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ABSTRACT: The Pb intercalation at the interface of
monolayer graphene (MG) and Ru(0001) is studied by
means of low temperature scanning tunneling microscopy
(LT-STM) and Raman spectroscopy. Despite being covered
by MG, the atomic structures of the Pb layer formed between
MG and Ru(0001) have been directly imaged using LT-STM.
The Pb layer intercalated underneath MG exhibits a √7 ×
√7-R19° superstructure with respect to the Ru(0001) surface.
STM and Raman spectroscopy measurements and density
functional theory calculations reveal that the epitaxial MG are eﬀectively decoupled from the Ru(0001) substrate and recover its
intrinsic electronic property after Pb intercalation.

■

intrinsic linear energy band dispersion of free-standing MG.21
However, intercalation of a superconducting layer at the
interface of MG and substrate and its impact on the electronic
property of MG have been rarely addressed to date.24 The
atomic structures of the intercalated buﬀer layers are unclear, as
they are covered by graphene, usually inaccessible for scanning
tunneling microscopy (STM). Clariﬁcation of the atomic
structure of the foreign materials intercalated at the interface
of graphene and substrate remains a great challenge, but might
be very helpful for tuning the electronic and transport
properties of MG on metal substrate.
Previously, we investigated the growth and structural
property of Pb on MG/Ru(0001).25 In this work, we reported
on the structural and electronic properties of Pb-intercalated
MG on Ru(0001) by means of STM, scanning tunneling
spectroscopy (STS) and Raman spectroscopy. Although the Pb
atoms are covered by MG, we managed to obtain special tip
states, so that the MG seems to be transparent, allowing direct
imaging the atomic structures of Pb layer intercalated between
graphene and Ru(0001) by STM. The Pb atoms intercalated
underneath MG form a close-packed layer exhibiting a √7 ×
√7-R19° superstructure with respect to the Ru(0001) surface,
which can eﬀectively decouple MG from Ru(0001) and restore
the intrinsic electronic property of MG, as revealed by STM/
STS and Raman spectroscopy measurements and density
functional theory (DFT) calculations.

INTRODUCTION
As a single layer of sp2-bonded carbon atoms with a
honeycomb lattice, graphene has attracted considerable
attention because of its unusual physical properties, such as
the massless charge carriers and the quantum Hall eﬀect.1,2
Graphene is intrinsically nonsuperconductive.3 Meanwhile,
when a superconductor contacts with graphene, the coupling
between the Cooper pairs and the relativistic massless Dirac
Fermions may give rise to new quantum physics, for example,
bipolar supercurrent and specular Andreev reﬂection.4−7 Such
graphene/superconductor heterostructures are very promising
for developing novel devices with entirely new concepts.3 It is
highly desirable to “deposit” large-area and high-quality
graphene with intrinsic electronic properties on superconductors.
In the past few years, the epitaxial growth of large-area
uniform graphene with low defect density has been achieved on
various transition metal substrates.8−16 However, the electronic
coupling between graphene and metal substrates may damage
the characteristic Dirac cone band structure of graphene, which
impedes many potential applications of epitaxial graphene.17
For instance, high-quality single-crystalline monolayer graphene
(MG) can be epitaxially grown on Ru(0001),8−10 but its π band
is strongly hybridized with the Ru 4d state,18,19 resulting in a
dramatic modiﬁcation of the density of states (DOS) near the
Fermi level and an n-doped feature of the thermoelectrical
property.11 In order to decouple the epitaxial graphene from
the metal substrate and regain the intrinsic electronic properties
of graphene, a buﬀer layer can be introduced at the interface of
the graphene layer and its substrate. In recent years, it has been
shown that intercalation of foreign materials, such as Pt,20 Co,20
and Si,21−23 can eﬃciently weaken the interaction between MG
and the Ru(0001) substrates, leading to the recovery of the
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EXPERIMENTAL SECTION

