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Abstract

Charge transfer doping of semiconducting N=7 armchair graphene nanoribbons
by lithium causes drastic changes in its electron and phonon system. Using angle-
resolved photoemission spectroscopy and scanning tunneling spectroscopy we observe
a quasiparticle band gap renormalization from 2.4 eV to 2.1 eV. The effective mass of
the conduction band carriers increases by a factor of four to a value equal to the free
electron mass. The band gap and mass renormalization also affect the Raman spectra.
Raman measurements of lithium doped nanoribbons show a loss in intensity, a shift of
the Raman frequencies and an absence of a Kohn anomaly at the Brillouin zone center.
Near-edge X-ray absorption fine structure measurements shows that upon doping the
antibonding 7* states are filled with electrons. These results highlight that doping of a
semiconducting 1D system is strikingly different from its 2D or 3D counterparts. The
effective mass increase by doping is a means to enhance the density of states at the
Fermi level which can have palpable impact on the transport and optical properties.
The present work introduces alkali metal doped graphene ribbons as a new tunable

quantum material with high potential for basic research and applications.
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Introduction

Strong many-body effects in one-dimensional (1D) systems yielded numerous breakthroughs
such as Tomonaga-Luttinger liquid behavior in carbon nanotubes!, spin-charge separation
in SrCu0,?2, Peierls distortion in atomic wires® and an optical response in nanotubes that is
dominated by excitons*. As a consequence, the study of 1D materials is one of the major re-
search directions in condensed-matter physics. In 1D semiconducting graphene nanoribbons
(GNRs) the inclusion of electron-electron interactions in electronic structure calculations
leads to a larger quasi-particle (QP) band gap®’, which is significantly reduced by screening
from a metallic substrate®. Many-body interactions in GNRs also give rise to prominent
excitonic effects®. If the charge carrier density is increased via doping, one might intu-
itively expect stronger screening which could lead to a smaller band gap. Doping of GNRs
could thus be an efficient tool to manipulate and control their many-body interactions and
their optical and electronic properties. Indeed, for carbon nanotubes there is experimental

1013 = Carbon nanotubes are archetypical 1D

evidence of a QP band gap renormalization
materials but, despite a 20-year history, the large-area synthesis of long and monochiral
carbon nanotubes remains challenging!®. Their parent compound, two-dimensional (2D)
graphene can be easily grown over cm? areas!® and its large single-crystalline domains allow
for precise measurements. GNRs combine the best attributes of the nanotube and graphene
worlds. They are 1D materials plus they exist as highly uniform monochiral samples thanks
to bottom-up nanofabrication techniques!®23. The ability to tune the band gap in semicon-
ducting GNRs by varying the ribbon width!®?426 and the ease of producing high—quality
ohmic contacts makes them perfectly suited for production of nanoscale devices?”3!. The
unprecedented structural quality of massively parallel ribbons grown on vicinal surfaces and
their flatness opens up the use of powerful spectroscopic methods such as angle-resolved
photoemission spectroscopy (ARPES)®32. Poor sample homogeneity has been preventive in

applying these techniques for nanotubes up to now. Atomic wires have been studied using

ARPES?33 but the presently studied semiconducting GNRs are different from atomic wires



in the sense that GNRs have widely tunable electronic properties. Their width can be varied
and they are susceptible to chemical doping as will be shown in this manuscript.
So far chemical doping of GNRs has been mainly realized by two routes. One route is

34-39

functionalization of the edges and the other route is by substitutional doping of the pre-

21,40,41

cursor molecule . Much less is known regarding the doping of graphene nanoribbons by

42,43

alkali metals, despite its great success to induce large electron-phonon coupling and even

4445 in graphene and to elucidate Tomonaga-Luttinger liquid behavior in

superconductivity
nanotubes®. Here we show directly, using ARPES, that Li doping of the N=7 armchair
graphene nanoribbon (7-AGNR) leads to a significant reduction of the QP band gap and
a giant renormalizations of the effective mass by a factor of four during a semiconductor-
to-metal transition. The vibrational properties are also strongly affected and we observe a
shift of the ribbon specific Raman modes and a transition from resonance to off-resonance
Raman. The unique experimental approach using a combination of ARPES, scanning tun-
neling spectroscopy (STS), ultra-high-vacuum (UHV) Raman spectroscopy and near edge
X-ray absorption fine structure (NEXAFS) spectroscopy techniques is a key that allows us
to gather an eclectic picture of the physical and chemical properties of Li doped GNRs. The

experimental data are compared against density-functional theory (DFT) calculations of the

electron energy band structure without explicit inclusion of many-body interactions.

