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ABSTRACT: Topological theory has been recently applied in graphene nanoribbons (GNRs),
and predicts the existence of topological quantum states in junctions connecting GNRs of
different topological classes. Through the periodic alignment of the topological states along a
GNR backbone, frontier GNR electronic bands with tunable band gaps and band widths could
be generated. In this work, we demonstrate the evolution of the topological band by fabricating
GNR structures hosting single topological junction, dimerized junctions and multiple coupled

junctions with on-surface synthesis, which guarantees the atomic precision of these



nanostructures. Their structural and electronic properties are investigated by scanning tunneling
microscopy and spectroscopy supported by tight-binding theory. The 1D superlattice of the
topological junction states can be described by an effective two-band tight-binding Su-

Schrieffer-Heeger (SSH) type model considering two alternating coupling motifs.

Topological concepts have gained considerable attention in materials science and provide
deep insights to novel physical phenomena such as the quantum Hall effect, topological
insulator and other quantum phases of matter.!> One of the characteristics of topological
materials is the in-gap state at the boundary of two connecting insulators with different
topological classes. 7 Although most work has been concentrating on three-dimensional or
two-dimensional materials, recent advances in the fabrication of atomically precise graphene
nanoribbons (GNRs) have also motivated the theoretical demonstration of one-dimensional
symmetry-protected topological phase in GNRs, which predicts that the semiconducting
armchair edged GNRs (AGNRs) with different widths and unit cell termini belong to different
electronic topological phases.® Later on, the symmetry-protected topological classification has
been extended to more GNRs including cove-edged and chevron-type GNRs which are
structurally more diverse.” !° The idea of topological GNR immediately found its application
in band engineering of GNRs through the periodic arrangement of topological boundary states
along the GNR backbone.!!"'? A superlattice of such boundary states constructed by connecting
two GNR segments of different topological classes will hybridize and result in new frontier
bands, thus leading to the topological band engineering. It would therefore be interesting to
experimentally demonstrate the formation the topologically derived bands by coupling two and
more boundary states, which is however missing.

By the rational design of molecular precursors and the catalytic surfaces, a large number of

GNRs with atomic scale control on their edges, widths and chemical compositions are realized



through surface assisted reactions.'*!” In this work, we focus on a seven-carbon-atom wide
armchair GNR with staggered edge extensions (7-AGNR-S(1,3)), chemical structure displayed
in Fig. 1e) which was recently demonstrated to have topological bands originating from the 1D
superlattice of topological junctions along the longitudinal GNR axis.!" We have
experimentally demonstrated the evolution of the topological band of 7-AGNR-S(1,3) by
probing GNRs having single topological junction to those having dimerized junctions, then
those with multiple coupled junctions. The 1D superlattice of the topological junction states
can be described by an effective two-band tight-binding model consisting of two alternating
coupling motifs. The required atomic precision in those structures is achieved through the
surface-assisted debromination and cyclodehydrogenation of two molecular precursors under
ultra-high vacuum (UHV) conditions. The structural and electronic properties of the
nanostructures are characterized by scanning tunneling microscopy and spectroscopy supported
by tight-binding calculations.

7-AGNR-S(1,3) can be effectively described by a superlattice of single-sided edge extension
with extra benzene rings fused on the 7AGNR backbone (structure I in Fig. 1b represents one
of such edge extensions with a naphtha group highlighted by yellow shadows). The edge
extension is indeed the junction connecting two GNR segments of different topological classes,
' which can be rationalized using chiral symmetry.?’ Thus, a topological zero-energy state that
can serve as the fundamental building block for new bands (energy spectrum in Fig. 1a) is
produced.?! Further changing the number of fused benzene ring as well as their orientations,
two different coupling motifs are constructed, structure II fused with the phenanthro group
(highlighted by green shadows) and structure III with two naphtho groups oppositely arranged
along the edge of 7AGNR, as shown in Fig. 1b. In both cases, the wave function overlapping
between the topological zero-energy states yields two hybridized states, i.e., bonding and

antibonding states (energy spectra in Fig. 1a). Since the two states are within the gap of the
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pristine 7AGNR, they also represent the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO). The two different geometries of edge extensions
(structure II and III) lead to two different coupling strengths, which can be reflected by the
different gaps in their energy spectra. Through the further fusing the edge extensions along the
7AGNR backbone, more hybridized energy states appear and the resulting frontier energy gaps
get smaller (cf. the TB calculated energy spectra in Fig. 1d). In the limit of an infinite number
of edge extensions, that is 7-AGNR-S(1,3), dispersive bands deriving from the hybridized state
are formed, which stand for the topological bands (the band structure of 7-AGNR-S(1,3) shown
in Fig. le). This is much like the band formation of electrons in a periodic potential. Here, the
periodicity of the effective potential is imposed by the periodic alignment of the edge
extensions.

