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Inducing metallicity in graphene nanoribbons

via zero-mode superlattices
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The design and fabrication of robust metallic states in graphene nanoribbons (GNRs) are challenging
because lateral quantum confinement and many-electron interactions induce electronic band gaps
when graphene is patterned at nanometer length scales. Recent developments in bottom-up synthesis
have enabled the design and characterization of atomically precise GNRs, but strategies for realizing
GNR metallicity have been elusive. Here we demonstrate a general technique for inducing metallicity in
GNRs by inserting a symmetric superlattice of zero-energy modes into otherwise semiconducting GNRs.
We verify the resulting metallicity using scanning tunneling spectroscopy as well as first-principles
density-functional theory and tight-binding calculations. Our results reveal that the metallic bandwidth in
GNRs can be tuned over a wide range by controlling the overlap of zero-mode wave functions

through intentional sublattice symmetry breaking.

xtended two-dimensional (2D) graphene

is a gapless semimetal, yet when it is

laterally confined to nanometer-scale 1D

ribbons, a sizable energy gap emerges

(1). Unlike carbon nanotubes (which can
exhibit metallicity depending on their chiral-
ity), isolated armchair and zigzag graphene
nanoribbons (GNRs) always feature a band
gap that scales inversely with the width of
the ribbon (2). This makes GNRs attractive as
transistor elements for logic devices at the ul-
timate limits of scalability (3). However, it is
also a limitation because metallic GNRs would
be valuable as device interconnects and could
create opportunities for exploring Luttinger
liquids (4-6), plasmonics (7-9), charge density
waves (10, I1I), and superconductivity (12, 13)
in 1D. GNRs synthesized by means of atom-
ically precise bottom-up fabrication techniques
exhibit band gaps that are in good agreement
with theoretical predictions (J4-18) and are
thus ideal platforms for probing atomic-scale
sensitivity of electronic properties in 1D struc-
tures. It has recently been shown, for exam-
ple, that bottom-up synthesis can be used to
place topologically protected junction states
at predetermined positions along the GNR
backbone (19-24) that hybridize to form the
frontier GNR electronic structure. These lo-
calized states (21, 22) each contribute a single
unpaired electron at mid gap to the electronic
structure (i.e., at £ = 0), and so judicious
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placement of such zero-mode states raises the
possibility of creating metallic and magnetic
configurations. Thus far, however, only semi-
conducting GNRs have been fabricated with
this technique (19, 20).

Here we demonstrate a general approach
for designing and fabricating metallic GNRs
using the tools of atomically precise bottom-
up synthesis. This is accomplished by embed-
ding localized zero-mode states in a symmetric
superlattice along the backbone of an other-
wise semiconducting GNR. Quantum mechan-
ical hopping of electrons between adjacent
zero-mode states results in metallic bands as
predicted by elementary tight-binding elec-
tronic structure models (25). Using scanning
tunneling spectroscopy (STS) and first-principles
theoretical modeling, we find that zero modes
confined to only one of graphene’s two sub-
lattices (i.e., sublattice-polarized states) re-
sult in narrow-band metallic phases that reside
at the border of a magnetic instability. The
metallic bandwidth of these GNRs, however,
can be increased by more than a factor of 20
by intentionally breaking the GNR bipartite
symmetry, thus resulting in robust metallic-
ity. This is accomplished by inducing the for-
mation of just two new carbon-carbon bonds
per GNR unit cell (each unit cell contains 94
carbon atoms in the bottom-up synthesized
GNRs presented here). This marked change
in electronic structure from a seemingly minor
chemical bond rearrangement arises from the
loss of sublattice polarization that accompanies
broken bipartite symmetry. This concept pro-
vides a useful tool for controlling GNR metal-
licity and for tuning GNR electronic structure
into different physical regimes.

