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Graphene on weakly interacting metals: Dirac states versus surface states
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We investigate the interplay between graphene and different, weakly interacting metal substrates by measuring
the local density of states of the surface with scanning tunneling spectroscopy. Energy-resolved Friedel
oscillations, confined states, and a prominent signal in point spectra are found after intercalating several
monolayers of silver between graphene and Ir(111) and correspond to the shifted surface state of silver. These
features outweigh spectroscopic signatures of graphene, which are retrieved when the amount of silver is reduced
to one monolayer. Hence, suppressing the surface states of the metal substrate enhances the sensitivity to the

Dirac states of quasi-free-standing graphene.
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I. INTRODUCTION

Epitaxial growth on metal surfaces is a well-established
procedure to prepare extended and defect-free sheets of
graphene [1-3], but also novel two-dimensional materials
(2DMs) can be grown by this method, as for example hexag-
onal boron nitride [4], the transition-metal dichalcogenides
MoS; and WS; [5,6], or silicene [7]. Very often, the interaction
between the metal substrate and the ultrathin layer on top of
it is weak enough to allow for studies of the characteristic
properties of 2DMs using surface science methods [8-10].
However, especially for extremely surface-sensitive methods
such as scanning tunneling microscopy and spectroscopy
(STM/STS), a disentanglement of the electronic properties
of the substrate and the overlayer becomes rather difficult and
in many cases impossible: For example, a clear signature of
the Dirac point of graphene (gr) is absent in point spectra taken
on, e.g., gr/Ag(111) [11] or gr/Cu(111) [3].

A special challenge arises when the Dirac states coexist with
metal surface states with similar dispersion relations E(k):
In such a case, confined electronic states on nanometer-sized
graphene flakes (graphene quantum dots, GQDs) on Ir(111)
have been attributed to Dirac states of graphene [12,13], the
surface state of Ir(111) [14], or a mixture of both [15]. A
clear distinction is only possible in favorable cases as found
for gr/Au(111) [16] or when the surface state is purposefully
suppressed as for gr/O/Ir(111) [17].

Here, we present a detailed study of the mutual interplay
between graphene and different metal substrates with respect
to the resulting electronic structure. We study epitaxial
graphene on a rather thick Ag(111) film on Ir(111) as a
model system for gr/Ag(111), graphene on a monolayer of
Ag(111)/Ir(111), and graphene on pristine Ir(111). All systems
have in common that their interaction with the carbon sheet
is weak enough to render the graphene quasi-free-standing,
that is, free of strong localized bonds to the substrate. For
the case of gr/Ir(111), this is evidenced by the observation of
the Dirac cone in angle-resolved photoemission spectroscopy
(ARPES) [9]. For the case of silver, ARPES measurements
have shown that intercalating one monolayer (ML) of silver
between graphene and Re(0001) almost completely recovers
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the linear Dirac cone which is absent without the intercalant
due to the strong interaction of Re with graphene [18]. A
similar observation is found when intercalating 1 ML between
graphene and Ni(111) [19]. One property characteristic for
a weakly interacting substrate under graphene, namely, in-
tervalley scattering [20], has been reported for graphene on
Ag(111) [11]. In addition, both Ag(111) and Ir(111) feature a
surface state with a parabolic dispersion around the I' point,
which has a positive effective mass m™ for the case of Ag(111)
and anegative m™ for Ir(111). As we will show in the following,
for just one monolayer of Ag(111) on Ir(111), both surface
states are suppressed, allowing a systematic investigation of
the mutual interplay in our study.

STS enables alocal determination of the electronic structure
as it can determine the local density of states (LDOS) in
dependence on the energy E. Even a full determination of
the dispersion relation E(k) (k =k is the in-plane crystal
momentum) becomes possible when interference patterns of
electronic states are analyzed. Such patterns can be either
found in extended systems in the form of standing waves
in the vicinity of one-dimensional defects or in the form
of eigenmodes with discrete values of E and k when the
states are confined to nanometer-sized quantum dots [21]. Both
approaches will be used in our study.

