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Fermi Velocity Modification in Graphene 
- Introduction of charges to a neutral graphene sheet (doping) 

- screening of e-e interaction or long-range impurities (charges or impurities)
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- e-e interaction considering 

- Dirac cone reshaping 

- e concentration tuning by gate
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- carrier/dielectric screening effect 

- Dirac cone reshaping 

- few potassium deposition induced



Outline:
!

 Metal/Graphene Contact 
- Work function difference: Surface charge transfer doping!  

 Metal deposition on Graphene 

- No Work function difference: Ti and Graphene the work function is nearly the same! 

- Few Ti deposition on graphene (<3%) 

- Fermi velocity decrease: ARPES characterization 

 First-principle Calculation of Ti/Graphene system (Low concentration) 
- Strong hybridization between Ti and C atoms 

- Modification of band dispersion 

 Take Home Messages



of the metal work function upon adsorption of graphene;
see Table I.

Naively one would assume that graphene is doped with
electrons if WG >WM and doped with holes if WG <WM.
The crossover point from n- to p-type doping would then
be at WM ! WG. The results obtained at the equilibrium
separations of the graphene sheet and the metal surfaces
(d" 3:3 !A; see Fig. 3) show that this is clearly not the
case. Instead, the crossover point lies at WM #WG !
0:9 eV. Only when the graphene-metal separation is in-
creased significantly does the crossover point decrease to
its expected value, as illustrated by the upper curve for d !
5:0 !A in Fig. 3. This clearly demonstrates that the charge
redistribution at the graphene-metal interface is not only

the result of an electron transfer between the metal and the
graphene levels. There is also a contribution from a metal-
graphene chemical interaction. Such an interaction, which
has a significant repulsive contribution, has been found to
play an important role in describing dipole formation when
closed shell atoms and molecules are adsorbed on metal
surfaces [21,22].

The dependence of this interaction on the metal-
graphene separation d is mapped out in Fig. 5 in terms of
the dependence of the Fermi level shift "EF on d. We use
the parameters shown in Fig. 4 to construct a simple and
general model with which to understand these results. The
work function of the graphene-covered metal is given by
W$d% ! WM #"V$d% where "V is the potential change
generated by the metal-graphene interaction. The Fermi
level shift in graphene is modeled as "EF$d% ! W$d% #
WG. The key element is modeling the potential step "V !
"tr$d% &"c$d% in terms of a ‘‘noninteracting’’ charge
transfer contribution "tr driven by the difference in work
functions and a contribution "c resulting from the metal-
graphene chemical interaction.

The charge transfer contribution is modeled by a plane
capacitor model as indicated in Fig. 4. "tr$d% ! !N$d%zd
where ! ! e2="0A ! 34:93 eV= !A with A ! 5:18 !A2 the
area of the graphene unit cell and N$d% is the number of
electrons (per unit cell) transferred from graphene to the
metal (becoming negative if electrons are transferred from
the metal to graphene). zd is the effective distance between
the charge sheets on graphene and the metal. zd < d as
most of the charge is located between the graphene layer
and the metal surface as illustrated in Fig. 4. We model it as
zd ! d# d0 with d0 a constant.

Integrating the (linear) density of states of graphene
yields a simple relation between N$d% and "EF$d%: N !
'D0"E2

F=2. Using the relations introduced in the previous
two paragraphs we can then express "EF$d% as
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FIG. 5 (color online). Fermi level shifts "EF$d% as a function
of the graphene-metal surface distance. The dots give the calcu-
lated DFT results, the solid lines give the results obtained from
the model, Eq. (1) [23].

