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We report the observation of graphene doped up to the Lifshitz transition obtained solely by the intercalation of
Erbium atoms. ARPES measurements show that a wide flat band is generated around the M point of the Brillouin
zone. We propose that this is the effect of an induced spin-orbit coupling. Scanning Tunneling Microscopy (STM)
experiments reveal a longrange ordered hexagonal superstructure: we argue that this reflects the ordering of the
intercalated Er atoms acting as impurities. This system provides a playground to study the interaction between a
magnetic order and a divergent density of states at the Fermi level.

DOI: 10.1103/PhysRevResearch.5.013099

I. INTRODUCTION

A flat band is a nondispersive region in the electronic band
structure of a material, for which a high electron density
and increased electronic interactions are expected. With the
recent discovery of the superconductivity in twisted bilayer
graphene at the magic angle, and in rhombohedral graphene,
all involving flat bands [1-3], as well as with the observation
of flat bands in some high-Tc cuprate superconductors [4-7],
the possibility to reach the flat bands around the M points in
graphene is of high importance for many possible applications
to realize nonconventional high-Tc superconductivity in the
so-called van Hove scenario [8]. Thus, it became very inter-
esting to explore the possibility to reach extremely high levels
of electron doping corresponding to these critical points of its
Brillouin zone.

Among the proposed approaches, the intercalation of
metallic atoms was considered as an efficient way to engineer
the graphene electronic band structure and obtain high doping
levels. Earlier observations were obtained with noble metals
such as gold [9-13] and strongly inspired by the historical
results observed in graphite intercalation compounds, and
motivated by the possible observation of superconductivity
for such system, other atoms such as Li, K, Ca, Cs, and Rb
[14] have also been considered. Most of these studies are
done using the well-oriented epitaxial graphene on SiC(0001)
(allowing band structure measurements), which consists in a
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buffer layer (BuL) graphene partially covalently bonded to
the SiC substrate, and one or more graphene layers in van
der Waals interaction with the BuL. As it was first shown for
hydrogen intercalation [15], by breaking the covalent bonds
with the substrate, the BuL itself can be transformed in a de-
coupled quasi-free-standing graphene monolayer (QFSMLG).

A van Hove singularity extension was observed with
combined Ca intercalation under and deposition on top of
epitaxied graphene on SiC [16], and Lifshitz transition has
also been reported in the case of overdoping G/Ir(111) by
Cs deposition [17]. It appears that the lanthanide atoms are
among the most reactive, reaching electron densities one order
of magnitude higher than for other elements such as alkali
metals [18]. The highest value of n doping observed so far has
been obtained more recently [19] through a combination of Yb
intercalation and a subsequent K adsorption on top reaching
the Lifshitz transition. The Fermi surface in this case shows a
flat band around the M point, extending in the direction KM K’
when doping by Yb intercalation, and becoming less and less
elongated beyond the Lifshitz transition in the presence of
K adsorption. More recently, by using the intercalation of Li
atoms on G-ML on SiC(0001), a doubling of the Dirac cone
has been observed, with the highly » doped one correspond-
ing to an electron density of 5.6 x 10'* cm™2 [20]. In spite
of this high electron density, the Lifshitz transition has not
been reached. A so called van Hove singularity extension has
been noted, with small flat band segments observed along the
line connecting the apex of the two trigonal constant energy
contours in the direction KMK’'.

In the present study, following this line of thought, we
wanted to explore the properties of graphene in the pres-
ence of intercalated Er atoms. These atoms allow us to also
study the interplay between the atomic magnetic moments
and graphene, and possibly induce some spin-orbit coupling.
Our goal was to obtain a highly n-doped QFSMLG by the

Published by the American Physical Society
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FIG. 1. (a) STM image of the pristine BuL layer; 40 x 40 nm?, Vg = —1.67V, I = 500 pA, Scale = 8 nm. The inset in (a) shows the
Fourier Transform (FT) (Scale 3 nm™") of the topographic image with the 6 x 6-SiC reconstruction (black hexagon) which is found also in the
LEED pattern in (b). The red and blue hexagon correspond to the G-1 x 1 and SiC-1 x 1 respectively. (c) XPS Cls core level peak measured
with a monochromatized Alg, source showing typical components attributed to the atoms indicated in the inset scheme. (d) STM topographic
image after the ordered Er intercalation; —1.63 V;500 pA; 120 x 120 nm?, Scale = 25 nm with the FT of the topographic image in the inset
indicating a monodomain (Scale 17 nm™"). In (e) the typical LEED pattern around the specular spot shows a (5.75 x 5.75)R19° pattern with
two domain orientations. (f) shows the typical Cls core level peak after Er intercalation, with the disappearance of the components associated

with BuL in favor of the component associated with a ML (image processing using the WSxM software [21]).

decoupling of the BuL, to reach the Lifshitz transition and to
recover an ordered intercalation.

