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Flat bands and nontrivial topological physics are two important topics of condensed matter
physics. With a unique stacking configuration analogous to the Su-Schrieffer-Heeger (SSH)
model, rhombohedral graphite (RG) is a potential candidate for realizing both flat bands
and nontrivial topological physics. Here we report experimental evidence of topological flat
bands (TFBs) on the surface of bulk RG, which are topologically protected by bulk helical
Dirac nodal lines via the bulk-boundary correspondence. Moreover, upon in situ electron
doping, the surface TFBs show a splitting with exotic doping evolution, with an order-of-
magnitude increase in the bandwidth of the lower split band, and pinning of the upper band
near the Fermi level. These experimental observations together with Hartree-Fock calcula-
tions suggest that correlation effects are important in this system. Our results demonstrate
RG as a new platform for investigating the rich interplay between nontrivial band topology,

correlation effects, and interaction-driven symmetry-broken states.



The stacking order as well as the twisting angle of graphene layers provides a control knob
for inducing flat band and emergent phenomena, such as superconductivity ¥, correlated insula-
tion %, quantum anomalous Hall effect ®#, and fractional quantum anomalous Hall effect ©. In
few-layer rhombohedral graphene with ABC stacking order, a wide range of intriguing proper-
ties have been reported in few-layer flakes with varying thickness as well as in moiré superstruc-
tures. For example, the bandgap and transport properties are highly tunable by an electric field .
Interaction-driven correlated phenomena and competing symmetry-broken states, such as Mott
insulation, superconductivity, ferromagnetism, and ferroelectricity, have been reported in trilayer

5717 and even thicker rhombo-

flakes and moiré superlattices °*'4, tetralayer and heterostructures
hedral graphene systems 1820, More interestingly, the quantum anomalous Hall effect * and the

fractional quantum anomalous Hall effect ® have been recently discovered in pentalayer rhombo-

hedral graphene moiré heterostructures.

The origin of these interesting correlated phenomena is a band flattening effect that occurs
near the K and K’ points. The bands nearest the Fermi level Er exhibit a power law behavior,
E ~ =£|k|", where E is the electron energy, k is the two-dimensional momentum relative to the

K or K’ point, and N is the number of graphene layers “1%

. As the parent compound of few-
layer rhombohedral graphene, bulk rhombohedral graphite (bulk RG) is expected to have an even
flatter band, which could further enhance instabilities toward interaction-driven symmetry-broken
states. Moreover, its unique stacking sequence makes it a potential three-dimensional topological

semimetal with Z, topological charge 2%, making it a potential candidate for hosting both bulk

topological physics and flat band, which can go beyond the physics of twisted bilayer graphene
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Fig. 1 | Schematic illustration of RG, surface topological flat bands (surface TFBs) and bulk

helical Dirac nodal lines (bulk helical DNLs), and experimental observations. (a), Schematic

illustration of the atomic structure of bulk RG (side view), which is analogous to the SSH model

(inset in the lower left corner). (b), Calculated electronic spectral weight for RG with N = 70

layers. The surface TFBs are indicated by the red arrow, while the light-blue colors arise from the

bulk conical bands. (¢), Schematic illustration of the surface TFBs (red and blue ovals) and bulk

helical DNLs (red and blue helixes). (d), ARPES dispersion image measured by cutting through

the K point as indicated by the inset. (e, f), Dispersion images measured upon low and high

electron doping, respectively. The splitting of the TFBs is indicated by red and orange arrows, and

the lower split band is denoted by LB.



and few-layer rhombohedral graphene. In addition, exotic properties such as topological, chiral, or
high-temperature surface superconductivity 2*2” have also been predicted. It is therefore important

to investigate if bulk RG exhibits correlation effect and nontrivial topological properties.

