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The effect of electron doping on the van Hove singularities (vHs) which develop in twisted graphene bilayers

(tBLs) is studied for a broad range of rotation angles 6 (1.5° < 6 < 15°) by means of scanning tunneling
microscopy and spectroscopy. Bilayer and trilayer graphene islands were grown on the 6H-SiC(000-1) (3 x 3)
surface, which results in tBLs doped in the 10'? cm~2 range by charge transfer from the substrate. For large angles,
doping manifests in a strong asymmetry of the positions of the upper (in empty states) and lower (in occupied
states) vHs with respect to the Fermi level. The splitting of these vHs energies is found essentially independent
of doping for the whole range of 6 values, but the center of theses vHs shifts towards negative energies with
increasing electron doping. Consequently, the upper vHs crosses the Fermi level for smaller angles (around
3°). The analysis of the data performed using tight-binding calculations and simple electrostatic considerations
shows that the interlayer bias remains small (< 100 mV) for the doping level resulting from the interfacial charge

transfer (~5 x 102 cm™2).
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I. INTRODUCTION

Twisted bilayers form a class of graphene-based materials
whose low-energy electronic structure can be controlled by a
geometric parameter, namely, by the rotation angle 6 between
the graphene layers. For undoped (neutral) systems, this
property has been established by a number of theoretical
[1-11] and experimental studies [12-18]. For large angles
(6 > 10°), the layers are electronically decoupled, and the
low-energy band structure looks like a simple superposi-
tion of the Dirac cones of the individual graphene planes
[3-5,9,12,19]. For smaller angles, the interlayer interaction
causes a decrease in the Fermi velocity [1,5,9,15] of either
cone. Moreover, a pair of logarithmic divergences in the
density of states (DOS) called van Hove singularities (vHs),
related to a saddle point in the band structure, develop within
1 eV from the Fermi level [5,11,13,14,20]. Their energies
are almost symmetric with respect to the Fermi level and
decrease with 6 [5,11,14,16,17,20]. For even smaller angles
(6 < 1 to 2°), flat bands appear at low energy [6,7,9], the vHs
tend to localize in A A-stacked areas [5,14], and additional
low-energy DOS features related to confinement appear [6].

The twist-induced changes in the band structure should
be reflected in the physical properties of the bilayers. A
rich physics is anticipated in magnetotransport experiments
provided the Fermi level Er can be brought in the vicinity
or above the vHs [11,21-24], although it has not yet been
revealed by the experiments reported so far [25-29]. Among
the expected effects are the change in the degeneracy and
the energy dependance of the Landau levels on either side
of the vHs [21,22] and the emergence of a fractal energy
spectrum (Hofstadter’s butterfly) in strong magnetic fields for
low rotation angles [11,23,24]. This would result in a change
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in the sign of the Hall conductivity when E crosses the vHs
energy and eventually (at high field and for small 6 values)
in a nonmonotonic behavior of this quantity with increasing
doping [11].

Structures in the optical conductivity induced by the
presence of the vHs have been reported in a wide energy
range depending on the value of 6 [30-32] as expected
from theoretical studies [33,34]. Calculations also predict that
doping could markedly influence the optical properties when
Er reaches the vHs [33,35], e.g., by inducing an additional
sharp absorption line related to an optical transition across
the partial gap due to interlayer coupling. Owing to the
variety of original properties expected upon doping, it is
important to determine in a direct way the influence of this
parameter on the low-energy electronic structure of the twisted
graphene layers. This is especially interesting for the doping
levels which are accessible using a backgate, typically a few
102 cm~? from Refs. [36-39], to determine for instance at
which angle one vHs crosses Er for a given charge. This
would additionally allow the experimental investigation of the
many-body instabilities expected in this configuration [40].