II. EXPERIMENTAL DETAILS

We started with a well developed (6+/3 x 6+/3)R30° pat-
tern starting from the SiC(0001) substrate. Figure 1(a) shows
a large area of buffer layer. The characteristic LEED pattern
in (b) shows the well-known 6 x 6-SiC reconstruction relative
to the 1 x 1 Bravais lattice of the topmost silicon atoms of the
SiC (0001) substrate. The Cls core level peak characteristic
to a pure buffer layer is shown in (c). This core level peak is
decomposed in three components, one corresponding to the
carbon in the SiC substrate, one associated to the C-C bonds
in the BulL, and one with the covalent bond between the C
atoms in the BuL and the silicon of the substrate.

The intercalation is performed by the deposition of 1 ML
of Erbium atoms following by annealing at 1000 °C during
several hours at vacuum down to 1 — 2.10~'! mbar. During
the annealing the LEED should be checked regularly (each
hour) to avoid the desorption of Er atoms after the complete
development of the phase.

III. RESULTS AND DISCUSSION

The STM image shows large terraces, and the whole sam-
ple gives the characteristic LEED pattern in (e), for which we
show here the central specular spot. We observe a hexagonal
structure giving two spots at a +19° angle with respect to
the (1 x 1) graphene lattice. These spots correspond to two
domains that can be observed on the same terrace. Here the
large terrace in (d) corresponds to a mono domain. In the
core level peak Cls depicted in (f) we note the component
corresponding to the carbon in SiC, the disappearance of the
two BuL components, and the formation of a peak attributed
to the QFSMLG. Usually, for a pristine ML graphene this
component is much more symmetrical. Here it is necessary
to add a supplementary component in the fitting procedure
to capture the peak tailing, characteristic of metallic systems
but with a much higher asymmetry. Such asymmetry has been
attributed to a high level of electron doping [22].

Subsequently, in order to study the band structure of this
system, we have performed Angle Resolved Photoemission-
Spectroscopy (ARPES) measurements. Figures 2(a)-2(c)
show, respectively, the dispersion curves around the K and M
points, and the Fermi surface. The inset schematics show the
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FIG. 2. ARPES measurements using an electron analyser Scienta-R3000 and a nonmonochromatized UV sourve hv = 40.8eV. The
dispersion curves measured along the directions indicated in the insets, are given with the corresponding MDC around the K point in (a) and
around the M point in (b). The Fermi surface is reconstructed and shown in (c). (d) An energy dispersion cut at k, = O for pristine graphene
with no spin-orbit coupling (SOC) (blue), and with an induced PIA of SOC of 0.8 (black), measured in units of the bandwidth (3.3 eV).
(e) and (f) Equal energy contours for graphene with no SOC in (e) and a 0.8 PIA SOC in (f).

investigated paths in momentum space. Thus, in Fig. 2(a), in
the vicinity of the K point we can see a Dirac cone with a
perfect linear dispersion, and with a Dirac point at —1.72 eV
under the Fermi level, without any gap opening or other
modification of the dispersion. As opposed to what we have
previously observed for Tb intercalation [18] and in spite
of the large n doping, the dispersion remains linear up to
the Fermi level, with no significant kink usually attributed to
electron-phonon coupling. Around the point M, as depicted in
Fig. 2(b), we observe a flat band, up to 0.91 A~! wide. The
kink near the Fermi level is much more visible at the edge of
the flat band than around the K point.

