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Electronic properties of Pb islands on graphene: Consequences of a weak interface
coupling from a combined STM and ab initio study
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By means of scanning tunneling microscopy and spectroscopy, we investigate the electronic properties of
lead islands (width 5–100 nm, thickness 5–25 monolayers) deposited by molecular beam epitaxy on twisted
graphene layers grown on SiC(000-1). We find that elastic scattering processes govern the local density of
states probed at the surface of the Pb islands, inducing (i) the well-known quantum well states due to electron
confinement in the direction perpendicular to the surface and (ii) spatial in-plane periodic modulations related
to quasiparticle interferences off the island edges. Through a quantitative analysis of these effects, compared
with ab initio calculations for a two-dimensional Pb slab, we conclude that the lead islands grown on the surface
of graphene can be considered as freestanding from the point of view of their electronic structure, leaving the
surrounding graphene layer unperturbed. Accordingly, low bias tunneling spectra show evidence of a sizable
interface resistance. Nevertheless, we suggest that the transparency of the interface, which can be estimated from
its resistance, is good enough to induce superconductivity within the underlying graphene layer by proximity
effect with the Pb islands.
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I. INTRODUCTION

Physical properties of atomically thin crystalline lead films
have attracted considerable interest in the past. They can be
easily grown with precise atomic thickness on a wide range
of metallic and semiconducting substrates, making them a
convenient model system for the systematic study of the
thickness-dependent properties of metallic films. For exam-
ple, thickness modulation of their electrical resistivity [1,2],
Hall coefficient [3,4], work function [5,6], surface energy, and
thermal stability [6–10] have been observed and related to
the quantum size effect. Lead is also a particularly interesting
example of a conventional superconductor with a relatively
high critical temperature (TC = 7.19 K in bulk [11]). This
makes it attractive for the experimental study of the supercon-
ductivity in low-dimensional systems. Thus, the evolution of
the critical temperature, superconducting gap, and electron-
phonon coupling were studied down to the ultimate two-
dimensional (2D) limit of the few-atomic layers [12–20]. The
dependence of these physical quantities on the film thickness
and their microscopic origin are an active subject of research;
they are tentatively attributed to the combined effects of the
reduced dimensionality and interface with the substrate (see
Ref. [21] for a review). Moreover, flattop islands (incomplete
films) allow further confinement of superconductivity to 0D
[22–24], whereas the interface between the islands and sup-
porting substrate is accessible for the spatially resolved study
of the superconducting proximity effect thoroughly investi-
gated for the case of Pb/Si(111) system [25–28]. Finally,
confinement effects have been studied in pyramidal Pb
nanocrystals weakly coupled to an InAs substrate [29] by
scanning tunneling microscopy (STM) and spectroscopy
(STS), resolving the energy and wave functions of the discrete
electronic states in different regimes of quantum confinement.

This system allowed to experimentally address the Anderson
limit for superconductivity in 0D systems [30].

In a first approximation, a thin metallic film can be mod-
eled as a quantum well due to the electron confinement in
the direction perpendicular to the surface [31]. The resulting
electronic structure consists of 2D bands related to quantum
well states (QWS). These bands can be derived from the bulk
band structure of the parent material tuned by the quantization
of the electron wave vector in the direction of the confining
potential. The energies of onset of the QWS in the center of
the Brillouin zone can be understood from the so-called phase
accumulation model [31–33], while their full 2D dispersion
can usually be found with density functional theory (DFT)
calculations.

In practice, metallic films are always prepared on a surface
of a supporting material, which inevitably influences their
atomic and electronic structure. In general, the QWSs pre-
serve their intrinsic character only within the substrate bulk
band gap (full or partial). The overlap with the substrate bands
leads to a strong quasiparticle scattering and decreases their
lifetime in the film [34,35]. Moreover, the QWS dispersion
can be significantly modified by interaction with a substrate
and new bands can appear [36–41]. As a result, the film with
the substrate must be considered as a combined system. For
example, in the case of Pb films on Si(111) the angle-resolved
photoemission spectroscopy (ARPES) [42,43] and STM/STS
[44–46] measurements revealed a complete flattening of the
QWS bands close to the center of the Brillouin zone as
compared to the calculated nearly free electron dispersion in
a freestanding film.

To reduce the film-substrate interaction and to explore the
limit of freestanding metallic films it was suggested to use
graphite or graphene as substrates for the metal deposition
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[47–51]. These materials are chemically inert at the surface
and they have a large partial gap in their band structure.
The ARPES measurements [49,50] have indeed revealed the
strong resemblance between freestanding lead films and lead
films grown on graphitic layers or highly oriented pyrolitic
graphite (HOPG).