Sample characterization

7-AGNRs were synthesized using the well-established bottom-up fabrication approach on

1732 Figure 1(a) depicts the scanning tunneling microscopy (STM) topographic

Au surfaces
images of 7-AGNRs on a Au(788) surface. The vicinal surface of Au(788) with regular arrays
of narrow (111) terraces imposes restrictions on the direction of growth and yields a homo-

geneous surface of densely aligned ribbons. The STM images reveal excellent nanoribbon

alignment over scan regions of up to 500 nm x 500 nm (see supplementary information).



In order to confirm the alignment for larger areas we employ low-energy electron diffraction
(LEED). Figure 1(b) depicts a LEED image, confirming ordering over areas of about 10 ym?
(the size of the electron beam spot). Changing of the position of the spot on the 1 cm?
crystal does not affect the LEED pattern which means that the alignment area is limited
only by the crystal size. According to the well-known LEED pattern of Au(788)*" we de-
termined the near vertical orientation of the (111) terraces along the [011] crystallographic
direction. Diffraction from 7-AGNRs represents a hexagonal structure rotated relatively to
the Au diffraction spots by an angle of 30°. This can be expressed in terms of the parent
graphene unit cell, which in contrast to the infinite graphene layer on Au(111) with dom-
inant RO orientation®®%® forms a R30 orientation [see Figure 1(c)]. The good alignment
of the nanoribbons allows to probe their optical anisotropy in polarized Raman measure-
ments. Due to the 1D nature of GNRs their optical response is dominated by a series of van
Hove singularities (VHSs). Using a matching laser energy one can excite resonantly opti-
cal transition between two VHSs. The Esy optical transition energy for 7-AGNRs/Au(788)
was experimentally found to be equal to 2.3 eV?. We have taken advantage of the large
optical response at the VHSs to perform resonance Raman spectroscopy measurements with
532 nm (~ 2.33 eV) laser. Figure 1(d) depicts Raman spectra of 7-AGNRs on Au(788) with
the polarization parallel and perpendicular to the axis of the nanoribbons. The scattering
geometry is shown in the inset Figure 1(d). Here we use the Porto notation, e.g. z(y,y)z
indicates that the incident and scattered light propagate in z direction and the incident and
scattered light are polarized along the y direction, i.e. along the direction parallel to the
terraces (Au[011]). Similarly 2(z, x)z indicates a polarization of incident and scattered light
perpendicular to the terraces. From Figure 1(d) it can be seen that the Raman intensity
ratio for z(y,y)z and z(z,x)z is equal to ~10. It is clear that the GNRs are aligned almost
perfectly parallel to the terraces. The observed anisotropy is governed by the dipole selection
rules®® which state that for armchair nanoribbons the E; optical transition is allowed only

for the light polarized along the ribbon axis. Another factor that affects the intensity is the



depolarization effect which strongly suppresses the absorption of the perpendicularly polar-
ized light®'. For assignment of the experimentally observed Raman peaks of 7-AGNRs to
phonon eigenvectors we have performed calculations using a force constant model and bond-

polarizability theory®?®3. The obtained results are shown in the supplementary information
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Figure 1: (a) STM topographic image of aligned 7-AGNRs on Au(788). V; = 0.6 V and
I; = 40 pA. (b) LEED pattern of 7-AGNRs/Au(788) obtained with an electron beam energy
57 eV. (c) Sketch of the 7-AGNR oriented along the Au(111) terrace. The parent graphene
unit cell (black) is rotated to the unit cell of the Au surface (red) by 30°. (d) Polarized
Raman spectra of aligned 7-AGNRs on Au(788) measured in 180° back scattering geometry.
The blue (red) spectrum corresponds to light polarization along (perpendicular) to the step
edges of the Au(788) surface. The exciting laser wavelength was 532 nm.

and are consistent with previously published data??
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Results