Based on these observations we deduce that the only possi-
ble Fermi surface contour is the orange line drawn in Fig. 2(c).
This has been cross-checked with a direct measure of the
Fermi surface obtained by fixing the energy and varying the
photon incidence angle. We clearly see a triangular contour
around the K point and the continuous flat band crossing
the van Hove singularity at the M point. We deduce that
the Lifshitz transition is reached. The density of electrons
calculated using the Luttinger theorem [23] (corresponding to
the filling of the region between the FS inner contour and the
hexagon defining the first Brillouin zone) is 5.1 x 10'* cm~2,
which is one of the highest electron doping ever contained
solely by intercalation, without any dopant deposited on top
of graphene, as it was done with K in for Yb intercalation
[19]. We think that this level of doping can be more easily

reached with Erbium than Yb as the hybridization between
the 4f states and the  graphene band states can be ruled out
since the Er 4f states are at a higher binding energy (3 eV
for Yb and 9 eV for Er) [24]. We also notice that, in con-
trast to what has been pointed out recently for Li-intercalated
graphene on Cobalt [25], we do not observe a gap opening;
this is a supplementary argument ruling out a possible effect
of the hybridization on the Fermi surface shape at the Lifshitz
transition.

We investigate first if these band structure modifications
may be connected to the formation of covalent bonds between
Si and Erbium. As both Si2p core level peaks measured by
XPS are unchanged before and after Erbium intercalation
we argue that this is not the case. In the same way, the
Er4d spectrum measured after intercalation is strongly similar
with the spectrum recorded on a 2.5 nm thick Erbium layer
[Supplemental Material (SM) [26]]. The metallic character
of the atoms is thus preserved. We subsequently turn to-
ward an explanation based on the magnetic nature of the Er
atoms and the possibility to induce a nonzero SOC in the
monolayer graphene. This has been discussed, for example, in
[27]. Various SOC terms are discussed, including the Rashba
SOC and the intrinsic Kane-Mele-like one. However, we are
looking here for a SOC mediated by the 7 states in graphene,
which preserves the band structure features that we observe,
particularly no gap opening and a flattening of the Fermi
surface along the direction KMK’. It turns out that the only
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SOC term that can satisfy these constraints is the spinflipping
next nearest neighbor SOC, denoted principal-plane mirror
asymmetry induced SOC, or PIA [27].

We have performed tight-bind calculations using such
an effective SOC term with various possible values of the
induced SOC. In Fig. 2(d) we plot the energy dispersion
obtained from diagonalizing the TB Hamiltonian in [27],
the blue curve corresponds to the pristine graphene, and the
black curve to a PIA SOC with a value of 0.8 (in units of
the graphene bandwidth, 3.3eV), while Figs. 2(e) and 2(f)
show the equal energy contours for these two cases. The
calculations indeed show a linear dispersion at the K point,
an increase of the Fermi velocity along the direction I'KM,
no gap opening at the Dirac points, and a flattening of the
band around the M point. This exemplarily demonstrates that
for a PIA SOC coupling of 0.8 the main characteristic of the
ARPES measured band structure are reproduced, for example,
the fact that the Fermi surface is elongated along KM K’, the
same as the one measured by ARPES [see Fig. 2(c)]. This
supports our hypothesis that the effect of the Er intercalation
is to induce a large effective SO PIA coupling term in the
QFSMLG.

Let us now move to investigate the nature of this new
phase as observed by STM measurements. In Fig. 3(a) we
show the 3D representation of a well-ordered region of the
surface exhibiting the supergraphene phase. This 3D repre-
sentation allows one to show the QFSMLG which is fully
continuous over the large hexagons. We see a higher intensity
and some sort of electron delocalization along the edges of
each large hexagon. As this is observed for different direc-
tions in the same image this is definitively not a tip artefact.
In Fig. 3(b) we depict a larger area with some defects in
black, corresponding probably to missing intercalated atoms
(see as well [26]), as the top graphene layer is continuous
over the entire area. This new structure is difficult to explain,
particularly the angle of +19° between the superstructure
and the graphene lattice. This phase strongly looks like a
Moiré pattern, and as argued in SM [26], it may correspond
to two superposed identical graphene layers rotated by 10°.
However, as proven by the ARPES measurements, we have
only one graphene layer. We have also tested other Moiré
patterns, between the top graphene layer and an intercalated
monolayer of Erbium, with or without the SiC(0001) un-
derneath, with different lattice vectors for the Erbium ML,
and different rotation angles between the atomic planes, but
all these hypotheses have failed to explain the observed
structure [26].

An accurate examination of this phase shows that the top
graphene layer is perturbed along its lattice direction [see the
blue arrows in Fig. 3(a)]. Thus, the only possibility to explain
the observed ordered phase [defined by the lattice vector in
yellow in Fig. 3(a)] and its disorientation with the graphene
lattice is to consider that we have Erbium intercalated atoms
at the apex of a honeycomb structure with two atoms per
unit cell and a lattice constant of 1.42 nm, as schematized in
Fig. 3(e). This first proposed simple model predicts the correct
angle of 19° with the original graphene lattice. We have found
that this structure corresponds to a commensuration of Erbium
atoms (in red) with the Ty site of the topmost 1 x 1 silicon
atoms (in blue) of the SiC substrate [see the dotted circle in

FIG. 3.

