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ABSTRACT: The local interaction between graphene and a
host substrate strongly determines the actual properties of
the graphene layer. Here we show that scanning tunneling
microscopy (STM) can selectively help to visualize either
the graphene layer or the substrate underneath, or even
both at the same time, providing a comprehensive picture of
this coupling with atomic precision and high energy
resolution. We demonstrate this for graphene on
Cu(111). Our spectroscopic data show that, in the vicinity
of the Fermi level, graphene 7 bands are well preserved
presenting a small n-doping induced by Cu(111) surface
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state electrons. Such results are corroborated by Angle-Resolved Photoemission Spectra (ARPES) and Density Functional
Theory with van der Waals (DFT + vdW) calculations. Graphene tunable transparency also allows the investigation of the
interaction between the substrate and foreign species (such as atomic H or C vacancies) on the graphene layer. Our
calculations explain graphene tunable transparency in terms of the rather different decay lengths of the graphene Dirac ©
states and the metal surface state, suggesting that it should apply to a good number of graphene/substrate systems.
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raphene is known to exhibit notable differences in its
G electronic properties on top of different substrates.

This is a consequence of the specific coupling between
the graphene layer and its underlying host. A collection of
exciting properties such as band structure gaps, n- and p-type
doping, magnetism, changes in Fermi velocity, or super-
conducting behavior have been found by choosing appropriate
substrates.'~'" Moreover, graphene—substrate interaction can
be further modified by the intercalation, incorporation, or

adsorption of additional material. They locally induce gaps in
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the band structure of graphene, magnetic moments, or
decouple electronically the graphene layer."' ™'

Gaining a detailed knowledge of the graphene—substrate
coupling would make possible not only to characterize any
novel property, but also to envision and design further ways of
incorporating additional capabilities. Hence, a great exper-
imental and theoretical effort is currently involved in
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measuring, understanding, and controlling such interactions.
From the experimental side, macroscopic techniques, such as
ARPES or X-ray Photoemission (XPS), can provide overall
information about both the characteristics of the graphene layer
and the underlying substrate,”®'”'**® but lack the local
resolution required to explore in detail the coupling of specific
graphene regions. Local experimental techniques, such as STM
or High-Resolution Transmission Electron Microscopy
(HRTEM), can, on the other hand, characterize with atomic
precision any modification on the graphene layer,'"**' > but
to date have provided very limited information about the
underlying substrate. Such information is key to understand in
depth the interactions on the local scale. It is noteworthy that a
few STM works have already indicated that under certain
conditions the graphene layer is not visible in tunneling
experiments, which directly probe the underlying sub-
strate.”” > From the theoretical side, calculations are rapidly
progressing to understand this coupling, but to reach the
insight required in the modelization, a complete experimental
data set is necessary to ensure the consistency of the theory. In
such weak graphene—substrate interaction systems, the used
functionals must be further optimized to accurately include van
der Waal forces.

In this work, we aim to demonstrate the potential of
graphene tunable transparency to probe local interactions by
thoroughly characterizing the graphene—Cu(111) coupling
using STM and Scanning Tunneling Spectroscopy (STS)
experiments. Our approach consists in selectively modifying the
STM tip apex and/or the tunnel parameters to locally visualize,
in the same energy range, either the graphene layer or the
copper surface underneath, or even both at the same time. Our
results, supported by ARPES and state of the art calculations
(Density Functional Theory with van der Waals, DFT + vdW),
yield a detailed picture of the existing electronic interactions
and offer a clear explanation for the transparency mechanism.
We have chosen graphene on Cu(111) as a model system to
understand graphene tunable transparency for three main
reasons: (i) It has a very weak graphene—metal interaction,
which allows us to obtain the electronic properties of the
graphene layer by visualizing the graphene quasiparticle
dispersion. (ii) The Cu(111) surface is a well-characterized
substrate, so any modifications on its surface states induced by
the interaction with the graphene layer can be easily
identifiable. (iii) Graphene on Cu is a very attractive system
for practical applications since it enables the growth of high
quality graphene films due to the low solubility of carbon in
Cu® and can be transferred onto arbitrary substrates by
chemical etching of the underlying metal.”***

In addition, we show that this graphene tunable transparency
can also be used to locally probe the interactions that
adsorbates generate on the system. Structural or chemical
modifications are frequently introduced to graphene layers to
selectively modify its propelrties,ll’u’14 but whether these
properties will remain in the presence of an underlying
substrate is a crucial but far from trivial question that needs
to be solved for each specific system. In fact, even if the
properties of graphene are weakly affected by a specific
substrate, local modifications of the pristine graphene layer can
noticeably modify its coupling to the substrate. This has been
shown for the weakly interacting graphene/Pt(111) and
graphene/Ir(111) systems, where the interaction with the
graphene layer strongly increases after the introduction of
single carbon vacancies in the graphene layer’® or by the
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adsorption of H or Ir atoms.'"””” According to theoretical
predictions, a strong local interaction between the graphene
and substrate develops where the vacancies or atomic
adsorbates are located. Of particular interest is the adsorption
of atomic hydrogen on graphene. It is known to induce excitin%
changes in the electronic properties of isolated graphene,”® ™"
and for the graphene/Ir(111) system, it was reported to give
rise to the opening of a band gap in graphene due to a strong
increase of the graphene—metal interaction at H sites."' Hence,
as a proof of principle, we investigate atomic hydrogen
adsorbed in our graphene/Cu(111) system and single C
vacancies deliberately introduced on the graphene layer to show
that graphene tunable transparency can reveal the local
interactions between adsorbates with both the graphene layer
and the substrate underneath.

RESULTS AND DISCUSSION

Due to its weak interaction, graphene usually grows on
Cu(111) in several orientational domains, which leads to the
formation of moiré patterns with different periodicity (see
Figure 1, Figure S1, and Methods section).*"*"** Such large,
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Figure 1. STM images showing the same graphene/Cu(111) sample
region measured with different tip apex terminations, which
enables us to selectively visualize in the same energy range,
graphene (a) or the Cu(111) substrate underneath (b). Image size,
34 X 34 nm’ sample bias, 50 meV; tunnelling current, 0.4 nA.