The paper is structured as follows: After introducing
the experimental setup and preparation techniques (Sec. II),
in Sec. III we investigate the electronic properties of our
model substrate [a thick film of Ag(111)/Ir(111)] with special
emphasis on the surface state and the changes induced by the
presence of graphene on top of this substrate. The additional
effect arising when electronic states are confined by GQDs
is introduced in Sec. IV. Finally, we study a system where
conflicting surface states are partially suppressed, namely,
graphene on top of one ML of Ag(111) on Ir(111) in Sec. V
and conclude our work in Sec. VI.

II. EXPERIMENTAL SETUP AND SAMPLE PREPARATION

The sample is prepared in an ultrahigh vacuum (UHV)
chamber at a base pressure lower than p =2 x 10~'° mbar.
The Ir(111) single crystal is cleaned by cycles of Ar" ion
bombardment, then exposed to oxygen at 1125 K and annealed
at 1475 K. For graphene growth, we apply two temperature
programed growth (TPG) steps [22], adsorbing ethylene as
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a precursor at room temperature followed by annealing at
1475 K. We evaporate silver from a crucible with a rate of
0.575 A/ min (determined with a quartz crystal microbalance)
with the sample at room temperature and obtained an Ag film
with a nominal thickness of 15 ML. Heating the sample to
T = 750 K enables diffusion of the GQDs to the surface as
shown in Ref. [16] for the case of GQDs buried under a thin
gold film. We find GQDs of various sizes on and embedded
in silver. Low-energy electron diffraction shows that the silver
film has a (111) orientation. In the following, we will refer to
the uncovered silver film as 15 ML Ag(111)/Ir(111) and to the
graphene covered areas as gr/15 ML Ag(111)/Ir(111).

After preparation, the sample is transferred (in UHV) to
a second chamber where STM and STS measurements are
performed at a base pressure of p < 3 x 107! mbar. We use
a low-temperature scanning tunneling microscope operating
at 5 K with a tungsten tip. We mainly prepare the tip by
repeatedly dipping it into the surface with open feedback
loop at a constant voltage of several volts to minimize the
contribution of the LDOS of the tip. For STM, we apply
a voltage V to the sample and detect a tunneling current
I. For STS, we record a signal approximating the LDOS
of the surface obtained by measuring the derivative dI/dV
and normalizing it by I/V [23]. The energy of the detected
states is given by E = e x V, hence, Er = 0 eV. We use a
lock-in technique with a frequency in the range of 850-950
Hz and a modulation amplitude of Vj;,,¢ = 4-10 mV, resulting
in a lower limit of the experimental resolution [24] of
AE ~ \/(3.3kgT)? + (1.8¢Vinoa)? < 0.02 eV. All STM and
STS measurements were acquired in constant current mode.

III. AG(111) SURFACE STATE

As the first step, we characterize the substrate used in this
study, namely, 15 ML Ag(111)/Ir(111). An STM topography
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without any graphene is shown in Fig. 1(a) in yellow (gray)
together with several d 1 /dV maps in blue (dark gray) recorded
at different energies E (indicated in the images) on the same
area. Standing wave patterns in the spectroscopic maps are
evident, with a wavelength X that depends on E [see Fig. 1(b)].
These features are typically interpreted as energy-resolved
Friedel oscillations and indicate the presence of a surface
state [25-27], as should be expected for Ag(111) [28]. On
the upper terrace, the scattering at one single elongated edge is
detected, resulting in a wave train normal to the edge. On
the lower terrace, a second edge visible at the top of the
STM image produces an additional wave train, thus causing an
interference pattern due to the superposition of both standing
waves evolving in different directions.

