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THE ELECTRONIC STRUCTURE

Taking into account only the nearest neighbor intra (vy ~ 3.08 €V) and inter (y; ~ 0.39 e€V) layer hopping terms,
the low energy Hamiltonian for ABC-stacked N-LG graphene (around the K point) is given by:
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where we used the basis [¢a,, PB,, Pays PBys - - - ,¢BN]T. Here, py = p, £ ip, with p = (py,py) the two-dimensional
momentum operator, vp = 3a7yy/2h the Fermi velocity and a = 0.142 nm the carbon-carbon distance.

The corresponding low energy band structure for ABC-stacked 3,6, 15-L.G is shown in Figure The spectrum
consists of a set of 2N bands, two of them touching each other at the Dirac point K with a flat dispersion and the
rest at an energy +v; at k = 0.
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FIG. 1: Energy spectrum of ABC N-LG for N = 3,6, 15 layers, respectively. The red lines indicate the low energy bands
obtained with the 2 x 2 effective approximation [IH4].



The flat bands at the charge neutrality can be described by an effective Hamiltonian [TH4]
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which is written in the basis [¢A1,¢BN]T, that is, involving only the A and B sites of the bottom and top layers,
respectively.

This leads to the following energy dispersion [IH4]:

er = 9 N (hopk)N ~ pP, (3)

shown by red lines in Figure [I} However, the effective Hamiltonian [2| is valid only in the interval |—pp, +pp[, with
Pp = 3—; [4]. Outside this interval the surface subbands are no longer flat and the effective approximation diverges
drastically as seen in Figure

INELASTIC LIGHT SCATTERING AT ZERO MAGNETIC FIELD

For the sake of completeness here we closely follow Ref. [5] to briefly present the theoretical description of the
electronic Raman process. The interaction of the electrons with photons is included in the Hamiltonian by
replacing p by the canonical momentum IT = p + £A(r) where A is the vector potential associated with the light
field and it is given by
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The latter includes the annihilation operator byqq, for a photon with in-plane momentum g, energy €2 (which determines
its out-of-plane momentum component g, = 1/22/c? — g2?) and polarization I. Expanding the (full) Hamiltonian up
to the second order in the vector potential, we obtain the interaction part
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where vpJ = V,H is the current vertex and % (82”71 H ), with ¢ = {x,y, 2}, is the two photon contact interaction

tensor [5]. Thus, there are two contributions to the inelastic light scattering amplitude: a one-step process R, (contact
interaction) and a two-step process Rp involving an intermediate virtual state. The latter consists of an absorption
(emission) of a photon with energy Q(Q) transferring an electron with momentum p from an occupied state in the
valence band into a virtual intermediate state, followed by another electron emission (absorption) of the second photon
with energy Q(Q), which moves the electron to the final state with momentum p + g — ¢ and given by [5H7]
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Here J, denotes J(q) and Gé%i(/)

correspond to the energy of initial (final) electronic state. The energy difference w = 2 — Q=c¢ ¢ — €; is the Raman
shift. The contact interaction process, due to the terms quadratic in the electron momentum p, is
2
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In our case, J = (0, ®I,0, ® I,0, ® I) with I the N x N identity matrix and o; the 2 x 2 Pauli matrices. Considering
vpp < Q (Gh,., =1/ and Gésuef = —1/9Q) the dominant contributions to the Raman scattering amplitude is
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is the advanced Green function for electrons with energy €2 + €;y) where €5

whereas the contact interaction take the form
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with d = (ZJ; + lyi;, Lol — Zy[;) The transition amplitude R = Rp + R, is analogous to what was obtained for

monolayer graphene [6].



THE LANDAU LEVEL SPECTRUM AND RAMAN SHIFT

In the presence of an external magnetic field B the canonical momentum p must be replaced by I = p+e/c A (7)
where A (r) is the vector potential describing a magnetic field perpendicular to the graphene layers [I, 8]. We
use units such that A = 1 = ¢. The components of the gauge-invariant momentum obey the commutation relation
[IL,,I1,] = —i/l% where g ~ 26nm/+/B [T is the magnetic length. This allows us to introduce the harmonic oscillator
operators d = (ZB/\@) II_andaf = (lB/\/ﬁ) I, with [d, CALT} = 1 where II1 = II,; £¢II,. Then the Hamiltonian takes
the form

0 60&
eal 0 "1
11 0 ea

Hape = cal 0 m (10)