Angle-resolved photoemission and X-ray absorption spectroscopy

Figure 2 shows the raw ARPES intensity maps (top image) measured in the direction parallel
to the axis of 7-AGNRs uniformly aligned on Au(788) surface and the second derivative
(bottom image) of the ARPES intensity. The second derivative method is commonly used
to enhance the band maxima. Three parabola-like electronic valence sub bands of pristine
7-AGNRs can be clearly seen in Figure 2(a) (Ref. 8). Using parabolic fits of the ARPES
maxima we determined the position of the valence band maximum (VBM) Ey;=0.88eV and

the effective mass at the VBM mj,;=—0.23m,. (here m,. indicates the free electron mass).
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The position of Eyq is in good agreement with values reported previously: 0.87 eV (Ref. 32)
and 0.7 eV (Ref. 8). Our value for m}, is in good agreement to the work of Ref. 8 (—0.21m,)
but a factor 5 smaller than the result of Ref. 32 (—1.07m,.). This discrepancy may be due to

the fact that our study was carried out using synchrotron light with high energy resolution

as compared to the Ref. 32.
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Figure 2: ARPES spectra of aligned 7-AGNRs on Au(788) accumulated along the k,, where
k, was measured with respect to the second Brillouin zone: (a) pristine 7-AGNRs, (b) after

1% Li-doping at room temperature and (c) after 2"¢ Li-doping. The top row represents raw
data, the bottom row their second derivatives.



Figure 2(b) shows that after in-situ deposition of one monolayer (ML) of Li the valence
band shifts down by 1.33+0.05 eV and higher photoemission intensity appears at the Fermi
level. This feature is assigned to the conduction band of Li doped 7-AGNRs and its observa-
tion constitutes a proof of the semiconductor-to-metal transition induced by Li deposition.
The occupation of the conduction band allows to measure a value of the energy separation
between valence and conduction bands by ARPES and we obtain a value of 2.1 eV. Inter-
estingly this value is significantly lower than the band gaps measured by STS of 7-AGNRs
on Au(111). Previously reported values of the band gap were 2.7 eV (Ref. 18), 2.3 eV (Ref.
8), 2.5 eV (Ref. 19) and 2.37 eV (Ref. 54). Let us now look to the effective carrier masses.
In order to have a higher doping to reliably fit the effective mass value to experiment, we
have performed a second deposition of Li. Figure 2(c) shows the corresponding ARPES
spectra and their second derivative which clearly exhibit a parabola-like feature. This is the
maximum doping level we achieved and the area of the 1D Brillouin zone (BZ), occupied
by the conduction band below the Fermi level suggests the doping level is about 1.540.1
electrons per nm. The parabola-like dispersion of the conduction band C corresponds to a
giant effective mass of 0.95+0.05 m.. From zone-folding we expect electron-hole symmetry
in the electronic structure of 7-AGNRs. Thus the absolute valus of the effective masses
should be close to one another and this is also consistent with DFT results® " and STS
data®. This is a dramatic QP effective mass renormalization by a factor of four induced
by electron doping and could be related to strong electronic correlations that are present

in 1D systems!2:°8,

Finally, we also performed X-ray photoemission spectroscopy (XPS)
measurements to explore the C 1s core-levels and to analyze the changes in the chemical
state of T-AGNRs upon Li doping. A survey XPS spectrum also confirms the absence of an

O 1s peak at around 530 eV indicating a clean sample surface. These data are shown in the

supplementary information.
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Figure 3: (a) Angle-dependent NEXAFS spectra of 7-AGNRs/Au(788) at the C K-edge
obtained in the total electron yield (TEY) mode before and after Li doping. (b) Sketch
of the NEXAFS experiment, where 6 is the angle between the direction of incidence of
linearly polarized radiation and the sample surface. (c) Close-up of the NEXAFS spectra
of (a) around the 7* resonance at grazing angle § = 10°. The blue arrow indicates the
disappearance of the low-energy shoulder after Li-doping.

Near edge X-ray absorption fine structure spectroscopy

To investigate possible structural distortions of the 7-AGNRs as a result of Li adsorption
we performed a NEXAFS spectroscopy study of pristine and doped samples. Moreover,
NEXAFS is able to proof the 7 character of the conduction band. The series of C K-edge
absorption spectra of 7-AGNRs are shown in Figure 3(a). A sketch of the experimental ge-
ometry is depicted in Figure 3(b). The angle-dependent behavior of the 7* and ¢* resonances
suggests a planar structure of ribbons before and after Li deposition. Figure 3(c) shows a
zoom of the 7* region of the NEXAFS spectrum illustrated in Figure 3(a). The low-energy
shoulder of the 7* resonance is clearly visible in the NEXAFS spectrum of pristine GNRs.
However, upon Li deposition it disappears. This is because the transition from the Cls core
level to the lowest conduction band states is not possible after doping. Due to the element-
specific nature of the NEXAFS method, this gives a proof of the occupation of the C derived

7* levels.