In this work, we report direct experimental evidence of surface topological flat bands (surface
TFBs) with correlation effects in RG using angle-resolved photoemission spectroscopy (ARPES)
with micrometer or nanometer scale beam size (MicroARPES or NanoARPES). Weakly dispersing
surface TFBs are clearly observed near the K and K’ points, along with corresponding bulk helical
Dirac nodal lines (DNLs). Upon in situ electron doping, the surface TFBs in the K valley split
into two bands, the lower of which (labeled as LB) increases in the bandwidth by an order of
magnitude, while the upper one remains pinned near £/'r. Self-consistent Hartree-Fock calculations
reveal spontaneous flavor symmetry breaking and doping evolution of the lower band similar to that
observed experimentally. However, the Hartree-Fock results do not fully explain the pinning of the
upper band near Er, suggesting that electron-electron correlation effects beyond mean-field theory

are important for a full explanation.

1 Observation of bulk helical Dirac nodes and surface flat bands

Figure 1a shows a schematic sideview of RG. The stacking order is analogous to zigzag graphene
ribbons *¥ or the one-dimensional (1D) Su-Schrieffer-Heeger (SSH) topological model #?. Here the
in-plane momentum (k) kinetic term hvg|k| (vr is the Fermi velocity) and out-of-plane hopping

vo are mapped (up to a phase) onto the staggered hopping parameters v and w in the SSH model



3 (see inset in Fig. 1a). In few-layer RG, each carbon sublattice hybridizes with orbitals directly
above or below in the neighboring layers, forming conical subbands, while the unpaired orbitals in
the outermost layers contribute to weakly dispersing surface flat bands near £r». When increasing
the layer number N, the surface flat bands become flatter and a higher density of states is expected
at E'r (see SI Appendix Fig. S1), while the bulk bands evolve into Dirac cones. Figure 1b shows the
calculated electronic spectral weight for bulk RG with N = 70 layers (see Methods for calculation
details). Here, the conical regions with light-blue colors correspond to bulk bands, whose Dirac
nodes form helixes along the out-of-plane momentum (k) direction with opposite chiralities near
the K and K’ points 23453/ (see schematic illustration in Fig. 1c). These bulk helical DNLs have
a quantized Zak phase of 7 (—m) near the K (K’) point when hvg|k| < 7o, which guarantees
the existence of topologically protected “drumhead” surface states, hereafter denoted as surface
topological flat bands (surface TFBs), due to the bulk-boundary correspondence “®*Y. Bulk RG is

128 where the surface

therefore a model system for realizing a helical Dirac nodal line semimeta
TFBs (indicated by the red arrow in Fig. 1b) naturally arise as a result of the bulk band topology

and are protected by the combined inversion- and time-reversal (P7) symmetry.

The RG samples were prepared by mechanical exfoliation, and the ABC stacking was con-
firmed by spatially-resolved Raman spectroscopy and NanoARPES intensity maps (see SI Ap-
pendix Fig. S2,3). Figure 1d shows an overview of the characteristic ARPES dispersion image
measured through the K point and the doping evolution. The surface TFBs near E'r (indicated
by the red arrow) and the conical bulk states are clearly observed. The surface TFBs show exotic

evolution upon electron doping, with a splitting of the surface TFBs indicated by orange and red



o1 Er || -0.03eV| | 0.05 || 0.10 || 020 -0.30
<o o W .
2 ' " &
X . ;
, TFBs DN
o1 ; “ 0(1 o e e ; 4 o) e g : o 15 N : Fh : ; K1, i g
16 1.7 18 16 1.7 18 16 17 18 16 17 18 16 1.7 18 16 1.7 18
-1
k(A7)
g k q
0.0r  — g
TFBs Dirac ..._ Surface TFBs
05} B = Bulk DN k-
£ S U W = 32 meV
S P é/ :
Q L L
~ >
u ! P S
(TG s — —> S S &
-0.5F ":;
PR % ky
Aﬁ: ‘
0.1 01 00 o1 Py

Fig. 2 | Observation of surface TFBs and bulk Dirac node. (a-f), ARPES-measured intensity
maps at a few representative energies from Fr to —0.30 eV measured on sample S2. The photon
energy used is 60 eV, which corresponds to k£, = 0.11c* in the reduced BZ (¢* = 27”, where
¢ = 3.34A is the out-of-plane lattice constant) for the K point. The red arrow indicates the
TFBs and the blue arrow in (d) indicates the bulk Dirac node (bulk DN). (g-p), Dispersion images
measured by cutting through the K point along different directions indicated by arrows in the

insets. (q), Schematic summary of the experimental electronic structure, including the DN (blue

color) and the TFBs near Fr (red color).



arrows in Fig. le. An increase in the bandwidth is observed for the lower band at high electron
doping, while the upper band is pinned near £ (Fig. 1f). The origin of the surface TFBs and their

correlated doping evolution are the main focus of this work.

