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Observation of competing, correlated ground states
in the flat band of rhombohedral graphite

Imre Hagymasi'*>*t, Mohammad Syahid Mohd Isa®t, Zoltan Tajkov™®, Krisztian Marity®,
Laszl6 Oroszlany”8, Janos Koltai®, Assem Alassaf’, Péter Kun®, Konrad Kandrai®,
Andras Palinkas’, Péter Vancs6’, Levente Tapaszt6’, Péter Nemes-Incze’*

In crystalline solids, the interactions of charge and spin can result in a variety of emergent quantum ground states,
especially in partially filled, topological flat bands such as Landau levels or in “magic angle” graphene layers. Much
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less explored is rhombohedral graphite (RG), perhaps the simplest and structurally most perfect condensed matter
system to host a flat band protected by symmetry. By scanning tunneling microscopy, we map the flat band charge
density of 8, 10, 14, and 17 layers and identify a domain structure emerging from a competition between a sublattice
antiferromagnetic insulator and a gapless correlated paramagnet. Our density matrix renormalization group cal-
culations explain the observed features and demonstrate that the correlations are fundamentally different from
graphene-based magnetism identified until now, forming the ground state of a quantum magnet. Our work
establishes RG as a platform to study many-body interactions beyond the mean-field approach, where quantum fluc-

tuations and entanglement dominate.

INTRODUCTION

An important factor separating conventional and quantum magnets is
that, in the latter, the mean-field description fails because of strong
correlations and quantum fluctuations. Examples include antiferro-
magnetic spin chains (I) and ladders (2), where interactions result
in exotic properties such as fractionalization and topological order
(3). In general, condensed matter systems realizing quantum mag-
nets have a complex structure, requiring the spins provided by the
d-band of transition metals (4). On the other hand, graphene-based
materials comprising only carbon atoms are simple and host a re-
markable multitude of magnetic states, provided that a band with a
divergent charge density is partially filled. This divergence can arise
through a sublattice imbalance (5-9), through a Landau level (10, 11),
or in a moiré superlattice (12, 13). Perhaps the simplest example of
this is at the edges of zigzag nanoribbons, where, at charge neutrality
(14), the spins on opposite sublattices interact antiferromagnetically
(5). Further examples are in the layer antiferromagnet state of bilayer
graphene (9, 15, 16) and in the sublattice-Néel state in trilayer (17-19)
and tetralayer rhombohedral graphite (RG) (20-22), all explained
within the mean-field approximation. This Néel state has the spins
on opposing sublattices in an antiparallel configuration between the
top and bottom surfaces and in a ferrimagnetic orientation within
the same graphene layer. Mean-field Hubbard models predict it to
be the gapped ground state at charge neutrality (23, 24), measured
in three- and four-layer RG by transport (17) and scanning tunnel-
ing microscopy (STM) (22). However, for thicker RG, interactions
are expected to increase (25), holding the potential for driving a
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transition to a quantum magnet, providing a realization of graphene-
based magnetism beyond the mean-field model.

Here, we show that, for thick RG, the gapped Néel state is not the
ground state, because fluctuation terms and local correlations cannot
be neglected. Instead, RG hosts domains of alternating gapped and
gapless surface charge density, associated with a degenerate ground
state. This degeneracy is a signature of quantum magnetism (3) that
cannot be described at the mean-field level.

RG is distinct from any other graphene system in that it features
a staggered intra- and interlayer hopping pattern (26), similar to a
one-dimensional (1D) Su-Schrieffer-Heeger (SSH) model (27). It can
be considered as built up from parallel SSH chains (Fig. 1A), leading
to a sublattice imbalance on the top and bottom surfaces. A flat band
is localized on the unpaired surface sublattice (blue in Fig. 1A) and
decays into the bulk (28, 29). The interacting 1D SSH chain (30, 31)
and “ladder materials” (2) with the chains linked up parallel to each
other are elementary models for quantum magnets. This, together
with recent evidence for strong correlations in thick samples (32),
makes RG a prime candidate for quantum magnetism.