The underlying dispersion relation E(k) of the surface state
can be extracted from the measured values for A using the
relation [29] k = 7 in analogy to an interference pattern
between ingoing and outgoing waves. The result for three
different terraces is shown in Fig. 2. We fit the dispersion of
the energy-resolved Friedel oscillations with a parabolic band
(black line) to obtain the surface state energy at k = 0, Ey, and
the effective mass m™ of the surface state. The resulting values
for Eg and m*/m (with m defined as the free-electron mass)
are given in the figure.

Our results can be compared to the behavior of the silver
surface state on an Ag(111) single crystal [28] shown in olive
in Fig. 2 with the corresponding values for Ey and m™/m.
We find a good agreement of the effective masses. However,
the bands clearly differ in their surface state energy: For the
case of 15 ML Ag(111)/Ir(111), the surface state is shifted
above the Fermi energy, from Ey = —0.075(5) to 0.011(5) eV.

In the next step, we compare d1/dV spectra (representing
the LDOS) taken on 15 ML Ag(111)/Ir(111) and gr/15
ML Ag(111)/Tr(111) (see Fig. 3). The normalized spectrum
measured on 15 ML Ag(111)/Ir(111) [black line in Fig. 3(b)]
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FIG. 1. (Color online) (a) STM image of 15 ML Ag(111)/Ir(111) (I = 0.1 nA, U = 0.45 V, image size 22 x 22 nm?), together with several
dI/dV maps recording the oscillating LDOS on the surface at the indicated energies E. (b) Line profiles of the observed energy-resolved
Friedel oscillations recorded at £ = 0.5 and 0.3 eV revealing a change in the wavelength with energy. They are obtained along the line drawn

in the corresponding maps. The profiles are stacked for clarity.
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FIG. 2. (Color online) Dispersion relation of the silver surface
state obtained on three different terraces on 15 ML Ag(111)/Ir(111).
Dots stand for experimental STS maps. The black line represents a
parabolic band with the two fitting parameters given in the figure
(black). The olive (gray) colored dispersion is the band for Ag(111)
as given by the olive (gray) colored parameters [28]. The filled dots
correspond to the maps of Fig. 1.

shows a sharp kink around the Fermi energy. We attribute
this prominent raise to the LDOS of the silver surface
state [30], which has a steplike DOS characteristic for a
parabolic band in 2D. The evaluation of the kink yields
Ep~ 0.05 eV in agreement with the surface state energy
at k = 0 obtained by mapping the energy-resolved Friedel
oscillations on 15 ML Ag(111)/Ir(111) (see Fig. 2). The red
(gray) spectrum recorded on gr/15 ML Ag(111)/Ir(111) shows
a shifted kink that we attribute to the silver surface state
surviving under graphene [14,31]. The kink is recorded at
approximately 0.25 eV, meaning that the whole band shifts
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0.2 eV towards higher energies. The evolution of the surface
state when penetrating graphene can be seen best when
recording a set of dI/dV spectra along a line beginning on
the silver surface and ending on graphene [see the arrow in
Fig. 3(a)]. The corresponding spectra are shown in Fig. 3(c).
The spectra are stacked so that one can easily follow the
behavior of the surface state when approaching and entering
the graphene region. Beginning at the bottom of Fig. 3(c),
the kink of the surface state is clearly visible near the Fermi
energy (black spectra). Arriving at the border between silver
and graphene, this signal first continuously vanishes, then
reappears but shifted towards higher energies (red spectra).

In the following paragraphs, we will propose explanations
for the two shifts of the silver surface state that we observe,
namely, between 15 ML Ag(111)/Ir(111) and gr/15 ML
Ag(111)/Ir(111) and between 15 ML Ag(111)/Ir(111) and
Ag(111), starting with the latter. We propose that this shift
is caused by epitaxial strain. Typically, such deformations of
the crystal lattice are very difficult to detect using STM where
lateral distances can only be obtained within an error of a few
%. In our system, however, we can exploit the magnifying
effect of the moiré superstructure [1,32] to determine the
silver lattice constant. We find a strain of 1.0(6)% in the
silver periodicity by evaluating the moiré pattern of a large,
atomically resolved graphene island [33].