In this paper we perform an analysis by scanning tunneling
microscopy (STM) and scanning tunneling spectroscopy
(STS), complemented by tight-binding (TB) calculations,
of the density of states of electron-doped twisted graphene
bilayers in a wide range of angles (1.5° < 6 < 15°). We have
investigated the electronic structure of twisted bilayers (tBLs)
doped by charge transfer from the 6H-SiC(000-1) substrate
(SiC-C face). Spectroscopic studies [41-44] have revealed that
few-layer graphene films grown on this substrate are electron
doped in the 10> cm~? range. The doping level is larger for
the plane closest to the substrate (first plane) and decreases
for consecutive layers as expected [45—47]. It becomes quite
small for the fifth layer from the interface [42,43]. Thus
bilayer and trilayer graphene islands on the SiC-C face should
present a sizable layer-dependent doping level. This charge
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distribution results in a different electric potential on each
graphene plane [45-47], which shifts the electronic energy
levels (e.g., the Dirac points for electronically uncoupled
planes [47]) of the layers accordingly. We find that the vHs
cross the Fermi level for 6 ~ 3° for bilayer islands with no
change in the vHs splitting compared to the neutral case
[17]. The layer-dependent doping results in a difference in
the electrical potentials of the two layers on the order of
0.1 V at most as deduced from a simple model supported
by experimental observations. Although weak, this difference
should make the observation of topologically protected helical
modes possible at sufficiently small angles [48].

II. EXPERIMENT

The sample has been prepared in situ by high-
temperature graphitization of a clean 6H-SiC(000-1) (3 x 3)
[in short SiC(3 x 3)] surface, following the recipe given
in Refs. [49,50]. The temperature and annealing time were
adjusted to get a sufficient density of bilayer and trilayer islands
surrounded by uncovered portions of the bare SiC(3 x 3)
surface. This morphology largely facilitates the identification
of the number of graphene layers in the islands [20], which is
otherwise somewhat ambiguous. As reported before [49,50],
the substrate surface below the islands can show either SiC(3 x
3) or SiC(2 x 2) reconstructions. We focus there on bilayer
and trilayer graphene islands on SiC(3 x 3) since the impact
of this later reconstruction on the electronic properties of the
first graphene layer is minimal [49,51,52], therefore it can be
considered as genuine graphene. Owing to the discontinuous
nature of the graphene film, STM and STS experiments were
performed at room temperature to avoid artifacts, linked to
the poor surface conductivity of the bare SiC(3 x 3) surface,
which may occur at low sample temperature [53,54] (we have
checked that our measurements were free of such artifacts, see
Ref. [20]). Finally, the rotation angle 6 between the twisted
graphene layers was deduced from period P of the related
(interlayer) moiré pattern (MP) in STM images [P (nm) =~
14.1/6(°)] [55,56]. Notice that the interface between the first
graphene layer and the SiC(3 x 3) surface also gives rise to an
interface MP which remains clearly visible for bilayer islands
(see Figs. 1 and 2). The characteristics of those interface MPs
described in Ref. [51] allow differentiating them from the
interlayer MP [20]. The conductance (d1/dV) STS spectra
were obtained by numerically differentiating I(V) curves
recorded with an open feedback loop. The data were analyzed
with the WSXM software [57].