STM is a powerful tool to investigate correlated electron systems,
for example, uncovering the inhomogeneities in the order parameter
of high T¢ superconductors (33) or nematicity in “magic angle”
bilayer graphene (34-37). We present STM measurements at a tem-
perature of 9.6 K, on the surface of SiO,-supported RG (Fig. 1A). At
half filling of the flat band (charge neutrality), two distinct phases of
the surface state charge density appear: one having a splitting of up
to 40 meV centered on the Fermi level, and the other being gapless.
The two phases form a domain structure, characteristic of many-
body competing ground states (33). Using density matrix renormal-
ization group (DMRG) calculations, we identify that the surface hosts
a net spin of § = 1. This magnetic moment gives rise to a ground
state of RG, which has degenerate spin projections on the surface of
s; =% 1and s, = 0. The s, = + 1 surface state corresponds to the
sublattice-Néel insulator, identified earlier using mean-field ap-
proaches: ab initio (25), Hubbard (17), Hartree-Fock (38), and
continuum model (39) calculations. The s, = 0 surface state is a
correlated paramagnet, which is not present at the mean-field level
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Fig. 1. Correlated insulating state in RG. (A) Schematic of the STM measurement setup, with the RG supported on a SiO, substrate. Blue and red atoms/bonds show the
staggered, SSH-like (27) chain in RG (26). Nearest-neighbor chains, shown in light blue and red colors, form a ladder through interchain hoppings. The size of the blue and
red circles next to the graphene layers is proportional to the large density of states (LDOS) on the respective sublattices. A, B, and C mark the characteristic stacking pattern
of RG. (B) Calculated ab initio band structure of RG around the K point for eight layers. (C) Density plot of 64 dI/dV spectra measured along the green line shown in the
STM topography image above (eight-layer sample). The surface state shifts in energy from being at the Fermi level to being almost completely filled and back to half
filling. (D) Selected spectra, positions shown by arrows of the same color as in (C). The splitting in the surface state is always at the Fermi level, shown by the dotted line.
Black Gaussians are fits to the surface state dl/dV peak, with a splitting shown in the inset. (E) dI/dV spectra measured in various positions on the sample surface, with the
surface state below (orange), above (green), and at the Fermi level (black). The surface state shows a splitting of 32 meV at charge neutrality (black). The full width at half
maximum (FWHM) of the completely filled or empty surface state is 26 meV. (F) Surface total DOS, calculated within the mean-field approach for various doping levels

(U =6 eV). Colors are with the same meaning as in (E). a.u., arbitrary units.

(17, 38). The degeneracy between the gapless paramagnetic state
and the antiferromagnetic insulator is an intrinsic property of RG
and explains the domain structure of the surface state splitting ob-
served experimentally.

RESULTS

Gapped and gapless domains at charge neutrality

We have used Raman spectroscopy to identify thick RG samples on
a SiO; support (for details, see section S1.1) and performed STM
measurements at multiple locations on an 8-, 10-, 14-, and 17-layer
sample. The data presented in the main text are representative of
the behavior seen in all samples. A topographic image of an 80-nm
by 80-nm area of the eight-layer-thick sample is shown in Fig. 1C,
while the large local density of states (LDOS) of the surface flat band
shows up as a pronounced peak in the dI/dV spectra (Fig. 1, C to E).
Alongside this peak, we can observe step-like features in the dI/dV
signal starting below —150 mV and above +150 mV. These stem
from dispersive, bulk bands visible in Fig. 1B, and their position in
energy is a fingerprint of the number of layers in the RG sequence
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(see section S3). By tracking these peaks in the areas we investigate,
we can ensure that the stacking sequence of RG is the same all over
the measured surface (fig. S9D). The RG sample is only perturbed
by the local charge and mechanical deformation inhomogeneity of
the SiO; support. It is well known that this modulates the doping in
the sample placed on top (40), and we use this inhomogeneity to
our advantage. By simply moving the STM tip over the sample, we
are able to investigate the surface state at various electron fillings.
Figure 1C shows spectra across a 35-nm-long line on the surface.
The surface state suffers a local shift across the Fermi level (zero bias),
with the selected spectra shown in Fig. 1D. We observe a ~30-meV
splitting, centered on zero bias as soon as the surface state becomes
partially filled with electrons, which is a strong indication of its
many-body origin. In Fig. 1E, we highlight three representative cases,
with the surface state at charge neutrality (black), filled (orange),
and empty (green). In the latter two situations, the full width at half
maximum (FWHM; w) is 26 meV, the narrowest peak width we
measure. In this case, it is usually assumed that the effect of interac-
tions is negligible. However, the filled and empty peaks show a
shoulder on the right and left sides, respectively. This asymmetry is
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characteristic of the doped spectra, similarly to the doped flat band
peak of magic angle bilayers, indicating that e-e interactions are
present, even near complete filling of the band (34, 37). At half filling,
the dI/dV peak shows a splitting of 32 meV. To reveal the origin of
the observed peak splitting, we have performed calculations at the
mean-field level, evidencing the opening of a gap due to antiferro-
magnetic exchange (see Fig. 1F and section S2 for details) (17). To
rule out single-particle effects as the origin of the surface state split-
ting, we have modeled the effect of a perpendicular electric field and
quantum confinement due to the electrostatic disorder potential of
the sample. Using a density functional theory and a tight binding
model, we found that these effects are not consistent with our
observations either qualitatively or quantitatively. Splittings induced
by quantum confinement are not pinned to the Fermi level and
therefore are inconsistent with our observation. Furthermore, the
perpendicular electric field needed to open a gap of 30 meV is
orders of magnitude larger than what is present in our experiment.
For a detailed discussion, see section S8.