To reveal the details of the surface TFBs and bulk states, Figure 2 shows the experimental
electronic structure of bulk RG measured at a photon energy of 60eV. The Fermi surface map
in Fig. 2a shows a circular-shaped pocket centered at the K point, which decreases in size and
shrinks into a dot when moving down to —0.03 eV (Fig. 2b), indicating small bandwidth of TFBs.
In addition, when moving down to —0.10 eV (Fig. 2¢,d), a bright spot is observed at the lower-left
corner in Fig. 2d (indicated by the blue arrow), which gradually expands in size at lower energies,

indicating a conical behavior (Fig. 2e,f).

The Dirac cone and TFBs are more clearly resolved in dispersion images measured by cutting
through the K point along various azimuthal angles (Fig. 2g-p). The Dirac cone is most clearly
observed with the sharpest dispersion when cutting through the bright spot in Fig. 2j, suggesting
that it likely originates from the bulk band at a specific k. value corresponding to the probe photon
energy of 60 eV, while the weaker and broadened Dirac cones originate from intensity tail at other
k. values (see SI Appendix Fig. S4). The Dirac cone is connected to the edges of the flat band near
Er, which is observed in all cuts through the circular pockets at Er (indicated by red arrows in
Fig. 2g-p). A detailed analysis of the dispersion shows that it has a bandwidth of 32 &7 meV and a
momentum range of Ak = 0.10 4 0.02 A" around the K point (see SI Appendix Fig. S5 for more

details). According to the theoretical models **#! the momentum radius p, of the flat band in RG



is defined by py = ~o/hvp = 2v0/(V/3aty) where t, is the nearest-neighbor hopping and « is the
lattice constant. Using the values ¢, = 3.16eV, v, = 0.39eV (ref. 2, and a = 2.46 A gives a
momentum range of Ak = 2py, = 0.11 A_l, in agreement with the experimental result. Therefore,
the experimental electronic structure in Fig. 2 can be summarized by the TFBs near £ (red color)

and a connecting Dirac cone (blue color), as schematically illustrated in Fig. 2q.

Photon-energy dependent ARPES measurements have been performed to further confirm that
the Dirac cone originates from the three-dimensional (3D) bulk bands and the TFBs correspond
to the two-dimensional (2D) surface states (see more details in SI Appendix Fig. S6). Figure 3a-n
shows intensity contours measured with photon energies varying from 40 eV to 105eV, which is
sufficient to cover an entire k, Brillouin zone. The bulk Dirac node is indicated by the pink dot in
Fig. 3a, and the intensity tail from the bottom of the TFBs is indicated by the gray dot. While the
bottom of the TFBs remains fixed at the K point, the Dirac node rotates around the K point in the
k.-k, plane when changing k., as indicated by the pink arrows in Fig. 3a-n. The rotation period for
the Dirac node agrees with the periodicity of the k., Brillouin zone of RG (see SI Appendix Fig. S7
for supporting information). Figure 30 shows the energy contours in the k,-k,-k. space, where the
helix of the Dirac nodes in 3D is indicated by the pink curve. Moreover, ARPES intensity maps
covering both K and K’ valleys further show that the Dirac node helix around the K’ point has the
opposite chirality to that at the K point, as schematically illustrated by the blue curve in Fig. 3p
(see SI Appendix Fig. S8,9 for supporting experimental data and calculations at both K and K’
valleys). Interestingly, in contrast to the k, dependent bulk Dirac helixes which rotate with k., the