Concept of GNR metallization

Our strategy for designing metallic GNRs uses
a theorem based on simple nearest-neighbor
tight-binding theory: A piece of graphene with
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a surplus of carbon atoms (AN) on sublattice A
versus sublattice B will have a minimum of
AN = N, - Njp eigenstates localized on the A
sublattice at £ = 0 (“zero modes”). Here Ny
(Np) is the number of atoms residing on sub-
lattice A (B) [see (26) for this theorem’s de-
rivation]. This bears resemblance to Lieb’s
theorem (27) and is also applicable to the be-
havior of vacancy defects in graphene (28-30).
Expanding this idea to 1D GNR systems with
a periodic sublattice imbalance (i.e., an im-
balance in each unit cell), one can construct
a low-energy effective tight-binding model
to describe the resulting electronic bands by
introducing a parameter, ¢, that represents
electron hopping between adjacent localized
zero modes. This concept can be used to de-
sign metallic GNRs by providing them with a
unit cell that contains a surplus of two carbon
atoms on sublattice A (AN = 2). Under this
construction there are two relevant hopping
amplitudes: the intracell hopping amplitude
(t,) and the intercell hopping amplitude (z,).
A tight-binding analysis of this situation leads
to the well-known Su-Schrieffer-Heeger (SSH)
(25) dispersion relationship for the zero-mode
bands:

(k) = /|t + [ta]” + 2]t o cos (e + 3)
1)

where § is the relative phase between ¢; and ¢,
(which, in general, can be complex numbers).
Two bands result here because there are two
zero-mode states per unit cell and the energy
gap between them is AE = 2||¢;| - |t,]]. If the
two hopping amplitudes are identical, |¢;| =
|Z,], then the energy gap is reduced to zero, and
the resulting 1D electronic structure should be
metallic.

Synthesis of molecular precursor and
sawtooth-GNRs

Using this idea as a guide for creating me-
tallic GNRs, we designed the GNR precursor
molecule 1 (Fig. 1A). A graphene honeycomb
lattice superimposed onto this molecule re-
veals that under cyclodehydrogenation, the
methyl group carbon atom attached to the
central tetracene (highlighted gray in Fig. 1A)
will fuse and provide one surplus carbon atom
on sublattice A over sublattice B per monomer.
Previous step-growth polymerizations of struc-
turally related molecules (20) suggest that
the surface polymerization of 1 will place
the central tetracene unit in an alternating
pattern on either side of the GNR growth
axis. If polymerization proceeds in a head-
to-tail configuration, then the resulting GNRs
feature two additional carbon atoms on sub-
lattice A per unit cell (Fig. 1A). Following
cyclodehydrogenation, the anticipated GNR
structure is composed of short zigzag edges
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Fig. 1. Bottom-up synthesis of sawtooth-GNRs. (A) Schematic representation of ~ with an intact cove region (I; = 110 pA, Vs = 0.010 V, V¢ = 10 mV). (C) Large-scale
bottom-up growth of both sGNRs and 5-sGNRs from molecular precursor 1. Inset: image of sGNRs (/; = 30 pA, Vs = = 1.100 V). (D) STM topograph of a segment

STM topograph of two isolated monomers of 1 deposited on Au(111) (I = 30 pA, of a 5-sGNR (/y = 1.5 nA, Vs = - 0.100 V). BRSTM image in inset shows how
Vs = 1000 V). (B) STM topograph of a segment of a SGNR (s = 80 pA, Vs = 0006 V).  cove regions fuse to form five-membered rings (I; = 110 pA, Vs = 0.010 V, Vjc =
Inset shows a bond-resolved STM (BRSTM) image of a cyclized monomer unit 10 mV). (E) Large-scale image of 5-sGNRs (I; = 20 pA, Vs = 0.010 V).
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Fig. 2. Electronic structure of sGNRs. (A) d//dV point spectroscopy of SGNR/
Au(111) at the zigzag position marked in the inset. Dashed curve shows bare
Au(111) reference spectrum (spectroscopy: Vac = 10 mV; imaging: Iy = 80 pA,
Vs = 0.006 V). (B) Constant-height di/dV maps of sGNRs conducted at the
biases indicated in (A) (spectroscopy: Vac = 20 mV for states 1 and 3, Vac = 4 mV
for state 2). Constant-height d//dV maps were subjected to background