2N xX2N

where €9 = V2hvp /lp ~ 36,/B[T] meV is the cyclotron energy in monolayer graphene. The 2N-components eigen-
states corresponding to hamiltonian have the following structure
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where ¢, = @nk (T,y) ~ ethve—2"/2 (z) is the wave function of harmonic oscillator with z = (z — ki%) /lp and
H, (z) is the Hermite polynomial. As in the usual one-dimensional harmonic oscillator
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Then, for each value of n, one needs to diagonalize the following matrix
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in order to obtain a set of 2N Landau levels (LLs) and the corresponding coefficients {c% ,c% } that determine the
eigenstates |¢%) with o = 1,...,2N. In Eq. , the index n is required to be positive. However, we note that Eq.
(10) supports eigenstates with the following structure
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These eigenstates can be obtained from by extending the range of possible values of n to n > —N + 1 and using
the rule that harmonic oscillator wavefunction with negative subindices must be replaced by zero. The corresponding
eigenvalues can be obtained by applying Hapc to these states and solving for the nontrivial part of the eigenvalue
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FIG. 2: a-g), Inter-Landau level transitions (An = 0) from the surface subbands, for N = 3, 8, 10, 14, 17, respectively. The
red line in each plot indicate a linear fitting for a given transition.

equation. For each one of the different form of the eigenstates in Eq. there is always one eigenstate with
zero energy while the remaining possible states appear around ~ £7; for small magnetic field. Hence, there are N
nontrivial eigenstates with zero energy for ABC-stacked N-layers graphene [I]. Notice that this result can also be
obtained from the effective Hamiltonian (2.

To find the electronic Raman spectrum in the presence of an external magnetic field, we calculate transition
amplitude (matrix elements of the operator R = Rp + R.,) between the initial [¢)%) and final |[¢5) states. This
procedure leads to the selection rules n = m and o = 8 for the Rp process as in monolayer graphene where the ones
allowed by Rp correspond to a symmetric optically active inter-LL excitations (transitions with An = 0 in the usual
Landau notation for monolayer graphene). Transitions with m # n are also possible, due to processes represented by
R,,, but in this case with intensities considerably lower. In order to compare our theoretical calculations with the false
color maps of the magneto-Raman scattering spectrum (Figures 4c-d of the main text) we assign a gaussian function

to each possible transitions line with height equal to |<¢£L|R\1/1;}>‘2 and standard deviation o ~ 0.004 eV to simulate
a possible Landau level broadening in the real sample.

LANDAU LEVEL EVOLUTION AS A FUNCTION OF NUMBER OF LAYERS

Figure 2h-g shows a series of plots of the B-evolution of the inter-band Landau level transitions from the surface
subbands, for different number of layers N. The slope of these lines increases with the number of layers until reaching
a maximum value for the bulk limit. As we discussed in the main text, the evolution of these lines is quasi-linear in
the energy range were we performed the magneto-Raman measurements. However, the modeling of these data shows
that these lines will depart from the linear regime and ultimately curve at very low energy to reach the zero energy
value at B = 0T, reproducing the flat part of the surface subband at B = 0T (see Figure [1)). From the evolution
of the Landau level transitions with the number of layers, we can extract the value of the intercept for each line by
performing a linear fitting A.x + Ey, where Fjy is the value of the energy at B = 0T obtained from the extrapolation
of the Landau level transition lines for a given number of layers N. Figure |3] is a plot of Ey as a function of N, from
3 to 17 layers. By performing magneto-Raman measurements of the electronic excitations in ABC stacked N-LG,
one can estimate the number of layers on the flake from Fj, by a linear fitting of the B-evolution of the electronic
excitations from the surface subbands in the linear regime (i.e., from 600 to 2800 cm ™! or from 0.08 to 0.35 eV).
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FIG. 3: Evolution of Ey as a function of N, from 3 to 17 layers. The error bars indicate the uncertainty around the value of
FEy from the fitting of different lines in each plot.

CASE OF MIXED STACKING OF GRAPHENE LAYERS

For the sake of comparison, we also performed magneto-Raman measurements on h2; a region where no ERS at
B = 0 is observed (boxed region in Figure ) A comparison between the observed electronic excitations in h2 and
those observed in h3 and h4 is shown in Figure [p, for different values of the magnetic field, after subtraction of
the B = 0 spectrum. At first glance, the electronic excitations observed in h2 have rather asymmetric line shapes,
if compared to the well symmetric features observed on the ABC stacked suspended parts (h3, h4). The electronic
excitation spectrum obtained at h2 is shown in Figure [k as a false color map of the Raman scattering intensity
as a function of the magnetic field. Different electronic excitations are observed, with a quasi linear evolution with
increasing magnetic field. The energy of the large majority of these excitations converge to zero when the magnetic
field tends to B = 0, which is characteristic of the magneto-Raman response of ABA stacked N-LG. Nevertheless,
we observe at least three excitations, that extrapolate to a finite B in a similar way to the observed excitations
from h3 and h4, reported in the main text. Of much weaker intensity, these three excitations are better seen in the
B-differentiated false color map of h2, they are indicated by red arrows in Figure [A{.