Scanning Tunneling Spectroscopy

We measured the energy band gap E, of 7-AGNRs on Au(788) by STS in order to compare
it to the valence-conduction band separation measured by ARPES of Li doped 7-AGNRs on
Au(788). The values of E, for doped and pristine GNRs can be compared to each other and
their difference will yield the doping induced changes. Our analysis relies on the fact that
STS and ARPES reveal identical energy band dispersions which has been explicitely shown
for GNRs®. A similar approach of comparing STS derived quasiparticle band gaps and
photoluminescence derived optical band gaps in MoSes; monolayers on Au has yielded the
exciton binding energies directly®. In the present case, the differences between the band gaps
obtained by ARPES and STS is equal to the self-energy corrections due to charge transfer
doping by Li and can directly be compared to the theoretical predictions. It is important
to point out that a precise STS measurement of Li doped nanoribbons is hampered by the
prohibitively high Li mobility.

The combined set of experimental STM and STS data for aligned 7-AGNRs on Au(788)
surface are shown in Figure 4(a,b). The ST'S spectra show easily discernible peaks around the
Fermi level corresponding to the first sub-bands Vi and ;. The value of Ej is estimated as
the difference between the leading edges of the valence and conduction band related peaks in
the STS spectra. We have measured ST'S at various locations along several ribbons and found
reproducible values of E,. Close to a bias voltage of zero, there are features in the dI/dV
spectra due to the Au surface states!®. It can be seen that a value of F, = 2.4+0.1 eV
is consistent with all measured points. Notably this value is in good agreement to the
reported gap values for 7-AGNRs on Au(111)%1954 [See also supplementary information for
STS data of 7-AGNRs on Au(111)]. This is not surprising as the terraces of the vicinal
Au(788) surface have an (111) structure. The small observed deviations might be due to
the stronger inter-ribbon interactions in the denser packed Au(788) surface. In the Raman
section we will provide more evidence of stronger inter-ribbon interactions on Au(788). Our

STS data provide a larger QP band gap of as compared to the ARPES measurements. The
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supplementary information provides a direct comparison of the dI/dV curve versus second
derivative energy distribution curve. Thus the Li doping reduces the QP band gap by more
than 300 meV and does not provide a rigid band shift. Together with the mass increase
as observed in the previous section, the bands are substantially renormalized by Li doping.

Figure 4(c) depicts a sketch of the experimentally observed QP bands before and after Li

doping.
a
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Figure 4: (a) STM topographic images of aligned 7-AGNR on Au(788) (left: V; = 0.6 V,
I; = 150 pA, middle: V; = 0.6 V, I, = 100 pA, right: V; = 0.6 V, I, = 130 pA). Colored
crosses in the STM images indicate the position where the STS spectra were measured. (b)
dI/dV point spectra (Vi,oq = 10 mV) obtained from several different 7-AGNRs on Au(788)
depicted in (a). The dotted lines mark the onsets of valence band maximum and conduction
band minimum, yielding an electronic band gap of £/, = 2.4 & 0.1 eV. Spectra are offset for
clarity. (c) Sketch of the observed QP renormalization in Li doped 7-AGNRs.

Density functional theory

To explain possible reasons for the observed electronic structure renormalizations, we have
performed DFT calculations to optimize the geometry and compute the electron energy
band structure of pristine and Li doped 7-AGNRs for various Li adsorption sites. Figure
5(a) depicts the DFT calculated 1D electron energy bands of pristine 7-AGNRs along with
the unit cell of a 7-AGNR with 14 carbon atoms. Figure 5(b,c) show the DFT calculated
band structure of Li doped 7-AGNRs. The configuration we consider in Figure 5(b) is one
where the Li is placed above the center benzene ring of an anthracene unit. The second