and prominent cove regions (reminiscent of
a saw blade) and will herein be referred to as
the sawtooth-GNR (sGNR). From the sym-
metry of the sGNR unit cell, one anticipates
that the hopping amplitudes # and %, will be
equal (Fig. 1A, red arrows), resulting in a me-
tallic band structure for the sGNR. A caveat to
this approach is the limited control over head-
to-tail surface polymerization, because head-to-
head and tail-to-tail polymerizations place
the extra carbon atoms on opposite sublattices
with inequivalent hopping terms, leading to
gapped semiconductors (figs. S1 and S2) (26).
In principle, established directional solution-
based polymerization techniques (31-33), as
well as nascent directional on-surface poly-
merization strategies (34), could provide a route
for promoting the head-to-tail structure, and
hierarchical (35, 36) and sterically enforced
(19) surface growth could be used to promote
head-to-head and tail-to-tail growth. Further-
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more, other precursor designs should be pos-
sible that do not rely on directional growth.
Addition of (10-bromoanthracen-9-yl)lithium
to a suspension of 3 followed by dehydration
of crude diol precursor yielded the molecular
precursor 1 for sGNRs (fig. S3) (26). Precur-
sor 1 was then deposited onto a clean Au(111)
surface in ultrahigh vacuum (UHV) with the
use of a Knudsen cell evaporator (26). Figure
1A shows a representative STM image of two
precursor molecules on Au(111). Step-growth
polymerization of 1 was induced by heating
the surface to 200°C for 20 min, followed by
a second annealing step at 300°C for 20 min
to complete the cyclodehydrogenation. A topo-
graphic STM image of a SGNR segment re-
sulting from head-to-tail polymerization is
depicted in Fig. 1B. Prominent periodic bright
spots are observed at the locations of the cove
regions owing to the nonplanar conforma-
tion induced by the superposition of hydro-
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subtraction of substrate LDOS as described in fig. S15 (18, 26). (C) DFT-LDA
calculated DOS of the sGNR (spectrum broadened by 10-meV Gaussian).

Van Hove singularities near E - Er = O merge because of Gaussian smearing. The
valence band (VB), zero-mode band (ZMB) and conduction band (CB) energies are
indicated by the black arrows. (D) DFT-calculated LDOS of a sGNR at energies
shown in (C) (LDOS sampled at a height of 3.5 A above the plane of the SGNR) (26).

gen atoms (fig. S4A) (26). Bond-resolved STM
(BRSTM) further corroborates the sGNR struc-
ture (Fig. 1B). A representative image showing
the distribution of head-to-tail (Fig. 1A), head-
to-head, and tail-to-tail (fig. S1) segments in
the sGNR is depicted in Fig. 1C, which shows
each linkage appearing in roughly equal pro-
portions (26).

Prolonged annealing of sGNRs at temper-
atures >300°C induces a secondary cyclode-
hydrogenation along the cove regions that
leads to the formation of five-membered rings
along the edges of sGNRs (Fig. 1A). Although
at 300°C this transformation remains a rare
event (<30% of cove regions undergo the
secondary cyclization), we were able to force
the vast majority of cove regions to undergo
cyclodehydrogenation by annealing to higher
temperatures (~95% of cove regions undergo
the secondary cyclization at 350°C). The re-
sulting GNRs will herein be referred to as five-
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Fig. 3. Electronic structure of 5-sGNRs. (A) dI/dV point spectroscopy
conducted on 5-sGNR/Au(111) at the zigzag position marked in the inset. Dashed
curve shows bare Au(111) reference spectrum (spectroscopy: Vac = 10 mV;
imaging: It = 60 pA, Vs = - 0.100 V). (B) Constant-height dI/dV maps of 5-sGNRs
conducted at the biases indicated in (A) (spectroscopy: Vac = 20 mV).
Constant-height dI/dV maps were subjected to background subtraction of

substrate LDOS as described in fig. S15 (18, 26). (C) DFT-LDA calculated
DOS of the 5-sGNR (spectrum broadened by 10-meV Gaussian). The valence
band (VB), zero-mode band (ZMB), and conduction band (CB) energies

are indicated by the black arrows. (D) DFT-LDA calculated LDOS of a 5-sGNR
at energies shown in (C) (LDOS sampled at a height of 3.5 A; above the
plane of the 5-sGNR) (26).

sawtooth-GNRs (5-sGNRs) (Fig. 1, D and E).
BRSTM imaging of 5-sGNRs unambiguously
confirms the presence of five-membered rings
along the cove edges of the GNRs (Fig. 1D).
The absence of periodic bright spots ob-
served in the topographic STM image of 5-sGNRs
(previously attributed to the superposition of
hydrogen atoms along the cove edges of sGNRs)
further corroborates the structural assignment
(fig. S4B) (26).