TFBs near E are observed clearly at all photon energies (as indicated by red arrows in Fig. 3g-v)
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Fig. 3 | Observation of bulk helical DNLs and surface TFBs along the out-of-plane mo-
mentum direction. (a-n), Energy contours measured at —50 meV at photon energies from 40 to
105eV to show the rotation of the Dirac node as indicated by pink arrows. The Dirac node is
barely detectable at 80 — 95 eV due to suppression of the intensity by dipole matrix element ef-
fects. (0), Energy contours around the K point measured at —100 meV at photon energies from
40 eV (bottom) to 105 eV (top), which correspond to reduced k, values from 1.72¢* to 2.79¢*. (p),
Schematic drawing of helical DNL around the K’ point, which exhibits the opposite chirality to
that in the K point. (q-v), Dispersion images measured at photon energies from 40 eV to 105€V to
reveal the non-dispersive TFBs indicated by red arrows. All dispersion images were measured by

cutting through the Dirac node and K point at each photon energy, as indicated in the insets.
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without noticeable k, dependence, confirming their 2D surface state origin.

The observation of surface TFBs and bulk helical DNLs demonstrates RG to be a topolog-
ical helical Dirac nodal line semimetal, where Dirac crossing points form helixes in the three-
dimensional momentum space “’. Here the TFBs form “drumhead” surface states, which are topo-
logically protected by the bulk states. Moreover, the number of Dirac helixes is two, which is the
minimum allowed by P7 symmetry, and there are no additional bands near Fr to complicate the
electronic structure. Therefore, RG provides an ideal system for investigating the physics of helical

Dirac nodal line semimetals with surface TFBs as well as electron-electron correlation.

2 Exotic evolution of the surface topological flat bands upon irn situ electron doping

The compression of electrons into the surface TFBs within a small energy range suggests enhanced
electron-electron correlation. Below we further investigate the effect of electron correlation upon
in situ surface electron doping. Figure 4a-j shows a comparison of ARPES data measured at
various momentum cuts on undoped (Fig. 4a-e) and slightly electron-doped (Fig. 4f-)) bulk RG. A
splitting of the surface TFBs is clearly resolved upon electron doping (indicated by red and orange
arrows in Fig. 4g-j). Since the ARPES probing depth of a few Angstrom is much smaller than the
sample thickness of bulk RG, one cannot detect the surface TFBs from the bottom surface. We
therefore conclude that the splitting is not caused by the lifted degeneracy between the top and
bottom layers, but rather by other flavors, e.g. spin or valley spontaneous symmetry breaking, or

correlation driven spectral weight splitting. Interestingly, while the upper band remains flat and

11



a No doping d e p No doping

—— ————
i~ ';E";
ky
f i j q Low doping
— F — < >
- -
g A s -
= i
= =
ky
k No doping | Doping 1 m Doping 2 n Doping 3 o Doping 4 r High doping
ook [ [ I i < >
- - . s
S b
)
L - L
w
]
01 00 -01 0.1 Momentum

Fig. 4 | Correlated evolution of the surface TFBs electronic structure upon in situ electron
doping. (a), Fermi surface map measured before electron doping. (b-e), ARPES dispersion images
cutting along the £, direction as indicated by gray broken lines in (a). (f), Fermi surface map
measured at low electron doping. (g-j), ARPES dispersion images cutting along the &, direction
as indicated by gray broken lines in (f). (k-0), ARPES Dispersion images cutting through the
K point along k, direction upon electron doping. (p-r), Schematics for the undoped electronic
structure, flavor splitting of TFBs, and an increase in bandwidth of the lower band upon electron
doping, where orange and red colors indicate the upper and lower split TFBs respectively. The

measurements here were performed on sample S1.
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pinned near E'r, the lower band becomes parabolic with an increase in the bandwidth (Fig. 41-0).
At the highest doping shown in Fig. 4o, the energy separation between the bottoms of the upper
and lower bands reaches a maximum value of approximately 400 meV. Such a drastic increase in
the bandwidth by nearly one order-of-magnitude as compared to the undoped case (schematically
summarized in Fig. 4p-r) is an experimental signature of strong Coulomb repulsion when filling

the TFBs.