periodic domains can be easily located and characterized by
STM and STS. Our methodology is illustrated in Figure 1,
where we focus our attention into one such domain and image
it using two different tip apex terminations but with identical
scanning conditions. Because of graphene’s tunable trans-
parency to tunneling electrons, we can selectively visualize only
the graphene layer as in Figure la, or tunnel through such
overlayer revealing the modifications induced on the Cu(111)
surface by the coupling with graphene as in Figure 1b. Such
changes in the tip visualization mode are fully reversible and are
deliberately introduced by controlled indentations of the STM
tip onto the G/Cu(111) substrate (see Methods for details).
When tunneling into the graphene layer (Figure la), STM
images show the structural overlayer conformation, ie., the
honeycomb carbon lattice (see Figure S2) and the moiré
pattern. From this, we can infer the actual rotation between the
graphene and the Cu(111) surface (25° in Figure 1). In
addition, by measuring dI/dV maps as a function of energy, one
can also visualize the energy dependence of the quantum
interference patterns originated by the scattering of graphene
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Figure 2. Electronic structure of the Gr/Cu(111) system by LT STM. (a) 2DFT of the LDOS measured at E on a 45 X 45 nm” graphene/
Cu(111) region, when the tip is tuned to visualize both graphene and Cu underneath (real space in Figure S3). (b) Schematic Fermi surface
for electron-doped graphene, where arrows illustrate an elastic intervalley scattering process. (c) Zoom-in on the outer ring centered at K
point outlined in (a) by the green square. (d) Schematic Fermi surface of the Cu(111) surface state. (e) Zoom-in on the central region
outlined in (a) by the red square. The bottom left panel corresponds to the STM experimental electronic characterization of graphene on
Cu(111). The energy dispersion of graphene 7 bands (f) is obtained from the energy dependence of the radius of the ring like features
centered at K points of the Brillouin zone. (g) Comparison between the energy dispersion of the Shockley surface state of pristine Cu(111)
(blue data) and of Cu(111) below graphene (red data). (h) Schematic summary of the electronic charge transference extracted from our STM
measurements. Left panel corresponds to the band structures of isolated graphene and Cu(111). Right panel indicates the changes in the band
structures induced by the graphene/Cu(111) coupling.

quasiparticles. This provides with great accuracy the dispersion is of particular interest for the present study, a comprehensive
of the graphene 7 bands in the vicinity of the Fermi energy discussion about it can be found in the Supporting Information.
(Eg). Since the characterization of 2D electronic states by STM In the case of graphene, the low energy bands consist of cones
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Table 1. Parameters Obtained for STM, ARPES, and DFT + vdW for the Cu(111) Surface State on the Pristine Surface and

Graphene Covered”

STM (5 K) ARPES (180 K) DET + vdW
Cu(111) below Cu(111) below Cu(111) below graphene  Cu(111) below graphene
Cu(111) graphene Cu(111) graphene Cu(111) (34 A) (29 A)
E, (meV)  —430 + 10 —300 + 10 —400 + 10 —263 + 10 -390 ~260 0
m*/m, 0.39 £ 0.01 0.43 + 0.01 0.41 £ 0.01 0.43 + 0.01 0.38 041 0.48
ke (om™) 210 + 005 1.80 + 0.04 2.05 + 0.05 175 + 0.05 197 1.70 0

“Notice that the temperatures for STM and ARPES are different, which translates in a rigid shift of the parabola towards E as the temperature is

. 163,64
raised.”™

at K and K’ points of the Brillouin zone, named valleys,
presenting a linear and isotropic dispersion. Accordingly, near
Eg, graphene constant-energy contours correspond to rings of
radius k(E) centered at the K and K’ points of the Brillouin
zone, see Figure 2b. In monolayer graphene, due to the peculiar
symmetry of quasiparticle wave functions, named pseudospin,
two-dimensional Fourier Transform (2D-FT) of dI/dV maps
essentially probe intervalley scattering processes.*”*" As
depicted in Figure 2b, in those events graphene quasiparticles
scatter between neighboring valleys, giving rise to scattering
vectors q(E), which correspond to (1/3 X 4/3)R30°
interference patterns in the local density of states (LDOS).
Thus, our 2D-FT (Figure 2a,c) shows ring-like features of
radius 2k(E) centered at K and K’ points of the Brillouin zone.

By selecting the appropriate tunneling conditions, one can
simultaneously image both the graphene layer and the
underlying Cu(111) substrate. This is shown in Figure 2a
presenting the 2D-FT of the LDOS measured at Eg on a 45 X
45 nm* G/Cu(111) region. Scattering processes from graphene
quasiparticles give rise to the aforementioned K and K’ rings
(green square), whereas scattering processes from Cu(111)
surface quasiparticles generate the central, larger ring visible at
I" (red square). As shown in Figure 2ce, the radius of the rings
centered at K/K’ and I" points correspond to twice the Fermi
wave-vector of the graphene layer and the underlying Cu(111)
surface state, respectively. In the 2D-FT central zone, outlined
by the red square, six points show up due to the moiré pattern
originating from the existing rotation of 12° between the
graphene layer and the Cu(111) surface.

The dispersion of both the graphene Dirac-like band and the
Cu(111) surface state can be obtained from the 2D-FT in
energy dependent dI/dV maps, see Figure 2, panels f and g,
respectively. A linear dispersion characterized by kyg = 0.54
nm™" and vpg = 1.1 X 10 ®m/s is obtained for graphene in the
present case, see Figure 2f, Figure S5, and Table 2. Our STS
data show an upward shift of +0.13 eV on the onset of Cu(111)
(see also dI/dV spectra in Figure SSd). Aside from this energy
shift, the energy dispersion obtained from the 2D-FT of dI/dV
maps shows a nonrigid upward displacement of the Cu(111)
surface state band, with an effective mass increase from 0.39m,
to 0.43m, (Figure 2g and Table 1). In Figure SSf, we
superimpose the central region of the 2D-FT of dI/dV maps
measured at E; on covered and uncovered Cu(111) regions. A
smaller ring, corresponding to a smaller Fermi wave-vector in
graphene covered areas, indicates the electron depletion of the
Cu(111) surface state band. Earlier STM/STS experiments45’46
have reported similar modifications of the Cu(111) surface
state in the presence of weakly interacting overlayers, such as 1
ML Xe or insulating NaCl, whose very low DOS at Eg enables
the transparency of tunneling electrons.
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Figure 2h qualitatively sketches the outcome of our
measurements. A graphene Fermi wave-vector of kpg = 0.55
nm™' is found in revealing an electron doping of 1.0 X 107> e/
A? for the overlayer (the Dirac point is exactly at Eg, ie., kg =
0, for isolated graphene). This graphene doping is due to an
electronic transfer from the Cu(111) surface state, whose Fermi
wave-vector decreases from the value of kp = 2.10 nm™" of the
pristine Cu(111) surface, to kpc, = 1.80 nm™', found in the
presence of the graphene overlayer (see Figure S5f for a direct
comparison). As explained later, not all the charge leaving the
Cu(111) surface state is incorporated into the graphene layer. It
is noteworthy that the STM values have been obtained from
over SO graphene and Cu(111) regions exhibiting different
orientations where practically identical doping level values are
found (see details in Supporting Information and Figure S8).
Such constant experimental doping for the graphene—Cu(111)
interface suggests that graphene doping is dominated by the
nature of the underlying substrate with little influence of the
specific arrangement of the graphene layer.

