PRL 105, 036804 (2010)

PHYSICAL REVIEW LETTERS

week ending
16 JULY 2010

Potential Energy Landscape for Hot Electrons in Periodically Nanostructured Graphene
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We explore the spatial variations of the unoccupied electronic states of graphene epitaxially grown on
Ru(0001) and observed three unexpected features: the first graphene image state is split in energy; unlike
all other image states, the split state does not follow the local work function modulation, and a new inter-
facial state at +3 eV appears on some areas of the surface. First-principles calculations explain the
observations and permit us to conclude that the system behaves as a self-organized periodic array of

quantum dots.
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Lateral superlattices in graphene, a form of carbon with
unique electronic properties [1], can be realized by peri-
odic arrays of doping centers, electronic and geometric
corrugations [2] or externally applied potentials [3]. They
have been predicted to show a number of intriguing
properties such as anisotropic propagation of charge car-
riers [3], miniband transport and even new quasipar-
ticles for triangular superlattices [4]. A lateral super-
lattice consisting of regions of graphene with different
electronic properties can easily be prepared by thermal
decomposition of hydrocarbons on metallic substrates
[5,6]. This process results in an epitaxial graphene mono-
layer with a periodic array of bumps and valleys (termed
ripples) originating from the lattice mismatch between
graphene and the different substrates, which provide us
with a tunable pattern of structural and electronic hetero-
geneities [7].

The electronic structure of graphene can be modified by
the substrate by doping with electrons or holes or by in-
ducing a periodic modulation in the density of states or
both effects simultaneously [2,8]. In particular, graphene
grown on Ru(0001) is an ideal model system to study the
interaction of graphene with a metallic substrate because
the chemical interaction is spatially modulated with a
periodicity of only 31.1 A [9-11]. Close to the Fermi level,
this spatially-periodic chemical interaction modulates the
electronic structure producing an ordered array of electron
pockets [2]. The unoccupied electronic states of these
graphene superlattices, however, have not been character-
ized or discussed so far, in spite of their relevance for the
dynamics of hot electrons. These states could also be
important to understand the graphene intercalated com-
pounds [12] where the so-called interlayer state, recently
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identified as the first image state [13], plays a crucial role in
the superconducting properties [14].

Particularly relevant among the unoccupied states are
the image states, bound by the image-charge response of
metallic surfaces and with a free-electron like dispersion
parallel to the surface [15]. In scanning tunneling micros-
copy (STM) experiments the electric field across the tunnel
junction causes a Stark shift of these states expanding the
image state spectrum into a resonance spectrum. These
field emission resonances (FERs) were experimentally
observed in field ion microscopy by Jason [16] and with
STM by Binnig et al. [17] and, since then, they have been
used to identify different metals at surfaces [18] or to study
modulations on the surface work function [19,20].

In this Letter, we explore by means of scanning tunnel-
ing microscopy and spectroscopy and first-principles cal-
culations the periodic modulation of the unoccupied
electronic states in graphene/Ru(0001), mapping the po-
tential energy landscape for hot electrons in this lateral
superlattice of graphene. Experimentally, we found three
unexpected features in this system. The first graphene
image state is localized on nanometer size regions where
the distance between graphene and Ru(0001) is larger (H
areas), while it is more extended on the L areas (smaller
graphene Ru distance). This state does not shift in energy
following the variation in work function from L to H areas.
A new interfacial state at +3 eV appears in the L areas.
First principles calculations explain the origin and charac-
teristic of these spectral features.

The experiments were done in two ultra high vacuum
chambers. One equipped with a variable temperature STM
working between 80 K and 300 K, and the other with a low
temperature STM working between 4.6 K and 77 K. The
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tunneling spectra were measured with the feedback loop
connected and the variation of the distance between tip and
sample, Z, was recorded as a function of the bias voltage,
V, applied. The Z(V) curves were numerically differenti-
ated to obtain the dZ/dV curves.