Scanning tunneling spectroscopy of GNRs

To experimentally determine GNR metallicity,
we characterized the electronic structure of
sGNRs using STM spectroscopy. Figure 2A
shows a typical d//dV point spectrum obtained
on a sGNR [dI/dV spectroscopy provides a

Rizzo et al., Science 369, 1597-1603 (2020)

measure of the local density of states (LDOS)
beneath the STM tip]. Distinctive features
associated with valence band (VB) and con-
duction band (CB) edges can be seen at V' =
-1.07 £ 0.03 V (state 1) and V'=1.36 + 0.03 V
(state 3), respectively. Most prominent, how-
ever, is the sharp peak in the LDOS (state 2)
that is centered near V'= 0 (Ey) (0.02 = 0.02 V).
This peak continuously spans energies both
below and above Ef, a clear signature of a gap-
less, metallic density of states (DOS). dI/dV im-
aging of the wave function of these metallic
SGNR states shows a characteristic serpentine
pattern that snakes back and forth across the
sGNR width (Fig. 2B). The valence and conduc-
tion band edge states, by contrast, have their
highest intensity along the armchair edges of

25 September 2020

the GNR (Fig. 2B), consistent with previous
measurements of conventional semiconducting
GNRs under similar conditions (37, 38). Spec-
troscopic measurements were also conducted
on semiconducting head-to-head and tail-to-tail
sGNRs (figs. S5 to S7), which are observed to
host topological homojunctions (fig. S6) and
metal-semiconductor heterojunctions (fig. S7),
as expected from theoretical considerations (26).

A similar experimental analysis was per-
formed on the 5-sGNRs (Fig. 3A). The point
spectroscopy of 5-sGNRs was seen to be quite
different from that of sGNRs. Although fea-
tures associated with the valence band edge
(V' =-112 + 0.03 V, state 1) and conduction
band edge (V' = 1.64 + 0.09 V, state 3) of 5-
sGNRs are observed at similar energies when
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Fig. 4. Zero-mode band structure. Schematic representation of inter- and intracell hopping between
localized zero modes embedded in (A) sGNRs and (B) 5-sGNRs. (C) Left: DFT-LDA calculated band structure
for sGNRs. The valence, zero-mode, and conduction bands are labeled VB, ZMB, and CB, respectively.
Right: Tight-binding fit (red) to DFT-LDA band structure yields the hopping parameter t; = t, = 5.2 meV.
(D) The same as (C) but for 5-sGNRs. The hopping parameter for 5-sGNR (and corresponding bandwidth) are

23 times as large as those for sGNR (26).

compared to sGNR states, the spectrum of
the 5-sGNR does not feature a central peak at
V = 0 (Fig. 3A). Instead it exhibits a shallow
dip at V' = 0 and a broad DOS feature that
spans an energy range above and below Ef.
The electronic wave functions corresponding
to states 1 to 3 in 5-sGNRs are similar to the
corresponding features in sGNRs except for
the lack of periodic bright spots associated
with the nonplanar cove edges (Fig. 3B). For
example, d//dV images performed at biases
near the conduction and valence band edges
show the LDOS concentrated at the armchair
edges, whereas we observe a serpentine pat-
tern near V = 0 (Fig. 3B) that is very similar
to the metallic state seen in sGNRs. This state
can be observed in dI/dV maps as the sample
bias is swept across the dip at I/ = 0 over a
wide energy range (-0.46 V < V' < 0.50 V) (figs.
S8 and S9), including biases where the sGNR
ZMB cannot be observed (fig. S10) (26). This

Rizzo et al., Science 369, 1597-1603 (2020)

implies that 5-sGNRs are also metallic and
that the LDOS dip observed near V' = 0 is not
an energy gap but rather a 1D metallic DOS
feature resulting from van Hove singularities
(see Fig. 3C). The peaks near V' = 0 associated
with the 5-sGNR ZMB shift slightly depend-
ing on the tip position during STS experi-
ments (fig. S8D) (26).

