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It is of fundamental importance to characterize the intrinsic properties, like the topological end states, in
the on-surface synthesized graphene nanoribbons (GNRs), but the strong electronic interaction with the
metal substrate usually smears out their characteristic features. Here, we report our approach to investigate
the vibronic excitations of the topological end states in self-decoupled second-layer GNRs, which are
grown using an on-surface squeezing-induced spillover strategy. The vibronic progressions show highly
spatially localized distributions at the second-layer GNR ends, which can be ascribed to the decoupling-
extended lifetime of charging through resonant electron tunneling at the topological end states. In
combination with theoretical calculations, we assign the vibronic progressions to specific vibrational
modes that mediate the vibronic excitations. The spatial distribution of each resolved excitation shows
evident characteristics beyond the conventional Franck-Condon picture. Our work by direct growth of
second-layer GNRs provides an effective way to explore the interplay between the intrinsic electronic,
vibrational, and topological properties.
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Bottom-up synthesized atomically precise graphene
nanoribbons (GNRs) [1–3] represent an emerging class
of designer quantum materials that can host tunable
electronic structures [4,5], topological interface or end
states [6–11], and magnetic spin centers [12–15], which
have attracted enormous interest in nanoelectronics, opto-
electronics, spintronics, and quantum information science
[16–18]. The charge transport in GNR-based devices can
be largely affected by the coupling of electrons to the well-
established ribbon vibration modes [1,19,20], e.g., vibra-
tional excitations of GNRs by electrons [17]. Commonly,
this process in molecules is treated within the Franck-
Condon model [21,22], which assumes instantaneous
electronic transitions without changes in nuclear coordi-
nates or momentum [23]. Using scanning tunneling micros-
copy (STM), vibronic spectroscopy, which records the
differential conductance changes during resonant transi-
tions from a molecular ground state to an electronically and
vibrationally excited state associated with positive or
negative ion resonances [24–33], has been widely adopted
to detect the electron-vibration coupling in molecular
systems mostly adsorbed on semiconducting or insulating
decoupling layers. The decoupling layer plays a critical
role, acting as a spacer that extends the lifetime of the
transient charged states of molecules [24,28,34–36].

Because of the on-surface synthesis of GNRs mainly on
coinage metals, it is almost impossible to probe the vibronic
excitations in the as-grown GNRs. Post-transfer of GNRs
onto insulating NaCl islands with tip-assisted precise
manipulation [2,37,38] and direct growth on semiconduct-
ing TiO2 substrates [39,40] had been achieved. Even so, the
understanding of the vibronic states remains elusive in
topological GNRs, where the localized vibronic excitations
of the topologically protected end states, distinct from
previous measurements on trivial molecular frontier orbi-
tals, can promote the intriguing interplay between elec-
trons, vibrons, and topology.
In this Letter, we develop a squeezing-induced spill-

over approach to on-surface synthesis of second-layer
GNRs. By performing low-temperature scanning tunneling
microscopy and spectroscopy studies, we observe two
vibronic progressions assisted by the negative ion reso-
nance of the empty topological end states in the quasi-
freestanding second-layer seven-carbon-wide armchair
GNRs (7-AGNRs), which display high tunability of
the magnetic end states for exploring the spin-vibronic
coupling [41]. Our theoretical simulations that take the
Herzberg-Teller contributions [42] into account well
reproduce the vibration-assisted wave function variations
of the topological end state, suggesting strong vibronic
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coupling that goes beyond the conventional Franck-
Condon model.
The experiment was performed in a commercial

Omicron low-temperature STM system with a base pres-
sure lower than 1 × 10−10 torr. STM imaging and spec-
troscopy measurements were carried out at 5 K with a
well-cleaned polycrystalline tungsten tip. Sample bias
voltages were used with respect to the tip. The dI=dV
spectra and maps were obtained using a lock-in amplifier
with a modulation of 10 mV at 731 Hz. The on-surface
synthesis proceeded in a separate preparation chamber on
an Au(111) substrate (MaTeck GmbH) [Supplemental
Material (SM) [43] ].
We first develop an on-surface route to achieving