Figure 1(a) shows a STM image recorded on a Ru(0001)
sample partially covered with graphene. The image shows
the moiré superstructure that appears at this sample voltage
as an ordered triangular array of bumps (right half of the
image). The inset in Fig. 1(b) shows the dZ/dV curve
measured on the clean Ru(0001) region. Three peaks re-
flecting the FERs are visible in the spectra. As usually
expected, the first FER appears slightly above the work
function of Ru(0001) [21]. Figure 1(b) shows the dZ/dV
curves measured on the H and L areas of the moiré [blue
(dark gray) and red (medium gray) curves, respectively]. In
the curves measured on the H areas of the moiré, where the
distance between graphene and the metal substrate is
larger, the first FER appears around +4.4 eV, close to
the average work function measured on this surface [21].

The curves measured on the L areas of the moiré, where
the chemical interaction between graphene and ruthenium
is stronger and, accordingly, the interlayer distance shorter,
present some unexpected features. First, there is a new
peak, 3 eV above the Fermi level, well below the vacuum
level, which is not present in the H areas of the moiré.
Second, the first FER (next peak in the curve) is located
now at +4.8 eV, i.e., at higher energy than in the H areas.
The energies of all higher order FERs are always smaller
on the L areas than on the H areas, reflecting the difference
in the local work function [22]. This is expected from
theory and experiments in other systems [17]. The first
FER at the L areas shows, however, an energy shift of
about 0.4 eV with respect to the peak at H areas and in the
opposite direction to the local work function change. This
reversed shift of the first FER is a robust result, which does
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FIG. 1 (color online). (a) STM image (150 X 150 A?, V, =
—0.5 V) measured at 4.6 K at the edge of a graphene island. The
left-hand side is the uncovered Ru(0001) surface, while on the
right-hand side the moiré superlattice of graphene appears as a
triangular array of bumps. (b) dZ/dV curves measured on the
moiré superstructure on the graphene island. The blue (dark
gray) curve was measured in the H areas [blue (dark gray) box
in (a)]. The red (medium gray) curve shows the corresponding
spectra measured in the L areas of the moiré [red (medium gray)
box in (a)]. Inset in (b) shows dZ/dV curve measured on the
clean Ru(0001) [green (light gray) box in (a)].

not depend on the tip sharpness, sample temperature (in the
range 4.6 K-300 K) or tunneling current used in the experi-
ments, although the exact magnitude of the energy shift
depends on the electric field between tip and sample [23].

Taking advantage of the spatial resolution of the STM,
we map the spatial distribution of the spectral features
discussed above. Figure 2(a) shows a 90 X 90 A% STM
topographical image of a single layer of graphene grown
on Ru(0001) with the characteristic bright (H areas) and
dark (L areas) regions and Figs. 2(b)-2(d) show the dZ/dV
maps measured simultaneously at bias voltages corre-
sponding, respectively, to the peak at +3.0 V and the first
FER measured on the H and L areas of the moiré at
+4.4 and +4.8V. The dZ/dV map of the new peak at
+3.0V presents intensity only on the L areas of the
moiré and shows a small intensity modulation, probably
due to the different stacking sequence in the L areas of the
moiré [24]. The spatial distribution of the +4.4 eV peak
[Fig. 2(c)] reveals that the state is localized on the H areas.
On the contrary, the dZ/dV map at +4.8 eV [Fig. 2(d)]
shows localization of the state on the L areas with a
modulation in the amplitude similar to Fig. 2(b).

In order to understand the origin of the new peak at
+3 eV and the anomalous energy shift of the first FER, as
well as the above mentioned different spatial localization
of the FERs, we have performed two different sets of first-
principles calculations based on density functional theory
(DFT). First we have used the SIESTA code [25] to make an
explicit description of the electronic and atomic structure
of the substrate in order to characterize the (different) C-Ru
interactions in the L and H areas. This calculation permits

+4.8V.