configuration shown in Figure 5(c) is one where two Li atoms are placed above the edge
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Figure 5: Electronic energy band structure and unit cell of (a) pristine and (b,c) Li doped
7-AGNRs. The labels V; (V) and C; (Cy) depict the first (second) valence and conduction
bands, respectively. The red (blue) color indicates a 7 (o) character of the respective band.
Green depicts the electronic bands with Li character.
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benzene rings of the anthracene unit. In the supplementary information we also show several
other possible configurations. However, judging from the experimentally observed band
structure, the most relevant configuration is the first one with one Li atom per 7-AGNR
unit cell. It can be seen from Figures 5(b) that the interaction of Li with the 7-AGNR
leads to a complete electron transfer from Li to the nanoribbon. This causes the occupation
of the lowest conduction bands and a transition from a semiconductor to a metal. The Li
derived band is above the Fermi level. Further doping by increasing the Li/C stoichiometry
causes more charge transfer and a larger shift of the Fermi level [see Figure 5(c)]. We have
performed parabolic fits of the effective masses to V; and C; for all configuration shown in
Figure 5. We find an effective mass mg, = 0.55m, for the pristine system. For the two doped
systems we find mg, = 0.62m. and mg, = 0.55m, for the one and two Li atoms per unit
cell, respectively. The valence band mass for the pristine 7-AGNR is mj, = 0.41m,. For the
doped 7-AGNRs, we have masses of mj, = 0.40m, and my, = 0.39m, for the configurations
with one and two Li atoms per unit cell, respectively. This indicates that, according to DF'T,
my, and mg, are close to one another and not significantly perturbed by Li doping. Hence
the experimentally observed increase in myg, is strikingly higher. This effect is apparantly
not captured by the DF'T calculation. Regarding the VB-CB separation, we calculated a
value of E = 1.64 eV for the pristine system. For the doped systems we find F = 1.43 eV
and E = 1.47 eV for one and two Li atoms per unit cell, respectively. It is clear that
DFT predicts that the Li doping is slightly reducing the VB-CB separation. Indeed our

experiments are consistent with this tendency.

Ultra-high-vacuum Raman spectroscopy

To investigate the effect of electron doping by alkali metals on the vibrational spectrum
of 7-AGNRs we performed in-situ Raman measurements of Li doped GNRs in a specially
built UHV Raman chamber. Figure 6(a) depicts a sketch of the setup and indicates the
laser path. The UHV Raman spectra of 7-AGNRs on Au(111) and Au(788) before and after

13



deposition of Li are shown in Figure 6(b). Using UHV Raman we have also verified that
the Li doping of GNRs is fully reversible upon annealing the sample (see supplementary
information). This property of Li doping is important for future use of GNRs in battery
applications. After Li doping, a reduction in the Raman intensity by a factor of ~20 is
observed. The unique combination of UHV Raman and ARPES measurements on identical
samples allows us to elucidate the reason of the observed Raman intensity loss. Looking
to the ARPES spectrum of Figure 2(b, c) it is clear that the Cy band is not occupied and
therefore the Eoyy transition is not blocked by the Pauli exclusion principle. The observed
intensity loss therefore must have a different origin. The resonance condition for optical
absorption at Fsy is determined by the effects of both the QP gap and the exciton binding
energy. Their combined effects shift the the Fyy resonance away from the original position.
This leads to a change from resonance to off-resonance Raman. Another factor that seems to
influence the Raman energies is the ribbon density. The ribbons are more dense on Au(788)
as compared to Au(111). To stress this point we have included STM images of 7-AGNRs
synthesized on Au(111) in the supplementary information. Interestingly, the Raman modes
of pristine ribbons on Au(788) are blue-shifted relative to the ribbons on Au(111) as a result
of the higher density and hence larger inter-ribbon interaction. This situation is analogous to
the blue-shift of the radial breathing mode in carbon nanotube bundles compared to isolated

carbon nanotubes®!.

Li doping seems to decrease the inter-ribbon interaction and results
in Raman peaks for ribbons on Au(111) and Au(788) substrates that are very close to one
another.