FIG. 4 (color online). Left: Schematic illustration of the pa-
rameters used in modeling the interface dipole and potential step
formation at the graphene-metal interface. Right: Plane-averaged
difference electron density "n$z% ! nMjG$z% # nM$z% # nG$z%
showing the charge displacement upon formation of the
graphene-Pt(111) interface.
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FIG. 3 (color online). Calculated Fermi energy shift with
respect to the conical point, "EF (dots), and change in the
work function W #WG (triangles) as a function of WM #WG,
the difference between the clean metal and graphene work
functions. The lower (black) and the upper [gray (green)] results
are for the equilibrium ("3:3 !A) and a larger (5.0 Å) separation
of graphene and the metal surfaces, respectively. The solid line
and the dashed line follow from the model of Eq. (1) with "c !
0 for d ! 5:0 !A. The insets illustrate the position of the Fermi
level with respect to the conical point.
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Making devices with graphene necessarily involves making contacts with metals. We use density
functional theory to study how graphene is doped by adsorption on metal substrates and find that weak
bonding on Al, Ag, Cu, Au, and Pt, while preserving its unique electronic structure, can still shift the
Fermi level with respect to the conical point by "0:5 eV. At equilibrium separations, the crossover from
p-type to n-type doping occurs for a metal work function of "5:4 eV, a value much larger than the
graphene work function of 4.5 eV. The numerical results for the Fermi level shift in graphene are described
very well by a simple analytical model which characterizes the metal solely in terms of its work function,
greatly extending their applicability.

DOI: 10.1103/PhysRevLett.101.026803 PACS numbers: 73.63.#b, 73.20.Hb, 73.40.Ns, 81.05.Uw

Recent progress in depositing a single graphene sheet on
an insulating substrate by micromechanical cleavage en-
ables electron transport experiments on this two-
dimensional system [1,2]. Such experiments demonstrate
an exceptionally high electron mobility in graphene, quan-
tization of the conductivity, and a zero-energy anomaly in
the quantum Hall effect, in agreement with theoretical
predictions [3–7]. The spectacular effects arise from gra-
phene’s unique electronic structure. Although it has a zero
band gap and a vanishing density of states (DOS) at the
Fermi energy, graphene exhibits metallic behavior due to
topological singularities at the K points in the Brillouin
zone [3,4] where the conduction and valence bands touch
in conical (Dirac) points and the dispersion is essentially
linear within $1 eV of the Fermi energy.

In a freestanding graphene layer the Fermi energy co-
incides with the conical points but adsorption on metallic
(or insulating) substrates can alter its electronic properties
significantly [8–15]. Since electronic transport measure-
ments through a graphene sheet require contacts to metal
electrodes [2,12,16,17], it is essential to have a full under-
standing of the physics of metal-graphene interfaces. In
this Letter we use first-principles calculations at the level
of density functional theory (DFT) to study the adsorption
of graphene on a series of metal substrates. The (111)
surfaces of Al, Co, Ni, Cu, Pd, Ag, Pt, and Au, covering
a wide range of work functions and chemical bonding,
form a suitable system for a systematic study.

Our results show that these substrates can be divided into
two classes. The characteristic electronic structure of gra-
phene is significantly altered by chemisorption on Co, Ni,
and Pd but is preserved by weak adsorption on Al, Cu, Ag,
Au, and Pt. Even when the bonding is weak, however, the
metal substrates cause the Fermi level to move away from
the conical points in graphene, resulting in doping with
either electrons or holes. The sign and amount of doping

can be deduced from the difference of the metal and
graphene work functions only when they are so far apart
that there is no wave function overlap. At the equilibrium
separation, the doping level is strongly affected by an
interface potential step arising from the direct metal-
graphene interaction.

Based upon the DFT results, we develop a phenomeno-
logical model to describe the doping of graphene, taking
into account the metal-graphene interaction. The model
uses only the work functions of graphene and of the clean
metal surfaces as input to predict the Fermi level shift in
graphene with respect to the conical points, i.e., both the
type and concentration of the charge carriers. The model
also predicts how metal work functions are modified by
adsorption of graphene.

Some details of how DFT ground state energies and
optimized geometries are calculated for graphene on metal
(111) surfaces are given in Ref. [18]. We fix the in-plane
lattice constant of graphene to its optimized value a %
2:445 !A and adapt the lattice constants of the metals ac-
cordingly. The graphene honeycomb lattice then matches
the triangular lattice of the metal (111) surfaces in the unit
cells shown in Fig. 1. The approximation made by this
procedure is reasonable, since the mismatch with the opti-
mized metal lattice parameters is only 0.8%–3.8%. We
have verified explicitly that the structures shown in Fig. 1
represent the most stable configurations of graphene on the
metal substrates studied. The equilibrium separations,
binding energies, and work functions are listed in Table I.