second-layer GNRs by utilizing the squeezing-induced
spillover of preformed first-layer GNRs [Fig. 1(a)]. This
strategy can be summarized as two steps: (i) an initial
synthesis of a GNR sample with coverage slightly lower
than one monolayer from precursor P1, and (ii) a second
growth on the preformed first-layer GNR sample with
precursor P2. Under thermal excitation, some of the first-
layer GNRs may be squeezed partially or even fully to the

second layer due to the steric hindrance effect induced by
the linear P2 products. As a proof of concept, we chose
mature molecular precursors, namely, 10,10’-dibromo-
9,9’-bianthryl (DBBA) and 6,13-bis(dibromomethylene)-
6,13-dihydropentacene (4BrPn) as P1 and P2, to
correspondingly synthesize 7-AGNRs [1] [Fig. 1(b)] and
polypantacene (PolyPn) chains [44,45] [Fig. 1(c)]. PolyPn
polymers first occupy empty sites of the surface with a
submonolayer coverage and push the 7-AGNRs closer to
each other. With more 4BrPn molecules deposited, second-
layer 7-AGNRs and PolyPn polymers can be found
[Fig. 1(d) and SM [43] ], confirming the squeezing-induced
spillover strategy. The enlarged STM image in Fig. 1(e)
shows a fully lifted second-layer 7-AGNR with length of
about 16 nm going along the first-layer ones near the lower
step edge, which may diffuse from the upper terrace. It
displays the quasifreestanding signatures with fine textures
both in the bulk and ribbon end [37,52] and the enhanced
band gap of about 3.13 eV compared with that of about
2.64 eV in the first-layer GNRs (SM [43]), quite close to the
GW calculated quasiparticle band gap (∼3.7 eV) [53].
Similar decoupling behavior is also observed in the
second-layer PolyPn chains (SM [43]).
Notably, while our recent work reported the on-surface

synthesis of partially lifted second-layer GNRs through
remote-triggered dominolike cyclodehydrogenation and
structural-strain engineering of molecular precursors [52],
the same strategy failed to form second-layer 7-AGNRs
using DBBA [54,55]. Here, the demonstrated strategy
should be more general for various precursors to achieve
both partially and fully decoupled second-layer structures
with nearly intrinsic properties, where the inert and semi-
conducting first layer acts a self-decoupling layer and still
enables detecting the local spins by utilizing the Kondo
resonance [52] (SM [43]). A competition between the
radiative and nonradiative processes can be derived accord-
ing to the results in Ref. [35]. This competition should be
responsible for either efficient luminescence or efficient
vibration-assisted tunneling process for the topological end
states of GNRs depending on decoupling layer used, rather
than the suggestion of smeared vibronic tunneling by
broadening of the ion resonances on NaCl [24,36,37].
In Fig. 2, we focus on the pawlike pristine end of the

second-layer 7-AGNR adsorbed at the Au(111) substrate
step [Fig. 1(e)], as illustrated in Fig. 2(a). It is supposed to
host topologically nontrivial end states [6,37]. Highly
resolved dI=dV spectra in Fig. 2(b), recorded at the
second-layer end (red and blue), display a pronounced
peak at 0.24 Vand a series of weak peaks from about 0.4 to
2.3 V, in comparison with the black curve from the nearby
bulk (SM [43]). The obviously more asymmetric energies
of VBM (−0.53 V) and CBM (2.53 V), compared to
those observed in the second-layer GNRs on Au terraces
[Fig. 1(f)], suggesting additional hole doping by the
step edge. Then the pronounced 0.24 V peak can be
reasonably assigned to the elastic negative ion resonance