III. RESULTS AND DISCUSSION

The effect of electron (n-type) doping on the electronic
structure of a twisted graphene bilayer on SiC(3 x 3) is
illustrated in Fig. 1(a) (a sketch of the interface structure is
displayed at the bottom of the panel). This picture, which
is approximately valid for a large rotation angle (say 6 > 3°),
is supported by our tight-binding calculations (see below).
Without hybridization between the electronic states of the two
graphene planes [uncoupled case, dotted lines in Fig. 1(a)] the
Dirac cones of both layers (with Dirac points at K| and K>)
are shifted below the Fermi level by a different quantity owing
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FIG. 1. (Color online) Influence of electron doping on the posi-
tions of the vHs. (a) Schematic of the electronic structure of a tBL
doped by charge transfer from the 6H-SiC(000-1) (3 x 3) substrate.
Bottom panel: side view of the sample structure. Top panel, left:
band structure along a line connecting the Dirac points (located at
K, and K,) of the two rotated graphene layers. The dotted lines are
the low-energy bands of the uncoupled layers (blue for p;, red for
p2). The gray lines are the bands for the bilayer after switching on
the electronic interaction. £y and E_ indicate the energies of the
saddle points which result from this coupling. Top panel, right: total
DOS for the coupled twisted bilayer. The saddle points give rise to
vHs at E; and E_. Er indicates the Fermi level. For a doped tBL,
E. and E_ are not symmetrical with respect to Er. (b) STM image
(32.3 x 32.3 nm?, sample bias: —1.5 V) of an area with one bilayer
island (zone A) with 6 ~ 14.0° and a mixed bilayer (zone B)/trilayer
(zone C) island with 0 =~ 6.0°. (c) STS spectra acquired on the three
islands in (b). Stabilization bias/current: —1.5 V/0.2 nA. The curves
have been shifted vertically for clarity (the origin of the conductance
for each curve is indicated by the dotted line on the right). The green
(orange) arrows indicate the positions of the upper (lower) vHs at
E. (E_).
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FIG. 2. (Color online) Position of the upper vHs relative to the Fermi level as a function of the rotation angle. (a) STM image (50 x 50 nm?,
sample bias: —2.0 V) of a bilayer island with 8 = 2.3° highlighted by the green square. Inside the square the red (black) point marks the
position of a topographic maximum (minimum) of the interlayer moiré pattern. (b) Local STS spectra acquired at topographic maxima (red
curve) and minima (black curve) of the bilayer island in (a). Stabilization bias/current: +0.5 V/0.3 nA. The curves have been shifted vertically
for clarity (the origin of the conductance for each curve is indicated by the dotted line on the right). The green (orange) arrows indicate the
positions of the upper (lower) vHs at E, (E_). E is located below the Fermi level Ef for this value of 6. (c) Energy E (relative to Ef) of

the upper vHs as a function of 6 for 17 independent bilayer islands.

to different doping levels (equivalently: to different electric
potentials) as shown in the left panel of Fig. 1(a). When
hybridization is switched on, the band structure (gray lines)
presents partial gaps at the crossing points of the uncoupled
cones, which result in two vHs at energies E .. (upper vHs) and
E_ (lower vHs). The resulting total DOS (right panel) presents
two peaks corresponding to those vHs. An obvious difference
with the neutral (undoped) case [17] is that the vHs energies
E, and E_ are no longer symmetrical with respect to the
Fermi level Ef (thisis E % —E_). This strong asymmetry is
a hallmark for the bilayer doping, and it is expected to decrease
with decreasing total charge in the tBL.

The experimental results shown in Fig. 1 support these
considerations. Figure 1(b) shows an STM image of an area
with two bilayer islands with different rotation angles (zone
A: 6 >~ 14°, zone B: 6 ~ 6°) and a trilayer island (zone C)
with a rotation angle 8 >~ 6° between the surface layers [20].
Interleaved STS spectra (proportional to the local DOS) taken
on those three zones are shown in Fig. 1(c). They show peaks
(indicated by arrows) in zones B and C that we ascribe to
the vHs of the surface (outermost) tBL since they are absent in
zone A and thus are not tip artifacts. Peaks corresponding to the
vHs are identified at higher energy in zone A. Interestingly, the
energies of the upper and lower vHs are strongly asymmetrical
with respect to Ep for both the bilayer and the trilayer
islands, but the asymmetry is reduced for the later case as
a consequence of a lower overall charge of the surface tBL.
The data of Fig. 1 thus confirm that the vHs are still present
for doped layers and that they shift downwards in energy with
increasing electron doping.