Ab initio calculations of GNR electronic structure

We further explored the apparent metallicity
of sGNRs by using ab initio density functional
theory (DFT). Figure 4C shows the resulting
band structure calculated for an isolated sGNR
by means of the local density approximation
(LDA). Two narrow bands [denoted zero-mode
bands (ZMBs)] are observed bracketing Ep,
whereas CB and VB edges can be seen at en-
ergies much further from Er. The two bands
bracketing Er have no bandgap and are fit well by
the SSH expression (Eq. 1) with ¢; = £, = 5.2 meV
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and 8 = 0 (Fig. 4C, red dashed lines), and are
also stable against Peierls distortion (39) (as
confirmed by supercell calculations). The re-
sulting theoretical DOS (Fig. 2C) shows a single
peak centered at Ey, as well as VB and CB peaks
at lower and higher energies, respectively, in
good agreement with the STM point spec-
troscopy for sGNRs (Fig. 2A). The theoretical
wave function maps (Fig. 2D) match the ex-
perimental d//dV maps obtained at Eyr and
at the band edge energies, providing further
evidence of metallicity in sGNRs.

Although our sGNRs clearly match the me-
tallic predictions of the symmetric SSH mod-
el, a potential complication is the very narrow
metallic sSGNR bandwidth (~21 meV). Metals
with a high DOS at Er are often unstable to
Mott insulator transitions or magnetic phase
transitions as dictated by the Stoner criterion
(40, 41). The metallic behavior indicated the-
oretically may be caused by the spin polariza-
tion not being accounted for in our simplified
tight-binding or LDA-based calculations. To
test for this type of magnetic instability in
sGNRs, we calculated the sGNR band struc-
ture using the local spin density approxima-
tion (LSDA) for an isolated sGNR. The result
(fig. S11) shows that the sGNR electronic struc-
ture does, in fact, undergo a ferromagnetic
phase transition that opens a 200-meV energy
gap about Er (26). We do not see a gap experi-
mentally because of a combined effect of p-
doping and surface electric fields induced
by the underlying Au(111) substrate. When
these are properly accounted for in our DFT
calculation, the gap does, indeed, vanish at
the LSDA level, and the metallic result is re-
covered (fig. S11D) (26). Therefore, although it
is technically correct to say that sGNR/Au(111)
is metallic, our DFT calculation predicts that a
substantial energy gap will open up and me-
tallicity will be lost owing to a magnetic phase
transition as soon as this sGNR is removed
from the Au(111) surface. This represents an
interesting and potentially useful 1D mag-
netic phase transition, but the question re-
mains whether it is possible to engineer a
sGNR with more robust metallicity that would
not suffer this fate.

This question can be answered by examin-
ing the 5-sGNR, whose metallic DOS features
are much wider in energy than the narrow peak
at Er seen for sGNRs (Figs. 2 and 3). To clarify
the robustness of 5-sGNR metallicity, we also
analyzed its electronic structure through ab initio
DFT calculations. At the LDA level, the 5-sGNR
band structure does, indeed, show a much
wider metallic band than the correspond-
ing sGNR band structure (Fig. 4, C and D)
[Perdew-Burke-Ernzerhof (PBE) functionals yield
a nearly identical band structure (fig. S12)] (26).
‘When the SSH expression (i.e., the tight-binding
result from Eq. 1) is fit to the 5-sGNR DFT-LDA
band structure, we find a hopping amplitude
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of ; = t, = 120 meV, which corresponds to a
bandwidth 23 times as large as the sGNR DFT-
LDA bandwidth (Fig. 4D, red dashed lines). This
is also reflected in the calculated DOS (Fig. 3C),
which shows a broad U-shaped feature (with
peaks at the band edges characteristic of 1D
van Hove singularities), consistent with the ex-
perimental minimum in dZ/dV intensity ob-
served at I/ = 0 for 5-sGNR point spectroscopy
(Fig. 3A). The experimental peaks associated
with the 5-sGNR van Hove singularities ap-
pear to be additionally broadened, perhaps
as a result of substrate hybridization or finite
quasiparticle lifetime effects. The theoretical
LDOS patterns calculated for the 5-sGNR band-
edge and metallic states (Fig. 3D) also correspond
well to the 5-sGNR experimental dZ/dV” images
(Fig. 3B). Our DFT calculations of the 5-sGNR
at the LSDA level additionally show no signs of
magnetism (with or without substrate doping)
and are identical to the LDA-based results (fig.
S13) (26). We conclude that 5-sGNRs exhibit
robust metallicity with a much wider band-
width than sGNRs, both experimentally
and theoretically, and are not expected to
undergo a magnetic phase transition upon
transfer from Au(111) to an insulator.