Our experiments were carried out in an ultrahigh vacuum (base
pressure of 1 × 10−10 mbar) low temperature (LT) STM
system (Unisoku), equipped with standard surface preparation
facilities. The Ru(0001) (Mateck, Germany) surface was
prepared by repeated cycles of Ar+ sputtering and annealing
at 950 °C. High-quality and large-area MG was obtained via
pyrolysis of ethylene on Ru(0001), as described elsewhere.9,11,25 Pb was deposited via vacuum sublimation from a
homemade Knudsen-type evaporator at ∼200 °C, while the
MG/Ru(0001) substrate were held at room temperature (RT).
The Pb source was thoroughly degassed prior to Pb deposition.
The typical deposition rate was ∼0.01 monolayer (ML)/min (1
ML = 9.4 × 1014 atoms/cm2, corresponding to a single layer of
bulk Pb(111)), as calibrated by LT-STM. The intercalation of
the Pb atoms underneath graphene was achieved by sample
annealing to appropriate temperature. STM images were
acquired in constant-current mode, and all given voltages
refer to the sample. Diﬀerential conductance (dI/dV) spectra
were collected by using a lock-in technique with a 5 mVrms
sinusoidal modulation at a frequency of 973 Hz. All STM/STS
experiments were performed with electrochemically etched
tungsten tips at 4.2 K. Raman spectra were acquired by a
Renishaw spectrometer at 532 nm with 1 mW power.
All DFT calculations were performed with the Vienna Ab
Initio Simulation Package (VASP) and the projector
augmented wave (PAW) method.26,27 Local density approximation (LDA) in the form of Perdew−Zunger was adopted for
the exchange-correlation functional.28,29 The energy cutoﬀ of
the plane-wave basis sets is 400 eV. The periodic slab models of
the metal substrate include four Ru layers and a vacuum layer
with a thickness of 15 Å. In geometric optimizations, the
bottom Ru layer was ﬁxed, while the other Ru layers, Pb atoms
and graphene were fully relaxed, until the residual forces were
smaller than 0.02 eV/Å. For the 8 × 7 model, a mesh of 3 × 3
× 1 k-points sampling was used for the STM image simulation.
When calculating the band structure of the √7 × √7-R19°
model, the k-points sampling was 9 × 9 × 1 (see Supporting
Information).

Figure 1. STM images of MG before and after Pb intercalation. (a)
MG grown on Ru(0001) showing moiré pattern with a periodicity of
∼3 nm (sample bias, U = −200 mV; tunneling current, I = 13 pA). (b)
After sample annealing at ∼300 °C for 1 h, the Pb atoms are
intercalated between MG and Ru(0001) (U = −1.5 V, I = 9.6 pA).
Note that the step edges become very irregular and two features, ﬂat
and corrugated areas, can be observed on the terraces. (c) After sample
annealing at ∼400 °C for 1 h, the step edges become straight again (U
= −200 mV, I = 13 pA). (d) Honeycomb lattice of MG after Pb
intercalation (U = −132 mV, I = 37 pA).