Next, we have quantified the local variation of the splitting over
large areas of the sample surface. By fitting two Gaussians to the
surface state peak, we can extract the local splitting as the voltage
difference between the peaks of the two Gaussians. The fitting
was performed in the +80-mV interval around zero bias. Examples
of these fits can be seen in Figs. 1D and 2C. In Fig. 2A, we show a
representative map of the local splitting in an 80-nm by 80-nm area.

Details of the fitting procedure and more splitting maps are shown
in sections S4 and S5.2. One notable feature of the map is that
the sample contains regions with no observable splitting, although
the flat band is half-filled in most of the area, as illustrated by spec-
trum #3, #II, and #IV in Fig. 2. The local charge density can be
approximated by the spectral weight of the surface state below and
above the Fermi level, similarly to the procedure used by Jiang et al.
(35) in the case of magic angle bilayer graphene. After subtracting
the background from the dI/dV spectra, we measure the area of the
peak under the Fermi level (Aynder) up to the peak edge (~100 mV).
Examples of this can be seen in Fig. 2F. We define the fill ratio
as Aunder/Atotal, Where Aoy is the total area under the peak. We
consider half filling or charge neutrality to be at 50% fill ratio.
The local charge density measured this way is also correlated with
the shift in bias voltage of the bulk bands (for more details, see
section S5.1).

A map of the local fill ratio (Fig. 2E) shows that, in most areas,
the peak is between 30 and 60% filled. There are substantial areas of
near half filling in both domains with large splitting and no splitting
atall. This is unexpected at first because the mean-field ground state
in tri- and tetralayers is gapped (17, 20, 22). The presence of a
gapless surface density indicates the failure of the mean-field ap-
proximation to fully capture the behavior of eight-layer RG. The
domain structure is also apparent if we fit a single Gaussian to the
spectra and plot the FWHM w, which shows a bimodal distribution
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Fig. 2. Gapped and gapless domains. (A) Map of the surface state splitting over an 80-nm by 80-nm area of the sample, measured using a grid of 64 x 64 dI/dV spectra.
STM topographic image of the region can be seen in Fig. 1C. The splitting was determined by fitting two Gaussians to the peak. Examples of fits can be seen in (C) and
Fig. 1D. (B) FWHM (w) of the peak from the same dI/dV map, obtained by fitting a single Gaussian (for fitting details, see section S4). (C) Examples of individual dI/dV spectra
measured in locations shown by numbers on (A) and (B). Double- and single-Gaussian fits are shown by gray dashed curved lines, and the splitting and w values are shown
next to the spectra. (D) Histogram of peak widths (w) in the data of (B). (E) Map of the local fill ratio as defined in the main text for the area shown in (A). (F) Selected spectra
measured at the positions marked by crosses and roman numerals in (E). Purple shading shows the area under the peak used to determine the fill ratios shown in the