As a first approach to the problem we can consider that
the total charge of a tBL should not vary much with the
rotation angle 6. If one considers first the mechanism for
graphene doping based on electron transfer from donorlike
states of the SiC(3 x 3) surface [58], the argument is that
the transferred charge is the one required to build the interface
dipole which serves to equalize the Fermi level of the substrate
and of the bilayer upon contact [59]. Hence, provided that

the work function of the tBL does not change much with 6
(to our knowledge this dependence has not been measured)
the interface dipole and thus the total transferred charge
should remain approximately constant. The same conclusion
is reached if one considers the other mechanism proposed
in Ref. [58] and experimentally demonstrated in Ref. [60]
where the doping arises from the spontaneous polarization
in the hexagonal 6H-SiC substrate. This mechanism should
effectively result in electron accumulation (doping in the
102 cm~2 range) in a tBL layer on top of the SiC-C face
considered there [58] in order to balance the polarization
(pseudo) charge. However, since the spontaneous polarization
is a property of the bulk substrate there is no obvious reason
why the total charge of the tBL should depend on the interlayer
rotation angle 6.

Now in the undoped (neutral) case the energy of the upper
(lower) vHs decreases (increases) with respect to Ep for
decreasing angles [17]. As a result one may anticipate from
the data of Fig. 1(b) that for small enough 6 values the energy
of the upper vHs E can be pushed below the Fermi level for a
roughly constant doping level. This is indeed the case as shown
in Fig. 2. The STM image of Fig. 2(a) shows a bilayer island
with a twist angle of & >~ 2.3° (inside the green rectangle). STS
spectra on topographic maxima (minima) of the interlayer MP
indicated by red (black) dots in Fig. 2(a) are shown in Fig. 2(b).
They show peaks, indicated by arrows, which correspond to
the vHs of the twisted layers. These structures are again absent
in spectra (not shown) taken with the same tip on the twisted
bilayer in the upper left corner of Fig. 2(b), which has a larger
value of & 2~ 13.4°. In accordance with the results obtained for
neutral tBL [6,14,17] the amplitude of the vHs peaks becomes
strongly modulated within the MP for such a small angle of
6 ~2.3°. This reinforces our interpretation of these peaks
as due to the vHs, considering that our TB calculations also
reproduce this modulation for doped bilayers. The important
point is that the upper vHs is now located below the Fermi
level, this is E; < Ep. The experimental variation in £ as a
function of the rotation angle, measured by STS on different
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FIG. 3. (Color online) Center y and splitting A of the upper and lower vHs for a doped tBL as a function of 6. (a) Experimental value of
y for bilayer (red squares) and trilayer (blue dots) islands. The black dashed lines shows the average value for an almost neutral multilayer
(ML), adapted from Ref. [17]. (b) Experimental value of A for bilayer (red squares) and trilayer (blue dots) islands. The black dashed lines
shows the mean (fitted) value for an almost neutral ML, adapted from Ref. [17]. (c¢) Computed local DOS (LDOS) in an A A-stacked region
for a twisted bilayer with 6 = 3.89° and a difference in on-site energies DE = —0.4 eV between the two layers. Blue line: interface plane [p;
in Fig. 1(a)] and red line: surface plane [p, in Fig. 1(b)]. E},, and E},,: positions of the (renormalized) Dirac points of the two planes for the
coupled bilayer. Ep; and Ep,: positions of the (bare) Dirac points of the two uncoupled layers. £, and E_ indicate the upper and lower vHs,
respectively. (d) Computed value of the vHs splitting for different values of DE as a function of 6. Inset: zoomed-in view on the small-angle

region.

bilayer islands, is given in Fig. 2(c). It shows that the upper
vHs can be brought close to the Fermi level for 6 ~ 3°. This
would give the opportunity to investigate in this system the
amazing many-body effects predicted theoretically [40].

