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The last commentary posted by me in this journal club[1] started with the sentence: The
phase diagram of twisted bilayer graphene keeps bringing up surprises. The present com-
mentary can well begin with the same sentence, except that the word twisted is to be re-
moved. Recent experiments have shown superconductivity and correlated phases in graphene
trilayers[2], and also in bilayer graphene[3] (superconductivity and correlated phases), and
[4, 5] (correlated phases). The experiments have been carried out on systems already stud-
ied in the past, and they suggest that carbon compounds admit a non trivial phase diagram
without the existence of a complex moiré pattern.
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Phase diagram of a graphene bilayer

We consider first the experiments on bilayer graphene[3, 4, 5], as this is the system most
extensively studied, both theoretically, and experimentally.

The electronic structure of bilayer graphene can be understood in terms of a simple
extension of the Dirac model used for monolayer graphene[6]. The hopping between layers
changes significantly the Dirac cones, and, to a first approximation, these cones are replaced
by two parabolic bands which touch at half filling. Quantum Hall measurements confirmed
rapidly the validity of this model[7]. The parabolic band touching implied that the charge
susceptibility, as well as other susceptibilities had a logarithmic divergence at half filling[8].
This divergence, analyzed with renormalization group methods and other techniques leads
to a variety of possible correlated phases, including superconductivity (see[9, 10, 11, 12], and
also the review[13]). A perpendicular electric field shifts the voltage difference between the
two layers, leading to a gap, and to bands with a “mexican hat” dispersion[13], which implies
a divergent density of states at the gap edges. A number of experiments reported correlated
behavior in graphene bilayers[14, 15, 16, 17, 18], although the evidence sometimes admitted
alternative explanations[19].

The experiments in[3, 4, 5] analyze in great detail the phase diagram of bilayer graphene.
Ref.[5] use transport measurements to probe the system. Ref.[4] focuses on results for the
electronic compressibility, and ref.[3] presents both transport and compressibility measure-
ments. In the three references, the effects of changes in the number of carriers, applied
electric field, and magnetic field are studied.

A common finding in these works[3, 4, 5] is the existence of flavor (spin or valley) polarized
metallic phases. Flavor polarization of the carriers changes the number of pockets of the
Fermi surface in the Brillouin Zone. This effect, in turn, alters the degeneracy of the Landau
levels induced by a perpendicular magnetic field. By counting the number of electrons needed
to fill up the Landau levels at a given energy, the number of pockets at the Fermi surface
can be inferred. In a similar fashion, the oscillations of the conductivity at low magnetic
fields provides information on the size of the Fermi surface, and on the number of carriers
that it encompasses. Refs.[3, 4, 5] use variations of this analysis to show that, for certain
densities and values of the electric field, the number of Fermi surface pockets is less than
four, so that the system is valley and/or spin polarized. In order to identify a spin from
a valley polarized phase, ref.[4] use an in plane magnetic field, which only couples to the
spin degree of freedom. The fact that the field modifies the phase boundaries implies that
there are spin polarized phases. Ref.[3] identifies a spin polarized phase from its proximity
to a spin polarized superconducting phase (see below), and ref.[5] relates magnetic phases to
observed hysteretic behavior. This succession of metallic flavor polarized phase resembles the
“cascade” of phase transitions previously found in twisted bilayer graphene[20, 21]. Recent
theoretical calculations support this picture[22].

Ref.[5] also reports insulating phases which show anomalous Hall features, as a quantized
longitudinal conductivity was found for very low perpendicular magnetic fields. Moreover, in
some phases, the quantization of the Hall conductance does not show the values expected in
a pure Quantum Anomalous Hall phase (QAH), suggesting that the phase is a combination
of of a QAH and a Wigner crystal[23].

Finally, [3] presents evidence for superconductivity, with an estimated 2D critical tem-
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perature of TBKT ≈ 26mK. This phase occurs in the vicinity of a flavor polarized phase, for a
carrier density n ≈ −0.57× 1012 cm−2 and electric field D ≈ 1.02 V/nm. Superconductivity
persists up to fields B‖ & 0.16T. The magnitude of these fields, as compared to the value of
the critical temperature, strongly suggests spin triplet order pairing. The critical field allows
to estimate the coherence length, ξ ≈ 250nm. Normal disorder suppresses superconductivity
in superconductors where the order parameter changes sign over the Fermi surface[24]. The
system studied in ref.[3] has an elastic mean free path, ` ∼ 5µm, comparable to the sample
size. As `� ξ pair breaking effects are expected to be small.

