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We report on quantum capacitance measurements of high quality, graphite and hexagonal boron nitride
encapsulated Bernal stacked trilayer graphene devices. At zero applied magnetic field, we observe a
number of electron density- and electrical displacement-tuned features in the electronic compressibility
associated with changes in Fermi surface topology. At a high displacement field and low density, strong
trigonal warping gives rise to three new emergent Dirac cones in each valley, which we term “gullies.”
The gullies are centered around the corners of a hexagonal Brillouin zone and related by threefold rotation
symmetry. At low magnetic fields of B ¼ 1.25 T, the gullies manifest as a change in the degeneracy of the
Landau levels from two to three. Weak incompressible states are also observed at integer filling within these
triplet Landau levels, which a Hartree-Fock analysis indicates are associated with Coulomb-driven nematic
phases that spontaneously break rotation symmetry.
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In graphene multilayers, strong trigonal warping of the
electronic band structure leads to a complex evolution of
Fermi surface topology within the low energy valleys located
at the corners of the hexagonal Brillouin zone [1,2]. The
comparatively small energy scales characterizing the under-
lying interlayer hopping processes (∼100 meV) renders
these transitions accessible via electrostatic gating, providing
a highly tunable platform for engineering both zero and high
magnetic field electronic structure. Of particular interest is
the possibility of using band structure engineering to create
novel manifolds of degenerate Landau levels (LLs), where
enhanced electron-electron interaction effects can lead to
novel correlated ground states. However, such control comes
at the cost of requiring high sample quality to avoid smearing
the subtle electronic features.
In this Letter, we report magnetocapacitance measure-

ments of exceptionally high quality Bernal-stacked (ABA)
trilayer graphene (TLG) devices [Fig. 1(a)]. Absent an
applied perpendicular electric field, the band structure of
ABA TLG is described by independent linear and parabolic
bands [3–5] resembling those found in monolayer graphene
(MLG) and bilayer graphene (BLG), respectively, in each
of the two valleys centered at the high symmetry K and K0

points [Fig. 1(b)]. An applied electric displacement field D⃗
strongly hybridizes these two sectors, driving the linear
monolayerlike band to high energies and generating new
structure in the low-energy bilayerlike bands [Fig. 1(c)].
For large electric fields, the strong trigonal warping is

predicted to lead to the formation of new Dirac gullies
centered around each of the two original valleys [6,7] and
are related to each other by threefold rotation symmetry. At
quantizing magnetic fields, the threefold symmetry of the
gullies may lead to novel broken symmetry ground states
[8], including nematic states as recently observed on the
surface of high purity bismuth crystals [9].
Past experiments on ABA trilayer graphene [10–19] have

observed features associated with numerous aspects of
the single particle band structure, including a variety of
electric- and magnetic-field tuned LL crossings [20,21] that
tightly constrain band structure parameters [13,16]. Recent
experiments have also found evidence for interaction-
induced quantum Hall ferromagnetic states at high mag-
netic field [15,18,19]. However, the high-electric field
regime of the Dirac gullies has not been explored in high
mobility devices where interaction driven states might be
accessible.
To access the high mobility, high-D regime, we study

ABA trilayer flakes encapsulated in hexagonal boron nitride
(BN) dielectric layers and single-crystal graphite gates [22]
[Fig. 1(d)]. We use few-layer graphite to contact the
trilayer, allowing us to vary both the total charge density
and displacement field D⃗ across the trilayer [Fig. 1(e)]. We
measure the penetration field capacitance CP [23], defined
as the capacitance between the top and bottom gate with the
graphene layer held at constant potential. The finite density
of states ∂n=∂μ of the trilayer partially screens the electric
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field between the top and bottom gate, reducing themeasured
CP so that (for top and bottom gates with geometric
capacitance c) CP¼c2=ð2cþ∂n=∂μÞ∝ ð∂n=∂μÞ−1 for
∂n=∂μ ≫ c. Thus, changes inCP are associatedwith changes
in the Fermi surface size or topology.
Figure 1(f) shows CP measured at B ¼ 0 as a function of

D and electron density n. A variety of n and D-tuned
discontinuities are readily visible and indicated in the figure
with numeric labels (1)–(9). These include a sharp CP
maximum at charge neutrality for both positive and negative
D (1), two elevated CP features with parabolic boundaries at
negative and positive n (2)–(3), two low-CP regions with
triangular boundary within the parabolic regions (4)–(5), a
“wing-shaped” highCP region both above and below charge
neutrality (6)–(7), and a narrow elevated CP region that runs
parallel to the parabolic feature for negative n bounded by
contours (8)–(9). Some of the capacitance features can be
associated with the single-particle band structure by inspec-
tion. For example, (1) is consistent with the small band gap
or linear band crossing expected at charge neutrality [6].
Features (4)–(5), meanwhile, are identified as the extrema
of the linear bands [purple and yellow in Fig. 1(c)] which
disperse rapidly to high energy with increasing D. Thus,
additional features are associated with the complex band
minima of the low energy bands.
To understand the remaining observed compressibility