We have analyzed the vHs energies £, and E_ on 17 (7)
independent twisted bilayer (trilayer) islands, covering a wide
range of rotation angles (1.5° < 6 < 15°). The experimental
values of the center y = (E + E_)/2 and of the splitting A =
(E+ — E_) of the vHs are displayed in Figs. 3(a) and 3(b),
respectively. For comparison, the same quantities measured on
a thicker—and thus almost neutral—ML grown on the same
substrate [17] are shown as dashed black lines in Figs. 3(a) and
3(b). The shiftin y [Fig. 3(a)] towards more negative values for
decreasing sample thickness reflects the larger doping of the
two outermost (surface) twisted graphene planes. For a given
thickness, the value of y remains essentially constant as a
function of the rotation angle 6. The average values of y are as
follows: y = —0.02 £ 0.03 eV for the thick multilayer, y =
—0.20 £0.03 eV for the bilayer islands, and y = —0.09 £
0.03 eV for the trilayer ones. Figure 3(b) shows that the vHs
splitting A has essentially the same quasilinear variation with

0 for any sample thickness. A is therefore independent of the
doping level of the tBL and on the related interlayer potential
difference. This fact suggests that the vHs splitting contains
little information on the charge distribution among graphene
layers, which is only reflected in the value of y.

We have performed TB calculations to gain more insight
into the electronic structure of doped twisted bilayers. Nu-
merical simulations addressing this issue have already been
published [1,35,48,61,62], but they were limited to a restricted
set of angles, they used different computational techniques,
and they mostly considered the band structure and not the
LDOS features as in the STS measurements. When comparison
is possible our results are consistent with these previous works.
We have investigated a range of angles (1.3° < 6 < 13.2°)
corresponding to the experimental one using the TB approach
described in Refs. [5,6] and the set of hopping parameters
which reproduces the experimental data for thick layers [17].
A difference in the electric potential of the two graphene planes
was enforced by setting a different on-site energy € for the C
2p. orbital on planes p; (€ = DE < 0) and p; (€ = 0 eV).
An (overall) additional doping of the layer can subsequently
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be mimicked by simply shifting the energy scale of the LDOS
curves by a constant value, assuming the Fermi level remains
at zero energy as in the experiments.

We have computed both the total DOS of the bilayer and
the local DOS in AA-stacked areas of either plane (which
correspond to the topographic maxima of the MP [17,63],
e.g., in Figs. 1 and 2). Figure 3(c) shows the AA LDOS on
the two layers for 6 = 3.89° and DE = —0.4 eV. The peaks
corresponding to the positive (at E,) and negative (at E_)
vHs are indicated by arrows. In between these peaks there
is a clear minimum for p; and p,, at energies denoted E}),
and E’,,, that we ascribe to the (renormalized) Dirac points
on each plane of the coupled tBL following previous band-
structure calculations performed for the same angle [1,35,62].
Notice that these minima are slightly shifted with respect to
the values expected without interlayer coupling, which would
be Ep; = DE and Ep, = 0 eV (indicated in the upper part
of the figure) as also shown in Refs. [1,35,62]. This shift
decreases for larger angles, becoming zero for 6 > 13° (see
also Refs. [35,61]). This effect will be discussed in a separate
paper [64]. For the moment we only consider the quantities
which are pertinent for the analysis of the experimental data,
this is the splitting A and the center y of the vHs. Figure 3(d)
shows that A is almost insensitive to the interlayer potential
difference DE (especially for DE = —0.2 eV) for all angles,
in accordance with previous reports [1,35,48,61,62]. This is
in excellent agreement with our experimental findings for A
[Fig. 3(a)]. Only for a restricted angular range (0 ~ 1.7°)
and for a large DE value (DE = —0.4 eV) do we observe
a sizable difference in the computed vHs splitting as shown in
the inset of Fig. 3(d). However, our estimate of the interlayer
potential difference (see below) indicates that DE = —0.4 eV
is a too large value (DE = —0.2 eV would be more realistic).
Thus the calculations confirm that the vHs splitting is almost
independent of doping as found experimentally.