Phase diagram of a rhombohedral graphene trilayer

Ref.[2] has studied the phase diagram of an ABC trilayer graphene. The ABC stacking
order is a metastable arrangement of graphene layers. The relative orientation of nearest
neighbor layers is the same as in the ABA Bernal arrangement, and the energy differ-
ence between the rhombohedral and Bernal arrangements is small (a recent calculation[25]
suggests that the ABC stacking might be the most stable trilayer). The infinite stack
· · ·ABCABC · · · , defined as rhombohedral graphite, has been studied in the past[26, 27].
Within a simple approximation, the electronic structure can be reduced to a set of Schrieffer-
Su-Heeger models[28], one for each value of kz, where kz is the wavevector perpendicular to

the layers. This analysis shows the existence of surface states for a finite set of ~k‖ values,
showing that rhomohedral graphite is, in modern terms, a Dirac semimetal[29]. Rhomobo-
hedral inclusions are expected in graphite samples with stacking disorder, pyrolytic graphite.
The electronic structure of rhombohedral multilayers has been investigated, showing the ex-
pected enhancement of the density of states at the surface layers[30, 31]. Some evidence
for correlated behavior in these systems was already reported in[32, 17, 34, 35, 36]. The
lab which produced ref.[2] had previously published a detailed analysis of correlated phases
(although not superconductivity) in[37].

The large surface density of states in rhombohedral graphite has lead to the proposal
that this three dimensional system can be a high-Tc superconductor[38, 39]. In fact, some
evidence of superconductivity in graphite samples, possibly with stacking defects within
them, has been reported[40].

Ref.[2] reports transport experiments in ABC trilayer graphene, as function of carrier
density, perpendicular electric field, and magnetic field (previous experiments reporting su-
perconductivity in a similar system were presented in[41]). The results show two supercon-
ducting regions, labeled SC1 and SC2. These phases have different critical temperatures and
fields, Tc ≈ 106mK, Bc ≈ 10mT for SC1, and Tc . 20mK, Bc ≈ 1mT for SC2 (note that,
in this phase, the resistivity does not drop all the way to zero at the lowest temperatures
probed). The experiments do not indicate the existence of insulating phases. Quantum os-
cillations induced by the magnetic field, which are sensitive to the size of the Fermi surface,
suggest the existence of a variety of phases: fully polarized, partial spin or valley polarized,
and not polarized. Phase SC1 appears near the partially polarized phase, at a displacement
field D ≈ 0.5 V nm−1. and a carrier density n ≈ 2 × 1012 cm−1. From the value of Bc

the coherence length of phase SC1 is estimated to be ξ ≈ 150 − 200nm, while normal state
resistivity measurements suggest an elastic mean free path ` ≈ 1µm. Finally, the relation
between Bc and Tc is consistent with singlet pairs. By contrast, features associated to phase
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SC2 persist up to magnetic fields of order of 1T, suggesting spin triplet superconductivity.
The experiments reported in[2] have led to the proposal of a variety of models for the

superconducting phases[42, 43, 44, 45, 46, 47, 48]. The models can be roughly classified into
pairing mediated by electron-phonon coupling[42], pairing due to excitations from a nearby
broken symmetry phase[43, 44, 46], or pairing arising from repulsive interactions[45, 47, 48]
(or, alternatively, damped charge fluctuations[45, 47]).

Outlook

The finding of correlated phases and superconductivity in graphene systems without
a moiré superstructure was not widely expected. Graphite intercalation compounds[27],
and doped fullerene crystals[49] were the only carbon compounds which showed a robust
superconductivity, although at carrier concentrations at least two orders of magnitude larger
than those found in the experiments commented here, n ∼ 1014 cm−2.

A crucial open question is the similarities, and differences, between the phase diagrams
reported in[2, 3, 4, 5] and those observed in twisted bilayer and trilayer graphene[50, 51,
52]. Superconductivity and other correlated phases in a Bernal graphene bilayers, and in
rhombohedral trilayers are observed at temperatures at least one order of magnitude lower
than the temperatures needed to probe twisted systems. It could happen that the correlated
phases are induced by different physical processes in twisted and non twisted arrangements,
despite the fact that the electronic structure is solely determined by simple carbon pz orbitals.

Lastly, the number of possible combinations of graphene layers is enormous. The quasi-
2D nature of these compounds, and the existence of the (chiral) valley degree of freedom
allow for broken symmetry phases not found in other materials. Already the phase diagram
of twisted bilayer graphene shares features with strongly correlated materials and with 2D
electron gases in the Quantum Hall regime. The observations in[2, 3, 4, 5] make it plausible
that many of these graphene stacks will host unusual phases. It seems likely that the search
for new physics in carbon compounds is still in its early stages.
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