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Atomic Scale Visualization of Vibrational Modes in
Armchair Graphene Nanoribbon

Stefan Stepanovit, Diego Lopez-Alcald, José |. Baldovi, Alexander Vahl,

and Abdou Hassanien*

Using scanning tunneling microscopy (STM) and inelastic tunneling spectros-
copy, the low-frequency vibrational modes of a 7-atom wide armchair graphene
nanoribbon (7-AGNR) is mapped. The inelastic tunneling channel is enhanced
over the elastic one by a covalently bonded 7-AGNR to the apex of an STM tip.
This setup has led to resonant inelastic tunneling between vibrational states of
supported 7-GNR on Au(111) substrate and the states of the functionalized STM
tip. The low-energy spectra reveal two localized peaks at the armchair edges with
energies at +£14 and +30 mV. The peaks are assigned to twice the energies of
longitudinal compressive and shear-like modes of 7-AGNR, respectively.
Remarkably, the well-separated peaks evolve rapidly into one broader peak
toward the bulk of the ribbon due to scattering from substrate interactions. This
suggests that edge state phonons are uniquely protected from the microenvi-
ronment and may have a profound effect on the transport properties of GNR

devices.

1. Introduction

Semiconducting armchair graphene nanoribbons, such as
7-atom wide armchair graphene nanoribbon (7-AGNR), have
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attracted wide research interests due to
their potential for electronic applications.")
Some of these interests stem from the fact
that they are clean, 1D systems with prop-
erties that can be tailored using bottom-up
technologies. For example, 7-AGNR can
host topological states by either inline edge
extension!?! or seamless formation of a het-
erojunction with 9-AGNR.®! Moreover,
AGNR can also be made magnetically
active by either chemical attachment of rad-
icals,! zigzag edge extensions along the
armchair sides,P! abstraction of hydrogen
atoms,'® nonplanar distortion at termini,”’
etc. The interplay between these structures
and the electronic properties has been stud-
ied thoroughly by scanning tunneling
microscopy (STM).®! However, for robust
device functionality, it is important to also
investigate the inelastic excitations which
limit current flow or cause dissipative process that leads to fail-
ure. To study the details of such dissipative processes and how
they couple to charge transport, the inelastic tunneling micros-
copy offers a great tool to visualize the spatial dependence down
to the atomic scale. Unfortunately, as conventional STM meas-
urements are mostly due to elastic processes, it is very difficult to
probe low-level inelastic excitations such as vibrational eigen-
states, especially on supported molecules,® as phonons may also
interact with electrons from the metal substrate. This interaction
tends to reduce the lifetime of the vibrational modes, thus mak-
ing it difficult to couple with tunneling electrons. As reported in
earlier studies by J. van der Lit et al., low vibrational states are
hidden under rather broad vibrational states of higher energies
and are only visible at termini.'” For this reason, the scanning
tunneling microscope tip must be functionalized!"" to enhance
the inelastic tunneling channel. Further and direct enhancement
can be made, as in the current work, by matching the energy of
tunneling electrons!™ with the local vibrational modes of sup-
ported structures. When the tunneling electrons are in resonance
with these local excitations, a maximum transfer of energy
occurs, and peaks in the local density of states are clearly visi-
ble." In the current study, the tip is modified by chemically
attaching 7-AGNR to the apex. The chemical attachment provides
robust bonding, which is essential for carrying out both stable
imaging and local spectroscopy for an extended period of time.
The details of this process are published elsewhere'? and are
briefly described in the sample preparation section. Peaks in
the positive and negative biases are due to phonon emission
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and absorption, respectively. Their symmetric behavior around
zero bias illustrates a strong inelastic coupling between tip
and sample vibrational states. These results show that edge pho-
nons are unique and less scattered by substrate interaction than
bulk phonons.

In the following sections, we present our studies on imaging
with a functionalized tip, then we focus on probing the local
vibrational modes and their spatial variations, especially in the
vicinity of edges and termini. We demonstrate the localization
of edge phonons by performing high-resolution inelastic tunnel-
ing spectroscopy (IETS) that shows a well-separated peaks only at
these sites. We then discuss the mixing behavior of these vibra-
tional states toward the bulk due to substrate interactions. We
assign these phonons to the longitudinal compressive and
shear-like modes, which are known to be omnipresent in all
AGNR.