inset in %. Tip stabilization parameters are as follows: 100 pA and 500 mV.
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(Fig. 2D). Furthermore, the peak width in the areas without split-
ting is at least 10 mV larger than in the fully doped case, suggesting
that many-body effects do play a role in this case. We call the areas
without splitting as gapless, up to the energy resolution of our mea-
surement, meaning that we cannot rule out the presence of a gap
smaller than 4.5 meV. In the measurements, a slight deviation from
charge neutrality, but with the Fermi level still near half filling, does
not alter the gapped or gapless nature of the peak, as can be seen in
Figs. 1D and 2.

Degenerate ground state in RG and the breakdown

of the mean-field approximation

The dual nature of the flat band charge density is remarkable, be-
cause at the mean-field level, gapless ground states are not expected
to be stable (38). The DMRG approach goes beyond the mean-field
approximation and allows us to compute the complete many-body
wave function, taking quantum fluctuations fully into account that
are crucial in low-dimensional systems. Figure 3A shows the mag-
netic moments on the top four graphene layers along a staggered
chain of RG, calculated using DMRG. The local moments show a
ferrimagnetic ordering on the graphene sublattices, which decay
into the bulk to near zero by the third graphene layer. It can be seen
that the mean-field calculations also reproduce this sublattice-Néel

magnetic ordering, where the total spin for one surface, s,, within
the RG unit cell is 1. In our mean-field calculations, this Néel ordering
forms an insulating state (23, 24), with a splitting shown in Fig. 1F.
The splitting observed in the dI/dV maps is a signature of this insu-
lating state. One expects an insulator because the magnetic ordering
breaks the inversion and time reversal symmetries protecting the
gapless state at charge neutrality (41).

Beyond the agreement on the magnetic ordering, we find that
the mean-field approach overestimates the ground-state energy of
RG by 5.16 meV per atom compared to the DMRG result, high-
lighting the importance of correlation effects in the system (for
more details, see section S2). In DMRG calculations, the ground
state of the RG slab features spins localized to the bottom and top
layers, with a total spin of ST and a spin projection of St . In Fig. 3B,
we plot the ground-state energies as a function of the two-site ap-
proximation of the full variance v, defined by v = (H*) — (H)? where
H denotes the Hamiltonian and (...) denotes the expectation value
with respect to the variational state. Three different configurations
of the total spin, ST = 0,1,2, converge to the exact ground state at
v =0, all of them being degenerate. Because in STM we are probing
only one surface, these total spin states correspond to three possible
spin projections on the top surface: s, = 0, = 1. Among these, the
s, = +1 (Néel) also features the mean-field result, with the +1 state
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Fig. 3. DMRG and mean-field Hubbard model calculations. (A) Calculated local magnetic momenta for a six-layer RG. The magnetic moments on the atomic sites decay
exponentially, essentially to zero after the second graphene layer (U = 0.5 X o). Inset shows one staggered chain of RG in red and blue atoms, along which the plot is
performed. (B) DMRG calculations of the ground states of a six-layer-thick cell as a function of the variance. Energy in units of the nearest-neighbor hopping term: yo. The
exact ground state is reached at zero variance. The states with various total spin of whole cell (both top and bottom graphene layers): St are degenerate, with a ground
state that is 5.16 meV per atom smaller than the mean-field case (dashed line). The first excited spin state (St = 3) is 0.33 X yo. (C and D) Colored arrows showing the distri-
bution of magnetic moments on the top two graphene layers with a surface spin of s, from the DMRG calculation. The magnetic moments y are scaled by 2 |u|"* for
better visibility. The radius of the opaque spheres is proportional to the local electronic correlation C values, as defined by the relation shown. (n;;) and (n; ) are the
expectation values of the spin density on the atomic site i. Blue and red colors distinguish the two graphene sublattices.
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shown in Fig. 3C and the -1 state corresponding to the case, where
the spins are inverted. These two states are indistinguishable if the
STM tunneling current is not spin polarized. However, the s, = 0
instance has no analog in the mean-field approximation, because
the mean-field decoupling excludes the possibility to host a cor-
related state and only magnetic solutions can result in a lower energy.
This correlation effect is shown in Fig. 3 (C and D), where the ra-
dius of the colored spheres is proportional to the calculated charge
correlation values (C). Instead of the magnetic moments, the s, =0
solution shows an enhanced local charge correlation on the un-
paired sublattice, forming a correlated paramagnet on the surface.
In this state, the charge fluctuations are more and more suppressed
with increasing U (the electrons prefer not to hop to already occu-
pied sites), and the total energy is decreased directly by the smaller
number of doubly occupied sites instead of long-range magnetic
ordering. This is a truly many-body effect, because the mean-field
approach is only able to decrease the total energy via magnetic or-
dering and not by decreasing the doubly occupied sites. This state is
gapless for the charge degree of freedom, because there is no large-
scale breaking of symmetries (41), as opposed to the s, = +1 case.
The two degenerate states form a natural candidate for the domain