In order to illustrate the difference in the dispersion of the electronic excitations with magnetic field between h2
(where the ABA stacking dominates) and h3 or h4 (where there is pure ABC stacking), we performed a spatial
mapping of our N-LG flake at fixed magnetic field B = 17 T. Figure [5h shows two Raman spectra taken from this
map at h2 (red curve) and h4 (black curve). These two Raman spectra show an electronic excitation at different
energies, hence the two suspended parts have distinct electronic excitations spectra. The false color map in Figure [5p
is obtained by plotting the Raman scattering intensity of the difference in the electronic excitation dispersion all over
the flake. From the conspicuous contrast in Figure [5p, we reveal again, thanks to magneto-Raman spectroscopy, the
two domains with different stacking configurations.

The evolution with magnetic field of the electronic excitations in h2 can be understood by considering a tight-
binding model for N-LG system with a mixed stacking of its graphene layers. In this case, the Hamiltonian contains
an ABA-stacked 8 layers graphene coupled to 7 layers with an ABC sequence. The low energy electronic band
structure corresponding to the ABABABAB-ABCABCA stacked 15-LG is shown in Figure [Bh. The best fit for h2
yields N = 15 with 79 = 3.15 eV and 7; = 0.4 eV (Figure @)—c). Where the three excitations observed in h2 that
extrapolate at finite B = 0 originate from the symmetric (i.e., Aln| = 0) inter-band Landau level transitions within
the flat bands at the charge neutrality in Figure [(h. While the almost parabolic bands in Figure [Gh give rise to the
remaining complex electronic excitations spectrum observed in h2. The main conclusion is that while the suspended
parts h3 and h4 that have been discussed in the main text, have a rather pure ABC stacking, h2 on the other hand
is interpreted as being inhomogeneous and exhibits both ABA and ABC stacking configurations. It is interesting to
emphasize the striking difference in complexity that both cases present, while the mixed stacking case (h2) presents a
rather complicated magneto-Raman spectrum, the pure ABC stacking situation (h3 and h4) shows a clean and simple
one.
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FIG. 4: Observation of low temperature electronic excitations from N-LG with a mixed stacking of graphene
layers. a), Optical microscope image of the N-LG, the suspended part where magnetic dependent magneto-Raman spectra
have been recorded, labelled h2, is boxed in red square. b), B = 0 subtracted Raman spectra from h2, and the previously
measured h3, and h4 respectively, for different values of the magnetic field. c), False color map of the micro-Raman scattering
intensity spectra as function of magnetic field from h2. d), B-differentiated false color map of (b), the three excitations that
extrapolate at finite B are indicated by red arrows.
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FIG. 5: Contrast in electronic excitations spectrum from the two domains. Raman spectra recorded at B = 17 T
from h2 and h4. The contrast in the scattering intensity between the two domains is shown in (b) in the form of a false color
map of the micro-Raman scattering intensity from the N-LG flake at B = 17 T, showing the contrast in the Raman scattering
intensity as a function of the stacking configuration (i.e., ABA or ABC).
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FIG. 6: Modeling of the data from the magneto-Raman experiment on h2. By considering a single tight-binding
Hamiltonian that contains the stacking configuration ABABABAB-ABCABCA, we plot its low energy band structure in (a).
The fitting of the electronic excitations observed in h2 is obtained by considering the symmetric inter Landau level transitions

of an ABC stacked 7 layer graphene, indicated by green colored data in (b), coupled with an ABA stacked 8 layer graphene,
indicated by blue colored data in (c).

ATOMIC FORCE MICROSCOPY MEASUREMENTS

To investigate the thickness of the flake, we performed atomic force microscopy (AFM) on three different edges
as seen in Figure [Th. The thickness was estimated from the edges by assuming a thickness for the first monolayer
sheet on top of the silicon dioxide layer equal to 0.529 nm (as measured under nominally the same conditions for a
reference graphene flake). The atomic interlayer distance in graphite is taken to be 0.335 nm, this gives a thickness
that varies from 15 to 17 layers, in accordance with the number of layers we used in the tight binding model to fit the
experimental data.
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FIG. 7: a), Optical microscope image of the flake, the colored arrows indicate the sections where AFM measurements were
performed. b), Plot of the edges profile (a) obtained from the AFM. The thickness varies from 15 to 17 graphene monolayers.
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