The results immediately show that the metals can be
divided into two classes. Graphene is chemisorbed on
Co, Ni, and Pd(111), leading to binding energies "E"
0:1 eV per carbon atom and equilibrium separations
deq & 2:3 !A. In contrast, adsorption on Al, Cu, Ag, Au,
and Pt(111) leads to a weaker bonding, "E&
0:04 eV per carbon atom, and larger equilibrium separa-
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of the metal work function upon adsorption of graphene;
see Table I.

Naively one would assume that graphene is doped with
electrons if WG >WM and doped with holes if WG <WM.
The crossover point from n- to p-type doping would then
be at WM ! WG. The results obtained at the equilibrium
separations of the graphene sheet and the metal surfaces
(d" 3:3 !A; see Fig. 3) show that this is clearly not the
case. Instead, the crossover point lies at WM #WG !
0:9 eV. Only when the graphene-metal separation is in-
creased significantly does the crossover point decrease to
its expected value, as illustrated by the upper curve for d !
5:0 !A in Fig. 3. This clearly demonstrates that the charge
redistribution at the graphene-metal interface is not only

the result of an electron transfer between the metal and the
graphene levels. There is also a contribution from a metal-
graphene chemical interaction. Such an interaction, which
has a significant repulsive contribution, has been found to
play an important role in describing dipole formation when
closed shell atoms and molecules are adsorbed on metal
surfaces [21,22].

The dependence of this interaction on the metal-
graphene separation d is mapped out in Fig. 5 in terms of
the dependence of the Fermi level shift "EF on d. We use
the parameters shown in Fig. 4 to construct a simple and
general model with which to understand these results. The
work function of the graphene-covered metal is given by
W$d% ! WM #"V$d% where "V is the potential change
generated by the metal-graphene interaction. The Fermi
level shift in graphene is modeled as "EF$d% ! W$d% #
WG. The key element is modeling the potential step "V !
"tr$d% &"c$d% in terms of a ‘‘noninteracting’’ charge
transfer contribution "tr driven by the difference in work
functions and a contribution "c resulting from the metal-
graphene chemical interaction.

The charge transfer contribution is modeled by a plane
capacitor model as indicated in Fig. 4. "tr$d% ! !N$d%zd
where ! ! e2="0A ! 34:93 eV= !A with A ! 5:18 !A2 the
area of the graphene unit cell and N$d% is the number of
electrons (per unit cell) transferred from graphene to the
metal (becoming negative if electrons are transferred from
the metal to graphene). zd is the effective distance between
the charge sheets on graphene and the metal. zd < d as
most of the charge is located between the graphene layer
and the metal surface as illustrated in Fig. 4. We model it as
zd ! d# d0 with d0 a constant.

Integrating the (linear) density of states of graphene
yields a simple relation between N$d% and "EF$d%: N !
'D0"E2

F=2. Using the relations introduced in the previous
two paragraphs we can then express "EF$d% as
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FIG. 5 (color online). Fermi level shifts "EF$d% as a function
of the graphene-metal surface distance. The dots give the calcu-
lated DFT results, the solid lines give the results obtained from
the model, Eq. (1) [23].

FIG. 4 (color online). Left: Schematic illustration of the pa-
rameters used in modeling the interface dipole and potential step
formation at the graphene-metal interface. Right: Plane-averaged
difference electron density "n$z% ! nMjG$z% # nM$z% # nG$z%
showing the charge displacement upon formation of the
graphene-Pt(111) interface.
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FIG. 3 (color online). Calculated Fermi energy shift with
respect to the conical point, "EF (dots), and change in the
work function W #WG (triangles) as a function of WM #WG,
the difference between the clean metal and graphene work
functions. The lower (black) and the upper [gray (green)] results
are for the equilibrium ("3:3 !A) and a larger (5.0 Å) separation
of graphene and the metal surfaces, respectively. The solid line
and the dashed line follow from the model of Eq. (1) with "c !
0 for d ! 5:0 !A. The insets illustrate the position of the Fermi
level with respect to the conical point.
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Fermi level shifts ΔEF as a function  
of the graphene-metal surface distance

Fermi level shifts ΔEF as a function  
of the graphene-metal work function difference
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SPEM Image 
C 1s chemical mapping 

- graphene area identification 

- good agreement with OM image 

!
µ-PES Characterization 

C 1s PES spectra 

- asymmetric line shape 

- SLG component (G) at  

284.4 eV with low α factor (~0.8)  