The Pb/graphene system presents another particular in-
terest since graphene may acquire superconducting prop-
erties in proximity with superconducting lead. Graphene-
superconductor devices demonstrate many unique properties
[52–57] which are related to the particular band structure of
graphene, the high mobility of charge carriers, and the ease
to tune their density. While a considerable progress in the
transport studies of such devices was done in recent years,
a thorough local-scale investigation of the proximity effect
at the graphene-superconductor interface is still challenging
[58,59].

In the present paper, we analyze the electronic structure
of Pb islands with well-defined heights grown on twisted
graphene multilayers using low-temperature STM and STS.
We first establish that their electronic states close to the Fermi
level (both in occupied and empty states) behave essentially as
for freestanding Pb layers since (i) the line shapes and widths
of the QWS related structures, (ii) the in-plane band disper-
sion, and (iii) the lifetime of the quasiparticles are almost
identical to the theoretical predictions. These findings confirm
previous results from ARPES studies [49,50] (performed on
an ensemble of islands with different heights), extending their
conclusions to low-lying empty states and to a larger range of
island thicknesses. Therefore, the electronic properties of thin
Pb films supported on graphene, including superconductivity,
should be close to those of unsupported layers. Additionally,
our measurements show that the lead islands do not perturb
the electronic states of graphene in their vicinity, as revealed
by the absence of both charge doping and electron scattering.
Together with the limited stability of the metal islands under
the STM tip, these observations point again to a weak bonding
between the substrate and the lead film, consistent with the
quasi-freestanding character of the latter. We observe a size-
dependent dip at zero bias in the density of state (DOS)
of the Pb islands by STS. In line with the weak coupling
of the electronic states at the metal-substrate interface and
following previous works [60], we ascribe this dip to a sizable
resistance (of the order of the quantum of resistance) at the Pb-
graphene junction. Finally, we discuss the possible existence
of the superconducting proximity effect in graphene below
the lead islands. We estimate that the transparency of the
graphene/Pb interface is moderate (the electron tunneling rate
across the interface is of the order of bulk Pb superconducting
gap), which, according to the previously published theoretical
analysis [61–64], is sufficient to induce a measurable super-
conducting gap in graphene. Thus we suggest that this system
is a good candidate for further low-temperature STM study of
the proximity induced superconductivity in graphene.

II. METHODS

Twisted graphene layers [65] were grown on the surface
of 6H-SiC(000-1) (C face) following the procedure described
in Ref. [66]. After the growth, the sample was transferred

into a separate ultrahigh vacuum (UHV) setup and outgazed.
The surface of the sample consisted of 100–500-nm-wide
single-crystal domains with a characteristic moiré pattern
[65] inside domains (period of moiré 1–15 nm). The clean-
surface graphene layer had a very low electron doping [67]
(<3×1011 cm−2) as deduced from the quasiparticle interfer-
ence (QPI) pattern measurements [68,69] and from the posi-
tion of the Van Hove singularities associated with the moiré
pattern [70,71]. Lead was deposited in situ with a homebuilt
evaporator, at the rate 0.2 ML/min on the surface kept at room
temperature.

Most of the presented results were obtained with a home-
built low temperature STM operating at 8.5 K [except image
of Fig. 1(a) obtained at 40 K with another UHV setup]. At
such temperature, the islands are not superconducting. In all
cases, we use mechanically sharpened PtIr tip (postannealed
in UHV), and the data were collected with a bias applied to
the sample. Depending on the sample bias and tip condition,
the apparent heights of the Pb islands measured by STM can
change by as much as 0.14 nm (i.e., 0.5 ML). Such effect was
recently reported for thin lead islands grown on Si(111)6×6-
Au surface [72]. It was ascribed to the unequal spilling of
different QWS wave functions into the vacuum. In the present
paper, the thickness of the islands in monolayer (ML) units
was obtained by dividing their apparent height as measured by
STM by the Pb 〈111〉 interlayer distance (0.286 nm [73]) and
by rounding to the integer value. For the spectroscopic mea-
surements, the differential conductance dI/dV was measured
with the standard lock-in technique (amplitude of the bias
modulation 4–12 mV, frequency 477 Hz). In the energy range
[−2.5 eV; +2.5 eV], the open feedback loop mode (constant
height or Zconst) was used. At higher positive bias >+2.5 eV
the closed feedback loop mode (constant current or Iconst) was
used. Data analysis was performed with WSxM software [74].
All energies are given relative to the Fermi level EF.