3 Hartree-Fock calculations suggest correlation effect beyond the mean-field theory

In order to theoretically understand the doping evolution of the surface TFBs, we perform a self-
consistent Hartree-Fock (HF) calculation (see SI Appendix for more details). We use a semi-
infinite model of RG with a top layer and infinitely many layers below. The screened Coulomb
interaction is projected into the four surface TFBs corresponding to the four spin-valley flavors,
within the TFBs in-plane momentum radius py. The interaction between two electrons separated by
a distance r takes the Thomas-Fermi form V' (r) = %e*qo’", where we set gy = 0.1 Afl, ge 1s the
electron charge, and ¢ is the vacuum permittivity. The filling factor v refers to the top surface TFBs
confined within a momentum space (with a diameter of 0.1 A=) near the graphene Brillouin zone
corner, which are the only states considered in the Hartree-Fock calculation (see more Hartree-
Fock calculation details in the Supplementary Information). The band filling v is defined to range
from v = —2 (all surface TFBs empty) to v = 2 (all surface TFBs occupied), with the TFB

defined as the drumhead TFB within the momentum radius py. Figure 5 shows the evolution of

the HF bands for fillings —1.95 < v < —1.15, while results for larger fillings can be found in SI

13



Appendix Fig. S10. At generic partial fillings, we observe band splitting due to the spontaneous
symmetry breaking of the 4-fold spin-valley degeneracy. Moreover, the bands become significantly
dispersive due to the Coulomb interaction, with the energy difference between the band bottom
and the Fermi level rising to the order of 400 meV, in agreement with the experimentally observed
energy scale. We find that while the HF ground state is spin-valley polarized at all fillings, there are
intervalley coherent states with very small excitation energy (approximately 1073 or 1072 meV per
graphene unit cell). Therefore, the actual valley polarization may depend on factors not considered

here, which is similar to what has been found in twisted bilayer graphene (TBG)*%.
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Fig. 5 | Hartree-Fock band structures at negative fillings. (a-d), Self-consistent Hartree-Fock
calculations of the surface TFBs at fillings of v = —1.95, —1.85, —1.50, and —1.15, respectively.
Each panel shows the four resulting Hartree-Fock bands. The top three bands are degenerate. The
bottom of the lowest TFB (red curve) moves from near the Fermi level to approximately —400 meV

(see SI Appendix Fig. S10 for similar plots at fillings of v = —1.0, —0.8, —0.4, and 0.0).

Based on the comparison between HF calculation results (Fig. Sa-d) with experimental re-

sults (Fig. 4k-o0) upon electron doping, we conjecture that the undoped RG in Fig. 4k is at a filling

14



near ¥ = —2 so that the only filled surface states are near the Fermi level with a narrow bandwidth.
The experimentally observed slight filling of TFBs in the undoped graphite (Fig. 4k) could arise
from a non-zero out-of-plane displacement field or possible doping from the substrate. As the
surface electron doping increases, the lowest surface band shifts downwards and curves below the
Fermi level (Fig. 5b-d), which may account for the lower band observed in Fig. 4k-o. However, our
HF calculations cannot describe the upper band pinned near the Fermi level £, which is observed
in Fig. 4k-o. We speculate that this pinned band originates from other factors such as correlation
effects beyond the mean-field theory. For example, the surface flat bands and bulk dispersive bands
here may resemble the topological Kondo model of twisted bilayer graphene (TBG) ** consisting
of flat bands and dispersive bands, which results in a Kondo resonance spectral weight peak at

| BT

the Fermi leve , as observed experimentally in TBG *¥. Further theoretical investigations are

needed to establish a full understanding regarding the pinning of flat band upon doping.

4 Conclusion and outlook

The discovery of topologically protected surface TFBs makes bulk RG a unique platform for bridg-
ing intriguing physics in various dimensionalities, such as the edge state of 1D zigzag graphene
ribbons 242 2D flat bands in moiré superlattices “”, and 3D nodal line semimetals with the 3D
quantum Hall effect !, The coexistence of nontrivial topological physics and correlation effects
provides new opportunities for exploring intertwined topological physics and interaction-driven
competing symmetry-broken states, such as high-temperature surface superconductivity %%, topo-

logical superconductivity and chiral superconductivity =%,
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