2. Sample Preparation and Measurements

Atomically clean 7-AGNRs were prepared by the usual two-step
annealing process of commercially available molecular precursor
10,10"-dibromo-9,9 -bianthryl (DBBA) on Au(111).'"*) The
detailed steps of sample purification and deposition on
Au(111) substrates are published elsewhere.[® We use a commer-
cial Joule-Thompson scanning tunneling microscope (JT-STM),
which can be operated down to 1.6 K. High-quality images of
7-AGNR on Au(111) are obtained by scanning the samples in
constant current mode. To visualize the charge density pattern
and enhance the IETS, the STM tip was functionalized by chem-
ically bonding 7-AGNR at the apex. The bonding procedure!'” is
performed on the dehydrogenated site, which is usually located
at the zigzag terminus.! Prior to vertical manipulations, the
STM tip is coated with Au by controlled crashing within
1-2nm on a clean area of Au(111). Next, we locate the tip at
the terminus, and vertical manipulation is carried out by the
approach-withdraw procedure with a maximum current set to
7nA at —50mV bias voltage. The successful manipulation
occurs when the current abruptly increases above the set point.
In order to test the origin of inelastic peaks, we carried out tem-
perature dependence of tunneling spectroscopy at the same local
position. The scanning tunneling spectroscopy (STS) was col-
lected using the usual lock-in technique with modulations rang-
ing from 50 pV to 1 mV. Topographic images and dI/dV maps
reveal a pattern of charge density modulations near the edges
and termini of 7-AGNR. 2-D fast Fourier transform (FFT) proc-
essing was carried out on large-scale images showing peaks that
coincide with half of the Fermi wavelength. We used WSxM soft-
warel'® for FFT, plane correction, and smoothing the images, but
without any major further processing.

3. Results and Discussions

In this study, we have utilized a functionalized STM probe,
which was made by chemically bonding Au-coated W tip with
7-AGNR at the apex. This covalent bonding allowed us not only
to achieve high-resolution imaging of charge density but also to
tune the energy of tunneling electrons to align with the local
vibrations of 7-AGNR/Au(111). When in resonance, the dI/dV
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signal intensity is enhanced at onsets of the vibrational eigen-
states, thus making it possible to selectively probe the inelastic
tunneling channel at various locations.

Figure 1la displays a topographic image of 7-AGNR on
Au(111). The nanoribbons align with the high symmetry axes
of the Au(111) substrate, demonstrating epitaxial growth similar
to our previous studies.|® After attaching 7-AGNR to the tip, the
image is highly enhanced and more details are clearly visible, as
shown in Figure 1b. Ripples are due to charge density modula-
tions"”! on the armchair lattice with a period of 0.37 nm, which
coincide very well with half of the Fermi wavelength of the gra-
phene lattice (Larger scale image together with its FFT can be
seen in Figure 1S, Supporting Information. A larger view is
shown in Figure 1c, where both 7 and 13-AGNR are present
in our samples, which gave us the opportunity to conduct
IETS measurements at different ribbon widths. The inset is a
line profile along the blue line.

Next, we address the vibrational states and their spatial varia-
tions on various nanoribbons. Figure 2a displays a typical STS
data with a small-scale energy window at selected locations,
marked by colored dots, on an isolated 7-AGNR. The dI/dV spec-
tra of the bulk states show symmetric peaks around zero bias
with energies at £31 mv. Interestingly, each peak splits into
two peaks as we approach the armchair edges as well as the ter-
mini. In order to identify the origin of these peaks, we have per-
formed temperature dependence of dI/dV spectra at equivalent
locations. Results are shown in Figure 2b. As the temperature
increases, the peaks broaden and increase in intensity, which
indicates that they originate from vibrational modes. In addition
to thermal broadening, the large increase in linewidth at higher
temperature can be attributed to reduced lifetime of phonon
modes due to enhanced electron-phonon scattering from sub-
strate interactions. This weakens the coupling between tunneling
electrons and the vibrational states, which contribute profoundly
to the observed broadening in the linewidth. At temperatures
below 5K, the IETS is significantly reduced to be visible in
our dI/dV. This is most likely due to the relatively low phonon
population at these temperatures. For this reason, higher resolu-
tion IETS may be achieved by decoupling GNR from the under-
lying substrate, for example, by using a buffer NaCl layer.
Moreover, it is interesting to note that these vibrational modes
are hidden in the conventional STS measurements due to ineffi-
cient coupling with tunneling electrons, as GNR/substrate inter-
actions!"® tend to reduce the lifetime of vibrational excitations.!"")
In some cases, they are only visible within a rather broader peak
of edge states at termini."” Other reports have shown that such
vibrational states can also appear in transport measurements of
graphene devices,?® which affects device performance, as well as
sets an upper limit to current flow. In our case here, the tunnel-
ing with a functionalized 7-AGNR tip augments the tunneling
electron density at onsets of twice the vibrational mode energies,
+2hw, thus we attribute those peaks to the absorption and emis-
sion of phonons from supported AGNR, respectively (see Figure
2S, Supporting Information). Here, w is the frequency of the
phonon mode. The symmetric behavior of 2w around zero bias
indicates an efficient coupling between the 7-AGNR-tip and the
supported 7-AGNR phonons. Nevertheless, the observed peaks
are relatively broad, even with a functionalized tip. This
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Figure 1. Topographic STM images of 7-AGNR on Au(111). The scanned area of a) is the same as in b) with Au-coated W tip and a 7-AGNR tip,
respectively. The ripple in (b) is due to charge density modulation on the AGNR. c) is a larger view showing several 7-AGNRs, including some wider
13-AGNR. The inset is a line profile along the blue line. The scales in (a—c) are 0.5, 0.5, and 3 nm, respectively. The bias voltage is 300 mV, and the