To shed light on the graphene—metal interaction, first-
principles calculations based on recent improvements on
density functional theory (DFT) that include dispersion
interactions’”** have been extensively used.”’ Although they
have disclosed some of the fundamental properties of these
systems, some theoretical approaches have not been con-
clusively validated. Main concerns lay on the vdW interactions.
Approaches for dispersive interactions have been well tested for
molecule—molecule interactions or the absorption of small
molecules on surfaces where more exact methods can be
used.””*® However, on extended systems, their size prevents
the use of these accurate methodologies, so the validation of the
theoretical results has to come exclusively from the comparison
with experimental data. Graphene on metals is a prototypical
example of extended system ruled by vdW-interactions. There
are already multiple references where DFT + vdW simulations
in G—metal systems have been compared with the data
measured with different structural and spectroscopic exper-
imental techniques.”” The experimental findings presented
above, exploiting the tunable transparency, offer the quantita-
tive information needed to further refine that comparison on
several key parameters that characterize the G—metal coupling
such as the G layer—metal distance, the graphene corrugation
and the charge transfer within a single experimental technique.
For example, in the absence of a precise determination of the
G—Cu distance using XRD methods, the strong distance
dependence of the changes induced in both the G and the Cu
surface state has allowed us to determine the G—metal
separation, a parameter controlled by the attractive vdW
interactions. Thus, our approach, which can be extended to
other G—metal systems, offers the possibility to test and
eventually tune the theoretical approaches and, in this way,
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achieve a comprehensive accurate description of the metal—
graphene interaction.

We have used this experimental information to test the
description of the G/Cu(111) interaction provided by first-
principle simulations that combine DFT with different
theoretical approaches to describe vdW interactions. These
methodologies include the use of the PBE’' exchange-
correlation (XC) functional supplemented by semiempirical
approaches like the popular Grimme D2°* (PBE-D2) and
Grimme D3 (PBE-D3),” and recently proposed functionals
that include the vdW interactions in the XC kernel (DFT-DF),
like the optB86b-vdW functional proposed by Klimes et al. (see
Supporting Information).>* For all these calculations, we have
used the VASP code with a 400 eV cutoff for the plane wave
basis set and PAW pseudopotentials (see the Methods section
for details).”® The experiments show that the Cu surface state
plays an important role on this system. An accurate description
of this state with DFT simulations requires a slab with more
than ~15 Cu layers in order to decouple the surface states of
both slab faces. Using a Cu slab consisting on a 1 X 1 surface
cell and 15 layers, we obtain the onset of the surface state at
about —0.39 eV with respect to the Fermi level and an effective
mass m*/m, of ~0.38, in good agreement with our STM
experiments and previous calculations. The addition of the
graphene layer to the 1 X 1 Cu(111) slab (see Methods and
Supporting Information for further details) results on a charge
transfer between the graphene and the metal that shifts the
Dirac point toward lower energies.”” The graphene—metal
attraction is essentially provided by the vdW interaction: a
calculation without the dispersion forces results on much larger
graphene—Cu distance and a very small binding energy. As
discussed below, we have also considered calculations with the
observed /57 X /57 moiré periodicity (Figure $10) on a 4-
layer Cu slab, which show that the changes induced by the
presence of the graphene layer are in agreement with those
obtained in the (1 X 1) 1S-layer Cu slab.

Our PBE-D2 calculations yield a graphene—surface average
distance of ~2.9 A, which translates into an unrealistic
downward shift of the Dirac point of ~0.65 eV and an upward
shift of the onset of the Cu surface state of ~0.4 eV with an
effective mass of m*/m, of ~0.48 (see Figure 3c,d and Tables 1
and 2). The comparison of these numbers with the local STM
experimental information indicates that the charge transfer
yielded by the simulation is much larger than the real one, ie.,
the PBE-D2 method is overestimating the graphene—metal
interaction. In the calculations, this interaction can be easily
tuned modifying the graphene—metal surface distance. In this
way, we have obtained a clear correlation between the shifts of
the Dirac point and the onset of the Cu surface state with
respect to the graphene—Cu distance, see (Figure 3d). At an
average distance of 3.4 A, with an energy increase of just 45
meV per surface unit cell (with respect to 2.9 A), the shift of
the onset of the Cu surface state is +0.13 eV with an effective
mass of m*/m, ~ 0.41 and the Dirac point is placed at —0.35
eV with kpg ~ 0.6 nm™', all in excellent agreement with the
experiments, see Figure 3 and Table 2 (notice that for the
separation of 2.9 A we get an unrealistic value of kpg = 1.3
nm_l).

Our calculations show that while the total binding energy,
essentially controlled by the vdW forces, is quite flat, the
resulting graphene—metal coupling, reflecting the overlap of the
wave functions and described by DFT, strongly depends on the
graphene—metal distance. From the comparison between
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Figure 3. DFT + vdW calculations of the G/Cu(111) system. (a)
Ball-and-stick model of the (1 X 1) surface cell of graphene on
Cu(111). (b) Band structure of graphene on Cu(111) for the (1 X
1) surface cell with optimal empirical graphene—Cu distance of 3.4
A (green dashed lines) and the isolated Cu slab bands (black lines).
(c) Zooms of the G/Cu (green dashed lines) and Cu (black lines)
bands in the vicinity of E; around I" and K high symmetry points,
which include the experimental results (dots). For comparison, the
bands for a 2.9 A graphene—Cu separation (orange dot lines) are
included. (d) The graphene Dirac point (black line) and the Cu
surface state (red line) positions as a function of the G—Cu
distance. The equilibrium distances obtained with DFT-D2
(orange), DFT-D3 (purple), DFT-DF(opt86b) (blue) and the
optimal empirical G—Cu (green) separations are marked.

theory and experiments, we can conclude that the graphene—
metal coupling is correctly described by PBE at the 3.4 A G—
Cu distance. We have cross-checked our calculations using a
larger \/ 57 X \/ 57 moiré pattern with respect to the graphene
(Figure S10). Our calculations show that the link between
graphene—metal distances and energy shifts are essentially the
same for the more realistic \/ 57 X 4/57 moiré pattern and the
1 X 1 surface cell, and, thus, validate our previous discussion on
the properties of both graphene and the Cu surface state and
their interaction. The discrepancies with the experiments can be
indeed attributed to details in the description of the vdW
interactions: Our calculations show that more accurate
approaches like PBE-D3*’ and the DFT-DF optB86b-vdW
functional’® yield G—Cu distances of ~32 and ~3.3 A,
respectively (see Figure 3d and Supporting Information for
details).