FIG. 1. (a) Schematic illustration of the squeezing-induced
spillover strategy for on-surface synthesis of second-layer GNRs.
First- and second-layer products from precursors P1 and P2 are
denoted by different colors and shapes. (b),(c) Chemical sketches
of the on-surface synthesis of the 7-AGNR and PolyPn, respec-
tively. (d) Large-area STM image after successive deposition and
annealing of DBBA and 4BrPn (Vs ¼ 2.0 V, It ¼ 10 pA).
(e) High-resolution STM image of a second-layer 7-AGNR,
located at the lower side of the Au(111) step edge (Vs ¼ 2.0 V,
It ¼ 10 pA). (f) dI=dV spectra acquired at edges of the second-
layer (red spots) and first-layer 7-AGNR fragments (Vs ¼ 2.5 V,
It ¼ 10 pA), as marked in the inset topographic STM image
(Vs ¼ 1.7 V, It ¼ 10 pA), together with constant-current dI=dV
maps, acquired at energies of valence band maximum (VBM)
(−0.98 eV) and conductance band minimum (CBM) (2.15 eV) of
the second-layer 7-AGNR.
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(NIR) [25–28,30,32,33] when electrons tunnel into the
unoccupied topological end state. The additional satellites,
above the NIR peak within the bulk band gap, remind us of
the vibronic excitations [24–33], as illustrated in Fig. 2(c).
Resonant tunneling of an electron into the vibronic states
changes the hole-doped GNRþ ground state to an elec-
tronically and vibrationally excited transient GNR0 state.
The residence time of the electron in the GNR0 is mainly
determined by the decoupling from the metallic substrate.
Then, the excited GNR0 can relax through the vibrational
mode ℏω [short black arrows in Fig. 2(c)] until returning to
the GNRþ state after the electron leaves the second-layer
GNR and tunnels through the first-layer GNR into the Au
substrate.
Figure 2(d) plots the statistical vibronic peak positions as

function of the peak number N, as marked in Fig. 2(b) and
SM [43]. The first eight peaks (1–8) and last four peaks
(9–12) separately present the good linear relationship with
N, giving slightly different slopes of k1 ¼ 193.9� 4.9 meV
and k2 ¼ 172.9� 12.7 meV, respectively. According to the
mechanism described in Fig. 2(c), the slopes correspond to

energies of vibration modes that participate in the vibronic
excitations. Based on recent STM-induced luminescence
measurements of the 7-AGNRs on NaCl layers [35], four
vibration modes can be dominantly involved in the vibronic
excitations at long ribbon ends, which are the infrared active
C─HIR mode (677 cm−1) and three Raman active modes,
i.e., the C─H, D, and G modes, also shown in Fig. 2(e).
Typically, the C─Hmode at 1277.9 cm−1 corresponds to in-
plane C─H bond bending at GNR edges at the end. The D
and G modes, at 1372.8 and 1645.7 cm−1, respectively, are
associated with E2g and A1g deformations of carbon rings,
commonly seen in sp2-carbon materials [56]. While the
C─HIR mode has a low energy of about 84meV, andmay be
safely excluded, the other three modes all fall in the
reasonable energy range and can contribute to the observed
vibronic progressions.
The contribution of different vibration modes to vibronic

states can be distinguished by highly spatially resolved
dI=dV maps, since vibrations with different patterns may
significantly modify the topological end state wave func-
tion [29]. The dI=dV map acquired at the NIR energy
[Fig. 3(a)] can well resemble the simulated wave functions
of the topological end states [Fig. 3(b)]. The simulation-
revealed gap between the spin-polarized singly occupied
and singly unoccupied molecular orbitals (SOMO and
SUMO) is absent in our experiment, which can be
attributed to the greatly suppressed Coulomb interactions
due to the strong hole doping effect [57]. The constant-
height dI=dV maps acquired at peaks of the first [Fig. 3(c)]
and second [Fig. 3(f)] vibronic progressions show quite
similar features for those from the same progressions, but
apparently different between the two progressions.
Typically, the dI=dV maps in Fig. 3(c) display similar
pawlike patterns to that of the NIR [Fig. 3(a)], with three
bright spots at the short zigzag end, while those features are
missing in Fig. 3(f). To better present the difference, we
subtract each dI=dV map in Fig. 3(c) or 3(f) from the map
in Fig. 3(a) and obtain the averaged figure, shown in
Fig. 3(d) or 3(g) (for details, see SM [43]). It may be
reconciled in the frame of vibronic coupling theory [23].
Indeed, according to the purely Franck-Condon principle,
one would expect that all the maps taken at energies of the
vibronic peaks should faithfully duplicate the one of the
NIR peak since they stem from the same electronic
transition, with their relative intensities determined by
vibrational wave function overlap integrals. Thus, while
the first progression can be simply put into the Franck-
Condon regime, the distinct inelastic vibration-assisted
contribution for the second progression shows evidence
of the vibronic coupling that goes beyond the conventional
Franck-Condon model.
To simulate these contributions, we take the Herzberg-