- Doniach-Sunjic function    

- carbon contamination (C)

Photoelectron Spectroscopic Characterization 
of Graphene/Metal Contact 

- Scanning Photoelectron Microscopy/Spectroscopy  
(SPEM/S) Measurement

Chung-Lin Wu* et al, “Graphene on Au-coated SiOx substrate: Its 
core-level photoelectron micro-spectroscopy study”


Appl. Phys. Express 5, 085101 (2012)



Nh =
4π
h2vF

2 ( EF − ED
2 )

Charge Transfer between Graphene and Metal 
- C 1s Core-level Characterization

Doping Level Examination 
C 1s core-level shift 

- material constant (ECL-ED) 

- directly related to ED shift  

- SLG having lower work funtion  

(4.6 eV) than Au (5.54 eV)  

- p-type doping (1.1×1013 cm-2) 

- larger work function of BLG (4.7 eV) 

- less p-type doping of BLG

How about if the metal has the same 
work function with graphene?

Chung-Lin Wu* et al, “Graphene on Au-coated SiOx substrate: Its 
core-level photoelectron micro-spectroscopy study”


Appl. Phys. Express 5, 085101 (2012)
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Figure 1 The band structure of graphene. a, The experimental energy distribution of states as a function of momentum along principal directions, together with a
single-orbital model (solid lines) given by equation (1). b, Constant-energy map of the states at binding energy corresponding to ED together with the Brillouin zone boundary
(dashed line). The orthogonal double arrows indicate the two directions over which the data in Fig. 2 were acquired. c,d, Constant-energy maps at EF (=ED +0.45) (c) and
ED −1 eV (d). The faint replica bands correspond to the 6
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Figure 2 The band structure of graphene near the Fermi level. a–d, Experimental energy bands along a line through the K point parallel to the !M direction (along the
vertical double arrow in Fig. 1b) as a function of progressively increased doping by potassium adsorption. The dashed lines are an extrapolation of the lower bands (below
ED), which are observed not to pass through the upper bands (above ED), suggesting the kinked shape of the bands around ED. The electron density (per cm2) is indicated in
each panel. e–h, Band maps for similar dopings acquired in an orthogonal direction through the K point (horizontal double arrow in Fig. 1b), for which one of the bands is
suppressed. The nonlinear, or ‘kinked’, dispersion of the bands together with linewidth variations (corresponding to real and imaginary parts of the self-energy Σ ) are clearly
visible in the fitted peak positions (dotted lines). The kinks, marked by arrows, occur at a fixed energy of 200 meV and near ED, the latter varying with doping. i, The
simulated spectral function, calculated using only the bare band (yellow dotted line) and ImΣ derived from the data in panel h.

overlap. Even there, we see no indication of interactions between
the graphene and substrate band structures in Fig. 1.

Such interactions are not expected considering the proposed
van der Waals bonding between graphene and SiC (ref. 9). Recent
experiments have shown that the SiC layer immediately below the
graphene is itself a carbon-rich layer, with an in-plane, graphene-
like network of sp2-derived σ-bands, but without graphene-like π-
bands23. The absence of states at the Fermi level suggests that the
pz orbitals are saturated, presumably owing to bonding with the
substrate as well as bonding within the C-rich interface layer. This
C-rich layer is a perfect template for van der Waals bonding to
the overlying graphene because it offers no pz orbitals for bonding
to the graphene. The photon-energy dependence of the π-band
intensities, absent for m = 1 films, but clearly observed for m ≥ 2,
confirms this lack of hybridization (T.O., A.B., J.L.McC., T.S., K.H.,
E.R., manuscript in preparation).

The only effect of the interface on the measurements is through
the nearly incommensurate (6

√
3 × 6

√
3)R30◦ symmetry of the

interface C-rich layer with respect to SiC. This interface induces
diffraction of the primary bands, resulting in the observed weak
satellite bands, similar to the satellite spots seen in low-energy
electron diffraction9.