The topological bands arising from the coupled topological states can be expressed by the 1D
Su-Schrieffer-Heeger (SSH) model in the standard two-band tight-binding form, which

captures the relevant fundamental parameters.'!: > The SSH band dispersion follows:

Ey(k) = +/t? + t2 + 2t t,cos(k) (1)
Which leads to a tunable energy gap E, = 2|ty = It11| (2). The two different coupling
strengths between the topological states are expressed as hopping amplitudes t; (structure II)
and t (structure III), and t; equals to Eg/2 and t2 equals to Eg¢/2, where Eg denotes the energy
gap. Consequently, t; and t2 are determined to be 0.40 and 0.28 eV, respectively from the TB
calculated energy spectra of structure II and IIl. For comparison, we have performed TB
calculations of the band structure of 7-AGNR-S(1,3). The topological derived bands are colored
in red, and the energy gap equals to 0.12 eV, which nicely matched with the gap value
determined from the SSH model capturing the t; and t> from the coupled topological states and
equations (2). These analyses highlight the role of the coupling states in the topological band

engineering of the topological GNRs.



Experimentally, we have applied the bottom-up method to realize the atomically precise GNR
structures.?> 23 The structure I which has a single-sided zigzag edge has been demonstrated in
our previous work, clearly revealing a topological junction state.?! To fabricate structure II, we
have employed two molecular precursors 1 and 2 (chemical structures shown in Fig. 2a), the
synthetic details of which have been previously reported'!: *. We have firstly co-deposited
precursors 1 and 2 onto the Au (111) surface with an estimated molecular coverage ratio of 1 :
6 so that isolated edge extensions of structure II can be easily observed (see overview STM
images of the samples with different molecular coverages between 1 and 2 in Fig. S1). The
synthesis of the designed edge-extended GNR structure was accomplished by the standard two-
step annealing process, i.e., 200 °C to induce the homolytic cleavage of the C-Br bond and C-
C coupling, and 350 °C to promote the oxidative cyclization.”>?® A typical STM image of the
fabricated structure II is displayed in Fig. 2b where we could clearly see the edge extension
with the phenanthrene substructure, forming two zigzag edges.

The electronic properties of the structure II were studied by dI/dV scanning tunneling
spectroscopy (STS). A typical dI/dV spectrum obtained on the edge extension is shown in Fig.
2c, from which two prominent peaks are clearly resolved with the peak bias at -510 mV and
950 mV, respectively. The two peaks are inside the band gap of 7JAGNR on Au(111) (the
valence and conduction band onsets of JAGNR on Au(111) are -0.7 V and 1.6 V, respetively?’).
From a comparison to the TB calculated energy spectrum of the structure II (Fig. 2d), the two
peaks can be assigned to the HOMO and LUMO resulting from the hybridization between two
topological junction states originating from the single-sided zigzag edges. The spatial
distributions of the two hybridized states, i.e., the local density of states (LDOS), were revealed
by acquiring the STS maps of the structure II at the peak biases (Fig. 2e). We have also
simulated the LDOS maps of the HOMO and LUMO by TB (Fig. 2f), both of which are in

excellent agreement with the experimental maps.
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To realize structure III, precursor molecule 3 was employed?!. By mixing molecule 3 with
molecule 2 followed by the thermal annealing to 350 °C, both the isolated single-sided zigzag
edge extension (structure I) and the coupled one (structure IIT) could be synthesized (Fig. 3a).%!
Fig. 3b displays a standard STM image of the structure III, where two single-sided zigzag edge
extensions can be identified. The dI/dV spectrum was then taken above the structure III and
two prominent peaks are also resolved at bias of -270 mV and 1050 mV, respectively. From a
comparison to the TB calculated energy spectrum of the structure III (Fig. 3d), the two peaks
can be attributed to the HOMO and LUMO derived from the hybridization between the two
topological states. We have also performed the STS maps at two peak biases and examined the
LDOS of the two states (Fig. 3e). The TB simulated LDOS maps of the hybridized states are
computed and displayed in Fig. 3f. By comparing the nodal patterns and density distributions,
we find a perfect match between the experimental and theoretical maps. Consequently, the two
elementary couplings in the formation of the 1D topological GNR bands can be revealed. We
note that the coupling strengths of structure II (t1) is theoretically larger than that of structure
I (t2), which is consistent with the larger experimentally determined hybridized gap for
structure II.

After establishing two elementary coupling motifs of the effective SSH model for the
topological bands, further coupling of the topological states was achieved via the incorporation
of more edge extensions. Experimentally, we increased the relative molecular coverage of
precursor 1 with respect to precursor 2 to obtain the GNR structures with additional edge
extensions. A number of structures were observed by STM imaging, and investigated by STS
spectrum to reveal their electronic properties (see Fig. 4a and Fig. S2 to S4). As predicted by
theory (Fig. 1d), more hybridized states appear as a result of the coupling of the edge extensions,

and the topological state derived energy gap decreases as a function of the number of coupled



edge extensions. Consequently, the dispersive bands are gradually developed from the
hybridized state.