This accurate description allows us to provide more trustful
quantitative information on the graphene—Cu coupling. Aside
from doping, we find that the graphene bands close to Eg
practically do not interact with Cu bands keeping unmodified
the graphene electronic properties (see Figure 3b). This doping
is due to both work function differences of Cu and free-
standing graphene (~0.2 eV) and the interaction between
them®” (see Figure S9). Our experiments show that the
graphene is increasing its electronic charge by 1.0 X 107 e/A?,
while the Cu surface state is transferring 1.9 X 1073 ¢/A% This
suggests the presence of a charge dipole pointing from the G to
the Cu. However, the decrease in the work function of the G/
Cu, 4.3 eV in our calculations (4.2 eV measured with ARPES),
with respect to the Cu(111) surface, ~4.8 eV (4.9 eV measured
with ARPES) requires a dipole in the opposite direction.”” This
dipole can be clearly observed in Figure S9, where the
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Table 2. Parameters Obtained for STM, ARPES, and DFT + vdW for the Graphene 7 Bands of the Graphene Layer on the
Vicinity of the K and K’ Points”

graphene on Cu(111)

STM (5 K) ARPES (180 K) DFT + vdW (3.4 A) DFT + vdW (2.9 A)
Ep (meV) —400 + 20% —380 + 10 -350 —650
vg (m/s) (1.1 +0.1) x 10° 1.0 x 10° 0.89 X 10%%%* 0.76 X 10%%%*
ke (nm™") 0.55 + 0.03 0.60 + 0.06 0.6 1.3

“*E|, value from STM data is estimated from the linear fit of STS data near Eg; see green dotted line in Figure 2f. **Graphene strain and e—e
interactions could slightly affect calculated vg values.
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Figure 4. STM simulations and explanation for the tunable transparency of the graphene overlayer. (a) Projected charge density on the energy
range from —0.5 eV to Ey integrated in the xy plane as a function of perpendicular position for graphene on Cu (green line), for a Cu(111)
slab (red line) and for an isolated graphene (black line). Note that all curves share the same relative positions, and graphene is its distance
origin. We observe that the Cu surface state decay length is larger than graphene, so for graphene on Cu, the charge at larger distances is
dominated by Cu. (b) Stick-and-ball model of the atomic configuration of a graphene layer on a Cu surface tailored with an oxygen row
substituting Cu surface atoms in order to create a spatial modulation of the Cu surface state (see Methods). (c) Simulated constant current
STM profiles along the green line marked on (b) at different tip sample separations and at a —0.1 V bias (the STM height is defined respect to
the z coordinate of the carbon atom, at distance = 0 A). The bottom panels correspond to experimental data that agrees exceptionally well to
the simulations: (d and e) show experimental constant current STM images at two different current set points (I = 0.5 nA and I = 0.01 nA,
respectively); (f) compares the same line profile (outlined by the green and red line in (d) and (e)) at different constant current set points.
Notice that both experimental and simulated STM profiles show the Cu surface state modulation at larger tip—sample distances, while the
graphene atomic contrast is disclosed for closer tip—graphene separation.

calculated plane-averaged differential electron density is electronic orbitals involved in the process. The Cu surface state
represented. extends through and beyond the G and its loss of charge in that
Our results concerning the nature (n-doping) and distance area is larger than the charge gained by the pure G states, that
dependence of the charge transfer to graphene from Cu are are significantly more localized. The 0.9 X 107> e/A* of the
consistent with earlier calculations by Giovanetti et al. using the charge left by the Cu surface state, which is not incorporated
local density approximation (LDA) to the exchange correlation into the graphene layer, is located on the G—Cu coupling area
functional® and later work from some of those authors®” using to complete the dipole. The large extension of the Cu surface
the PW91 GGA functional. Our calculations also reproduce the state (illustrated in Figure 4a) is not only important to explain
prediction of ref 5 of an interface dipole that tends to reduce the puzzle between n-doping and the interface dipole, but
the work function of the G/Cu system with respect to that of provides the crucial hint to understand the tunable trans-
the clean metal. However, the orientation of this dipole (see parency of G, as discussed in the following. The previous
Figure S in ref 57), with the positive charge close to the G sheet analysis has been possible due to the experimental ability to
seems to be inconsistent with the G being n-doped (extracting sense both the graphene and the substrate underneath. It is of
electrons from the metal). Our detailed measurements of the paramount importance to understand the mechanism behind
Fermi wave vectors of G and the Cu confirm that this is indeed this graphene tunable transparency. The answer lies in the
the case and identify one important contribution to the G difference in the decay lengths between the metal surface state
doping, with electrons being transferred from the surface state and the graphene z-states, much larger in the first case. To
to G. The way out of this puzzle is to abandon the naive view of demonstrate this, we present in Figure 4a the calculated plane-
charge being transferred and localized at the positions of the averaged electron density projected on the energy range —0.5
atoms and focus instead on the spatial extension of the eV to Eg (see Figure S11 for calculations of a broader energy
5136 DOI: 10.1021/acsnano.6b00322
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range) for an isolated Cu slab (red line), a free-standing
graphene layer (black line), and both together with the optimal
separation of 3.4 A (green line). The decay of the Cu surface
state is slow compared to the graphene, which shows a more
localized charge in space. For distances larger than ~4 A from
the graphene, the charge density coming from the Cu is
prevailing over that of the graphene even though the metal
surface is 3.4 A deeper. The 7-G states are more localized than
the Cu surface state by both the in-plane wave vector of the
electronic states and the out-of-plane extension of the atomic
orbitals. Following a simple model, the main dependence of the
STM current with the distance for a given state can be
approximated by I ~ exp(—2(k% + kZ”)l/Zd),s8 where k. is the
inverse of the decay length of the wave functions and kj is the
in-plane wave vector of the states. The k. associated with the
carbon 7 orbitals is larger than the one associated with the very
spatially extended Cu surface states. Moreover, the k
associated with the Cu surface state is small as the band is
centered around I', while for the relevant G states, centered
around K it should be of the order of the size of the Brillouin
Zone kj ~ 1.3 A~ Therefore, the contribution to tunneling of
the G states with respect to the Cu surface state band is quickly
reduced upon increasing the tip—sample separation. In the case
of the graphene/Cu system (green line of Figure 4a), the
charge density distribution is modified by the charge transfer
and the change in electrostatic potential. This induces an
extension of the Cu density which dominates even 3—4 A
above the graphene. Note that the decay length for the G/Cu
system and the clean Cu slab are equal, but with an effective
displacement of ~2 A induced by the graphene layer. Such
wave function spill-out restricts the conditions for atomic
resolution in graphene to tip—sample distances less than 3—4 A
where the tip apex is really close to the G overlayer, while local
variations on the Cu surface can be observed at larger tip—
surface distances. The large tip—sample forces developed under
these operation conditions prevent stable scans with reactive
tips apexes, like those of purely metallic tips. Only weakly
interacting tips, with apexes passivated with electronegative
atoms, can provide atomic resolution on G on Cu.