Despite the overall good agreement between equation (1) and
the data in Fig. 1, profound deviations are observed when we
examine the region around EF and ED in more detail. Figure 2a
shows a magnified view of the bands measured along a line
(the vertical double arrow in Fig. 1b) through the K point. The
predicted, or ‘bare’ bands in this direction are nearly perfectly
linear and mirror symmetric with respect to the K point according
to equation (1), similar to the H point of bulk graphite21,22. The
actual bands deviate from this prediction in two significant ways.
First, at a binding energy h̄ωph ∼ 200 meV below EF, we observe
a sharpening of the bands accompanied by a slight kink in the
bands’ dispersions. We attribute this feature to renormalization
of the electron bands near EF by coupling to phonons24, as
discussed later.
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overlap. Even there, we see no indication of interactions between
the graphene and substrate band structures in Fig. 1.

Such interactions are not expected considering the proposed
van der Waals bonding between graphene and SiC (ref. 9). Recent
experiments have shown that the SiC layer immediately below the
graphene is itself a carbon-rich layer, with an in-plane, graphene-
like network of sp2-derived σ-bands, but without graphene-like π-
bands23. The absence of states at the Fermi level suggests that the
pz orbitals are saturated, presumably owing to bonding with the
substrate as well as bonding within the C-rich interface layer. This
C-rich layer is a perfect template for van der Waals bonding to
the overlying graphene because it offers no pz orbitals for bonding
to the graphene. The photon-energy dependence of the π-band
intensities, absent for m = 1 films, but clearly observed for m ≥ 2,
confirms this lack of hybridization (T.O., A.B., J.L.McC., T.S., K.H.,
E.R., manuscript in preparation).

The only effect of the interface on the measurements is through
the nearly incommensurate (6

√
3 × 6

√
3)R30◦ symmetry of the

interface C-rich layer with respect to SiC. This interface induces
diffraction of the primary bands, resulting in the observed weak
satellite bands, similar to the satellite spots seen in low-energy
electron diffraction9.

Despite the overall good agreement between equation (1) and
the data in Fig. 1, profound deviations are observed when we
examine the region around EF and ED in more detail. Figure 2a
shows a magnified view of the bands measured along a line
(the vertical double arrow in Fig. 1b) through the K point. The
predicted, or ‘bare’ bands in this direction are nearly perfectly
linear and mirror symmetric with respect to the K point according
to equation (1), similar to the H point of bulk graphite21,22. The
actual bands deviate from this prediction in two significant ways.
First, at a binding energy h̄ωph ∼ 200 meV below EF, we observe
a sharpening of the bands accompanied by a slight kink in the
bands’ dispersions. We attribute this feature to renormalization
of the electron bands near EF by coupling to phonons24, as
discussed later.
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- angle resolved photoemission 

spectroscopy (ARPES) 

- Energy dispersion of 

Graphene 

          E=hkV; VF∝∆E/∆k
Nature Physics 3, 36 (2007)
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- Ti 2p core-level (CL) spectra at different Ti 
coverage up to maximum deposition of 

16200s 
- Constant deposition flux  

- Ti CL signal appearing until 1080s deposition 
- about 3% (XPS detection limit) Ti coverage 

under 1080s deposition 

  60 s ➔ 0.16 % 

  90 s ➔ 0.25 %

Characterization of Ti Coverage on Graphene



First-principle study of Ti adatom adsorption on 
graphene 

- Energetic and structural properties of different adsorption sites 
- Band dispersion modification with changing Ti adsorption concentration 

contributed by Prof. M.-F. Lin, NCKU Phys 
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1/50 Ti (2%)
Phys. Rev. B 77, 235430 (2008)

Ti has the largest binding energy (energetically favorite) 
at the H site, rather B and T sites!!  



width apparently due to the rather random distribution of the
Naþ ions doped, the nature of Dirac fermions has not been
degraded much since the effective Fermi velocity,
vF¼ 0.6# 106 m/s, estimated with the gap formed is compara-
ble to that of a pristine graphene ð’ 1# 106 m=sÞ.