Teller expansion [42,58] into account, which treats the
vibration as a perturbation for the wave function of the
vibrationally excited molecule [29]. Figure 3(e) presents

b(

(c) (d)

(e)

FIG. 2. (a) High-resolution STM image of the second-layer 7-
AGNR near the Au step (upper) (Vs ¼ 2.0 V, It ¼ 10 pA) and the
schematic diagram (lower). (b) dI=dV spectra acquired at sites
marked by corresponding colored spots in (a) (Vs ¼ 2.5 V,
It ¼ 10 pA), with the vertical red and blue bars indicating the
peaks in two vibronic progressions. (c) Schematic diagram of
electron transport through the second-layer GNR topological end
state (TES) and the vibrational excitation at a positive sample bias.
The occupation change between theGNR0 andGNRþ states is also
illustrated. (d) Plot of the statistical vibronic peak positions against
peak number N (SM [43]), marked with the linear fit slope of each
progression, with the statistical significance correspondingly
1.75 × 10−8 and 0.005. (e) Simulated C─H, D, and G vibration
modes in a four-DBBA-unit-long 7-AGNR, with the red arrows
indicating the normalized atomic displacements.
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the simulated wave function changes of the topological end
state induced by the D and G modes, while Fig. 3(h) is the
case of the C─H mode (SM [43]). Clear resemblance can
be found between the C─H-mode-assisted wave
function change [Fig. 3(h)] and Fig. 3(g), revealing the
C─H-mode-assisted tunneling of the second vibronic
progression (peaks 9–12). In addition, the vibration energy
(158.4 meV) of the C─H mode [Fig. 2(e)] is also
comparable with the experimentally extracted value
(172.9 meV) [Fig. 2(d)]. Additional electron tunneling
through the CBM lower edge around 2 V can further excite
the localized C─H mode to appear dominantly above the 9
peak, while our simulation suggests a relatively weak
contribution of the C─H mode-induced CBM wave func-
tion change (SM [43]). Based on a different transition
between the ground neutral state and a neutral excited
state [35], the previous STM-induced luminescence mea-
surements observed vibronic excitations associated with
the topologically localized excitons in the NaCl-decoupled

7-AGNRs, where the nonadiabatic coupling was promoted
by the C─HIR mode. For the first vibronic progression
(peaks 1–8), both the simulated wave function changes
induced by the D and G modes show weaker intensities at
the ribbon end, significantly different from that induced by
the C─H mode, but in accordance with the feature in
Fig. 3(d). Considering the other fact that their vibration
energies of 170.2 and 204.0 meV are also close to the
deduced value of 193.9 meV for the first progression, we
believe that both of them can contribute to the vibrational
excitations. These results suggest a different vibronic
picture that the topology of the GNRs and the spatial
distribution of vibrational modes should play a role in
determining the pure vibronic or vibration-assisted tunnel-
ing. Because of the broken translational symmetry at
terminals of the 7-AGNR, topological boundary states
and localized vibration modes, here the C─H mode, co-
reside at the ribbon ends, resulting in vibration-assisted
tunneling beyond the conventional Franck-Condon model.
This behavior is reconciled with the nontrivially topologi-
cal nature of the 7-AGNR, which may be extended to other
decoupled low-dimensional topological materials with
inherently localized topological states and vibration modes
at the same boundaries.
Another advantage of the fully lifted second-layer GNR

is tunability of the local chemical potential by surrounding
environments [52]. As shown in Figs. 4(a) and 4(b), the first
five dI=dV spectra of the 19 spectra taken along the ribbon
edge from the pristine End1 to contaminated End2 show the

(a)

(f)

(c) (d)

(g)

(b)

(e)

(h)

FIG. 3. (a) Close-up STM image of the second-layer 7-AGNR
end (upper) (Vs ¼ 2.0 V, It ¼ 10 pA) and the constant-height
dI=dV map acquired at the NIR peak energy of 242 mV (lower).
(b) Simulated wave functions of the spin-polarized end states of a
four-unit-long 7-AGNR, with blue and red colors indicating
different signs of the wave functions. (c),(f) Constant-height
dI=dV maps acquired at energies of the inelastic peaks 1–8 (c)
and peaks 9–12 (f). (d) Average difference between dI=dV maps
in (a) and (c), and (g) between those in (a) and (f). (e),
(h) Simulated vibration-induced changes of the end state wave
function considering the contribution of the D and G modes (e)
and the C─H mode (h), respectively.