structure observed in STM, with a gapped antiferromagnetic insu-
lator and a gapless, correlated paramagnet. Globally, over the whole
sample surface, none of the two states can dominate, but locally be-
cause of inhomogeneities, the system can favor either the s, = +1 or
the s, = 0 state, similarly to competing states in strongly correlated
materials (33).

Last, we have calculated the energy of the ST = 3 state and find
that it is 0.33 x yo higher than the ground state for a six-layer-thick
cell (Fig. 3B), with y¢ being the nearest-neighbor hopping of
graphene. This gap separates the first (bulk) excited spin state of RG
from the degenerate ground state. The large size (~1 eV) of the spin
gap is responsible for the rapid decay of the magnetic moments (s;)
at the top and bottom graphene layers.

Critical temperature

Having established the presence of correlated insulating and gapless phases,
we have checked their temperature dependence. In Fig. 4 (A and B),
we show another example of the domain structure of the surface
state splitting. By measuring the same 80-nm by 80-nm area of the
sample at increasing temperature, we observe that the splitting and
w suddenly decrease at a temperature of 17 K all across the surface.
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Fig. 4. Temperature dependence. (A) Map of the surface state splitting in an 80-nm by 80-nm area on the eight-layer sample. The same area is measured at four different
temperatures. (B) Map of @ in the same area and temperatures as in (A). Above 16.6 K, the splitting vanishes and the peak width decreases sharply. (C) Selected spectra in
a gapped (bottom), gapless (middle), and completely filled (top) area below and above the critical temperature. The width w of the peaks are shown in millivolts next to
the spectra. Spectra at different temperatures are measured in the same location. (D) Peak splitting (orange) and w of the surface state (green) as a function of tempera-
ture, measured in the position marked by the green crosses in (B). Connecting lines are guide to the eye. (E) Temperature-dependent mean-field calculation of the split-

ting at charge neutrality (U=6eV).
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Example spectra are shown in Fig. 4C in a gapped (red) and a gap-
less (blue) region, measured at different temperatures in the same
surface position. Raising the temperature from 9.6 to 17 K, the sur-
face state becomes a single peak with decreasing w. This is in con-
trast to a highly doped area (gray spectra), where w increases by
1.4 mV, corresponding to the extra broadening due to the increased
temperature (see also fig. S13).

This suggests the presence of a phase transition at charge neu-
trality. We identify as the critical temperature the value where the
splitting collapses and the width of the peak stops decreasing and
plateaus. Values measured on different areas of the sample show a
variation. The value of T¢ for the area shown in Fig. 4 is 16.6 K, with
the highest T measured to be 22 K (see section S6). Above T, the
dI/dV peak width is still roughly 10 meV wider than the w expected
from a single-particle band structure (26 meV), suggesting that some
many-body effects might still play a role at these temperatures. Our
temperature-dependent mean-field calculation reproduces the nar-
rowing of the peak by increasing temperature, but as expected, it
overestimates T¢ (Fig. 4E).