In order to understand origin of the Naþ ion-induced
band gap, we have investigated spectral changes of several
core levels such as C 1s, Na 2p, and Si 2p induced by the
doped Naþ ions. A series of C 1s core level obtained with
synchrotron photons of energy 510 eV are shown in Fig. 2.
Before depositing Naþ ions, the C 1s from a clean SLG
shows a well known four-subpeak feature as depicted in Fig.
2(a). These subpeaks stem from carbon atoms of different
sources: SiC from the SiC substrate, S1 and S2 from buffer
layer, and G from graphene. Upon depositing Naþ ions of
energy 100 eV to minimize any damage on graphene, a new
subpeak Na–C appears with a binding energy Eb¼ 285.9 eV
as shown in Figs. 2(b)–2(f) apparently from the Naþ ions
bonded with C atoms of graphene.26,27 Since the Na–C sub-
peak persists upon annealing up to 450 &C, much higher tem-
perature than the desorption temperature Td¼ 270 &C for
neutral Na atoms on graphene,26 the Naþ ions should have a
stronger bonding with C atoms of graphene than that of neu-
tral Na atoms in a different charge distribution among the C
atoms. We confirm such a difference in charge distribution
from different spectral features of Na 2p core level shown in
Fig. 3. We notice, however, this desorption temperature for
Naþ ions (Td¼ 450 &C) is significantly lower than that of the
covalent bonded energized hydrogen (Td¼ 900 &C), or nitro-
gen atoms (Td¼ 1000 &C) on graphene due mainly to non-
covalent bonding nature of the Na–C bondings.21,28,29

Though some functionalized graphenes by external atoms
with high desorption temperatures often exhibit degraded
electrical properties such as reduced mobility of charge

carriers, the Naþ Ion-doped graphene reveals no such a deg-
radation for its Dirac fermions. We thus report an easy and
efficient way of functionalizing graphene to open and tune a
band gap by controlling the coverage of ions.

After depositing Naþ ions, one notices the broadened G
peak with both S1 and SiC subpeaks increased in intensity.
One also observes a small shift of DEb¼ 0.1 eV toward the
higher binding energy for the bulk SiC subpeak, which is
much smaller than the shifts found from the adsorption of
hydrogen (DEb¼ 0.7 eV),28 or lithium (DEb¼ 2.0 eV).30

Since no spectral change is seen in Si 2p core level peak by
Naþ ions (not shown), we interpret such a small shift of the
bulk SiC as evidence of no intercalation of Naþ ions below
graphene at room temperature or even upon annealing. But
upon annealing at 350 &C, Na–C subpeak quickly decreases
in intensity [see Figs. 2(e) and 2(f)] in sharp contrast with
increasing SiC before disappearing completely with anneal-
ing above 450 &C. [Figs. 2(g) and 2(h)]. These observations
suggest that Naþ ions must be strongly bonded to C atoms or
even be substituted C atoms of the graphene at some high
symmetry binding sites (hollow, top, or bridge) before being
desorbed completely from graphene upon annealing above
450 &C when the typical C 1s of SLG is restored.

Similar changes in Na 2p collected with photons of
energy of 130 eV are shown in Fig. 3, where the main peak
N1 (Eb¼ 30.9 eV) accompanies two small subpeaks N2

(Eb¼ 31.9 eV) and N3 (Eb¼ 29.8 eV) induced by Naþ ions
[Fig. 3(a)]. These three subpeaks N1, N2, and N3 indicate
three different bonding configurations for C atoms, which
result in different charge distributions among the C atoms of
graphene. One finds that the dominant N1 subpeak changes
rather sensitively with increasing Ta up to 350 &C, whereas
the minor subpeaks N2, N3 are far less affected [Figs.
3(b)–3(d)]. We now discuss the spectral changes in the core

FIG. 2. C 1s core level spectra col-
lected with synchrotron photons of
energy 510 eV from a clean SLG sam-
ple, before (a) and after (b) Naþ ions
deposition of 1 ML, where the Na-C
subpeak stems from carbons bonded
with Naþ ions. The spectral changes
with increasing Ta are shown in
(c)–(h). The subpeaks G, SiC, S1, and
S2 are from graphene, substrate silicon,
and buffer layer, respectively. A sche-
matic drawing for a Naþ ion-deposited
SLG formed on SiC(0001) is depicted
in (i). The Naþ ions become nearly in-
visible when annealed above desorp-
tion temperature Td¼ 450 &C in (j).
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Ti Ti

Take Home Messages:

 With the progressive deposition of small quantities of Ti, we observe an renormalization of 

the near-ED valence band, a decrease in the Fermi velocity.   

 These results might due to the strong bonding formation between Ti and C at the graphene 

hollow site.  

 First-principle studies shows consistent results with ARPES measurements.

Thanks for Your Attention