DFT calculations were performed using the VASP code
with the projector-augmented wave approach [75,76]. The
slab consists of a 1×1×28 cell that contains 14 layers of
lead stacked in face centered cubic (fcc) configuration and
separated by an equivalent empty space (3.76 nm), which
is large enough to avoid spurious interaction through the
vacuum. The PBE exchange and correlation is used [77].
Integration in the Brillouin zone is performed using the
tetrahedron method on a grid 21×21×4. After convergence,

residual forces on the atoms are smaller than 0.01 eV · Å
−1

.
The experimental Pb fcc lattice parameter (a = 3.50 Å [73])
was used within the planes and relaxation along z direction
was allowed except for atoms in the middle of the slab
that were kept fixed. We have checked that calculation with
a = 3.56 Å, the optimized bulk Pb lattice parameter, does
not have a significant quantitative influence on the onsets and
dispersion of the QWSs in the energy range from −2.5 eV to
+2.5 eV.

III. RESULTS AND DISCUSSION

We first characterize the morphology of Pb islands grown
on the surface of multilayer graphene. Figure 1(a) shows a
typical STM image of the surface after the deposition of
few MLs of lead. The growth proceeds by the Volmer-Weber
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FIG. 1. (a) Derivative (dz/dx) of a constant current STM image (image size, 1000×1000 nm2; sample bias, −500 mV; tunnel current,
50 pA; T = 40 K), showing Pb islands grown on the surface of multilayer graphene on SiC(000-1). Nominal Pb coverage is 4 ML. Light-blue
arrows point to the Pb islands occasionally moved by the STM tip during scanning. Inset: Atomic resolution on a lead island (4×4 nm2;
12 mV; 400 pA; T = 8.5 K). (b) dI/dV(V) spectra measured at T = 8.5 K in the center of two Pb islands of different thickness (shown in
the inset). For the spectrum measured on top of the 25-ML-thick island, one of the rectangular-shape peaks is highlighted with magenta, the
width of the peaks is indicated with magenta arrows. For the spectrum measured on the 15 ML island, the set point parameters were sample
bias, 2 V; tunnel current, 300 pA. For the 25-ML-thick island, the dI/dV curve is combined from two spectra: one taken in the bias range
[1.5 V; −1.0 V] with the set point 1.5 V; 300 pA; another one taken in the bias range [0.25 V; −1.5 V] with the set point 0.25 V; 100 pA;
the amplitude of the two spectra were properly rescaled. (c) Calculated band structure of a freestanding 14-ML Pb(111) film. The energy is
measured in eV relative to the Fermi level. For one of the bands, its M-shaped part (MSPB) near the Brillouin zone center is highlighted with
magenta. (d) 3D representation E(kx, ky) of the highlighted MSPB from (c). (e) Calculated DOS corresponding to the band from (d).

mode. As one can see, most of the islands have the shape
of truncated triangles. Atomic lattices on their tops [inset
of Fig. 1(a)] have triangular symmetry with the periodicity
of 3.52 Å (the interatomic distance of bulk Pb in the (111)
plane is 3.50 Å [73]). The close-packed rows run parallel to
the edges of the island. These facts suggest that the islands
have fcc crystal structure with one of the 〈111〉 axes oriented
perpendicular to the surface (the hexagonal close packed (hcp)
crystal structure would result in a hexagonal shape of the
islands [78]). This is the commonly observed atomic structure
for thin lead films [78]. The width and the height of the islands
vary in the range of 5–100 nm and of 5–25 ML, respectively.

The islands are weakly attached to the surface. STM
measurements performed at room temperature revealed only
a clean graphene surface, presumably because all islands
were swept by the STM tip. Cooling the surface down to
40 K significantly improves the stability of the islands, while

the tip still occasionally moves them during the scan [e.g.,
islands shown with the light-blue arrows in Fig. 1(a)]. Similar
observations of the tip-island interaction were reported previ-
ously [51,79,80].

We have studied the possible influence of the deposited
lead islands on the electronic structure of the surface graphene
layer. In particular, we have checked the possible change in
the doping of the graphene at the contact with lead. The
doping level of twisted bilayer graphene can be conveniently
estimated by STS from the position of the Van Hove singu-
larities relative to the Fermi level [70,71]. According to our
results [67], lead deposition does not produce any significant
doping of the surface graphene layer at the distances larger
than few nanometers from the islands edge (it is impossible
to perform STS measurements closer to the islands due to the
finite radius of curvature of the tip). Moreover, STM images
[67] show the absence of intervalley quasiparticle scattering
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FIG. 2. (a) dI/dV spectrum measured at T = 8.5 K in the center of the 15-ML island from Fig. 1(b). Red dots on the rectangular-shaped
peak on the right indicate the band onset and the MSPB width. The procedure used to extract the lifetime broadening �lifetime is shown on the
left peak, two red dots highlight the intersection points from which the width of the band onset � is evaluated. Inset: Pseudogap measured
at Tsample = 8.5 K in the vicinity of the Fermi level on three islands with different area (spectra normalized at −100 mV, linear background
subtracted). (b) The width of the MSPB versus band onset. The experimentally measured values are extracted from the dI/dV curves obtained
in Zconst mode. The theoretical values are extracted from our DFT calculations. (c) The quasiparticles lifetime broadening �lifetime versus energy.
The experimentally measured values are extracted from the width of the band onsets in the Zconst mode (see text for details). The calculations
take into account the electron-electron and electron-phonon interactions (see text for details).