features, we perform tight binding simulations of the
trilayer graphene band structure. Energy eigenvalues are

computed using a six-band tight binding model (see
Supplemental Material [24]). Hopping between different
atoms within the unit cell is parametrized by six tight
binding parameters γi, i ¼ 1;…; 6, one on-site energy δ,
and two energy asymmetries Δ1 and Δ2. Δ1 describes the
potential difference between the top and bottom layers
and is most directly tuned by the strength of an externally
applied polarizing electric field D. Δ2 measures the
potential imbalance between the central layer and the
two outer layers and screening effects within the trilayer.
Figure 2(a) shows the calculated inverse compressibility

within this model, as a function of the carrier density and
Δ1 ∝ jD⃗j. Both the geometric and parasitic capacitances
within the device influence the mapping of ∂n=∂μ ↔ CP
between calculated compressibility and measured data.
Moreover, interactions likely renormalize the compress-
ibility particularly when it is high. Thus, we restrict
ourselves to qualitative comparisons of the magnitude of
the signals and plot both in arbitrary units. We do, however,
achieve quantitative agreement between data and simula-
tion for the position of extrema and discontinuities for
parameters γ0 ¼ 3.1, γ1 ¼ :38, γ2 ¼ −0.021ð5Þ, γ3 ¼ 0.29,
γ4 ¼ 0.141ð40Þ, γ5 ¼ 0.050ð5Þ, δ ¼ 0.0355ð45Þ, and
Δ2 ¼ 0.0035, where all energies are expressed in eV.
Notably, the model succeeds in matching the experimen-
tally observed features only for an exceptionally narrow
range of parameters, providing tighter constraints on fγig
and fΔig than previously achieved using only LL

(c) (e)

(b) (d) (f)(a)

FIG. 1. Trilayer graphene band structure and penetration field capacitance measurements at B ¼ 0. (a) Lattice structure of ABA trilayer
graphene with hopping parameters identified. In addition to the γi, the electronic structure is determined by the interlayer potentials
Δ1 ∝ D and the relative potential of the inner layer with respect to the outer layers, Δ2. (b) Electronic band structure of trilayer graphene
in the absence of an applied displacement field. The linear monolayerlike and parabolic bilayerlike bands are labeled. The momentum is
relative to the K point in the k⃗xkΓ − K direction. (c) Band structure evolution under applied electric field. For a wide range of electric
fields, the low energy structure is described by three isolated Dirac cones slightly displaced from the KðK0Þ points. (d) False color
electron micrograph of the measured trilayer graphene device. The active region is indicated in cyan. (e) Device schematic: trilayer
graphene encapsulated in ∼20 nm BN with few-layer graphite top and bottom gates. Independent contacts to the gates and graphene
layer allow independent control of charge density n ¼ ctVt þ cbVb and displacement electric field D ¼ ϵBNðVt=dt − Vb=dbÞ, where
ϵBN ≈ 3 and dtðbÞ ¼ 18, 20 nm are the distances to the gates. (f) Penetration field capacitance CP at B ¼ 0 T and T ≈ 50 mK as a
function of n and D. D breaks the mirror symmetry of the ABA-stacked trilayer graphene and induces an on-site energy difference Δ1

between the outer layers. Main features visible in the experimental data are indicated by dashed lines and numerals. TheD < 0 region is
shaded to increase the visibility of the features. Data are plotted on a saturated color scale (see Fig. S5).
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coincidences [13,17,33]. In addition to the parameters γi
and Δ2, a single scale factor α ¼ :165e nm is chosen so
that Δ1 ¼ αD. α describes dielectric screening of the
perpendicular electric field by the trilayer, implying an
effective ϵ⊥TLG ≈ 4 for the trilayer itself (see Supplemental
Material [24]).
The agreement between theory and experiment allows us

to understand the connection between the observed com-
pressibility features and the nature of the Fermi contours.
Figure 2(b) shows calculated Fermi surface contours in 11
distinct regions throughout the experimentally accessed
parameter regime. Regions (i) and (xi), e.g., are distin-
guished by the existence of a second, independent Fermi
surface arising from the second electron- or hole-subband,
respectively, as intuited above. All other regions are sepa-
rated by Lifshitz transitions and distinguished by differences
in Fermi surface topology within a single electron- or hole-
band. We note that signatures of Lifshitz transitions were
recently found in tetralayer graphene [2] at zero magnetic
field, but no direct compressibility measurements of Lifshitz
transitions have been reported. With the exception of regions
(iii)–(iv), all of the regions are bounded by experimentally
observed features described in Fig. 1. We note that features
characterized by a diverging density of states, such as the
(iii)–(iv) boundary, only weakly modify the measured
capacitance and are barely discernible even in Fig. 1(f).
Figures 2(c)–2(d) show comparisons of traces from