The STS spectra on a series of GNR structures with different numbers of edge extensions are
displayed in Fig. 4b, where we clearly see the shrinking of HOMO-LUMO gaps as a function
of the number of edge extensions. In Fig. 4c, we summarized the HOMO-LUMO gaps of
structures II, structure III and GNR structures with more coupled edge extensions. For
comparison, the band gap of the 7-AGNR-S(1,3) which can be expressed as the 7AGNR
structure fused with an infinite number of edge extensions is also shown in Fig. 4c, where we
see a clear convergence of the HOMO-LUMO gap to the topological band gap as predicted by
our theory (Fig. 1c-1e). We note that the discrete energy states of the multiple coupled edge
extensions are not resolved in our STS spectra, which is due to the hybridization and broadening
of molecular orbitals on metal surfaces. Nevertheless, the discernible frontier energy gap
convergence of GNRs with multiple coupled edge extensions unambiguously demonstrates the
evolution of the topological band.

In conclusion, we have studied a GNR with topologically derived frontier energy bands. The
topological bands originate from the 1D superlattice of topological junctions along the
longitudinal GNR axis. By constructing GNR structures with different numbers of topological
junctions along a GNR backbone via on-surface synthesis method, we showed the evolution of
the topological band from the pristine GNR backbone. Two elementary dimer structures of the
topological junctions are fabricated and investigated by our STM measurements combined with
TB calculations. Both of them exhibit two in-gap states originating from the hybridization of
the topological states. By experimentally aligning multiple edge extensions, i.e., coupling more
topological junction states, we reveal the convergence of the HOMO-LUMO gap to the
topological band gap, which corroborates the evolution of the topological band. This work

rationalizes the topological bands in the zigzag edge extended GNR, and may inspire the
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fabrication of novel GNRs with tunable and intriguing band structures. Moreover, this kind of

in-gap topological states created by the coupled topological states along the 1D structure may

have potential in optoelectronic applications.?® %’
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Figure 1. The tight-binding model of the edge extended graphene nanoribbons. a, The
energy spectra of the edge extended 7AGNR with single topological junction (structure I in b)
and two coupled topological junctions (structures II and III in b). The energy levels derived
from the 7AGNR backbone are colored in black, while the topological in-gap state and
hybridized states are inside the 7JAGNR gap and colored in red. t; and t» reflect coupling
strengths of the topological states in structure II and III, respectively. b, Structures I, 11, III and

their corresponding wave functions of the topological state of I and the HOMO of structure 11
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and III. The size of the circle represents the amplitude, and the color (red, blue) represents the
parity of wave functions. ¢, The band structure of the pristine 7AGNR. d, The energy spectra
of edge extended 7AGNR with different numbers of edge extensions (n) along the GNR
backbone. The black energy levels originate from the 7AGNR, while the red ones are attributed
to the topological bands. A gradual transition from black to red levels reflects the hybridization
of the extensions with the pristine 7AGNR frontier bands. e, The band structure of 7-AGNR-

S(1,3), while the red bands correspond to the topological bands.
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Figure 2. On-surface synthesis and characterization of the dimer structure II. a, The
synthetic route to structure II from precursor molecules 1 and 2. b, A typical STM image of
structure II (Vs =-0.48 V, I; =400 pA). ¢, STS spectrum of the structure II with the acquisition
position indicated in b. The arrows indicate HOMO and LUMO. The reference spectrum taken
on the bare Au(111) is displayed in gray. d, TB calculated energy level of structure II with the
topologically derived HOMO and LUMO colored in red. e, Constant-current STS maps of the
topological HOMO and LUMO states. f, TB simulated LDOS maps of the HOMO and LUMO

of which the energy levels are indicated by the corresponding symbols in d.
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Figure 3. On-surface synthesis and characterization of the dimer structure III. a, The
synthetic route to structure III from precursor molecules 3 and 2. b, A typical STM image of
structure III (Vs = 1.05 V, It = 500 pA). ¢, The STS spectrum of the structure III with the
acquisition position indicated in b. The arrows denote HOMO and LUMO. The reference
spectrum taken on the bare Au(111) is displayed in gray. d, TB calculated energy level of
structure II with the topologically derived HOMO and LUMO colored in red. e, Constant-
current STS maps of the topologically derived HOMO and LUMO. f, TB simulated LDOS
maps of the HOMO and LUMO, of which the energy levels are indicated by the corresponding

symbols in d.
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Figure 4. The electronic properties of GNRs with multiple edge extensions. a, The chemical
sketch of edge extended GNRs. STM images of the GNR structures having one to four coupled
edge extensions. b, The corresponding STS spectra of the structures in a showing the shrinking
of the HOMO-LUMO gap with an increasing number of the extended edge. The HOMO/LUMO
positions are indicated by vertical lines. The number indicates edge extension unit (n). ¢, The
experimental determined frontier energy states as a function of the number of edge extension
units (n). The energy positions of structure II and III are indicated, E represents the

experimentally determined band gap of 7-AGNR-S(1,3) on Au(111)."!
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