ﬂat areas with a roughness of ∼0.1 Å, as shown in Figure 1b.
Moreover, the step edges become very irregular after sample
annealing, in contrast to the straight step edges of MG/
Ru(0001). After Pb deposition of ∼1 ML and subsequent
sample annealing to ∼400 °C for 1 h, we observe the formation
of extended ﬂat terraces. The step edges become straight again,
as seen in Figure 1c. These behaviors indicate that the Pb atoms
have been intercalated underneath MG and could dramatically
alter the shape of step edges of Ru(0001). Figure 1d shows a
high-resolution STM image on a ﬂat terrace. A perfect
honeycomb lattice with a lattice constant of 2.46 ± 0.02 Å is
revealed, well consistent with that of free-standing MG. We
note that for MG grown on Ru(0001) the symmetry between
the A- and B-sublattices (AB-symmetry) in the atop regions is
essentially preserved, as the carbon atoms in these regions are
located on top of the ruthenium atoms and the C−Ru coupling
is very weak. Meanwhile, the AB-symmetry of MG is broken in
the fcc and hcp regions,18,19 as the carbon atoms of the A- and
B-sublattices are stacked at diﬀerent sites with respect to the
substrate. Thus, honeycomb lattices can usually be resolved by
STM measurements in the atop regions, corresponding to two
sublattices, whereas only hexagonal lattices can be resolved in
the fcc and hcp regions,8−10 corresponding to one of the
sublattices. Therefore, the observation of honeycomb lattice
and the disappearance of the moiré pattern of MG indicate the
decoupling of MG and Ru(0001) by the Pb intercalation, which
results in nearly free-standing MG. Recently, Jin and co-workers
studied the intercalation of Pb at MG/Ru(0001) interfaces by
means of low energy electron microscopy and photoemission
electron microscopy,24 and reported that the Pb intercalation
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RESULTS AND DISCUSSION
The as-prepared MG on Ru(0001) shows a regular moiré
pattern with a periodicity of ∼3 nm (Figure 1a) due to the
lattice mismatch between MG and Ru(0001) surface.9−11 Each
unit cell of this moiré pattern includes three diﬀerent regions,
namely, atop, fcc, and hcp regions. The carbon atoms of the
atop regions of the bottom layer graphene are seated on top of
the ruthenium atoms of Ru(0001) substrate, while those of the
fcc and hcp regions are stacked at the fcc and hcp hollow sites
of the substrate, respectively.9−11 The inhomogeneous
interaction between MG and Ru(0001) substrate results in
the geometrical corrugation of MG and diﬀerent local
electronic structures of the atop, fcc, and hcp regions,18,19,30−32
which can dramatically inﬂuence the growth and structure of
organic molecules and metals.31,33−36
Thermal evaporation of ∼0.5 ML Pb on MG/Ru(0001) at
RT results in the formation of ﬂat (111)-faceted Pb islands with
lateral sizes in the range of a few tens to one hundred
nanometers and heights of several nanometers.25 After sample
annealing to ∼300 °C for 1 h, no Pb island can be found in
STM images. The moiré pattern of MG is signiﬁcantly distorted
and only preserved as small patches, which are surrounded by
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Figure 2. (a) STM image acquired on MG after Pb intercalation with special tip states showing the atomic structure of intercalated Pb ﬂat layer (U =
−200 mV, I = 13 pA). (b) Line proﬁle along the red dashed line shown in (a). (c) FFT pattern of a large-scale STM image where the zoom-in shown
in (a) is collected. The outer set of spots correspond to the reciprocal lattice of the intercalated Pb layer, while the inner set of spots are assigned to
that of the MG moiré pattern.

decouples MG from the substrate and thus removes the
superstructure of MG, in line with our results. Our STM
measurements show that the defect density of MG after Pb
intercalation is essentially similar to that before Pb intercalation,
suggesting that Pb intercalation exerts no signiﬁcant eﬀect on
the quality of MG. Similar behavior has been observed for the
intercalation of Pd, Pt, Ni, Co, and Si at the interface of MG
and Ru(0001).20 Thus, we propose that the Pb intercalation
may follow the similar mechanism as Pd does,20 involving metal
atom aided defect and self-healing of C−C bonds at high
temperature.
It is well-known that STM is very sensitive to the surface
structure and its depth sensitivity, that is, its ability to image
substructure, is largely hindered due to the screening of the
surface layer. Atomic resolution STM images of ordered lattices
buried under surfaces were only reported in a few systems.37,38
As the Pb atoms are intercalated underneath MG, it is diﬃcult
to resolve the atomic structure of the Pb layer by STM.
Nevertheless, we manage to obtain special tip states, so that the
MG covered Pb atoms seems to be transparent, allowing direct
imaging the atomic structure of the intercalated Pb in real
space. It has been demonstrated that a tip modiﬁed by CO or
organic molecules can signiﬁcantly improve the spatial
resolution of STM.39,40 Although the detailed structure of the
tip is not clear, we believe that the tungsten tip might have been
modiﬁed by some Pb atoms or residual gas molecules in the
ultrahigh vacuum chamber, leading to the insensitivity of MG
during STM measurements and reproducible imaging of Pb
atoms covered by MG. Figure 2a shows a high-resolution STM
image on the ﬂat area with such a special tip state. It is seen that
the intercalated Pb atoms form a hexagonal lattice. Each unit
cell consists of a 3-fold symmetric “Y”-shaped tetramer. Line
proﬁle analysis (Figure 2b) reveals a periodicity of ∼7 Å for the
hexagonal lattice of the Pb tetramers, twice of the lattice
constant of the Pb(111) surface, whereas a separation of ∼3 Å
is measured between the central Pb atom and the other ones of
a tetramer. Therefore, the intercalated Pb layer can be viewed
as a 2 × 2 superstructure with respect to the Pb(111) surface
but with a similar atom density.
The structure of the intercalated layer with respect to MG
and Ru(0001) can be extracted from the fast Fourier
transformation (FFT) analysis of the STM images. Figure 2c
illustrates the FFT pattern of a large-scale STM image where
the zoom-in shown in Figure 2a is collected. Two sets of spots
can be identiﬁed, as indicated by the blue and green circles. The
outer set of spots correspond to the reciprocal lattice of the
intercalated Pb layer, while the inner set of spots are assigned to
that of the MG moiré pattern. A rotation angle of ∼19°
between the two sets of dots is evaluated. Previous experiments