(a)

(b)

(d)

(c)

FIG. 4. (a) High-resolution STM image of another second-layer
7-AGNR (Vs ¼ 2.0 V, It ¼ 10 pA). (b) Nineteen dI=dV spectra
collected with equal spacing from End1 (left) to End2 (right)
along the color-coded line in (a) (Vs ¼ 2.5 V, It ¼ 10 pA).
(c) dI=dV spectra taken at End1, End2, and the middle site
along the edges (Vs ¼ 2.5 V, It ¼ 10 pA). (d) Constant-current
topographic image (Vs ¼ −0.51 V, It ¼ 10 pA) and dI=dV
maps obtained at energies as marked.
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pronounced NIR peak at 0.12 V near End1, similar to that
observed in Fig. 2(b). A different sharp peak with clearly
site-dependent peak positions at about −0.70 to −0.83 V,
corresponding to the ringlike conductance enhancement in
the dI=dV maps (SM [43]), is the charging state by adding
one electron in the empty topological end state due to the
tip-induced local gating effect [50–52]. Similar charging
state is also observed for the end state at 0.24 V in Fig. 2(a)
(SM [43]), but with an approximately doubled energy.
These results give a nearly constant voltage drop with a
ratio of about 0.16 across the lower GNR layer, by using the
formula ETES=ðE− − ETESÞ, where ETES and E− are ener-
gies of the topological end states and the charging peaks,
respectively. This behavior can be ascribed to the tip-
induced ionization mechanism [51], also as illustrated in
SM [43]. These results, from a different aspect, again
confirm the quasifreestanding nature of the second-
layer GNRs.
When approaching End2, the VBM shifts from −0.53

down to −0.69 eV by 0.16 eV (blue arrow), due to the
local chemical potential tuned by the nearby physically
adsorbed contamination, as further suggested by tip
manipulation (SM [43]). At End2, we observe two distinct
peaks at −0.30 and 0.03 eV, respectively, corresponding to
the splitting SOMO and SUMO [Fig. 3(b) and SM [43] ],
resulting from the enhanced Coulomb interaction after the
downshift of the empty topological end state to the Fermi
level. As shown in Fig. 4(c), spectra taken at two ends
display almost identical vibronic states at positive biases,
except for the energy shift (SM [43]). The above
assignments can be further confirmed by the dI=dV maps
acquired at energies corresponding to the VBM
(−0.51 eV) and CBM (2.73 eV) with dominant intensities
at the ribbon bulk, and the end states of End1 (0.12 eV)
and End2 (−0.39 eV). Notably, since the SUMO is spin-
polarized at End2 [Fig. 3(b)], it may suggest the possibil-
ity of exploring the spin-vibronic coupling [41,59] in this
system.
In conclusion, we demonstrate an effective squeezing-

induced spillover strategy for the on-surface synthesis of
second-layer GNRs. Two vibronic progressions with
slightly different spacings are observed at the quasifrees-
tanding second-layer 7-AGNR ends, benefiting from the
resonant vibrational excitations assisted by the NIR of the
empty topological end states. Based on atomically resolved
vibronic spectroscopic maps, we unveil distinct vibration-
induced wave function changes to the topological end
states, which are well captured by our theoretical simu-
lations by taking into account the Herzberg-Teller contri-
butions, providing direct evidence of vibronic coupling that
moves beyond the Franck-Condon principle. Our thorough
exposition of the interplay between electrons, vibrons,
and topology at the atomic scale provides valuable exper-
imental benchmarks for future research in the field of
topological materials.
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