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Electron-phonon coupling origin of the graphene 7*-band kink via isotope effect
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The m*-band renormalization of Li-doped quasifreestanding graphene has been investigated by means of
isotope ('*C) substitution and angle-resolved photoemission spectroscopy. The well documented sudden slope
change (known as “kink”) located at 169 meV from the Fermi level in the graphene made of '>C atoms shifts to
162 meV once the carbon monolayer is composed by '3C isotope. Such an energy shift is in excellent agreement
with the expected softening of the phonon energy distribution due to the isotope substitution and provides,
therefore, an indisputable experimental proof of the electron-phonon coupling origin of this well known many-

body feature in the electronic structure of graphene.
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I. INTRODUCTION

Many-body interactions within charge carriers are of great
interest in condensed matter physics due to their capability of
destabilizing conventional metallic states leading them to new
exotic ground states. Among them, the most notable example
is the intimate connection of the electron-phonon coupling
(EPC) with superconductivity. In angle-resolved photoemis-
sion spectroscopy (ARPES) such interactions are detected as
strong renormalization or abrupt changes (typically referred
to as “kinks”) of the band dispersion in the proximity of the
Fermi level. Being not reproducible in a single electron band
theory, these sudden deviations are then generically ascribed
to many-body effects. The ARPES investigation of kinks has
been fundamental for the study of high-7, cuprate supercon-
ductors [1,2]. To this end, an interesting strategy has been the
isotopic substitution of oxygen, offering a controlled investi-
gation of the presence of EPC (or lack thereof): For the nodal
kink, the observation of few meV energy shift in agreement
with the isotopic shift of phonon frequency has been used to
directly demonstrate its EPC nature [3].

In graphene, the coupling within quasiparticles has been
extensively investigated and the kink at around 169 meV
below the Fermi energy in a strongly doped scenario has
been generally attributed to EPC [4-9]. The plausibility of
this assignment is justified by a likely coupling between the
conduction electrons and the E,, and A in-plane optical
phonons [5,10], since both the Eliashberg function and the
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phonons density of states of the system present peaks around
the energies of E», and A} [7,11]. This assignment is of high
interest because of the suggested theoretical strategy of in-
ducing a superconducting phase through the classical phonon
mediated process where EPC is the pairing mechanism [12].
A very recent theoretical study has shown that dopant adatoms
could give an important contribution to the quasiparticle band
renormalization, with a possible abrupt change in the same en-
ergy region of the observed kink in the graphene 7 * band [13].
In this scenario, the adatom-induced kink might be obscuring
the EPC contribution. Spin fluctuation has been recently sug-
gested to be the mechanism behind the strong renormalization
of the band in the proximity of the van Hove singularity [14].
Even though the theoretical calculations were not suggesting
abrupt changes [14] in the band renormalization, this possi-
bility cannot be completely excluded. Moreover, the origin
of superconductivity in twisted bilayer graphene [15] is still
debated and theoretically interpreted either within a noncon-
ventional [15,16] or within a conventional electron-phonon
origin [17]. The possibility of a clear experimental demonstra-
tion of an electron-phonon coupling for the electrons at the
Fermi energy by means of ARPES experiments [18] would
give important hints along this line. However, measurements
of ARPES isotope effect in graphene is challenging and needs
still to be demonstrated.

In graphene, isotope substitution is experimentally viable
with 13C. More marked isotopic substitutions are impossible
due to the '*C instability. “Heavy” graphene ('*C) has been
already successfully grown via chemical vapor deposition
using methane as precursor gas, and the expected softening
of graphene phonons by the /12/13 (about 0.96) factor has
been detected in the Raman spectra [19,20]. To the best of
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our knowledge, the isotope substitution method in ARPES
has been only applied to the cuprates family, with the only
exception of a single work on MgB, [21], and never attempted
so far on two-dimensional systems. In this context, such inves-
tigation on graphene has the potential not only to determine
the kink origin, but also to represent a solid textbook example
in the field due to the extreme simplicity of the graphene band
structure.