To substantiate these simple arguments and to identify the
nature of the tips that allow the imaging of both G and the Cu
surface state, we have combined our first-principles simulations
with Non Equilibrium Green Function calculations™ to
determine the electronic current between the STM tip and
the G/Cu(111). A simulation of the Cu surface standing waves
observed on the STM experiments, created by the scattering of
a low density of point defects and extending for several
nanometers, would require extremely large cells. To capture
this effect with a reasonable use of computational resources, we
have introduced an artificial electronic modulation on the Cu
surface with a line defect: we replace an entire row of Cu
surface atoms on the [110] direction by oxygen atoms, and
repeat this process with a periodicity of ~2 nm, large enough to
accommodate the lateral decay of the real standing waves. This
can be simulated with a 9 X 1 surface cell and a slab that
includes the 15 Cu layers required to properly describe the Cu
surface state. We also include the G layer at the distance of 3.4
A following a 1 X 1 moiré pattern (see Figure 4b and Methods
for details).

In the experiments, we have found two different kinds of tips.
After preparation by soft contact with the G/Cu(111)
substrate, see Methods for details, most of the tips easily
image the Cu standing waves, but only few are able to provide
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atomic resolution on G. While working with these last tips, we
discovered that a reduction on the set point (an increase of the
tip—surface distance) resulted on a change of contrast from the
graphene to the Cu.

To understand this behavior, we have theoretically analyzed
the STM contrast obtained with two different models for tip
apexes: A pure Cu (111)-oriented tip with 10 atoms (Cul0
tip), and a O-contaminated tip, where we replace the Cu atom
at the apex by an O atom (CuO tip). Both structures are stable
and we have used them in previous studies of STM/AFM
imaging on CuO, surfaces.”’ In the context of the G/Cu
system, the O atom mimics the possible contamination of the
tip with electronegative impurities with similar chemical
properties, like S, that are known to be abundant in Cu®"®'
and thought to be a local source of scattering that contributes
to the observed standing wave pattern. Note that metal tips are
very reactive and thus prone to contamination.

Figure 4c shows simulated constant current STM line
profiles, along the green line indicated on Figure 4b and
including multiple scattering effects,®” for four tip—surface
distances, calculated using the CuO tip. At d = 4 A (black line),
only the modulation induced by the defects on the Cu surface is
observed. Upon tip approach, atomic corrugation in the G is
obtained, while the electronic modulation of the Cu surface
gets reduced, becoming negligible at d = 2 A. This is precisely
the observed experimental behavior displayed in Figure 4d—f,
acquired with the same nonreactive tip, on the very same
sample region, and at different constant current set points (2.0,
0.5, and 0.01 nA). For higher currents, corresponding to
smaller tip—sample distances, the STM essentially visualizes the
graphene honeycomb, whereas for lower currents, ie., larger
tip—sample distances, standing waves from the Cu(111) surface
state become dominant.

Figure S12 compares constant height profiles calculated with
the purely metallic CulO tip and the contaminated CuO tip. At
large distances (d > 4 A), both tips are sensing the charge
modulations originated in the Cu surface states by defects on its
surface, confirming the key role of the different decay lengths of
Cu surface states and G 7 states in the imaging of the Cu
substrate, that almost any tip is able to capture. At closer
distances (d = 3 A), the contrast of the Cu tip is still dominated
by the metal states, while there are already clear features that
reveal atomic contrast in G. We have seen a similar effect in
oxide surfaces, where both Cu and O atoms are present in the
outmost layer, and only CuO tips are able to image the rather
localized states on the O atoms.

For close enough distances, the Cu tip, as representative of
any metal tip, would also show atomic contrast on G, but we
can discard it as a suitable candidate to explain the experiments
for two reasons: (i) the interaction of the Cu tip with the
substrate is very strong, particularly at the rather small surface
distances required to get atomic resolution on G ruling, making
stable operation very challenging; (ii) in that short distance
range, due to multiple scattering effects,”* those metal tips
would provide an inverted contrast image with hexagonal (not
honeycomb) symmetry, where the maxima of the current are
on the hollow sites not on the atoms.

In essence, the excellent agreement between experiments and
simulations validates our explanation for the transparency of
the STM on graphene on metal in terms of the extension of the
metal surface state versus the spatial localization of the graphene
charge density in the normal direction, and allows us to identify
a metal tip contaminated with electronegative species as
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Figure S. Experimental electronic structure of graphene on Cu(111) as obtained from ARPES. The raw data is represented in grayscale, where
darker tones represent higher intensity. It clearly shows the graphene 7 band around the K point (panels a and b) as well as the modified
Cu(111) Shockley state in the proximity of the I' point (panels d and e). Panel c presents a section of the Fermi surface where the blue line
shows the edge of the Brillouin zone and relevant high-symmetry points. The feature away from the high-symmetry points (close to 11 nm™")
corresponds to the Fermi energy crossing of the Cu sp-bulk band. The graphene 7 band is scaled in reference to the Dirac point position
(found at Ey = 0.38 eV and k; = 16.8 nm™"). The Shockley state is symmetric around I" with a rigid shift of ~140 meV when compared to
pristine Cu(111) (panels d and e). The ARPES data was acquired at 180 K using a monochromatized UV lamp (hv = 21.2 eV).

representative of the experimental tips that are able to image
both the Cu substrate and the G honeycomb lattice.

Our calculations show that to access the electronic properties
of graphene by STM we need a weakly reactive tip enabling
operation at small tip—sample distances. It is important then to
rule out any spurious influence of the STM tip in our data. To
this end, we have performed additional ARPES experiments.
Fermi surfaces and band dispersions close to the center (I') and
edge (K) of the Brillouin Zones are readily probed, as shown in
Figure 5. ARPES is highly complementary to STM since it
measures in the reciprocal space and therefore has direct access
to the electronic structure of the system (no 2D-FT required).
The important differences with STM are that only the DOS of
the sample are probed (no tip involved) and ARPES averages
over the whole illuminated region (nonlocal technique). The
main drawback is that ARPES demands an excellent surface
preparation, in order to achieve homogeneous, single domains
extending over large sample areas. This is indeed the case of our
samples: the data in Figure S indicate the presence of a
dominant graphene domain orientation over the area sampled
by the light spot size of 0.25 mm”.

The Fermi surface portion displayed in Figure Sc shows both
the graphene # bands surrounding the K point and the
modified Cu(111) Shockley state around the I' point. Zoom-
out views at both symmetry points are shown in Figure §,
panels b and e, whereas the respective band dispersions are
shown in Figure S, panels a and d. The excellent agreement
with the STM and DFT + vdW results shown in Tables 1 and 2
excludes any tip-influence in our measurements confirming
graphene tunable transparency as an ideal tool to probe
graphene—substrate interactions.

One of the mayor strengths of this method stems from its
ability to locally probe such interactions. In this way, graphene
tunable transparency can be further exploited as an
extraordinary tool capable of tracking additional local
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interactions introduced in the system. As a case example, one
could consider the adsorption of dilute atomic hydrogen on G/
Cu(111) and the introduction of C vacancies in the graphene
layer.