(i.e., the absence of the (
√

3×√
3)R30◦ pattern [68,69]) on the

graphene regions nearby the edges and corners of Pb islands.
This indicates the absence of abrupt potential change [81]
or strong chemical bonding [82] at the island boundary. We
also did not observe [67] evidence of intravalley quasiparticle
scattering close to Pb islands in graphene domains with Bernal
stacking [68,69,83]. We conclude that graphene’s electronic
structure remains intact under lead islands, with vanishing
backscattering of bare graphene electrons at the island bound-
aries.

These observations already point to the weak coupling
between the lead islands and the graphene.

To get further evidence of the weak interaction between
these materials, we will concentrate in the following on the
electronic structure of the deposited Pb islands. For suffi-
ciently large islands (with size >15 nm), it is dominated by
the electron confinement in the direction perpendicular to
the surface and is equivalent to the electronic structure of
atomically thin metallic films [35,46]. In Fig. 1(b), the STS
spectra recorded in the center of 15-ML and 25-ML islands
(as deduced from the apparent height measured by STM) are
shown. At biases below +0.5 V, they consist of a series of
peaks of a rectangular shape [one of them is highlighted with
magenta color in Fig. 1(b)]. We compare these spectra with
the DFT-calculated band structure. For example, we show in
Fig. 1(c) such a calculation for a 14-ML thick (14 atomic
planes) freestanding lead film in the fcc stacking. We have
verified that it is in a good agreement with the previously
reported results of similar simulations [2,6,84,85].

We attribute the rectangular-shaped peaks in the spectra to
the M-shaped parts of the bands (MSPB) near the center of
the Brillouin zone [one of them is highlighted with magenta
color in Fig. 1(c)]. The MSPB corresponds to the states with
small in-plane wave vector and hence should give the main
contribution to the dI/dV signal [86]. A 3D representation
of the computed MSPB crossing the Fermi level [the one
marked with magenta in Fig. 1(c)] is shown in Fig. 1(d).
One notes the free-electron-like dispersion of the band near
the center of the 2D Brillouin zone. At larger k-vectors, it

changes to a steep and anisotropic downward dispersion. In
between, at the turning region, a complex wavy E(k) surface
is formed. Its maximum appears at slightly higher energy in
the �K direction than in the �M direction, but this difference
gradually vanishes for the QWS at higher energies. The DOS
corresponding to this part of the QWS is shown in Fig. 1(e).
As one can see, the main features in the DOS come from the
MSPB. They closely resemble the shape of the rectangular
peaks in the spectra shown in Fig. 1(b) and in the more
detailed spectrum shown in Fig. 2(a). The steplike onset of the
peaks in the spectra [Figs. 1(b) and 2(a)] and in the computed
DOS [Fig. 1(e)] both correspond to the onset of the QWS at
�. The two peaks in the DOS around 0.05 eV in Fig. 1(e)
are related to the top of the MSPB. The more intense peak
originates from the saddle points in the �M direction and the
weaker peak corresponds to the top of the MSPB in the �K di-
rection. The separation between these peaks is too small to be
resolved in our experiment and we only observe a pronounced
maximum near the top of the MSPB in the spectra. We also
observe that the rectangular-shaped peaks become narrower
and acquire a Lorentzian shape at higher energy [Fig. 1(b)], in
accordance with the flattening of the MSPB in the calculated
band structure [Fig. 1(c)]. The flattening entails proportional
increase of the DOS which is partially responsible for the
increasing intensity of the peaks in the STS spectra. Another
effect that contributes to the increase of the spectral intensity
is the higher transparency of the tunnel barrier at high positive
(relative to the tip) bias. Finally, the separation between the
peaks decreases when the thickness of the island is increased
[see Fig. 1(b)], which can be intuitively understood within the
phase accumulation model [31–33].