FIG. 2 (color online). (a) STM topographic image (90 X
90 A2, V.= —0.5 V) measured simultaneously with the
dZ/dV maps shown in the other panels. (b) dZ/dV map showing
the spatial distribution of the new feature that appears at +3 V in
the L areas of the moiré superstructure. (¢) dZ/dV map showing
the spatial distribution of the feature that appears in the spectra a
+4.4 V. The intensity of this feature is strictly confined to the H
areas of the moiré. (d) dZ/dV map showing that the feature that
appears in the spectra a +4.8 V is confined to the L areas of the
moiré. The red circle marks the same spot in all the images.
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FIG. 3 (color online). The calculated evolution of the energies
(relative to the Fermi level) of the unoccupied states at I, i.e.,
within the projected band gap of Ru(0001), when a laterally
strained graphene layer is approached to the surface. The green
horizontal lines, at the right-hand side, show the energy position
of the states for a freestanding strained graphene layer with our
basis set of numerical orbitals supplemented with diffuse orbi-
tals. States labeled with 1% and 1~ correspond to the first and
second image states [13]. The letters refer to the different panels
of Fig. 4. Squares and circles indicate the doubly and singly
degenerate states.

an unambiguous identification of the peak appearing at
+3 eV on the L areas. The second set of calculations
used plane waves and pseudopotentials to study the depen-
dence of the field emission resonances on the applied
electric field between tip and sample [26].

The actual structure of the graphene layer on Ru(0001)
involves a very large (and complex) unit cell not yet fully
understood [9,27]. This makes precise first-principles cal-
culations on this system extremely demanding. For this
reason, commensurate structures with graphene strained to
match the Ru lattice parameter (2.7 A) were used to
identify the main dependence of the electronic structure
on the graphene-Ru interlayer distance and registry [26].
Figure 3 shows the results obtained when a strained gra-
phene plane with a top-hcp registry with respect to the Ru
surface layer is moved towards the Ru(0001) surface. Very
similar results are found for other stackings and here we
just concentrate on the effect of the graphene-Ru distance.
First, we will discuss the origin of the different bands. The
green horizontal lines in Fig. 3 indicate the energy position
of the states for a freestanding, but strained, graphene
layer. The first two states correspond to the first two
“image states” (17, 17) described in Ref. [13]. These
states are still bound to the layer using local or semilocal
DFT, i.e., without the explicit inclusion of the image-
potential tail. At large distances the main effect of the Ru
substrate is to break the up-down symmetry of the layer, as
well as to confine these extended states due to the gap that
exists in the projected band structure at the relevant energy
range. As a result, the 17 and 1~ states of graphene form
linear combinations either with larger weight towards the

vacuum [red (medium gray) dots in Fig. 3] or in the inter-
face region [blue (dark gray) dots]. The latter rapidly shift
upwards in energy out of the window relevant for our
experiments. On the contrary, the 17 state [red (medium
gray) dots] stays constant in energy for graphene-Ru dis-
tances larger than 3.0 A.