It has been reported that atomic H on isolated graphene
layers induces exciting changes in the electronic properties,
such as the opening of band gaps™® or the generation of local
magnetic moments.”**”* For the weakly interacting G/
Ir(111) system, it was reported that it gave rise to the opening
of a band gap in graphene due to a strong increase of the
graphene—metal interaction mediated by the local rehybridiza-
tion of C atoms from sp* to sp® bonding, with H binding on top
of a C atom as in the isolated graphene layer and the
surrounding C atoms binding to an Ir atom below.'" Such sp?
hybridization is possible only in hep or fec regions, where every
other C atom is placed above a surface Ir atom. In the case of
G/Cu(111), we have carried out such study by depositing the
atomic hydrogen at room temperature (RT) (using a hot
hydrogen (~1900 K) atom beam source) and then cooling the
sample to S K to acquire the STM data (see Methods for
details). The amount of H atoms adsorbed is intentionally
diluted, 0.005 ML, to ensure a large average separation between
neighbors.

Figure 6a shows a large STM image, revealing both the
graphene layer and the underlying Cu(111) surface after the
atomic hydrogen exposure. Hydrogen atoms on the graphene
layer appear as bright triangular-shaped features pointing to
opposite directions depending upon its graphene sublattice
adsorption site. Using the graphene transparency to tunneling
electrons, we can check the local coupling of the H impurities
with the metallic interface following the Cu(111) surface
quasiparticles scattering. We observe in Figure 6a the presence
of standing wave patterns generated by the existence of
intercalated impurities on the Cu(111) surface. Such impurities,
appearing as dark round features, always occupy minima of the
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Figure 6. Use of the tunable transparency as a tool to follow the interaction between atomic hydrogen adsorbed onto G/Cu(111). (a) Large-
scale STM images showing the general morphology of the G/Cu(111) surface after H deposition. Triangular bright features correspond to
single H atoms on the graphene layer. Small dark rounded features are Cu(111) surface impurities. Standing waves from the Cu(111) surface
are also observed (Vj;,, = 0.010 V, I, = 0.2 nA). (b) High resolution STM image showing a 10 X 10 nm” sample region with 3 H atoms. (c—e)
STM images of the same sample region as in (b) showing that the removal of H atoms does not affect the Cu(111) standing waves patters
(Vhias = —=0.01 V, I, = 0.5 nA). (f and g) Zoom-in of the central region of images (d and e), respectively, to show the effect of removing a H
atom on graphene R3 patterns, see line profiles in (h); and standing waves, see line profiles in (i). (j) Side view of the DFT calculation for the
adsorption of a H atom in a \/ 57 X \/ 57 moiré. (k) The 5 K STS measurements of the LDOS on a H atom (red curve) and on pristine G/
Cu(111) (black curve).

LDOS modulation and act as scattering centers for the patterns, quasiparticles. The sequence of STM images obtained
Cu(111) surface state. In contrast, the H triangular bright after each H atom removal clearly show that while graphene R3
features can be independently found both over bright and dark patterns surrounding H atoms vanish, the Cu(111) standing
regions of the Cu(111) standing wave patterns, suggesting a waves patterns are not affected at all by any H atom removal
lack of interaction with the Cu(111) surface quasiparticles. But (see also Figure 6f—i). This confirms that H atoms adsorbed on
this is not the case when considering the interaction with the the graphene layer do not induce any local interaction between
graphene overlayer: The high resolution STM image of Figure the C atoms of the graphene layer and the underlying Cu(111)
6b—e shows that H atoms act as scattering centers for graphene substrate. Our DFT + D2 calculations support the negligible
quasiparticles. Thanks to the STM sensitivity to both the modification on the G—Cu interaction upon H adsorption. The
overlayer and Cu surface state, R3 patterns originated from the simulation of the adsorption of a H atom in a /57 X /57
intervalley scattering of graphene quasiparticles are observed, moiré (respect to the G) shows that the atomic configuration of
independent of the standing waves underneath. the G (see Figure 6j) is very similar to the one obtained on
The absence of a strong H interaction can be unambiguously free-standing 1ayers;38’3’9’68 moreover, no significant variations
demonstrated experimentally based on the atomic manipulation either on the average G—Cu distance or the position of Cu

capabilities of the STM.°®®” We can selectively remove H atoms are found.
atoms from the graphene surface by gently approaching the Our results imply that the G/Cu(111) system essentially
STM tip. Figure 6b—e shows how we can subsequently remove behaves as an electron-doped graphene layer for atomic
3 H atoms in a controlled way. After each single H atom hydrogen adsorbates. This can be directly probed by STS
removal, the same sample region is imaged back to check for experiments. According to theoretical predictions,®®**%"
any difference arising in the scattering patterns originated by adsorbing a single H atom on a graphene layer generates a
both graphene, R3 patterns, and Cu(111), standing waves localized electronic state around the H atom at an energy Ep.
5139 DOI: 10.1021/acsnano.6b00322
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On isolated graphene, where Ep = Eg, electron—electron
interactions spin-split this state giving rise to a local magnetic
moment on the graphene layer. Such magnetic moment is
characterized by the presence of two peaks in the LDOS,
ascribed to each spin state, and located at both sides of E with
an energy separation of a few millielectronvolts.”® On doped
enough graphene layers, the energy shift of Ep prevents the
spin-polarization of the state, which is predicted to show up in
the LDOS as a single peak at the actual Ej, energy position.®®
Figure 6k shows STS spectra measured on top of H atoms (red
line) and on the Gr/Cu (black line). Above H atoms, the
emergence of a single broad peak in the LDOS located around
Ep (—0.36 eV) is observed, excluding thus the formation of a H
induced magnetic moment, as expected for H adsorption on an
electron-doped graphene layer; interestingly, the measure of the
LDOS peak energy position after the adsorption of H atoms
could be used to determine Ej, in some graphene systems. Such
single broad electronic resonance around —0.36 eV was
observed for all single H atoms independently of their position
inside the moiré, which points to a small influence of the moiré
superstructure on their properties. The only influence detected
was the variation of the resonance height for H atoms on
different moiré positions. Our STS data show that for H atoms
the only role played by the Cu substrate is to electron-dope the
graphene layer, in agreement with the lack of direct coupling
observed between the H adsorbates and the metal interface.

Another interesting route to modify graphene properties is
the introduction of single C vacancies in graphene layers.
Consequently, such C vacancies have been thoroughly
investigated both theoretically®® and by STM.'**® When
generated in HOPG surfaces,'* they essentially retain the
main prog)erties expected for C vacancies in free-standing
graphene.”® However, it has been shown that the situation is
very different for the weakly interacting G/Pt(111) system,
where the interaction with the graphene layer strongly increases
after the introduction of single carbon vacancies.”® According to
DFT calculations, a strong local interaction between the
graphene and substrate develops where the vacancies are
located.*® Thus, C vacancies appears as an optimal system to
test the potential of the graphene tunable transparency.