Here, we report an experimental ARPES study of the
m*-band dispersion renormalization of Li-decorated graphene
in the proximity of the Fermi level by adopting the ap-
proach of '>C-13C isotope substitution. By the comparison
of the spectra features between “normal” ('C) and “heavy”
graphene we discriminate the EPC contribution from other
possible electron interactions, like adatoms scattering or spin
fluctuation. We propose a particularly robust data analysis
methodology that entails four different routes, with three of
them completely free from any assumption on the noninteract-
ing quasiparticle band dispersion. Noteworthy, independently
on the different data treatments, we report an energy shift
of the kink (of 6-9 meV), consistent with the expected
phonon softening. This unequivocally proofs the EPC as
the main contribution of the kink at 169 meV from the
Fermi level and gives a strong and direct experimental val-
idation on the related EPC studies based on this ARPES
feature [4-9].

II. METHODS

Pristine monolayer graphene samples were prepared [7,11]
in situ under ultrahigh vacuum conditions by chemical va-
por deposition on Ni(111) thin films epitaxially grown on
W(110), using ethanol (“normal” or “heavy” with 99 atom%
B¢ from Sigma-Aldrich) as carbon precursor. Low-energy
electron diffraction (LEED) was performed on the Ni(111)
films to monitor the film crystallinity. To decouple graphene
from the Ni substrate (making it quasifreestanding) one mono-
layer of Au was subsequently deposited and intercalated
into the graphene/Ni interface by annealing [22,23]. Lithium
was then stepwise evaporated from commercial SAES metal
dispensers and home-built evaporators. ARPES data were col-
lected at the BaDEIPh beamline of the Elettra Synchrotron
(Trieste, Italy) [24] using 29 eV photon energy, with p
polarization (s polarization) for scanning along the KM
(I'K) direction of the graphene Brillouin zone. The sample
temperature was kept below 30 K. The total energy and
angular resolutions were set to 20 meV (full-width-at-half-
maximum of the Gaussian model fitting the experimental
Fermi edge) and 0.1°, respectively. To check for repro-
ducibility and improve results robustness, the experiment was
repeated on three different samples for both '2C graphene
and 3C graphene. After ARPES investigation, one sample
each of “normal” and “heavy” graphene were quality checked
(ex situ) via micro-Raman spectroscopy with a system op-
erating in ambient conditions (LabRAM HR spectrometer,
Horiba Jobin-Yvon, equipped with an Olympus BX micro-
scope, using 600 lines/mm grating for dispersing the scattered
light yielding 1.8 cm™! point-to-point spectral resolution).
The Raman spectrometer was calibrated before each set of
measurements at the Fy, line of Si at 520.2 cm™". The spectra
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FIG. 1. Comparison of the Raman spectra of D, G, and 2D peaks
for '2C (blue) and *C (red) graphene. On the left (right) side of the
G peak for '2C (!3C) graphene there is the oxygen peak (O,) from
the ambient air.

were acquired using a 488 nm excitation wavelength of an
Art /Kr" laser source with 0.75 mW power under a 100x
microscope objective. Because of the air exposure during the
Raman investigation, the graphene samples were not doped
with lithium.

III. RESULTS AND DISCUSSION

In Fig. 1, we report the Raman spectra for '>C and '*C
samples: A shift towards lower energies of a ~0.96 factor is
observed for the G, D, and 2D peaks of the '*C samples, con-
firming a successful and complete isotopic substitution [20].
In Fig. 2, we report the ARPES overview of the Dirac cone
for the different samples (top panels). From the Fermi surface
area extension we estimate an effecting electron doping of
about 2 x 10'* cm?, corresponding to a shift of —1.4 eV of the
Dirac point due to Li deposition, for all the investigated cases.
In the top panels of Fig. 2, we show how the 'K branch of the
Dirac cone is well reproduced by a single-electron nearest-
neighbors tight-binding model of the graphene band structure
(using the parameters of yy = —2.848 eV, 59 = 0.0029, and
€, =0.1eV as in Ref. [25]). On the contrary, we find a
strong band renormalization along the KM direction, which
has been recently interpreted as originating from electronic
correlations due to spin fluctuations [14]. The slight changes
in the band dispersions for the three different samples with
the same carbon isotope, instead, reflect the variability of the
lithium deposition: Different amounts and arrangement of the
adatoms on the sample give different electric fields and charge
doping with slight modifications of the Dirac cone position
and the band structure dispersion [8]. Such effects on the
band structure, which are intrinsic to the doping procedure,
are superimposed on the kink structure in proximity of the
Fermi level at around 169 meV on both branches of the Dirac
cone.