tunneling current is 100 pA.

broadening may be attributed to phonon scattering from states of
the substrate and the positively charged AGNR on Au(111).

At edges and termini, two peaks in the IETS can be clearly
identified at £12 and +19 mV. Earlier Raman spectroscopy of
7-AGNR on an insulating substrate" has attributed low-
frequency vibration, which occurs around 70-200cm ™' (8.7-
24.8meV) to the longitudinal compressive mode (LCM).
According to our density functional theory (DFT) calculations,
this normal vibration mode corresponds to the compression/
elongation of edge atoms in 7-AGNR at 130cm ™' (16.1 meV)
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(as shown in Figure 4). Another low-frequency mode around
270cm ™" (33.5 meV), known as shear-like mode (SLM), is also
omnipresent in AGNR. The study has shown that the frequency
of SLM mode is related to the width of the ribbon and may also be
affected by structural defects.”!! So far, no STM study has
reported the spatial variations of LCM and SLM due to inefficient
coupling between tunneling electrons and the inelastic channels.
Although the origin of well-resolved LCM and SLM peaks at the
edges is not clear yet, the spatial dependence suggests less scat-
tering at these locations. Interestingly, several theoretical studies
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Figure 2. |IETS on 7-AGNR. a) Comparison between IETS on 3 different locations. The peaks due to bulk states are more intense and broader than those at
the edge and terminus. Splitting of this peak at edges and termini is most likely due to less coupling with substrate states. b) Temperature dependence
shows peaks evolve broader and are enhanced as phonon populations increase with temperature. The curves are offset for better visibility. c) Spatial
variation of IETS along bulk states. The green arrow in the inset shows the location of the dI/dV spectra. The selected spectra in the upper panel are taken
at Au(111), termini, and 5 nm away and shown in the same colors with lines in the lower panel. d) is a 3D view of data in the lower panel of (c).

have pointed out that edge phonons of AGNR are more iso-
lated®” from bulk phonons even in single-layer graphene.’*’!
This indeed can explain the unique spatial behavior of localized
peaks only at the edges. Our calculations on free-standing
7-AGNR didn’t reveal such enhanced resolution at the edges.
For this reason, we don’t rule out the effect of substrate interac-
tions. In future studies, it would be interesting to study these
subtle details in the LCM and SLM with more elaborate theoreti-
cal calculations that take into account explicitly the interactions
with the metallic substrate. The line profile in Figure 2c,d dis-
plays more details on the evolution of eigenstates of LCM along
the bulk of the nanoribbon. The signal intensity is weaker at the
termini and strengthens rapidly toward the bulk region.