(a) 3D representation of topographic STM image 6 x
6nm?; V = —20 mV; I = 500 pA, Scale = 1.2 nm. Blue ar-
rows show the direction of the graphene lattice, and the yellow
arrows indicate the unit cell of the (5.75 x 5.75)R19° superstructure.
(b)15 x 15 nm? Scale = 2.9 nm; V = —207 mV; I = 500 pA with
zoom-ins in (c¢) (Scale = 1.2 nm) and (d). In (d) (Scale = 0.5 nm) a
zoom-in of the area in the red square shows a single impurity in the
middle of a large hexagon with a six-fold symmetry in the LDOS.
(e) shows a possible model with a honeycomb organization of the
intercalated Er atoms which act as impurities. The carbon atoms of
the top graphene layer are denoted in black, the Er atoms in red, and
the silicon atoms of the substrate in blue. The black dotted circle
surrounding an Er atom at the 7} site highlights the commensuration
of the phase with the substrate. (f) Modification of the LDOS in
graphene induced at the Lifshitz transition by an impurity, for a SO
PIA coupling of 0.8.

Fig. 3(e)]. This is the only commensuration that we have
noted.

From XPS measurements we estimated at 2.8% the ratio
of Er atoms to the C atoms in the graphene layer [28]. With
this first model we have 3% of Erbium and considering that
we can have up to 3 electrons per each Er atom (Er’"), the
expected electron density is 3.5 x 10'*cm™2 which is lower
but comparable with the density evaluated from ARPES. We
notice that the precision of our Fermi surface measurement is
quite low due to the thickness of our analyser slit.

Given the above arguments, we claim that the observed
graphene superstructure is rather explained by the intercalated
Erbium atoms acting as impurities which modify the local
density of states of the graphene monolayer (LDOS). We base
our argument on analyzing first an isolated defect in graphene
[see Figs. 3(b) and 3(d)], which is not a part of the ordered Er
superstructure. For such a defect we observe a small hexagon
in the center, which corresponds to an aromatic carbon ring.
The LDOS seems to extend into a six-fold star-like structure
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FIG. 4. Modifications induced by a network of impurities to the LDOS of graphene: (a) at the Dirac-point energy with a PIA spin-orbit
coupling of 0.8, (b) at the Lifshitz transition with a PIA spin-orbit coupling of 0.8, and (c) at the Lifshitz transition with no-spin orbit coupling.
We take the impurity potential to be equal to 100 times the bandwidth but the results depend very little qualitatively on the chosen value of the

impurity potential.

with six wings originating on the six edges of the aromatic
ring. We depict a schematic of this six-fold (6C) symmetry
structure by the blue lines in Fig. 3(d). We compare this to
a real-space T-matrix formalism [29] of the impurity-induced
LDOS in the vicinity of a localized impurity in graphene at the
Lifshitz transition, in the presence of the effective spin-orbit
coupling (SOC PIA of 0.8) that we have proposed to explain
the observed characteristics of the band structure measured by
ARPES. The resulting LDOS is depicted in Fig. 3(f). We see
that indeed the theoretical calculation reproduces reasonably
well the observed impurity feature.

When the Er impurities are ordered into a honeycomb
structure it appears that the LDOS in the vicinity of each
impurity exhibits rather an effective three-fold (3C) symme-
try [see Fig. 3(c)]. The difference between the network 3C
symmetry and single impurity 6C symmetries is discussed
in what follows. By schematizing the impurities as small
hexagons and a star-like feature made of three sets of double
lines originating on three sides of the hexagon, symbolizing
the extension of the LDOS modifications, we see that it is
possible to generate the supergraphene phase. The angle of
+19° is thus a result of the position of the Er impurities
which also gives rise to a register shift between the pair of
lines which schematize the delocalization of charge. This sim-
ple picture is supported by a detailed theoretical analysis. In
Figs. 4(a)—4(c), using the T-matrix formalism, we show LDOS
calculations for a number of impurities placed at the positions
expected for the Er atoms in the hexagonal superstructure. For
comparison we evaluate the LDOS for an effective PIA SOC
of 0.8 at the Dirac point (a), and at the Lifshitz transition
(b), as well as for a pristine graphene layer at the Lifshitz
transition (¢). While we observe a “standard” (ﬁ x /3 JR30°
reconstruction around the defect at the Dirac point, we note
that at the Lifshitz transition each impurity gives rise rather to
a LDOS pattern with a six-fold symmetry, similar to the STM
patterns observed in Fig. 3. When ordering the Er impurities