The computed value of the vHs center y = (Ey + E_)/2
for all values of DE and 6 is almost equal to (E',, + E',,)/2 as
long as E,, and E’,, can be defined [20] (this is for 0 > 1.5°).
This theoretical result is independent of any additional doping
that one would introduce in the system by shifting the Fermi
level since then all quantities (E, E_, E',,, and E}),) would
move accordingly. It is thus also consistent with previous
works [1,35,61,62] where opposite potentials were enforced on
the two layers in the calculations. Therefore the experimental
value of y also gives the average of the (renormalized) Dirac
point energies of the tBL. From Fig. 3(b) we observe that this
quantity is essentially independent of the rotation angle. For
bilayer islands, the value we obtain for y =~ (E},, + E},)/2 =~
—0.20 eV is consistent with the one reported in a recent angle-
resolved photoemission spectroscopy study (—0.19 eV) for a
nominally two-layer graphene sample grown on a SiC(3 x 3)
surface [44] (see also Ref. [41]).

The value of the average Dirac point energy however
does not give a detailed account of the charge distribution
between the layers. For instance it does not provide a priori
any indication on the value of the difference in the electric
potential of the graphene planes. Nevertheless the value of y
alone should in principle be sufficient to recover the main
features of this charge distribution (charge and potential
on either plane) provided a self-consistent treatment of the
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problem is performed. Indeed, the charge on p, (surface
plane) determines the interlayer potential difference U through
Gauss theorem [45—47] (referring to our TB calculations
DE = —eU, where e = 1.6 x 107! C). From this quantity
a band-structure calculation of the biased twisted bilayer can
be performed for a given value of 6. The energy of the Fermi
level Ef of the bilayer is then the one which gives the correct
value of the charge on plane p,. This value of Ef in turns
allows computing the charge on plane p; (interface plane).
Although feasible in principle this procedure has to tackle the
full complexity of the problem, including not only the change
in the band structure of the bilayer with 6, but also with the
interlayer bias U [1,62,65] (for instance it appears from Fig. 2
of Ref. [62] that the layer population of the low-energy bands
change with U and in Fig. 3 of Ref. [65] that the excess
charge on one layer strongly depends on 6 for a given U).
To our knowledge such self-consistent treatment has not been
performed so far for twisted bilayers.

To get at least a qualitative idea of the charge/potential
distribution from our y value we have to resort to a simpler
model which considers electronically decoupled layers as in
Refs. [46,47]. This model should give realistic information in
the case of large angles (6 > 10°), small doping, and small
interlayer bias compared to the vHs splitting since in this
situation the states close to the Dirac points of either layer
are weakly perturbed by the interlayer coupling [1,3-5,9,19].
For an electron-doped system, using the notation: Ep; (Ep;)
energy of the Dirac points of p; (p,) with respect to the Fermi
level E (energy reference at Er), n; (n,): density of electrons
in p; (p2) and U: value of the interlayer potential difference,
one has

Ebhi .

n; = TR i=1.2, 1)
from the band structure with vy as the Fermi velocity in
monolayer graphene,

enyd

U= , @

€

from the Gauss theorem with € = €,€y as the dielectric
constant of the medium and d as the interlayer distance.

Now, since Ep; — Ep, = —eU, we have
ed E?
Epy = Epy —e——22_. 3
D1 D2 € 3)
Hence,
_EpitEp _ _&d Ep 4)
2 D2 e T (hvp)?

Therefore the knowledge of the mean value of the Dirac
energies is sufficient to determine Ep, and thus the other
quantities (U,n;,np) in this electrostatic self-consistent
treatment. A sketch of the variation in the quantities
Epi1, Epz, U, ny, and n, as a function of y is given in
the Supplemental Material [20] for the case of ¢, = 1 and
vr = 1.1 x 10° m/s [17,44]. Notice that this simple model
which only considers the charges/potentials within the two
graphene layers should apply whatever the mechanism of
the bilayer doping: charge transfer from or spontaneous
polarization of the substrate. Only the origin of the (pseudo)
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positive charge counterbalancing the negative bilayer
one will be different. In our case, for large angles the
value y = (Epi1+ Ep2)/2 =(Ep, + Epy))/2 =—-020eV
applies for bilayer islands. The model thus gives: Ep; =
—0.25, Ep, = —0.16, Ep; — Ep, = —0.09 eV, n; = 3.8 x
102, 1, =1.5x 102 cm™2, and a total charge of
ni +n, =5.3 x 102 cm—2. Considering the more realistic
situation €, > 1 reduces |Ep; — Ep»| (in absolute value) but
leaves n; + ny almost unaffected [20]. This total charge is
on the order of what can be obtained through gate doping on
an oxidized Si substrate [36-39], and thus our findings for
the position of the vHs with respect to the Fermi level as a
function of 8 [Fig. 2(c)] should also apply to this situation.