The strain in the silver layer can be linked to the shift of
the surface state as shown in studies of an ultrathin silver layer
on the Si(111)-(7 x 7) surface [34] and Ag(111) islands on
Nb(110) [35]. They both report a similar shift of the surface
state band and attribute it to a net strain in the silver lattice.
The strain lifts the bulk band located at lower energies than
the surface state, changing the whole projected bulk band gap.
This influences the surface state since it has to stay in this
gap, preserving the potential that confines it to the surface
plane [34]. We propose that this mechanism is active for 15
ML Ag(111)/Ir(111). According to the model of Ref. [34], the
strain which is necessary to shift the band to Ey = 0.01 eV
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FIG. 3. (Color online) (a) STM image of the probed region of silver and graphene (I = 0.4 nA, V = 0.2 V, image size 14 x 14 nm?). The
arrow indicates the path of the tip to obtain the spectra. (b) Two normalized spectra (numbers 4 and 27 from the set) reveal the shift of
the surface state when located under graphene (/i = 0.081 nA, Vi, = 0.5 V). The black arrow denotes the energy used to extract E, on the
silver surface, while the red (gray) arrow illustrates the shift of the surface state under graphene. (c) 30 STS spectra, performed along the arrow
in (a), from silver (bottom) to graphene (top). The dashed rectangles enclose the signal attributed to the Ag surface state.

115419-3



WOUTER JOLIE, FABIAN CRAES, AND CARSTEN BUSSE

is about 0.5%, in good agreement with the strain we measure
with STM.

The second shift of of the silver surface state that we
observe, namely, between 15 ML Ag(111)/Ir(111) and gr/15
ML Ag(111)/Ir(111), is comparable with the perturbation of
the Ir(111) surface state under graphene [14,31], presumably
due to the equivalent change of the boundary conditions for
both surface states (from vacuum to a graphene boundary).
We compare the influence of graphene with a chemically inert
xenon layer on Ag(111) which results in a surface state energy
shift of ~0.12 eV towards higher energies [36]. Since xenon
has a large band gap at the Fermi energy, no Coulomb potential
effects induced by charge transfer can cause the shift there.
However, these additional effects may cause the larger shift for
graphene on Ag(111) where charge redistribution is present.

IV. CONFINEMENT ON GRAPHENE QUANTUM DOTS

In this section, we describe new effects that arise in the
LDOS when graphene is present in the form of nanosized
GQDs (see Fig. 4). In the topographic image [Fig. 4(b)], two
GQDs (labeled A and B) have reached the surface of the silver
film during heating but are still embedded in 1 ML of Ag. Point
spectra taken on and next to the GQDs labeled A are shown
in Fig. 4(b). The spectra on 15 ML Ag(111)/Ir(111) shows the
characteristics of the Ag(111) surface state, whereas for gr/15
ML Ag(111)/Ir(111) the shoulder is shifted to higher energies
(see arrows) and there is a substructure in the spectrum after
the step: We observe a dip at 0.24 eV and new peaks around
0.315 and 0.50 eV. Mapping the LDOS at these particular
energies reveals characteristic patterns, both on GQD A and
B [see Figs. 4(c)—4(e)]. The energies of the maps are marked
in the spectrum with blue (dark gray) lines. The interference
pattern recorded on the embedding 15 ML Ag(111)/Ir(111)
arise again from energy-resolved Friedel oscillations evolving
at the step edges around the GQDs and around various defects.