into a honeycomb lattice slightly rotated with respect to the
graphene one, the effect is to enhance the visibility of the
LDOS modifications along the three lines connecting one Er
atom to its neighbors and thus give rise to an apparent 3C sym-
metry rather than to a 6C one as it is the case for an isolated
impurity. Moreover, the induced PIA SOC also enhances the
interference effect and the intensity of the standing wave along
the direction which links the two impurities. This allows us to
obtain a good agreement with the observed (5.75 x 5.75)R19°
phase.

There is another effect that may contribute to these ob-
servations that cannot be taken into account by our coupled
TB and T-matrix calculation: it is highly likely that the ob-
served supergraphene phase is also characterized by a Kekulé
distortion (KD) which modifies even more deeply the LDOS
patterns, and in particular may contribute to the reinforcement
of the density of state between the intercalated Er atoms.
Such KD order has been observed for undoped graphene
on Ag(111) surfaces: here the Fermi level lies at the Dirac
point, and the resulting LDOS impurity patterns will give rise
to a +/3 x +/3R30° reconstruction. When the distance and
the orientation between the impurities is in commensuration
with the standing wave pattern, the electron-lattice interaction
gives rise to atomic displacements of the carbon atoms and
to the development of the Kekulé distortion phase [30]. For
our system the Fermi level is at the Lifshitz transition and the
QPI patterns are characterized by the structure described in
Fig. 3(d). Assuming that a KD associated with these patterns
arises, we expect that some of the effects observed in the
impurity-perturbed LDOS to be enhanced, as well as to be
generalized at all energies: when a strong order appears be-
cause of the KD, the standing wave patterns are rather charge
density waves (CDW) than Friedel oscillations (CDW differ
from Friedel oscillation by the fact that there is no dispersion
with energy). Indeed, we have measured the Fourier Trans-
form of the dI/dV map images and found that the maps
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are energy independent [Supplemental Material (SM) [26]].
Nevertheless, the STM image (in direct space) shows that the
intensity of the edges of the hexagon is high at the Fermi level
and decreases for higher energies. However, a more detailed
experimental and theoretical analysis would be necessary to
argue definitely in the favor of the existence of a Kekulé
distortion phase. Our results thus provide a starting point to
investigate the LDOS impurity patterns, as well as the exis-
tence of a possible KD in graphene when the Fermi level lies
at the Lifshitz transition.

IV. CONCLUSION

In conclusion we report here an ordered, highly n-doped,
free-standing supergraphene phase obtained by the intercala-
tion of Erbium atoms. The intercalated Erbium atoms seem
to lie free inbetween the top graphene layer and the SiC sub-
strate, forming no bond with the silicon atoms. The observed
hexagonal superstructure is in good agreement to impurity-
induced features generated by the ordered Er atom network,
and raises questions about the existence of a Kekulé distortion
phase. The band structure measured by ARPES reveals a
robust linear dispersion with a Dirac point at an energy of
—1.72 eV under the Fermi level, and no gap opening. The
measurement of the Fermi surface indicates that the Lifshitz
transition has been reached with an electron density reach-

ing 5.1 0.8 x 10'* cm? and reveals a flattening of the band
around the M point. Using tight-binding calculations we have
studied the possibility to induce an effective SOC in graphene
in this configuration, that can explain in particular the modi-
fications of the band structure and the flattening of the Fermi
contour around the M points. While the type of SOC chosen
does not open a gap and respects the linearity of the dispersion
almost up to the Fermi level (in agreement with the ARPES
observations), the energy of the SOC used in the calculations
(2.6 eV) is very high and can even be considered unrealistic.
We are thus aware that the model proposed here may not
be the only explanation for the observed features, however
at present a more comprehensive theoretical review of other
alternatives, and especially a thorough experimental analysis,
are needed to distinguish between different possible scenarios.
This is beyond the scope of this work, which provides how-
ever substantial insight to motivate further experiments and
theoretical investigations of this problem.
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