We conclude that the experimental spectra are in a quali-
tative agreement with the calculated band structure of a free-
standing lead film. However, previous studies have shown that
the substrate has an important effect on the film’s electronic
structure. The most prominent example is the Pb/Si(111)
system, where the MSPB appear to be flattened at all energies
[42–44,46,87]. This fact was attributed to a strong interac-
tion between lead and silicon, which probably leads to the
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distortion of lead atomic lattice [88]. A rectangular-shaped
signature of the MSPB in the spectra was observed for the
Pb islands on Ag(111) [35] and Cu(111) [20] surfaces. The
partial band gap existing at the surface of these metals protects
the QWS in lead film from the coupling with the substrates
bulk states. Beyond the gap, the electron confinement in the
film is strongly reduced, which translates into a strongly
decreased quasiparticle lifetime and in the smearing of the
MSPB peaks in the spectra [20,35].

To quantify the degree of coupling between lead islands
and graphene and to get more precise information about the
electronic structure of the islands, we study in more detail
the spectroscopic signatures of the QWS. For example, the
spectrum of Fig. 2(a) was measured in the center of the same
15 ML island as the one shown on Fig. 1(b) and it covers a
narrower energy range with only two MSPB—one above and
one below the Fermi level.

One of the characteristic features of the lead film band
structure which is accessible in our experiments is the width
of the MSPB. In Fig. 2(b), we plot its values extracted from
the STS spectra as a function of the QWS onset energy.
The band onset was defined as the midpoint of the rising
slope of the rectangular peak in the STS spectrum [Fig. 2(a)].
For the higher energy range (>+1.5 eV) where the MSPB
becomes narrow [as in Figs. 1(b) and 1(c)], the onset of the
QWS was defined as the maximum of the Lorentzian-shape
peak. The width of the MSPB was defined as the energy
difference between the midpoints of the rising and falling
slopes of the peak in the spectrum [Fig. 2(a)]. Comparison
with our DFT calculations shows a good agreement for the
onset energies E < +1 eV, at variance with the case of
Pb films on Si(111) mentioned above, once again pointing
toward a small lead-graphene coupling. At higher energies,
the intrinsic width of the MSPB becomes comparable with the
quasiparticle lifetime broadening (see below) and the width
of the peaks in spectra is no more directly related to the band
structure.

From the experimental spectra, we can also extract the
quasiparticle lifetime broadening �lifetime as a function of
energy. To do this, we closely follow the procedure described
in Ref. [35]. Namely, in the energy range <+1 eV, �lifetime is
related to the width � of the rising slope of the rectangular-
shaped MSPB peaks in the dI/dV curves through �lifetime =
(2/π )� [35]. The geometrical construction used for the
extraction of the slopes width � is illustrated on the left-hand
MSPB of Fig. 2(a).

In the absence of defects, the quasiparticle lifetime broad-
ening is determined by the electron-electron (�e-e) and
electron-phonon (�e-ph) interactions. Residual scattering on
the defects (including the interface with the substrate) and
instrumental broadening give a total contribution �0. The
total lifetime broadening is equal to �e-e + �e-ph + �0. Fol-
lowing the arguments of Refs. [35,46], we assume constant
values of the electron-phonon interaction and of the residual
broadening �0 in the whole energy range considered. For the
contribution from electron-electron interactions we utilize the
Quinn-Ferrell expression [89] �e-e = α(E − EF )2, with α =
0.023 eV−1 [35,46]. The total calculated lifetime broadening
is plotted in Fig. 2(c) for the constant value of �e-ph + �0 =
29 meV taken from Ref. [35].

The experimental values of lifetime broadening are plotted
in Fig. 2(c) for the energy range [−1.25 eV; 1.25 eV]. We have
also analyzed the values of the lifetime broadening at higher
energies [1.25 eV; 3.5 eV] (not shown here). For the energy
range >−0.4 eV (up to 3.5 eV), our experimental observa-
tions are in a very good quantitative agreement with the results
of the same measurements in the Pb/Ag(111) system [35],
indicating similar low defects and interface scattering. The
major difference between the measured quasiparticle lifetime
broadening in the lead films on graphene and on silver is
observed below −0.4 eV. This energy corresponds to the edge
of the partial band gap at the surface of Ag(111). Below this
energy, Pb QWS at the Brillouin zone center are coupled to
the bulk bands of silver, which translates into the divergence
of the quasiparticle lifetime broadening. On the contrary, at
the surface of graphene the lifetime broadening continues
to follow the predictions of the Quinn-Ferrell formula down
to −1.2 eV, owing to the extended partial band gap in the
reciprocal space of the substrate.

There is another distinct signature of the weak electronic
coupling between lead and graphene. The STS spectra on
the islands systematically show a pseudogap at the Fermi
level [see the inset of Fig. 2(a)]. Its width and depth increase
when the area of the island is decreased. Similar observations
for the lead islands on the surface of HOPG were reported
previously [60], with comparable widths and depths of the
pseudogap. As explained by these authors, such observations
result from dynamical Coulomb blockade due to a relatively
high resistance (of the order of resistance quantum 25.8 k�)
at the lead/graphite interface. We expect a similar mechanism
at the lead/graphene interface. Notice that such effect is absent
for the Pb islands on metallic substrates [20,60].