We interpret the patterns observed in the spectroscopic
maps as standing wave modes of states confined to the
GQDs. In order to extract the underlying dispersion relation
E(k) from the observation of differently shaped eigenmodes
at specific energies, we employ the following model: The
confining potential is approximated as an infinite cylindrical
well with radius » = /A /7 [see, e.g., the white dashed circle
in Fig. 4(b)]. The confined wave functions W that lead to the
standing wave patterns |¥|? in the LDOS are assumed to be
given by Wy, 1 o Ji(km10)e!? [in polar coordinates (p,¢)],
where J; is the spherical Bessel function of the first kind with
order/ [21]. Since the wave function has to vanish at the border
of the GQD due to the infinite potential barrier, W, ; must have
a node for p = r, leading to the condition k, | = z;,; with
Zm. the mth zero of J;, and so the eigenstates are labeled
(m,l). The momentum ky, of a given state (mm,/) observed at
an energy E can be calculated via k| = zm1/F = Zm1v/ 7/ A.
All states with a certain (m,/) have a characteristic shape: (1,0)
looks like a bubble, (1,1) like a ring, and (2,0) like a sombrero,
to name a few. Following this model, the states of GQD A in
Figs. 4(c) and 4(d) are (1,1) at 0.24 eV and (2,0) at 0.315 eV.
The states of GQD B are (1,0) at 0.24 eV, (2,0) at 0.315 eV,
and (3,0) at 0.5 eV.
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FIG. 4. (Color online) (a) d1/dV spectra recorded on silver
(black) and on an embedded GQD ([, = 0.1 nA, Vi, = 0.8 V).
The kink and shift of the surface state are visualized by two arrows.
The three blue (dark gray) lines denote the energies which are mapped.
Their width corresponds to AE. (b) STM image of two GQDs
labeled A and B with two (small) circles indicating the probing
places of the spectra and one (big) dashed circle illustrating the
approximation of the Bessel model (/ = 0.1 nA, V = 0.5V, image
size 28 x 28 nm?). (c) STS map recorded at 0.24 eV revealing a
confined ringlike (1,1) state on GQD A together with a bubblelike
(1,0) state on GQD B. (d) The map recording the LDOS at 0.315
eV measures a (2,0) state on both GQDs, respectively. (e) A (3,0)
state is recorded on GQD B at 0.50 eV. (f) Graphene confined by step
edges (I = 0.5nA, V = 0.2 V, image size 15 x 15 nm?). Confined
standing wave patterns are observed on the small terrace, while
energy-resolved Friedel oscillations are recorded on the upper, larger
terrace. (g) Standing waves recorded on a GQD at a step edge, which
are unaffected by the adsorbates on the GQD (/ =0.2nA,V =1V,
image size 20 x 20 nm?). (h) Comparison of the LDOS modulations
of the two lines drawn in (f). (i) Dispersion relation extracted from
the confined states and energy-resolved Friedel oscillations obtained
on GQDs, together with the expected bands for the surface state and
Dirac electrons.
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A plot of E(k) using the values determined according
to the procedure explained above [Fig. 4(i), open symbols]
reveals the underlying dispersion relation. We compare the
experimental data with the bands present on GQDs: The red
(gray) line in Fig. 4(i) represents the linear Dirac cone with
vr = 10° m/s and a Dirac point energy of Ep = —0.325 eV
as found for gr/Ag(111) using density functional theory
(DFT) [37]. The black line is the parabolic band of the silver
surface state using Ep = 0.25 eV as determined from point
spectroscopy in Fig. 3(b) and m*/m = 0.38 as determined
from the analysis of the Friedel oscillations shown in Fig. 2.
The much better agreement with the latter band is obvious.
We conclude that the confined states arise from the surface
state of silver under the GQDs and not from graphene itself,
which can be explained with the high & of the Dirac electrons
located near the K point which damps their contribution to the
tunneling current [38]. This is the opposite behavior as found
for GQDs in the system gr/O/Ir(111) where the confined states
could clearly be attributed to the Dirac states of graphene [17].
A strong indication that the patterns are not due to Dirac states
is that we do not observe them below the band of the surface
state.