We have deliberately introduced C vacancies into the
graphene layer by irradiating the surface with 140 eV Ar"
ions, which are known to mainly generate singe C vacancies in
graphite surfaces and in G/Pt(111)."**® Our STM measure-
ments after the irradiation procedure reveal the appearance of
almost identical bright features on the previously pristine
graphene layer, in a number almost equal to the number of Ar*
ions impacting the surface, see Figure S7. Because of the
graphene tunable transparency, we can probe the impact of the
C vacancies both in the graphene layers and in the Cu(111)
surface underneath. This is demonstrated in Figure 7a,b, which
show exactly the same G/Cu(l11) region, with two C
vacancies, for high (I = 0.5 nA) and low (I = 0.1 nA)
tunneling currents to probe the graphene layer and Cu(111)
surface, respectively. When probing the graphene layer, C
vacancies appear in STM images as bright protrusions
surrounded by R3 patterns, see Figure 7a. When probing the
underlying Cu(111) substrate as in Figure 7b, in the position of
C vacancies small round features surrounded by Cu(111)
standing waves appear (see Figure S7 for a larger overview),
which implies that C vacancies located in the graphene layer act
as scattering centers for the Cu(111) surface state quasipar-
ticles. This indicates that, contrary to the case of H atoms, C
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Figure 7. Use of the tunable transparency to follow the interaction
between graphene C vacancies and the Cu(111) substrate
underneath. (a) STM image showing a G/Cu(111) sample region
with two single C vacancies deliberately introduced on the
graphene layer by Ar irradiation (Vi = 0.010 V; I = 0.5 nA).
(b) Same sample region measured at a lower current (I = 0.1 nA) to
probe the underlying Cu(111) surface. C vacancies in graphene act
as scattering centers for the Cu(111) surface quasiparticles
generating standing waves below them. (¢ and d) Top (c) and
side (d) view of the ball-and-stick model of the atomic structure
calculated with DFT of a G monovacancy in the \/ §7 X 4/57 moiré
pattern. The characteristic 2 + 1 reconstruction of the C vacancy in
graphene is obtained, with two C atoms forming a soft bond and
the remaining C atom strongly interacting with the Cu surface.

vacancies do strongly interact with the metal substrate
underneath.

We have also carried out a DFT simulation of a
monovacancy in the G on Cu on the \/ 57 X /57 moiré
pattern (see Methods for details). The vacancy reconstructs
with the same Jahn—Teller distortion that has been identified in
free-standing graphene,” with two of the three C atoms
forming a soft bond. The reactive dangling bond of the third C
atom strongly interacts with the underneath metal. The bonds
between the carbon atom and the Cu surface atoms induce a
significant out-of-plane distortion of the G layer in the
neighborhood of the vacancy (more than 1 A). The final
structure is very similar to the one found for single-atom
vacancies in G on Pt.*° Adsorbates are well recognized as
scattering centers for the Cu surface state. As confirmed by our
STM measurements, due to the strong interaction with the
substrate, this carbon atom acts effectively as an adsorbate for
the Cu surface inducing the observed standing wave pattern.

The case of single C vacancies in graphene layers appears as
an optimal system to test the potential of the graphene tunable
transparency. When generated in HOPG surfaces,'* they
essentially retain the main properties expected for C vacancies
in free-standing graphene.38 However, it has been shown that
for the weakly interacting G/Pt(111) system, the interaction
with the graphene layer strongly increases after the introduction
of single carbon vacancies in the graphene layer.*® According to
theoretical calculations, a strong local interaction between the
graphene and substrate develops where the atomic C vacancies
are located.

CONCLUSIONS

We show that the selective modification of the tunneling
parameters in STM experiments opens the possibility to
simultaneously characterize by STM/STS a graphene layer and
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the substrate underneath. By performing low temperature STS/
STM experiments on a graphene monolayer grown on a
Cu(111) surface, we show that this graphene tunable
transparency enables the accurate measure of the local
electronic properties of both graphene and Cu(111) surface
at the same sample region and within the same energy range.
This offers a complete picture of the mutual interactions among
the different system parts. The exceptional agreement between
the STM results and our ARPES data excludes tip artifacts and
strengthens the confidence in the obtained results. More so
since our experimental findings are complemented by DFT—
vdW calculations, which offer a realistic explanation to the
graphene tunable transparency in terms of the different wave
functions that spill out of the graphene and Cu(111) surface
state. The large experimental data set is key to the accurate
theoretical description of weakly interacting graphene/substrate
systems.

There are a number of recent references where graphene on
noble metals has been studied with either STM-based or
photoemission techniques, including G/Ag (using STS),” G
nanoflakes on Au (with STM/STS and FT-STS),”” and a
previous work on G/Cu (ARPES).”””" They do exploit the
interplay between the G and the metal surface state confirming
that our method has a general applicability not limited to the
particular case of G/Cu. Moreover, the transparency of
graphene in tunneling experiments is not restricted to metals
since, for example, it has also been noticed for epitaxial
graphene grown on SiC substrates where the interface with SiC
was imaged.”’ ™’

In summary, the combination of two complementary
techniques like STS and ARPES, the systematic study of the
changes in both the G and metal surface states, and the insight
provided by our theoretical simulations, which help to clarify
the origin of the tunable transparency, conclusively prove the
general applicability of our method.

The versatility of our approach is further exploited by
extending the method to modified graphene layers. In
particular, we prove that the diluted adsorption of atomic H
on top of the graphene layer on Cu(111) does not increase the
local coupling between the C atoms surrounding the H
adsorbates and the metal underneath. We also exclude any
magnetism associated with the H adsorption, reported in the
case of free-standing graphene. In contrast, C vacancies
introduced in the graphene layer do strongly interact with the
metal substrate underneath.

Unravelling the mechanism behind the tunable transparency
has the prospect of becoming a powerful tool to study weakly
interactive systems. The possibility of characterizing independ-
ently each system part is key to achieve a detailed under-
standing of the local interactions, in particular in the vicinity of
intercalated or adsorbed particles.

