® and
the valence electrons are treated with a triple-( valence basis set with two sets of
p-type or d-type polarization functions (TZV2P)*%; in Quantum ESPRESSO,
a plane-wave basis set and norm-conserving pseudopotentials are used. The
exchange-correlation was approximated by the PBE functional®”.

The edge-modified 6-ZGNR structures shown in Fig. 4 were set up starting from
the optimized atomic structure of the 6-ZGNR (lattice parameter a=2.461 A) and
contain 24 unit cells. A 19-A-wide (15-A-wide) region of vacuum was included
along the transverse (perpendicular) directions to avoid interactions between peri-
odic replicas. Forces on the nuclei were then relaxed until all forces dropped below
5meV A~!. Using the optimized atomic structure, a self-consistent field calculation
was carried out in Quantum ESPRESSO, using energy cut-offs of 120 Ry and 480 Ry
(1Ry = 13.6eV) for the wave function and the charge density, respectively, and a
k-point grid of 3 x 1 x 1, including the I'-point.

Quasi-particle corrections were computed within the framework of many-body
perturbation theory, using a single iteration (GoW)) in the GW approximation to
the self-energy as implemented in the yambo code®. The electronic structure of the
6-ZGNRs from DFT was recalculated using a 60-Ry plane-wave cut-off, 64 k-points
in the first Brillouin zone and 250 bands, covering the energy range up to 21 eV above
the highest occupied band. The dielectric matrix (¢) was calculated in the random
phase approximation with an 8-Ry cut-off for the plane-wave basis. £ ! was evaluated
at frequencies of w=0 and w=12 Ry and extended to the real frequency axis using
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