Approaching the graphene layer further we also induce
the confinement of the electronic states of the Ru(0001)
surface. In particular, a surface resonance of Ru [green
(light gray) dots in Fig. 3] that is reminiscent of the surface
states observed in the (111) surfaces of the noble metals
and, for the clean Ru surface, appears slightly below the
edge of the Ru(0001) projected band gap. When the dis-
tance between the graphene layer and the Ru(0001) surface
is smaller than 3.0 A, this resonance is promoted to a sur-
face state and starts to hybridize with the first image state
of graphene [points (e) and (f) in Fig. 3]. The cor-
responding charge distributions are shown in Figs. 4(e)
and 4(f). For distances around 2.4 A this resonance,
strongly hybridized with graphene, appears near +3 eV
[point (c) in Fig. 3]. Its corresponding charge distribution
shows a remarkable increase in the charge above the
graphene overlayer [Fig. 4(c)]. Simultaneously, the 1%
image state strongly shifts upwards in energy, as seen in
Fig. 3 [point (d)]. The corresponding charge distribution
[Fig. 4(d)] clearly shows an increase in the charge density
in the space between graphene and ruthenium. Below 2.4 A
an avoided crossing between the two bands can be seen in
Fig. 3 [points (a),(b)] and Figs. 4(a) and 4(b).
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FIG. 4 (color online). Planar average of the density associated
with selected states in our DFT calculations of strained graphene
on Ru(0001). The dashed black line marks the Ru(0001) surface
and the continuous red line the graphene plane. The letters of the
panels correspond to the letters shown in Fig. 3. For a graphene-
Ru distance d = 3 A, relatively weak C-Ru interaction (H
areas), the Ru surface resonance remains unchanged (e) while
the first FER corresponds to the 1% image state modified by the
neighboring Ru (f). Atd = 2.4 A (L areas), stronger interaction,
the interfacial state displaces its charge appreciably outside the
graphene layer due to the interlayer confinement (c), while the
first FER has its charge distributed on both sides of the C surface
(d). A further pushing of the C layer towards the metal to d =
2 A reveals an avoided crossing of the two bands by the
exchange in character of the states [(a) and (b)].
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Experimentally we observed a resonance at +3 eV only
in the L areas. We can now identify it with the rather broad
Ru(0001) surface resonance lifted upwards (~1 eV) from
the bottom of the projected band gap at I" due to the C-Ru
interaction. Similar dZ/dV spectra recorded on the moiré
superstructure of graphene on Ir(111), where the graphene-
Ir distance is larger, do not show a peak at +3 eV, support-
ing our identification as an interface peak related to the
short C-Ru distance. The corresponding charge distribu-
tion is very sensitive to the graphene-Ru distance, as shown
in Fig. 4. It corresponds to an interfacial state whose charge
protrudes outside the graphene layer (allowing its detection
by STM) only at short graphene-Ru distances.

The calculations also give an explanation for the re-
versed shift. As the graphene layer approaches the metal
surface, the confinement and the hybridization with Ru
states shift the 1% state upwards (by ~0.32 eV upon
changing the C-Ru distance from 3.0 to 2.4 A). In the L
areas the local work function is smaller [22]; therefore, the
1" state is more extended towards the vacuum in the L
areas and is more sensitive to the electric field applied
between the STM tip and the surface [26]. This produces
an additional upward shift of the first FER in L areas with
respect to H areas. This relative shift amounts to ~0.5 eV
for an electric field of 0.4 eV/ A [26]. The combined effect
of the electric field and the Ru induced confinement over-
compensates the change of the local work function from L
to H areas and explains the reversed shift of the first FER.

What happens is that the effective potential felt by an
electron in the 17 state is less repulsive in the H areas and
can be pictured as a periodic array of shallow attractive
(with respect to the average) potential wells of nanometer
size associated with the H areas, i.e., forming a periodic
array of quantum dots. This explains the strong localization
of the peak at +4.4 eV in the H areas. In two dimensions
any attractive potential of finite strength, under quite gen-
eral conditions, has at least one bound state [28]. The
situation for a periodic potential is slightly different [29],
but the effect is similar: the splitting of the bottom of the
free-electron-like 1" band into a quantum dotlike lower
band (+4.4 eV) localized in the H areas and a higher band
(+4.8 eV) more delocalized (dispersive) in the spatially
connected L areas (see Fig. 2).

In conclusion, we have explored the potential energy
landscape for hot electrons in a lateral superlattice of
graphene grown on Ru(0001). Because of the spatial
modulation of the interaction with the metallic substrate,
the energy position of the first FER is not tied to the value
of the local work function but splits into two subbands: the
one at higher energy is localized over the extended L areas
and the one at lower energy is localized at the H areas. The
appearance of a new interfacial state was also discussed. Its
energy position is strongly dependent on the graphene-Ru
interaction and, thus, it can be used to calibrate the height
of the graphene above the Ru surface. The spatial modu-
lation of the first image state of graphene on Ru(0001)
resembles that of a periodic array of quantum dots with low

binding energies. Interesting electron correlation effects
can be expected when several electrons are simultaneously
injected into this band.
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