For eigenstates with high quantum numbers (m,/) and/or
states on more irregular islands, the patterns in the LDOS
become increasingly complex [see Figs. 4(f) and 4(g)]. An
analysis based on the Bessel model is no longer possible in
these cases. However, the patterns become more and more
similar to the energy-resolved Friedel oscillations discussed
in the previous section. This is shown in Fig. 4(f). The
topographic image shows a part of an extended graphene
flake covering a large (top right) and a small substrate terrace
(center). States are confined by the substrate step edges.
A ring is recorded at low energies. It is characterized as
a (1,1) state within the Bessel model. With increasing E,
the standing wave pattern becomes more complex, making
it possible to directly read out the wavelength of the state.
We use the Bessel model to compute k& at small energies,
while the corresponding wavelength is used at high energies
in analogy to the energy-resolved Friedel oscillations. The
equality of both models is visible in Fig. 4(h) which compares
the wavelengths of the standing wave patterns recorded along
the lines in Fig. 4(f): one is from a confined state, the other
from energy-resolved Friedel oscillations recorded on the
extended terrace partly visible in the STM image. This is a
further indication that Dirac states do not play a role here,
as the Friedel oscillations were unambiguously attributed to
the surface state in our analysis above (see Fig. 2). Finally,
the confined states are not disturbed by adsorbates located
on GQDs as can be observed in Fig. 4(g). Although defects
are present in the maps (as a featureless cloud), the standing
wave pattern on the GQD seems to be unaffected by them. A
similar finding was found for the surface state of iridium under
graphene, which even persists in air due to the protective layer
of graphene on top of it [31].

After we have established that GQDs can indeed confine the
surface state of the metal substrate underneath, we speculate
about the mechanism allowing this confinement. For the
closely related phenomenon of a confined surface state in
gr/Ir(111), it has been proposed in Ref. [14] that (i) the local
gating of the surface state and (ii) the fact that carbon atoms
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at the edge of the GQDs are covalently bound to the substrate
atoms [39] lead to quantum confinement. However, the latter
seams unlikely for the case of gr/Ag(111) as corresponding
DEFT calculations [40] reveal that the interaction between the
carbon edge atoms with the substrate is considerably weaker. In
addition, for the chemically rather similar substrate Au(111),
even a manipulation of GQDs with the STM tip is possible [16],
further indicating a weak interaction. We conclude that the
gating only is sufficient to confine the surface state, similar
to the confinement of image potential states above GQDs on
Ir(111) [41].

V. PARTIALLY SILVER INTERCALATED GRAPHENE
QUANTUM DOTS

‘We now reduce the amount of intercalated silver by heating
the sample for a short time above the desorption temperature
of silver [42]. Figures 5(a) and 5(b) show two STM images
obtained after heating at 7 = 935 Kfor3minand 7 = 1125 K

FIG. 5. (Color online) (a) STM image after heatingto 7’ = 935K
(I =0.1 nA, V=0.92 V, image size 111 x 111 nm?). Partially
silver intercalated GQDs are visible. A sketch under the STM image
illustrates the side view of the morphology along a cut (horizontal
line). (b) STM image of the same size recorded at a different
place on the sample after an additional heating step at 7 = 1125
K (I =0.038nA, V = 0.4V, image size 111 x 111 nm?). Silver has
desorbed next to GQDs, as shown in the side view. (c) Same image
as in (a) with a different contrast to enhance the visibility of the
silver reconstruction on Ir(111). (d) STM image showing a periodic
moiré on gr/Ir(111) (I = 0.05 nA, V = 0.4 V, image size 28 x 20
nm?). The magnification in the inset reveals an aperiodic corrugation
on gr/1 ML Ag(111)/Ir(111) (I = 0.09 nA, V = 0.4 V, image size
12 x 11 nm?). The color scale is the same in all STM images except
(c): silver is red (light gray), intercalated graphene is yellow (very
light gray), graphene on Ir(111) brown (dark gray), and Ir(111) black.
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FIG. 6. (Color online) (a) Two spectra (I, = 0.03 nA, Vi =
0.125 V) recorded on the places indicated by colored circles on the
STM image in the inset (/ = 0.03 nA, V = 0.4V, image size 17.5 x
17.5 nm?). The spectrum transforms from the black one showing a
surface state kink (corresponding to Ej) to the red (light gray) one
showing a Dirac dip (with a minimum at Ep). The sketch at the bottom
shows the band responsible for the dominant contribution. (b) Three
spectra probed on intercalated and nonintercalated graphene [marked
in the inset of (a)] with the orange (very light gray) and the red (light
gray) one [same as in (a)] showing a Dirac feature and the blue (dark
gray) one showing a peak, respectively. The shifted Eq of the Ir(111)
surface state under extended graphene is highlighted with a dashed
arrow.