Discussion

How does the seemingly small structural dif-
ference between 5-sGNRs and sGNRs lead to
such a large difference in their electronic be-
havior? The considerable increase in bandwidth
observed for 5-sGNRs is a result of the loss of
sublattice polarization of the ZMB electron
wave functions. This sublattice mixing occurs
because the graphene bipartite lattice sym-
metry is disrupted by the formation of five-
membered rings that fuse the cove regions
along the edges of sGNRs. This can be under-
stood by remembering that the two extra atoms
added to the sGNR unit cell on sublattice A
result in two new localized E = 0 eigenstates
(zero modes) per unit cell whose wave func-
tions are also confined to sublattice A. This
sublattice polarization is preserved in the
SGNR Bloch waves for the two in-gap bands
(Fig. 5B), and the sGNR bandwidth is deter-
mined by the effective amplitude (z.¢) for an
electron to hop between adjacent zero modes
(Fig. 5A). Because the zero modes are all on the
same sublattice, it can be shown that Z.¢ o< ¢’
where ¢’ is the second nearest-neighbor hop-
ping amplitude of graphene (as there is no
zero-mode state density on sublattice B). In
the case of 5-sGNRs, however, the bipartite
lattice is disrupted by the bond that closes
the coves; the zero modes are thus no longer
sublattice polarized (fig. S14B) (26). Conse-
quently, the resulting Bloch waves are no longer
sublattice polarized [i.e., both sublattices now
exhibit state density (Fig. 5C)] and so . o< t,
where ¢ is the nearest-neighbor hopping am-
plitude of graphene (Fig. 5A) [see (26) for ad-
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Fig. 5. Zero-mode engineering in sGNRs. (A) Diagram of effective hopping te between two localized
states (labeled wp) embedded in graphene. Inset: Schematic representation of the first (t) and second (t')
nearest-neighbor hopping parameters of graphene. (B) DFT-calculated wave function isosurface of a SGNR
for states near £ = 0 (5% charge density isosurface shown). (C) Same as (B) but for 5-sGNRs. Different
sublattices are denoted with different colors (A sublattice in red and B sublattice in blue). The sGNR
wave function is completely sublattice polarized, whereas the 5-sGNR wave function is sublattice mixed

and more delocalized (26).

ditional details]. This explanation is consistent
with the ratio of the bandwidths of the two
GNRs (~23), which falls within the range of
accepted values for #/t’ (42). The key insight
here is that the loss of sublattice polariza-
tion (i.e., through intentional fusion of five-
membered rings along the cove edges) greatly
increases the effective overlap of adjacent lo-
calized zero-mode states and strongly enhances
the metallic bandwidths, even as the spatial
separation between zero modes along the
GNR backbone is fixed. This provides a useful
design criterion for engineering robust metal-
lic systems from zero-mode superlattices in
carbon networks.

Our results provide a general strategy for
introducing zero modes into graphene-based
materials and reveal the important role of sub-

25 September 2020

lattice polarization in controlling the emergent
band structure of these systems. This approach
creates opportunities for developing nanoscale
electrical devices and for exploring electronic
and magnetic phenomena in this class of 1D
metallic systems.
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Making metallic ribbons

In its usual two-dimensional form, graphene does not have an energy gap in its electronic structure. However,
one-dimensional ribbons made of the material are semiconducting and making them metallic is tricky. Rizzo et al.
developed a strategy for synthesizing metallic graphene nanoribbons and demonstrated their metallicity using scanning
tunneling spectroscopy. These metallic graphene nanoribbons may be useful for exploring exotic quantum phases in a
single dimension.
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