We continue our study by considering the QPI pattern
detected at the edges of the lead islands. Recently, similar
observations were reported for the few-layer lead films formed
above Ar-filled nanocavities on the Pb(111) surface [84,85].
However, the small size of the cavities led to the complete
lateral confinement of the QWS. Our experimental observa-
tions on a very small island (<10 nm) are in a qualitative
agreement with the results of Ref. [85]. Similarly, discrete
states of 0D Pb nanocrystals were analyzed in Ref. [29]. Here
we will concentrate on the QPI pattern at the edges of the
islands with lateral size larger than the coherence length of
the quasiparticles.

Figure 3 presents the results of STS measurements along
the line passing across the 25-ML island (arrow in the STM
image insert on the left). As can be seen on the average
spectrum (Fig. 3, on the left), three MSPBs fall into the
energy range covered by the measurement. The image on the
right gives an explicit representation of the spatial and energy
dependence of the dI/dV signal (gray-scale coded) across the
island. Vertical profile on this image gives the spectrum at a
given point along the line, whereas horizontal profile gives the
dI/dV signal across the island at a given bias. It is clear that
both edges of the island (corresponding to the left and right
sides of the image) induce oscillatory modulation of the local
density of states (LDOS). Within each MSPB, the wavelength
of the interference pattern strongly depends on the energy: it
amounts to approximately 1 nm in the center of MSPB and
diverges at its bottom and top. On the contrary, the periodicity
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FIG. 3. Results of the spectroscopic measurements along a line
on top of the 25-ML island from Fig. 1(b). The spectra were mea-
sured in 200 equidistant points along the 19.3-nm line. Left: average
spectrum; inset: topographic image of the island with the black arrow
indicating the position and direction of the spectroscopic line. Right:
dI/dV(x,V) map resulting from these spectroscopic measurements.
Bright (dark) color indicates large (small) signal. Yellow arrows
indicate the periodic modulation of the intensity at the bottom and
top edges of the MSPB due to the moiré pattern in the underlying
graphene.

of the QPI pattern is almost energy independent between the
MSPB and is about 0.5–0.6 nm.

We also note the long-range modulation of the spectral
intensity, indicated with yellow arrows on the figure, at the
bottom and top of the MSPB. This long-range modulation has
the periodicity of the moiré pattern in the underlying graphene
(which appears due to the twist angle between the two topmost

graphene layers [65]). Importantly here, the moiré pattern is
not related to the Pb/graphene interface. Moiré patterns arising
from the interface have been discussed for Pb islands grown
on Si(111), and ascribed to both geometric [90] or electronic
[91,92] effects. For this strongly coupled system, the moiré
pattern induces local shifts (by tens of meV) of the spectro-
scopic features [91,92], whereas in the present case, the weak
Pb/graphene coupling only induces small (of the order of 5%)
modulation of the amplitude of the LDOS at the MSPB edges.

We check on the right image of Fig. 3 that the phase of the
LDOS modulations induced by the moiré pattern changes by
π across each MSPB. The same effect is seen for one MSPB
of a 15-ML thick island in Fig. 4(b) (line spectroscopy) and
Fig. 5(a) (2D spectroscopic image). These observations can
be interpreted using a phenomenological model, where the
influence of the moiré pattern of graphene is described by a
weak 2D periodic potential acting on the states of a Pb layer.
The electronlike states (with upward band dispersion) at the
bottom of the MSPB and the holelike states (with downward
band dispersion) at the top of the MSPB then respond to this
potential in opposite ways. For instance, the LDOS at a given
position is maximum (minimum) for electronlike states close
the potential minima, whereas it is minimum (maximum) for
holelike states (this can be readily proven in one dimension
following a textbook approach [11]).