and theoretical calculations revealed that the lattice vectors of
the Ru(0001) substrate are parallel to that of MG moiré
pattern.8,9,18,19 Thus, the lattice vectors of the intercalated Pb
layer are rotated by ∼19° with respect to the Ru(0001) surface.
As the lattice length of the intercalated Pb layer is ∼7 Å, about
√7 times of the lattice constant of 2.68 Å for Ru(0001) surface,
we conclude that the intercalated Pb layer can be described as a
√7 × √7-R19° superstructure with respect to the Ru(0001)
surface. For a “Y”-shaped tetramer, the distance between the
central Pb atom and the other three ones is ∼3 Å, signiﬁcantly
shorter than the lattice constant of ∼3.5 Å for the Pb(111)
surface. Recently, Yuhara and co-workers studied the growth of
Pb on Ru(0001) by low energy electron diﬀraction and STM,
and found that Pb forms a similar √7 × √7-R19°
superstructure with respect to the Ru(0001) surface.41
However, the Pb ﬁlms show close-packed hexagonal lattice
with a lattice constant of 3.5 Å, which can be viewed as a 1 × 1
structure with respect to the Pb(111) surface.41 Thus, the
formation of “Y”-shaped tetramers after Pb intercalated at the
interface of MG and Ru(0001) is probably due to the
interaction between MG and Pb.
The structural and electronic properties Pb layer intercalated
MG on Ru(0001) are also studied by DFT calculations.
According to the experimental observations, the Pb layer
intercalated MG on Ru(0001) is described by a model with 8 ×
8 carbon atoms sitting on 7 × 7 ruthenium atoms with 7 “Y”shaped Pb tetramers between the carbon and ruthenium atoms
(8 × 7 model). Figure 3a shows the top view of the optimized
structural model of Pb layer intercalated MG on Ru(0001). The
simulated STM image shown in Figure 3b reproduces the STM
images very well. Our DFT calculations reveal that the central
Pb atoms of the “Y”-shaped tetramers are located at the fcc
hollow sites of the Ru(0001) surface. After Pb layer
intercalation the corrugated moiré pattern of MG/Ru(0001)
disappears and the MG becomes very ﬂat. The Pb−Ru
separation is in the range of 2.38∼2.46 Å (Figure 3c),
suggesting a strong coupling between Pb layer and Ru(0001)
substrate. Meanwhile, the distance between MG and Pb layer is
in the range of 3.63∼3.70 Å (Figure 3c), much longer than the
calculated Ru−C separation of ∼2.2 Å for the fcc and hcp
regions of MG/Ru(0001), but very similar to that of the atop
regions.18,19 It is known that the interaction between MG and
Ru is very strong for the fcc and atop regions, while the MG is
nearly free-standing for the atop regions.18,19 Thus, the
coupling between MG and Pb layer is very weak, leading to
the recovery of the intrinsic electronic properties of MG. As the
8 × 7 model described above is too large to calculate the band
structure in a reasonable time, we use a smaller model that can
be described as the √7 × √7-R19° superstructure with respect
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acquired on diﬀerent sites of MG/Pb/Ru(0001) unit cells.
These behaviors diﬀer from the site-dependent DOS in a unit
cell of MG/Ru(0001) moiré pattern revealed by previous
STM/STS experiments and DFT calculations,9,18,42,43 indicating that the intercalated Pb layer decouples the MG from the
Ru(0001) substrate and restores the free-standing feature of
MG. Figure 4b shows the Raman spectra acquired on the MG/
Ru(0001) sample before and after Pb intercalation. Prior to Pb
intercalation, the Raman spectrum of MG/Ru(0001) is
essentially featureless (the red line), due to the hybridization
of the π-electrons of graphene and the Ru 4d state.18,19 In
contrast, the characteristic Raman spectrum of free-standing
MG, including the G and 2D peaks, is collected after Pb
intercalation (the black line), again indicating that the
intercalated Pb layer at the MG/Ru(0001) interface eﬀectively
weakens the coupling between the MG and the metal substrate
and recovers the intrinsic electronic properties of MG. The D
peak in the Raman spectrum indicates the presence of graphene
edges, which might be due to a Pb coverage of less than 1 ML.