This observation opens a delicate discussion on how to
disentangle the extrinsic effects due to the dopant from the
intrinsic presence of the kink in the measured band disper-
sion. The origin of the kink is due to many-body interactions
affecting the band dispersion with an additional complex k-
and energy(w)-dependent self-energy, X(k, @), contribution
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FIG. 2. Dirac cone dispersions along the I'KM direction. On top panels, the data are a linear combination of the s- and p-polarization
signals for Dirac cone enhancing purposes (with the exception of the '>C-s1 sample where only s polarization is reported). Arrows point to
the binding energy position of the Dirac cone. Dashed white lines on top panels are first-nearest-neighbor tight-binding calculated electronic
structures rigidly shifted in energy to match the different doping levels. On middle (bottom) panels, the high resolution ARPES spectra are
plotted along KM (I'K) directions with the extracted band dispersion from MDC analysis (white lines) and the bare bands resulting from the

self-consistent analysis (green lines).

to the noninteracting band (bare band). Although a convenient
and more realistic choice for the bare band, used to reveal the
kink position, could be obtained from first-principles density
functional theory (DFT), the presence of the alkaline disor-
der would prevent a direct comparison with the experiment
even introducing artificial contributions because of the peri-
odicities of the models [26,27]. Moreover, additional dopant
renormalization effects would not be still reproduced in a
single-electron picture [14]. Thus, the only viable solution is
in practice an experimental determination of the bare band.
The detailed analysis of the band dispersion is reported
in Fig. 2, where high resolution ARPES spectra are over-
laid with the extracted band dispersions (white lines) and
the related bare bands (green lines). The experimental band
dispersions were obtained from momentum dispersion curves
(MDCs) analysis, as the center (k,) of fitted asymmetric
Lorentzian shapes [28] with a linear background. The bare
bands were modelled using third order polynomials whose
coefficients were calculated by a self-consistent procedure:
Minimizing the differences between the extracted ReX and
the Hilbert transformation () of extracted ImX [9], since the
two quantities are intertwined via Kramers-Kronig relations
(see Supplemental Material for the self-consistent derivation
of the bare band for each sample [29]). The real and imaginary
part of the self-energy are then obtained as ReX(w) = (k,, —
kb ywb(w) and ImE(w) = —8k,vP(w), where k2 and v’(w)
are the bare band momentum and band velocity at energy w,
respectively, while §k,, is the half width at half maximum.
The resulting ReX and ImX for the various samples are
shown in Figs. 3(a) and 3(b), along KM and I'K directions.
The kink position for each curve (represented by red and
blue thick marks, for '>C and '}C samples, respectively)
are determined by the maxima of ReX convoluted with a

Gaussian line shape on Fig. 3(a). The average peak position
[represented by the black dashed lines in Fig. 3(a)] is found
at 169 meV for the '>C graphene and 161-162 meV for
the '>C graphene. The ReX(w) essentially peaks at the Eo,
phonon frequency [5,30], thus the observed 7-8 meV shift
between '>C and '3C samples is then due to the change in
the Ey, phonon frequency caused by isotope substitution. The
expected isotope softening of graphene phonons for complete
12¢ /13 substitution is of /12/13 (about 0.96) factor, which
implies a reduction from 169 meV to 162 meV with a shift
of 7 meV, in excellent agreement with the experimental re-
sult. From the repetition of the same experiment on the same
graphene type we were also able to extract a reproducibility
error of &2 meV (43 meV) in the determination of the kink
energy position along the KM (I'K) direction. So, despite the
experimental broadening of the Fermi level, our data analysis
drastically reduces the indetermination on the kink energy
position.