To get more quantitative information about the origin of
the QPI pattern, we show in Fig. 4 the results of a similar
spectroscopic measurement along the line going from one
of the edges of the 15-ML island toward its center [see the
black arrow on the inset on Fig. 4(a)]. Here the energy range
covered by each spectrum [the average spectrum is shown
in Fig. 4(a)] is narrower, it contains only one MSPB (from
−0.74 V to −0.34 V) and a large portion of the band structure
between two successive MSPBs (from −0.34 V to +0.30 V).
In Fig. 4(b), one can see the details of the LDOS modulation
as a function of energy and distance from the edge. The
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FIG. 4. Results of the spectroscopic measurements along a line on the top of the 15 ML island from Fig. 1(b). (a) Average spectrum; inset:
Topographic image of the island with the black arrow indicating the position and direction of the spectroscopic line. Black rectangle shows the
place where the constant height dI/dV maps from Fig. 5(a) were taken. Horizontal black dashed lines [and gray dashed lines in (c)] indicate
the energies at which these maps were measured. (b) dI/dV(x,V) map resulting from the spectroscopic line. (c) 1D FFT of the dI/dV map in
(b). (d) Calculated band structure of a freestanding 14 ML Pb film. The image presents a part of the full band structure which is similar to the
electronic structure of the island in (a)–(c). Arrows indicate different scattering processes responsible for the spectroscopic features observed
in (b) and (c). Dashed lines indicate energies at which the constant energy cuts from Fig. 5(c) were calculated. The energy is measured in eV.
Note the difference of the energy scales in (a) and (d).
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FIG. 5. (a) Constant height dI/dV maps taken on the corner [see the inset of Fig. 4(a)] of the triangular 15-ML island from Figs. 1(b) and
4. The corresponding energies are indicated with the horizontal dashed lines in Figs. 4(a) and 4(c). (b) Schematic drawings illustrating the
construction of the wave vector k of the LDOS modulation for two different shapes of the constant energy contours. (c) Calculated constant
energy contours of a freestanding 14-ML Pb film. The energies are (from the left to the right): −0.23 eV, 0.035 eV, 0.35 eV, and are indicated
with dashed lines in Fig. 4(d).

1D fast Fourier transform (FFT) of this image is shown in
Fig. 4(c). It can be directly compared with the band structure
of the Pb film [93,94], which is shown in Fig. 4(d) along the
�M direction (direction perpendicular to the islands edge) in
a comparable energy range. The arrows of different colors in
Fig. 4(d) indicate different scattering channels that give rise to
the QPI patterns. The corresponding wave vectors of the QPI
patterns are indicated in Fig. 4(c) with the dots of the same
color. Note that the QPI pattern wave vector is two times larger
than the wave vector of the quasiparticle in the corresponding
scattering channel [93,94]. Colored dashed lines in Fig. 4(b)
help to link different scattering channels with the observed
oscillations in LDOS. The agreement between measured QPI
pattern wavelengths and calculated band dispersion is very
good. The QPI pattern originating from quasilinear bands
between MSPBs have a less sharp signal in the FFT map.
Presumably, this is related to the number (≈10) of scattering
channels with slightly different QPI pattern wavelengths [see
Fig. 4(d)]. Nevertheless, the resulting LDOS modulation still
shows a dominant wave vector approximately corresponding
to the average wave vector of the group of the quasilinear
bands at a given energy. We also note that the intensity of these
QPI patterns is strongly reduced on the thick (20–30 ML)
islands as the one shown in Fig. 3, where the number of QWS
and hence the number of quasilinear bands increases [2].

There is a remarkable difference in the decay length of
the QPI patterns originating from the states inside MSPB and

from the states belonging to the quasilinear bands of the QWS
between the MSPBs. Consider, for example, the QPI pattern
originating from the scattering of the states with parabolic
dispersion at the bottom of the MSPB [red arrow in Fig. 4(d)].
They completely vanish at the distance of about 6–7 nm from
the edge [red dashed line in Fig. 4(b)]. At the same time, the
QPI pattern originating from the scattering between quasilin-
ear bands between MSPBs [green dashed line and green arrow
in Figs. 4(b) and 4(d)] do not show any significant decay even
in the center of the island, 15 nm away from the edges. This
effect is further illustrated in Fig. 5(a), where we show the
results of the spatially-resolved dI/dV measurements in the
corner of the same 15-ML island (see the black rectangle in
the inset of Fig. 4(a)) taken in the Zconst mode. The dI/dV
maps taken at biases −740 mV and −340 mV (the energies
of the bottom and of the top of the MSPB) show a long-range
modulation, with the period of approximately 4 nm, due to
the effect of the moiré pattern already discussed above. Other
short-range modulations are QPI patterns.

The amplitude of the LDOS modulation due to the QPI at
a perfect linear defect in a 2D electron gas depends on the
distance from the defect as (adapted from Refs. [95,96]):

ρ(E, x) ∝ e−x/Lφ
cos(2kEx)

xα
.

The cosine function in this expression reflects the fringes of
LDOS of spatial period π/kE parallel to the step edge due
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to QPI [see Fig. 5(b) for the definition of the kE vector].
The exponential prefactor describes the decoherence of the
quasiparticles [95]. The energy-dependent coherence length
Lφ is related to the coherence lifetime τ (τ ∝ 1/�lifetime) and
group velocity vg through Lφ = vgτ . While the coherence
lifetime doesn’t change much in the energy range we consider
[Fig. 2(c)], the group velocity of the quasiparticles is almost
one order of magnitude larger inside the quasilinear bands
than inside the MSPB. A quantitative analysis shows that
the maximum coherence length for the quasiparticles in the
MSPB of Fig. 4 is about 4 nm, whereas in the quasilinear
bands it is about 30 nm.