Figure 3. (a) Top view of the optimized structural model (8 × 7
model) of Pb layer intercalated MG on Ru(0001). The central Pb
atoms of the “Y”-shaped tetramers are located at the fcc hollow sites of
the Ru(0001) surface. The unit cell is indicated by the black rhombus.
(b) Simulated STM image of MG/Pb/Ru(0001). (c) Lateral view
showing that the Pb−Ru separation is in the range of 2.38∼2.46 Å,
while the distance between MG and Pb layer is in the range of
3.63∼3.70 Å. (d) Calculated band structure of the Pb layer intercalated
MG on Ru(0001) using the √7 × √7-R19° model. The red dots are
projected DOS of C pz state, showing a linear dispersion around Γpoint of graphene.

■

CONCLUSIONS
We have studied the structural and electronic properties of Pb
intercalated MG on Ru(0001) by means of LT-STM and
Raman spectroscopy. Although the Pb atoms are covered by
MG, we manage to obtain special tip states, so that the MG
seems to be transparent, allowing direct imaging the atomic
structures of Pb layer intercalated between graphene and
Ru(0001) by LT-STM. We ﬁnd that the intercalated Pb layer
exhibits a √7 × √7-R19° superstructure with respect to the
Ru(0001) surface. STM/STS and Raman spectroscopy
measurements and DFT calculations reveal that the epitaxial
MG are eﬀectively decoupled from the Ru(0001) substrate,
resulting in the ﬂattening (disappearance of moiré pattern) and
recovery of intrinsic electronic property of MG. Our work
constitutes an important step to fabricate a graphene/
superconductor/metal heterostructure. Intercalation of thick
Pb layer underneath graphene is under the way, which is
expected to have wide application in microelectronics-oriented
devices based on high quality graphene.

to the Ru(0001) surface (√7 × √7-R19° model, see
Supporting Information). After structural optimization of this
model, the Pb−Ru and Ru−C separations are 2.42 and 3.65 Å,
respectively, similar to the ones obtained using the 8 × 7
model. Moreover, both models exhibit similar density of states.
These behaviors indicate that the √7 × √7-R19° model is
nearly equivalent to the 8 × 7 one for studying the electronic
structures of the Pb layer intercalated MG on Ru(0001). Figure
3d shows the calculated band structure of the Pb layer
intercalated MG on Ru(0001) using the √7 × √7-R19°
model. A linear dispersion around Γ-point is clearly seen, in line
with the experimental observations that MG recovers the
intrinsic electronic property after intercalation of Pb layer.
The recovery of intrinsic electronic property of MG after Pb
intercalation is experimentally conﬁrmed by STS and Raman
spectroscopy measurements. Figure 4a shows a typical dI/dV
spectrum of Pb-intercalated MG on Ru(0001). A “V”-shaped
DOS around Fermi level is clearly seen. Similar spectra are
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