We finally address the variation of LCM and SLM within a
densely packed 7-AGNR. As the IETS signal changes rapidly
in the vicinity of the edges, we performed high-resolution meas-
urements perpendicular to the armchair edges. More specifically,
the curves are spaced by 0.6 A to follow closely the edge states
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phonon and how they evolve into the bulk. Results are shown
in Figure 3. The dI/dV profile across 6 nanoribbons is shown
in Figure 3a,b with arrows in colors marking selected curves
from two equivalent locations at the edge and the middle of
two nanoribbons (see Figure 3c). Similar to the aforementioned
results on individual nanoribbon, the spectra display two peaks at
the edge that tend to merge into one broad peak toward the bulk
of the ribbons. This peak broadening might be due to phonon
scattering with other modes from the substrate. In earlier
work,”!l Yan et al. have shown that phonon mixing occurs in
bilayer graphene due to inversion symmetry breaking, which
allows anticrossing coupling. In our case, such an effect might
also occur due to interaction with Au(111). At edges, the LCM
and SLM modes are more resolved than in the bulk and can
be identified with nw equals half of the peaks at around +14
and £29.7 mV, respectively. These values are similar to the val-
ues obtained from Raman spectroscopy of 7-AGNR on an insu-
lating substrate.l' It was argued that the LCM is ubiquitous for
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Figure 3. Evolution of edge state phonon into the bulk 7-AGNR. a) gray scale map of dI/dV taken at each 0.6 A to visualize the spatial variation of edge
state across 6 nanoribbons. The arrows are marking edges in red and green, while the bulk are in magenta and blue colors. b) dI/dV spectra at the selected
locations in (a). c) Line profile of dI/dV with arrow pointing at the position of measurements in (a,b). d) Comparison between the edge state of 7-AGNR

and 13 AGNR.

all AGNR and shifts towards lower energies as the length of
AGNR increases, especially for 5-AGNR. However, in our stud-
ies, due to substrate interactions, we haven’t been able to address
the length-dependent relationship of LCM frequency at this
stage. Nevertheless, we can identify two low-frequency modes
at the armchair edges that are reminiscent of LCM and SLM.
For example, the peak at £29.7 mV is clearly resolved at the edge
and tends to broaden significantly toward the bulk region. This
peak corresponds to twice the energy of SLM, which has been
discussed by Ma et al.*! Figure 3d shows LCM and SLM for
7- and 13-AGNR taken at the edge. Again, the dI/dV spectra
reveal similar values for LCM and SLM at both edges regardless
of the width of the nanoribbon.™* This shows that phonons at
edges are more protected from bulk phonons, and mixing
between these two modes evolves toward the bulk of GNR.
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This has been predicated theoretically in earlier works by several
groups.”® Such phonon confinement is demonstrated in
Figure 3a, where the signal changes rapidly within 1A from
the edge.

In Figure 4, we show the calculated displacement vectors for
the LCM and SLM. According to our DFT calculations, LCM cor-
responds to an energy of ~130 cm™", which is compatible with
similar theoretical results at the same level of theory. This vibra-
tional mode consists of the compression/elongation of the GNR
in the direction of the C backbone (Figure 4a). Here, one can see
that the magnitude of the displacement is accumulated at the
edge atoms, whereas “bulk” atoms at the middle of the GNR
are barely distorted in this normal mode of vibration. SLM cor-
responds to an energy of 263 cm ™', which is in good agreement
with previous theoretical results for 7-AGNR.*!) This Raman
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Figure 4. a) DFT-calculated displacement vectors for the LCM in a 7-AGNR. Arrows indicate the direction and magnitude of atomic displacements along
the vibrational mode. b) Displacement vectors for the SLM, which involve atomic displacement of adjacent units sliding against each other.

active mode consists of the shear movement of the nanoribbon,
where adjacent parts within the ribbon slide against each other
parallel to the ribbon plane.

4, Conclusion

In summary, we have illustrated a straightforward method to
probe the low-frequency vibrational state on AGNR using
IETS with a functionalized STM tip. By utilizing 7-AGNR as a
probe tip, the tunneling electrons are tuned in resonance with
the vibrational mode of the supported nanoribbons. A strong
coupling between these excitations is manifested as peaks in
the dI/dV spectra at the onset of twice the vibrational eigenstates.
We identify two vibrational modes that are more pronounced at
the edges. The peaks are merged into one broader peak, which
might be due to mixing or scattering of phonons by substrate
interactions. Edge state phonons, however, are localized and less
affected by substrate interactions.

Our DFT theoretical analysis performed on a free-standing
7-AGNR accurately captured the nature of LCM and SLM, but
didn’t take into account the substrate interaction, as this would
require more elaborate and prohibitively expensive calculations
beyond the scope of this work. In future studies, it would be of
interest to perform a higher level of theory to study in detail the
substrate interactions and how they affect the evolution of pho-
non modes away from edges and termini.

Finally, the sensitivity of this method to probe the vibrational
modes, even on a metallic substrate, would be useful to directly
visualize low-frequency modes in other graphene structures such
as chiral GNRs and twisted bilayer graphene.
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