Another factor that influences the spatial decay length
of the QPI patterns is the anisotropy of the band structure,
more precisely, the shape of the constant energy contours of
the bands, which is reflected in the denominator exponent α

[93,96,97]. For the nearly free electron gas with a circular
constant energy contour [see Fig. 5(b), top] α = 1/2. Any
flat part of the contour parallel to the edge [see Fig. 5(b)
bottom] will lead to α = 0 and nondecaying QPI pattern in the
direction perpendicular to it [96,98]. In Fig. 5(c), we present
three computed constant energy contours of the 14 ML Pb
film band structure [see also the 3D view of this band on
Fig. 1(d)]. The two first constant energy contours from the
left, corresponding to the cuts at the bottom and at the top
of the MSPB, show that the band dispersion in the central
part of the Brillouin zone remains free-electron-like (circular
constant energy contour) almost in the whole energy range of
the MSPB. At the same time, the constant energy contours
are almost perfectly hexagonal outside the MSPB (i.e., for the
quasilinear bands), with one side of the hexagon parallel to
the edge of the island. We thus expect a faster attenuation of
the QPI pattern within the MSPB also from the anisotropy of
the band structure.

Both factors (phase coherence length and band anisotropy)
thus contribute to the observed difference of the decay lengths
of the QPI patterns originating from states within or outside
the MSPB.

IV. SUMMARY AND DISCUSSION

Summarizing our results, we provide in this paper a com-
plete analysis of the electronic structure of Pb islands grown
on graphene, including a refined study of the QWS comple-
mented by the analysis of the QPI patterns which show up at
the surface of the islands.

We conclude that lead films grown on the surface of
graphene can be considered as freestanding from the point
of view of their electronic structure, at least for energies
|E − EF | < 1−1.5 eV. This fact can be attributed to the
chemical inertness and large partial band gap of graphene.
Same conclusions were deduced from ARPES studies of
Pb/graphitic layer [49] and Pb/HOPG [50] band structures.
Accordingly, the graphene remains almost unperturbed close
to the lead islands, again suggesting a small Pb-graphene
coupling.

It is known that a good interface transparency is required
for opening a robust superconducting gap in a 2D metal in
contact with a 3D superconductor [55,61,62,99–104]. The
weak Pb-graphene electronic coupling is thus a priori not fa-
vorable for the introduction of superconductivity in graphene
below lead islands by proximity effect. To give a more
quantitative estimate of the possibly induced superconducting
gap, we make use of theoretical results [61–64] derived for
the case of a continuous normal metal film separated by a
tunneling barrier from a superconductor occupying the half-
space below the film. The superconducting gap induced in
a normal 2D film depends on the tunneling rate across the
metal/superconductor interface, which can be related to the
resistance of the interface RI through [101]:

�tunnel = h̄

2πe2ν2DARI

,

where ν2D is the 2D metal DOS at EF, A is the area of the
metal/superconductor contact. In the case of graphene,

ν2D = 2|EF − ED|
πh̄2v2

F

,

with vF being the graphene Fermi velocity and ED the energy
of the Dirac point. Since our experimental results [inset of
Fig. 2(a)] are in semiquantitative agreement with the results of
the dynamical Coulomb blockade measurements of Ref. [60],
we utilize the mean value of the product ARI = 3.7 10−12 � ·
m2 from the latter reference. The doping level of the surface
graphene layer in our sample is estimated [67] (from the mea-
surements of the intervalley QPI pattern on graphene [68,69]
and from the position of the Van Hove singularities [70,71])
to be n < 3.5×1011 cm−2 (EF − ED < 75 meV). From this,
we estimate the minimal tunneling rate �tunnel min = 2 meV ≈
1.5�Pb (bulk lead �Pb = 1.35 meV [105], critical super-
conducting temperature 7.19 K [11]). According to Ref. [62],
the proximity induced gap in graphene DOS below an island
should thus be �graphene > 0.65�Pb ≈ 0.9 meV. This agrees
with the conclusion of other studies [61,63], according to
which the proximity-induced gap is still a sizable fraction of
the bulk superconductor gap even for metal/superconductor
junctions of moderate transparency. Such a proximity-induced
superconducting gap should be, in principal, detectable on
graphene in the vicinity of large Pb islands, owing to the
weak backscattering of graphene electrons at the Pb edges.
Such measurements should be achievable with the state of the
art STM operating at low or ultralow temperature, but in the
present work, the sample temperature was too high to address
this question.
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