the measured capacitance and the numerically calculated
inverse compressibility at n ¼ −1.0 × 1012 cm−2. Both

data and simulation show matching discontinuities asso-
ciated with the band edge of the second hole subband [i.e.,
the (xi)–(x) transition] as well as the nucleation of three
new electron pockets within the main holelike Fermi pocket
(x)–(ix). Of particular interest is the regime of low n and
large D, where the gully Dirac points are predicted [6].
Figures 2(e)–2(f) show line traces at n ¼ :15 × 1012 cm−2.
The wing region, bounded by sharp discontinuities in both
the measured signal and simulated data, is readily identified
with region v, in which the Fermi surface arises from three
isolated gully Dirac cones [Fig. 2(g)].
In addition to its thermodynamic signatures at B ¼ 0,

the emergence of isolated Dirac cones can be expected to
lead to new transport, optical, and thermodynamic phe-
nomenology at finite magnetic fields. In monolayer gra-
phene, e.g., the two inequivalent valleys lead to fourfold
internal degeneracy of the LLs, with an additional factor of
2 arising from electron spin. The observation of fourfold
degeneracy was a critical feature of the first experimental
demonstrations of the Dirac spectrum in monolayer gra-
phene [34,35].
The gully Dirac cones similarly manifest as increased

LL degeneracy. Figure 3(a) shows CP data measured at
B ¼ 1.25 T alongside the results of diagonalizing the
trilayer Hamiltonian in the presence of a magnetic field
(simulations ignore spin splitting; see Supplemental
Material [24]). Larger energy gaps manifest as prominent
peaks in CP at filling factors ν ¼ eBn=h, spaced by integer
multiples of g, the internal LL degeneracy. Near D ¼ 0,

(a) (b)

(c)

(d)

(e)

(f)
(g)

FIG. 2. Fermi surface topology (a) Left: Inverse electronic compressibility ∂n=∂μ calculated from a six-band tight binding
Hamiltonian as a function of interlayer asymmetry Δ1 and electron density n. Right: schematic showing regions (indexed by the Roman
numerals) separated by sharp changes in the compressibility. (b) Fermi contours calculated at each of the points indexed by roman
numerals in (a). Color indicates the band and follows the convention of Fig. 1(c); note that panels (i)–(v) are Fermi surfaces of electrons
while (vi)–(xi) are Fermi surfaces of holes. (c) Simulated ∂n=∂μ and (d) measured CP at n ¼ −1 × 1012 cm−2. The discontinuous jump
in the data at D ≈�.3 V=nm coincides with population of the second hole subband [(xi)–(x) transition], while the jump at D ≈
�.95 V=nm coincides with the opening of internal electronlike Fermi surfaces within the main hole pocket [(x)–(ix) transition].
(e) Simulated ∂n=∂μ and (f) measured CP at n ¼ :15 × 1012 cm−2. The sharp minimum at D ≈�.5 V=nm coincides with a Lifshitz
transition from one multiply connected electron pocket [(iii)] to three disconnected Dirac cones [(v)]. At the discontinuity at
D ≈�.9 V=nm, the Dirac cones are joined by three additional auxiliary pockets. (g) Band structure near K point for Δ1 ¼ 75 meV
showing the emergent Dirac gullies.
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we observe the strongest capacitance peaks spaced by
Δν ¼ 2, in agreement with the twofold valley degeneracy
(g ¼ 2) but lifted spin degeneracy [Fig. 3(b), top]. In
contrast, at large displacement fields (D > 0.7 V=nm)
and near charge neutrality—i.e., in the regime of the
Dirac gullies—this behavior changes, with the most
prominent gaps spaced by Δν ¼ 3 for −12 < ν < 12
[see Fig. 3(b), bottom]. The calculated single particle
energy spectrum [Fig 3(c)] shows that displacement field
leads to the formation of four triplets of LLs per spin
projection (labeled T1, T2, T3, and T4); within each triplet,
three LLs intertwine into a single threefold quasidegenerate
band consistent with the observed LL degeneracy. We note
that triplet LLs are a generic feature of trigonally warped
multilayer band structures, and evidence for threefold
degenerate LLs has previously been reported in suspended
bilayer graphene samples [36].
While the observation of triplet LLs is consistent with

expectations from our single-particle model, close exami-
nation of high D data reveals departures from the non-
interacting picture. In particular, we observe CP peaks at all
integer filling factors −6 < ν < 12, corresponding to the
dashed region of Fig. 3(a) (see, also, Fig. S6), including
weak peaks at ðν mod 3Þ ≠ 0. These gaps persist without
closing over the whole range of D > 0.7 V=nm. This is
qualitatively inconsistent with the single particle spectrum,
which predicts that, within each triplet [T1;…; T4 in
Fig. 3(c)], the single particle eigenstates evolve via a series
of crossings with increasing Δ1 [Fig. 3(d)]. Thus, one

expects these anomalous gaps to undergo repeated closings,
in contrast to their observed persistence.
The failure of the single-particle picture is not surprising.