METHODS

STM: Sample Preparation. To grow monolayer graphene on
Cu(111), we have used a technique developed by some of us’'
consisting of the thermal decomposition of low energy ethylene ions
irradiated on a hot copper surface, which allows the growth of very
large graphene domains free of defects. This technique consists of
three steps: (1) preparation of clean Cu(111) surface by the standard
method of Ar* bombardment and annealing cycles; (2) ethylene
irradiation, with an accelerated ion energy of 0.5 keV, keeping the
Cu(111) substrate at around 800 °C; and (3) further annealing of the
sample for 10 min at around 900°. We deposited atomic hydrogen by
the thermal dissociation of H, on a homemade hot hydrogen atom
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beam source. A molecular H, beam is passed through a hot W filament
held at 1900 K. The pristine graphite surface is placed 10 cm away
from the filament and held at RT during atomic H deposition. H,
pressure is regulated by a leak valve and fixed to 3 X 1077 Torr as
measured in the preparation chamber for the present experiments. A
low final coverage, of 0.2 H atoms/nm? (or equivalently, 0.005 ML; 1
ML = 38 atoms/nm? = 3.8 X 10'° atoms/cm? referred to carbon
atoms in graphene layers), is to ensure an average first neighbors H—H
distance >1 nm. Control experiments where the sample was exposed
to the same 3 X 1077 Torr H, pressure and deposition times keeping
the W filament cold and experiments with the W filament at the same
1900 K temperature without molecular H, did not show any trace of H
(no triangular bright features could be observed) or any other atomic
adsorbate on the surface. C vacancies where introduced in the
graphene layer by irradiating the surface with 140 eV Ar" ions,
following exactly the same procedure as to generate single C vacancies
in graphite surfaces and in G/ Pt(111)."4%¢ A key point of the present
work is the atomistic control of the samples, which was obtained by
performing all the preparation procedures and measurements under
UHV conditions (during the whole process—preparation of graphene/
Cu(111) sample — imaging pristine G/Cu(111) sample — depositing
H atoms (or introducing C vacancies) on it — and imaging it again,
the sample was always maintained in the same UHV system).

STM: STS Measurements. A homemade LT-STM operating at 5
K in UHV"* and using the WSxM program’> was used to characterize
the samples. Our atomically resolved STM images reveal the growth of
high quality graphene films presenting different orientations with
respect to the Cu(111) surface, as reflected by the presence of moiré
patterns with different periodicities (Figure S1). Besides the
topographic characterization, when operated in its spectroscopic
mode, STM/STS also provides information on the local electronic
properties of the surface with atomic resolution and high energy
accuracy (2 meV in the present case). The differential conductance
(dI/dV) maps measured by STM at energies near Ep are closely
related to the LDOS(E) of the sample under the tip apex position.
Thus, dI/dV conductance images essentially show maps corresponding
to spatial variations of the sample LDOS. By measuring dI/dV maps at
different energies, one can obtain the energy dispersion E(k) for a
specific region of the sample, see Supporting Information for further
details.

The actual procedure to selectively change the tip state was the
following: We first imaged an specific G/Cu(111) region with a given
tip, i.e,, a tip probing either Cu surface states or graphene states. Then,
we moved ~500 nm away from this region to modify the tip apex by
the controlled indentation of the STM tip onto the substrate without
affecting the region of interest. Typical indentation values were as
follows: z-displacement ~2—4 nm, bias voltage ~1—2 V. After each
indentation experiment, we acquired a dI/dV spectrum to check the
tip state. We found that by acquiring an STS spectrum we could
quickly identify which kind of tip we had: tips probing graphene states
have a reduced DOS in the vicinity of Ep (possibly due to some
contamination of the tip apex with electronegative impurities), while
tips sensing Cu(111) surface states clearly see the onset of the
Cu(111) surface state with a featureless DOS close to Ej (as expected
from a purely metallic tip), see Figure S13. We systematically repeated
this procedure until we obtained the desired tip-apex change. The
exact number of indentations required varied from tip to tip, but after a
few repetitions, it was always possible to obtain the desired tip state.
Then, we moved back to the initial region and measured it again with
the modified tip to fully characterize it.

ARPES Experiments. To grow the graphene monolayer on
Cu(111), we have used the standard ethylene cracking method
reaching temperatures close to the Cu melting point.”>*" We achieved
homogeneous, single domains extending over large sample areas. The
data in Figure S indicate the presence of a dominant graphene domain
over the area sampled by the light spot size of 0.25 mm™

Our home laboratory angle resolved photoemission (ARPES) setup
consists of a display type hemispherical analyzer (Phoibos150) with an
energy/angle resolution of 40 meV/0.1° and a monochromatized
source Helium I (hv = 21.2 V) source. The channel plate slit lies
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along the rotation axis of the manipulator. All the presented data were
recorded approximately at 180 K.

DFT Calculations. We have calculated all the structural and
electronic properties using DFT as implemented in the VASP code.>
For these calculations, we employed the PBE functional®’ empirically
corrected to include van der Waals interactions (using the D2 Grimme
approach),*” projector augmented wave (PAW) pseudopotentials,
and a plane-wave cutoff of 400 eV. For the calculation with the 1 X 1
surface cell, we have used 15 Cu layers and the G (for a total of 17
atoms) with a vacuum space of ~10—9.5 A. For the calculations on the
(\/57 X \/57)—G moiré pattern (corresponding to a \/52 X \/52 unit
cell for Cu), we have adsorbed a G layer with 114 C on a slab with 4
Cu layers (52 X 4 + 114 = 322 atoms in the unit cell), leaving a
vacuum space of ~10—9.5 A. Both the H adsorption and the
monovacancy calculations were performed with this supercell. In our
calculations, we decided to fix the size of the supercell to match the
relaxed Cu lattice (ag = 2.57 A) in order to accurately describe the Cu
surface state. The final structures correspond to energies converged
better than 10~ eV/atom and forces smaller than 0.02 eV/A. We have
used a 35 X 35 or 3 X 3 I'-centered Monkhorst—Pack grid to make the
relaxation of the structures on the 1 X 1 or \/ 57 X \/ 57 unit cell,
respectively. The effect of the G—Cu separation is studied calculating
the electronic structure displacing the G from the atomic structure of
the relaxed G on Cu. Calculations of the charge distribution and the
work functions are carried out with finer convergence criteria: plane-
wave cutoff of 600 eV, ~20 A of vacuum and a 51 X 51 I'-centered
Monkhorst—Pack grid. Dipole correction to subtract intercell
interactions is required for the calculation of the work functions.

STM Simulations. We use a nonequilibrium Green’s function
formalism to evaluate the currents,”® using the OPENMX code” with
the PBE functional®' to map the Hamiltonian into a local orbital basis.
We have considered two different models for tip apexes: A pure Cu
(111)-oriented tip with 10 atoms (CulO tip), and an O-contaminated
tip, where we replace the Cu atom at the apex by an O atom (CuO
tip). All the simulations include the contribution to the current of
multiple scattering processes.”® The system used to explain the real
Cu-standing waves observed in the experiments is composed of a 9 X 1
Cu surface cell with 15 Cu layers (153 atoms) and a G layer placed at
the correct G—Cu distance (3.4 A) to reproduce the experiments. One
of the Cu surface atoms has been substituted by an oxygen atom at the
same atomic position, making a line defect that yields a spatial
modulation on the Cu surface state. This is just a model to induce a
perturbation of the surface charge density, not a realistic defect
structure, and thus, no attempt of simulating the real configuration of
this defect has been made by relaxation of this structure (atomic
positions have been kept fixed). A double-¢ (s2p2d2) Cu orbital basis
set with a cutoff radio of 10 au is required to get a correct description
of the surface state. STM profiles simulate constant current scans with
a bias of —100 mV (current to sample filled states) and they are done
with a 9 X 75 k-mesh.
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