Regarding the phonon energy renormalization for 7-AGNRs on Au(111) we observe that
Li doping induces an energy upshift for the G peak by 4 cm™! while the D peak and the peak
at 1260 cm~! are downshifted by up to 8 cm™! (the intensity of the peak at 1221 cm™! is too
weak to make a statement regarding its shift). We rationalize the observed Raman shifts in
terms of effects beyond the adiabatic Born-Oppenheimer approximation®, Kohn anomalies

63,64

in the phonon dispersion relation and the lattice expansion resulting from the filling of

14



anti-bonding states®. Kohn anomalies and the lattice expansion lead to a a downshift of
the energies of optical phonon branches. The Kohn anomalies affect phonon wavevectors
q = 2kp, where kp is the Fermi wavevector, while the lattice expansion and consequent
weakening of the force constants affects all phonons and hence all observed Raman modes.
The breakdown of the Born-Oppenheimer approximation causes a phonon energy upshi ft%2.
It depends on the electronic structure of the sp? carbon material, the phonon branch and
wavevector, and on the doping level which of these competing factors prevails. For example
for graphene, in its pristine state a semi-metal, doping by electrons causes an upshift of the G
Raman band because the Kohn anomaly at ¢ = I' disappears upon doping®. The situation
in 1D ribbons is different. Unlike graphene, ribbons are intrinsically semiconductors and do
not exhibit a Kohn anomaly prior to doping. Upon doping we therefore expect that a Kohn
anomaly appears at ¢, = 2kp (for a single metallic band). Due to the shallow band and
the high effective mass 2kp assumes large values of 2kp ~ 0.5 [see Figure 2(c)]. This is
why the Kohn anomaly does not affect I' point phonons and the Raman G band exhibits a
surprising stiffening which we ascribe to non-adiabatic effects, i.e. the interaction of the 1D
electron gas with C-C bond stretching vibrations along the axis of the ribbon. In regards

to the downshift of the other phonon modes we ascribe this to the dominance of lattice

expansion.

Discussion

Let us start by discussing the origin of the observed changes in the band gap and the
effective mass. Apparently these changes stem from the effects of an increased electron
concentration, the presence of positive Li ions and many-body effects in 1D ribbons. DFT
is able to describe well the reduction of the band gap with Li doping. A similar situation
is observed in semiconducting nanotubes. Here a band gap reduction was found when field

d10—13

effect doping of nanotubes was performe . However, DF'T fails completely to describe
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Figure 6: (a) The UHV Raman system consists of a specially designed optical flange that
connects a commercial Raman setup with an UHV system. The sample is mounted on a
motorized manipulator. (b) UHV Raman spectra of 7-AGNRs on Au(111) and on Au(788)

measured before and after Li deposition with a 532 nm laser.
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the increase of the effective mass that we observed in the ARPES data. It has been put
forward that the reason of the observed effective mass renormalization upon a transition to
a 1D metallic state in nanotubes is the presence of acoustic charge carrier plasmons, which
have a unique contribution to screening in a 1D system®®. Due to the structural similarity
of nanotubes and nanoribbons we believe that this explanation could work for the present
material, too. Another contribution to the observed spectral function could come from the
disorder in the adsorbed positive Li ions.

The Raman G band of lithium doped GNRs does not exhibit a downshift that might be
expected if a Kohn anomaly at I" point were induced upon doping. The combined investi-
gation of the electron and phonon system allowed us to comprehensively answer this point.
Since the mass renormalization is so strong, the conduction bands become flat and the Fermi
wavevector kp rapidly moves away from the apex of the conduction band parabola. This
shifts the ¢ = 2kr phonon away from the BZ center and hence out of reach of Raman spec-
troscopy. The combination of ARPES and Raman was also key to understand the Raman
intensity decrease which is apparently not due to Pauli blocking but due to a change in the
resonance condition caused by the combined effects of changes in the QP dispersion and
exciton binding energy.

In conclusion, we observed changes in the electron and phonon systems in GNRs upon
a semiconductor-to-metal transition have been unravelled using ARPES, STS and polarized
UHV-Raman techniques. Ultra narrow GNRs are a new functional nanomaterial which can
be effectively transformed from a wide-gap semiconductor into a metal via controlled lithium
doping. GNRs are also a unique platform for combined experimental and theoretical studies
embracing many-body interactions. The present work constitutes the first direct proof of
a combined giant QP renormalization and a phonon renormalization upon charge transfer
doping of a 1D material. It has a relevance for the large 1D materials community and it lays

the foundations for further studies of doped GNRs.
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Experimental and computational details