As already explained, the method applied so far for the kink
analysis implies a careful determination of the bare band. In
the following we validate our results via three other alternative
methods for the kink analysis (as in Ref. [31]), having the
peculiarity of not requiring any bare band pre-knowledge.
These procedures are based on the analysis of dd—;k(w), of
H(-Lk(w)) and -L8k(w), where k(w) and Sk(w) are the ki,
and 8k, respectively, obtained from the MDC analysis fil-
tered by the convolution with a Gaussian shape. Practically,
one method is a second derivative analysis giving an esti-
mation of the k,, curvature, and, in the case of a linear bare
band, it is directly proportional to the second derivative of
the ReX [31]. The second and the third one can be consid-
ered as the coupling strength distribution as a function of the
quasiparticle energy [31]. Despite not giving quantitatively
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FIG. 3. (a) Comparison between '>C (blue) and the '3C (red)
graphene samples of the ReX (a), Im¥ (b), the second derivative (c),
and Hilbert transform of the first derivative (d) of k(w) obtained from
MDCs, and the first derivative (e) of §k(w) obtained from MDCs. In
panels (c), (d), (e), the y axis is reversed in 'K with respect to KM
for clarity.

the ReX(w), these methods are nevertheless efficient in de-
termining the number and energy position of the kinks. The
results obtained by these alternative three methodologies are
reported in Figs. 3(c) and 3(d): The main peaks can be identi-
fied in almost the same positions of our main analysis, with an
observed shift of the kink position of 6-9 meV between '>C
and '3C graphene. This further strengthens our proof of the
occurrence of the EPC isotopic shift, as its derivation is free
from any choice on the bare band and in direct connection
with only the k,, and ék,,, as obtained from the MDC analysis.

In Fig. 3(c), an additional kink seems to emerge at a
binding energy of about 60 meV, mostly visible along the
KM direction. A similar low-energy kink was reported in
literature and assigned to the electrons coupled with alkaline
dopant vibrations [8]. Being only present along KM we cannot
exclude this renormalization to be also a manifestation of the

recently theorized Li-induced charged-impurity scattering, in-
stead of being located at the energy of the main peak [13]. The
energy region is also compatible with graphene-related acous-
tic phonons, but since the reproducibility error (£3 meV) is
comparable to a carbon phonon isotopic shift occurring at
this energy scale (~3 meV), the '>C-'*C comparison cannot
be used in this case to support or exclude any assignment.
Finally, in the Supplemental Material [29] we report a de-
tailed analysis on the EPC strength (A): As expected from
theory (see equation S1) its variation is determined only by the
different doping level of the samples rather than their carbon
mass.

IV. CONCLUSIONS

In conclusion, via ARPES and isotopic substitution (!2C
with '*C) we have monitored the many-body self-energy
interactions in the 7 *-band renormalization of Li-decorated
graphene, directly detecting a kink energy shift from 169 meV
to 162 meV, in excellent agreement with the expected soft-
ening of the phonon energy. This demonstrates, at the same
time, (i) the achieved experimental accuracy to measure the
isotope shift, (ii) the assessment of a robust analysis frame-
work for data analysis, (iii) the proof of EPC origin of the kink
observed in ARPES experiments, thus excluding other possi-
bilities, as for example adatoms scattering or spin fluctuations,
and (iv) definitively supports previous ARPES investigations
on such band renormalization of graphene based on the
EPC hypothesis. The present demonstration of the carbon
isotope substitution effectiveness on the kink analysis can
promote possible extension in other graphene systems, as
twisted bilayer graphene [15] or strongly doped scenarios
[9,32-34], but also for the understanding of superconductivity
in related carbon-based materials (graphite intercalation com-
pounds [35], carbon nanotubes [36], Cgo [37,38]) for which
graphene constitutes a useful model system. Finally, we be-
lieve that, given the simplicity of the graphene band structure,
this study itself represents a perfect textbook example for
ARPES investigation of the isotopic substitution effects and
band renormalization.
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