The estimated bandwidth of each triplet [Fig. 3(d)],
δε < 0.5 meV, is smaller than the scale of the Coulomb
interactions, EC ¼ e2=ðϵlBÞ ≈ 10 meV at B ¼ 1.25 T
[here e is the elementary charge, ϵ ¼ 6.6 the in-plane
dielectric constant of BN [37], and lB ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏ=ðeBÞp

the
magnetic length]. Taking these interactions into account, the
individual LLs within the triplet are effectively degenerate;
the ground state at integer filling must result from minimiz-
ing repulsive interactions and is likely to result in a gapped,
symmetry breaking quantum Hall ferromagnetic state.
We investigate this quantitatively using a variational

Hartree-Fock analysis (see Supplemental Material [24]) of
the ground state when only one out of three LLs within a
single spin branch of triplet T2 is filled (1=3 filling). The
three insets to Fig. 3(d) show real space probability
distributions for coherent states constructed for each of
the three components of T2. Absent interactions, the
ground state at 1=3 filling consists of the lower energy
component of T2 for a given value of B and Δ1, and
preserves rotation symmetry. In contrast, the Hartree-Fock
ground state [Fig. 3(e)] spontaneously breaks the C3

symmetry—it is a gully nematic. As long as δε ≪ EC,
the gap will be only weakly modulated by Δ1, making it
insensitive to the single-particle level crossings, in agree-
ment with experimental observation.

(a) (b)

(c) (d) (e)

FIG. 3. Triplet Landau levels and interaction induced symmetry breaking. (a) Right panel: Penetration field capacitance CP measured
at B ¼ 1.25 T as a function ofD and n. The dashed lines indicate the region of low carrier density near the valence and conduction band
minima where trigonal warping has the strongest effect and leads to a formation of new Dirac points. Left panel: simulated inverse
compressibility at B ¼ 1.25 T based on band structure parameters. A phenomenological thermal broadening of 0.1 meV is assumed to
generate contrast, so that only the largest gaps are visible in green. (b) CP traces for n ∈ ½−0.5; 0.5� × 1012 cm−2 at D ¼ 0 (red) and at
D ¼ 1.46 V=nm (blue). TheD ¼ 0 line trace shows strong capacitance peaks at even filling factors, in contrast to the peaks at multiples
of three (ν ¼ �3, 6, 9, 12) for D ¼ 1.46 V=nm. (c) Evolution of LLs at B ¼ 1.25 T as a function of interlayer potential difference Δ1.
As the electric potential increases, 12 distinct LLs at Δ1 ≈ 0 intertwine into four quasidegenerate triplets, denoted T1;…; T4, separated
from a near- continuum of closely spaced LLs by energy gaps. (d) Expanded view of the triplet T2 with the average energy of the triplet
subtracted. Insets show the real-space probability distribution for a coherent state formed from functions in each of the component LLs.
All respect rotation symmetry. (e) Real-space probability distribution of the Hartree-Fock ground state at 1=3 filling of the spin-polarized
triplet T2 at Δ1 ¼ 80 meV, showing strongly broken threefold rotation symmetry.
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The nematic ground state is merely one example of a
symmetry breaking channel. Intuitively, nematics are
favored by interactions when LL wave functions are
localized in well separated real-space pockets, as in the
case in the highly anisotropic wave functions of Fig. 3(e).
In a momentum space picture, these pockets are associated
with the main Dirac gullies represented in the contours of
Fig. 2(b) (v)–(vi). In this limit, ABA trilayer triplet LLs
resemble the case of the (111) surface of SnTe recently
considered theoretically [38]. Our single-particle calcula-
tions suggest that other limiting behaviors can also be
realized in ABA trilayer graphene, resulting in qualitatively
different ground states. For instance, the triplet states T1
and T4 are considerably less anisotropic, being associated
with multiple momentum space pockets close to the KðK0Þ
points as in Fig 2(b) (vii). In these triplets, isotropic ground
states constructed from a superposition of triplet wave
functions may be favored. Notably, the relevant anisotro-
pies within each triplet are continuously tunable by external
electric and magnetic fields, making ABA trilayer graphene
a remarkably versatile platform for exploring correlation
effects in unusual quantum Hall ferromagnets. Cataloging
the theoretical possibilities and determining how to
distinguish them experimentally will be the topic of future
work.
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