Experimental details

7-AGNRs were synthesized by surface polymerization of 10,10-dibromo-9,9-bianthryl (DBBA)
molecules!” on Au(111) and Au(788) surfaces. Au substrates were cleaned by three cycles of
Ar™ sputtering (800 V) and subsequent annealing at 500 °C. The clean surface of Au(788) is
shown in supplementary information. DBBA molecules were evaporated from a quartz cru-
cible using a homebuilt evaporator with a thermocouple attached to the molecule reservoir.
The deposition rate was controlled using a quartz microbalance. About 8A of precursor
molecules (using the graphite density and Z-factor) were evaporated onto the Au surface
which was kept at room-temperature. Hereafter, a two-step polymerization reaction was
performed: a 200°C annealing step followed by a 400°C annealing step, which induce de-
bromization and cyclodehydrogenation reactions, respectively. The annealing was carried out
using a computer controlled ramp that increased temperature over several hours. Lithium
deposition (from 1 to 3 monolayers) was performed separately for ARPES, XPS and NEX-
AFS, UHV Raman measurements using commercial SAES getters, calibrated with quartz
microbalance. The sample was kept at room temperature or at 80°K (for ARPES).

STM measurements were performed using an Omicron LT-STM with the samples held
at 4.5 K in UHV. A tungsten tip was used for topography and spectroscopic measurements.
Topographic images were acquired in constant current mode. dI/dV spectra were obtained
using the lock-in technique where the tip bias was modulated by a 457 Hz, 10 mV (rms)
sinusoidal voltage under open-feedback conditions. All STM images were processed with
WSxM 66,

ARPES was carried out at the I3 beamline of the MAX IV synchrotron radiation facil-
ity (Lund, Sweden) using a Scienta R-4000 hemispherical electron analyser. The ARPES
spectra were measured using a photon energy of 32 eV in the 2"¢ BZ of the GNRs and

shifted back by application of the reciprocal lattice vector to the 15 BZ. The samples for
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ARPES measurements were synthesized and checked in the UHV Raman chamber and then
transferred under UHV conditions into a special container which was filled then to a slight
overpressure (1.1 bar) by high purity Ar gas. Samples in UHV tight vacuum suitcases filled
with an Ar were transported to the load-lock chamber of the ARPES beamline endstation
and later gently annealed (at 200°C) under UHV conditions. This method allowed us to
achieve reproducible experimental results.

UHV-Raman was performed in the back-scattering geometry using commercial Raman
systems (Renishaw and OceanOptics) integrated in a homebuilt optical chamber where the
exciting and Raman scattered light were coupled into the vacuum using a long-working
distance microscope objective with an NA of ~0.4. The laser power on the sample was kept
below 1 mW. The analysis chamber of the UHV-Raman is attached to another chamber for
sample preparation where the 7-AGNR synthesis, LEED characterization and Li deposition

1

were performed. Raman spectra were calibrated using Si peak at 520.5 cm™" as well as

oxygen peak at 1555 cm™!.

Polarized Raman measurements were also performed in-situ.
A half-wave plate was used to rotate polarization of the laser beam. To collect a certain
polarization of the Raman light, a polarizer and a half-wave plate were inserted before the
detector.

XPS and NEXAF'S experiments were performed at the German-Russian beamline (RGBL)
of the BESSY II synchrotron radiation facility (Berlin, Germany). XPS spectra were mea-
sured with photon energy of 320 eV and pass energy of 10 eV in the normal emission geometry.
Samples were synthesized in the UHV Raman system and transferred to the synchrotron in
the same manner as described for ARPES measurements. XPS data indicated no trace of
oxygen as confirmed by the absence of an Ols peak at 650 eV photon energy. All XPS
spectra were calibrated using the Au 4f7/2 core level at a binding energy 84.0 eV. NEXAFS

data were obtained in total electron yield mode with an energy resolution of 50 meV close

to the C K-edge.
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Computational details

Our first-principles calculations have been performed in the framework of the density func-
tional theory%” by using pseudopotentials obtained the projector augmented wave method”
and the Perdew-Burke-Ernzerhof exchange-correlation energy functional? as implemented
in the Vienna ab initio simulation package code” * . The ground-state adsorption geometry
of Li on the Cy4H4 nanoribbon was obtained for an energy cutoff of 500 eV and by including
the van der Waals interactions with the help of the non-local correlation energy functional
vdW-DF2? together with the exchange energy functional developed by Hamada® . The
phonon energy dispersion relation was calculated using a modified fourth-nearest neighbor
force constant model that has been used for graphene previously®?. The difference lies in the
larger unit cell for 7-AGNRs (14 carbon atoms), and due to the small ribbon width many

carbon-carbon interactions become equal to zero.
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