for a few seconds, respectively. Note that Ag and Ir do not form
alloys due to the very small solubility of Ag in Ir (the most
dilute alloys contain 1.8 at.% Ag) [43]. One ML of silver
is still present after the first heating step due to the higher
desorption temperature of the first ML of silver on Ir(111) [44].
The system 1 ML Ag(111)/Ir(111) shows a complex surface
reconstruction as can bee seen in Fig. 5(c). In principle, such a
reconstruction has a well-defined superstructure, albeit with
a rather large unit cell, as observed in the similar system
Ag/Pt(111) [45]. However, the presence of multiple rotational
domains as well as the strong dependance on local strain can
lead to patterns with no observable short-range periodicity in
the corrugation. This is the case for 1 ML Ag(111)/Ir(111)
[see Fig. 5(c)]. We observe that GQDs exhibit two phases and
are surrounded by a gap. STS measurements performed on
the lower (darker) graphene phase reveal the presence of the
Shockley surface state of Ir(111) [as will be discussed in the
context of Fig. 6(b)] which is absent on the higher (brighter)
areas. We conclude that the higher phase is silver intercalated,
while the lower phase represents graphene on Ir(111). The
STM image shown in Fig. 5(d) confirms these findings,
revealing a moiré pattern on gr/Ir(111) while an aperiodic
structure is found on gr/1 ML Ag(111)/Ir(111) that we link
to the surface reconstruction of 1 ML Ag(111)/Ir(111). The
sketch under Fig. 5(a) visualizes the topography. Additional
annealing at 7 = 1125 K leads to the desorption of silver
next to graphene while the ratio of the two phases is nearly
maintained. This is illustrated in the sketch under Fig. 5(b).
Now, silver is present under GQDs only, and there only
partially. In consequence, three different regions are present
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FIG. 7. (Color online) Corrugation dependence of the LDOS
located on intercalated GQDs: (a) The STM (left, same as in
Fig. 6) and STS images exhibit the same, energy-independent pattern
on the intercalated phase (I = 0.03 nA, V =0.4 V, image size
18 x 18 nm?). A confined (1,0) state is visible at —0.4 eV on the
nonintercalated phase. (b) A larger GQD showing the same effect
(I =0.6nA, V =0.2V, image size 34 x 27 nm?).

on the sample that we refer to as Ir(111), gr/Ir(111), and gr/1
ML Ag(111)/Tr(111).

To probe the LDOS of the surface, normalized d1/dV
spectra are recorded at the places marked by dots in the inset of
Fig. 6(a). The black spectrum in Fig. 6(a) obtained on Ir(111)
shows a characteristic shoulder corresponding to the holelike
surface state Sy [14]. The extracted Eg ~ —0.33 eV is in
good agreement with the value of Ey &~ —0.34 eV measured
with ARPES [31]. The red (gray) spectrum obtained on a
GQD formed by gr/1 ML Ag(111)/Ir(111) does not show any
shoulder corresponding to a surface state, in contrast to the
findings above for a thicker silver layer. Instead, a pronounced
dip is found in the LDOS which we attribute to the vanishing
DOS of graphene. The sketch in Fig. 6(a) illustrates the bands
responsible for the features in the LDOS: While the holelike
surface state dominates the LDOS next to the GQD, a clear
contribution of Dirac electrons can be recorded on graphene.