Having determined the splitting and bandwidth in our sample, it
is instructive to compare it to STM measurements of a four-layer
RG sample and to the correlated insulator states observed in magic
angle twisted bilayer graphene. In the former case, measurements
by Kerelsky et al. (22) show a FWHM of the surface state peak be-
tween 3 and 5 meV, while the splitting is 9.5 meV at half filling. In
our measurement of the eight-layer RG, the FWHM is 25 meV, with
a splitting in the 30- to 40-meV range. Thus, the rearrangement of
the spectral weight (splitting) due to interactions exceeds the band-
width (FWHM) of the peak, which is a clear sign of strong correla-
tions. By this measure, the eight-layer RG is also comparable to
magic angle bilayers, where the splitting between the two flat band
dI/dV peaks increases by 15 to 20 meV near charge neutrality, also
exceeding the bandwidth of around 10 meV (34, 37).

Measurements of the surface state charge density in a 14-layer
RG sample were also carried out by Henck et al. (42) using nano-
angle-resolved photoemission spectroscopy measurements. Below
the Fermi level, they measure a FWHM of the surface state of 50 meV
at a temperature of 90 K. In their discussion, the authors assume that
the sample is charge neutral, with a surface state splitting of 40 meV,
surviving up to the measurement temperature. The value of the
splitting is comparable to our measurements, but their assumption
that the critical temperature is higher than 90 K is not consistent
with our STM data.

Possible symmetry breaking away from charge neutrality
We now turn our attention to the situation when the surface state is
away from charge neutrality but not completely filled/empty. In
general, strongly interacting materials display a whole range of
different ground states as function of charge carrier density (33).
Three-layer RG is no exception; both ferromagnetism (43) and
superconductivity (44) appear at various doping intervals. It is only
natural to assume that thicker RG samples should host similarly
rich many-body phases.

Our mean-field calculations at slight doping (2.16 x 10" cm ™%
Fig. 5B) suggest that the gap closes, but the surface magnetization
does not vanish. Instead, it forms a ferromagnetic pattern with
a (V3 x V3) R30° enlarged unit cell (Fig. 5C). At this doping, mean-
field calculations suffice because we are dealing with a magnetic
state. Nevertheless, we have checked that DMRG calculations also
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reproduce this enlarged unit cell, and the magnetizations agree well
with the mean-field ones. This translation symmetry breaking is
also present in the total LDOS, which is the quantity that is mea-
sured by STM.

We have been able to identify an area of the sample with slight p
doping, as evidenced by the spectrum shown in Fig. 5A. Measuring
the dI/dV signal inside the surface state at 20-mV bias voltage shows
a V3 x V3 modulation that enlarges the unit cell, both in the graph-
ite lattice and in the Fourier transform of the data (Fig. 5D). The
presence of this superlattice is not evidence in itself for the predict-
ed ferromagnetic pattern, because these patterns can be also created
by intervalley scattering due to lattice defects, such as vacancies. To
rule out these surface defects as the origin of the pattern, we show in
fig. S14 a 12-nm by 12-nm topographic image showing that vacan-
cies are not present on the top graphene layer around the area of
interest. Furthermore, strong lattice defects cause intervalley scat-
tering of all states regardless of energy, albeit with decreasing ampli-
tude (45). In our case, measuring at a 100-mV bias voltage outside
the surface state in the same area of the sample simply shows the
expected periodicity of graphite (Fig. 5E). This is an unusual behav-
ior for a defect-induced LDOS modulation, providing a possible
signature for the predicted ferromagnetic state. However, subsur-
face defects can also lead to a slight modulation of the LDOS in the
top graphene layer (46), and the behavior of these is less well stud-
ied. Therefore, we cannot completely rule out the defect origin of
the V3 modulation we observe.

Ferromagnetism has been predicted at finite doping (47) and has
been recently measured in the compressibility of trilayer RG (43).
Our calculations suggest that ferromagnetism is also present in thick
RG and is accompanied by translation symmetry breaking. At pres-
ent, it is still unclear whether the interaction-induced V3 x V3 insta-
bility is accompanied by the formation of a Kekulé gap (48-50) or
some other valley order (39, 51).