One result of our simple model is that the difference in the
energies of the Dirac point of the two (uncoupled) layers (i.e.,
—eU in this model) is rather small: —0.09 eV. An indication
that this is indeed the case is given in Fig. 1(c). At low
bias, apart from the ubiquitous minimum at zero bias which
is commonly observed in graphene samples for any doping
(see, e.g., Refs. [66,67]), we observe a second minimum
indicated by a pink dotted line. It is located at the same
energy for bilayer islands A and B and shifts towards zero
bias for the trilayer island. We believe that this minimum is
related to the renormalized Dirac point E,, of the surface
layer p,. In principle for large enough angles there is a broad
and flat minimum between the Dirac points E},; and E}),
in the total DOS (see, e.g., the right panel of Fig. 1(a) and
Ref. [48]), but in STS we mostly probe the LDOS of the
surface layer p, which indeed presents a minimum at E’,,,
see Fig. 3(c). The TB calculations show that the difference in
energy between E), and the center of the vHs y is roughly on
the order of U/2 (i.e., —DE /2 in TB calculations) for large
enough angles (0 > 3.5°), see, e.g., Fig. 3(c) and Supplemental
Material [20]. Measurements of the position of the second
minimum for 6 > 3.5°, although not very accurate, give an
average value of E},, = —0.19 £ 0.04 eV for bilayer islands.
This is close to the average value of y(—0.20 £ 0.03 eV)
for these islands, which confirms that the interlayer potential
difference U is indeed small. We believe that this result
should be rather general, whatever the interlayer coupling.
Actually, a self-consistent study [68] of the variation in U
with the total charge in an A B-stacked, and therefore strongly
coupled, bilayer has established that for a total charge of
1y + 1y >~ 5.0 x 102 cm2 the value of eU is on the order
of 0.07 eV, similar to the one we get for uncoupled layers.
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As a final remark, we would like to comment on the value
of the total charge transferred on the bilayer islands as a
function of 6. We have assumed at the beginning that this
quantity should be rather constant. This would seem to be
consistent with the observation that the average energy of
the (renormalized) Dirac points (E},, + E}),)/2 = y does not
vary much with 6 [Fig. 3(b) on the condition that the band
structure of the tBL in the vicinity of Ep will also remain
unchanged. We see however in Fig. 2(c) that with a decreasing
angle the Fermi level goes through energy values where the
DOS strongly departs from one of the almost uncoupled layers,
which corresponds to large angles. Namely, £ crosses the
vHs for 6 ~ 3°. One may thus suspect that around this value
the total charge varies rapidly with 6 for a constant value of
y. In the absence of detailed self-consistent calculations this
remains however speculative.

IV. CONCLUSION

We have studied the influence of electron doping on the
electronic structure of twisted graphene bilayers for rotation
angles between 1.5° and 15°. The doping level which results
from charge transfer from the SiC substrate (~5 x 102 cm™2)
is comparable to the one achievable by electrostatic gating,
thus our findings should also apply to this situation. The
upper van Hove singularity, which is located above Ep for
the neutral samples is brought below E for doped tBLs with
0 < 3°. Significant changes in the optical or magnetotransport
properties of the sample are expected in this regime. Experi-
ments show that the splitting of the vHs does not change with
doping, in agreement with tight-binding calculations. Finally,
a simple modeling of the data indicates that the difference in
the electric potentials of the two graphene layers remains small
(<100 mV) for the charge transfer achieved in our samples.
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