We suggest that the suppression of the surface state
originates from the aperiodic pattern due to the surface recon-
struction observed on silver intercalated graphene [see
Figs. 5(d) and 7]. This leads to aperiodic variations of the
potential energy landscape, and in consequence to a strong
suppression of the surface state as reported in Refs. [46,47].

Figure 6(b) compares spectra measured on gr/l ML
Ag(111)/Ir(111) with a spectrum obtained on gr/Ir(111). Both
intercalated regions show the same Dirac feature, while a
prominent maximum appears instead of a surface kink in
the region where silver is absent. We propose that the peak
represents the confined (1,0) state of the surface state of
Ir(111) and verify our assumption by mapping the LDOS at
E = —0.4 eV as shown in Fig. 7(a). The bubblelike confined
state is clearly visible for gr/Ir(111). The confinement is
illustrated in the sketch in Fig. 6(b) where only states at the
crossing points between the quadratic band and the quantized
horizontal lines contribute to the spectrum. Note that only the
first line representing the energy of the (1,0) state is captured
in our spectrum as a peak and that the Dirac cone is neglected
in the middle sketch due to the dominant contribution of the
surface state.
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A discretization of the states on the confining gr/l1 ML
Ag(111)/Tr(111) area could in principle also be expected due
to the small size of the intercalated flake. This would lead
to peaks in the LDOS instead of a continuous dip as found
in our spectrum. However, the potential energy landscape
is very different to the case of gr/15 ML Ag(111)/Ir(111):
There, two regions (with and without graphene on top) are
clearly separated, leading to a well-defined potential well.
In the case of gr/1 ML Ag(111)/Ir(111), we have (i) two
regions on the GQD (with and without silver underneath),
(i) a local hybridization with the Ir(111) substrate at the rim
of the GQD (leading to a soft confinement potential [15] rather
than a hard wall), (iii) a region of interest with a very irregular
shape (distorted ring), and (iv) an additional modulation due
to the silver reconstruction. The contribution of the latter
can be seen best in Fig. 7 displaying additional STS maps
which record the LDOS on gr/1 ML Ag(111)/Ir(111): They
always show a pattern strongly correlated to the corrugation
of the GQD caused by the reconstructed surface underneath.
The pattern is independent of energy, excluding a spatial
mapping of the Dirac energy [48,49] where the pattern
exhibits a contrast inversion when passing Ep. A similar
corrugation-dependent pattern has been found for the moiré
corrugation of gr/Ir(111) [15]. We propose that this ill-defined
potential landscape smears out the sharp peaks expected for
a state confined in an infinite potential well with well-defined
geometry, leading to the observed spectrum, and explains the
small variations found in the extracted Dirac energy between
Ep = —0.34 and —0.37 eV.

PHYSICAL REVIEW B 91, 115419 (2015)

VI. CONCLUSIONS

We have investigated the main contribution to the LDOS
of gr/Ir(111), gr/l ML Ag(111)/Ir(111), and gr/15 ML
Ag(111)/Ir(111), and found that the metal surface state
dominates the LDOS if present, masking the contribution of
graphene.

The surface of 15 ML Ag(111)/Ir(111) exhibits a surface
state with a dispersion relation comparable to the band of the
Ag(111) Shockley surface state, but shifted up in energy (i) due
to a net strain and (ii) when located under graphene. We have
shown that it is possible to confine the surface state on GQDs
by comparing the dispersion of the observed standing wave
patterns with the quadratic band of the surface state and ruling
out a contribution of the Dirac electrons of graphene.

A prominent Dirac feature is found on gr/l ML
Ag(111)/Ir(111) where the surface states of silver and iridium
are suppressed, while a signal attributed to a holelike surface
state is detected on Ir(111) and gr/Ir(111). The partially
intercalated GQDs show an aperiodic corrugation. We interpret
this as the cause of the energy-independent patterns that we
observe by mapping the LDOS on these GQDs.
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