DISCUSSION

We have shown that interactions in the surface state of thick RG
produce a ground state that is fundamentally different from the
mean-field prediction, having a domain structure of gapped and
gapless surface charge density. According to our DMRG calcula-
tions, this domain structure is a result of the degenerate ground
state. The fundamental difference between three to four layers and
thick samples is that, in the latter, the surface states on opposite
graphene terminations do not overlap (32). Such an overlap chang-
es the nature of the quantum magnet and lifts the characteristic de-
generacy, resulting in a completely gapped ground state, as recently
shown in spin chains of triangulene (7). As a consequence, the sur-
face charge density in tetralayers is always gapped and magnetic;
therefore, it is well described by mean-field theory (22). Perhaps
most importantly, RG provides a platform for the straightforward
tuning of the correlated phase discussed here, through electric and
magnetic fields (32) and by mechanical strain, in a simple de-
fect-free quantum material.

Although we do not directly measure the sample magnetization,
charge transport measurements of Shi et al. (32) show hysteretic
behavior of the resistance in a magnetic field, supporting the notion
that thick RG hosts a nonzero magnetic moment. Their measure-
ments also hinted at the formation of insulating domains, which
our STM measurements confirm. Because the interacting surface
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Fig. 5. Possible ferromagnetism and spontaneous breaking of translational symmetry. (A) dl/dV spectrum measured in an area with slight p doping. FWHM (w) of the surface
state peak is 26.4 mV. (B) DOS for p doping of 2.16 x10'2 cm ™2, similar to the experiment, calculated by the mean-field model. (C) Mean-field calculation of the spin-resolved
LDOS of the top layer of p-doped RG. Size of circles is proportional to the LDOS of the top graphene layer in the flat band (U = 4.2 eV). The LDOS shows essentially a ferromagnet.
Blue, up spin; red, down spin. The black arrow marks the V3 x enlarged unit cell size. This magnetization pattern is also reproduced in DMRG. (D) STM of the di/dV signal
inside the surface state. The black arrows and light blue circles show the enlarged unit cell size. Stabilization parameters are as follows: 30 pA and 20 mV. (E) dI/dV image
far from the surface state, measured in the same area as (D). Stabilization parameters are as follows: 70 pA and 100 mV. Insets in (D) and (E): Fourier transform of the dl/dV image.
White, dashed circles show the atomic periodicity corresponding to the 2.46-A" unit cell of graphene. Light blue, dashed circles show the unit cell of 2.46 x V3 A. The size
of the blue spheres is proportional to the calculated total LDOS in the flat band (D) and 240 meV above the flat band (E). Scale bars, 1 nm in length (dl/dVimages). Stabilization
parameters in (D) and (E) are chosen, such that the tip-sample distance stays the same. Measurement temperature, 9.6 K; bias modulation, 20 mV. FT, Fourier transform.

state is easily accessible, future studies by spin-polarized STM would
be especially fruitful in directly identifying the surface magnetic moments.

Our DMRG calculations show that, at charge neutrality, the spin
and charge interactions in RG result in a degenerate ground state
and a bulk spin gap. These properties are also shared by a simpler
toy model, the 1D quantum spin chain with a bulk spin of 2 (1, 52),
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raising the following question: What other properties of this famous
toy model are shared by RG? Further theoretical and experimental
investigations exploring the properties of this new system hold the
promise of revealing the existence of nonlocal topological order, spin
or charge fractionalization (7, 52, 53), and perhaps unconventional
superconductivity (44, 54).

7 of 9

€202 ‘6T Afenuer uo 4gD/u1leg N T 610°90Us 135" MMM//:SA1Y WO pepeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

MATERIALS AND METHODS

Samples of RG were exfoliated onto Si/SiO, surfaces from natural
graphite crystals (“graphenium”), purchased from NGS Trading &
Consulting GmbH. RG crystals were identified by Raman spectros-
copy, with a laser excitation of 532 nm. Before STM measurements,
Ti/Au electrodes were evaporated onto the samples using a stencil
mask. STM measurements were conducted in a commercial ultrahigh
vacuum (UHV) STM (RHK Freedom), at a temperature of 9.6 K and
a base pressure of 5 x 10~*! torr. For variable temperature measure-
ments, a resistive heater was used with a closed-loop temperature con-
troller. Mechanically cut Pt/Ir tips were calibrated on a Au (111) surface
before measurement.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo6879
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