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The quantum Hall effect has recently been generalized from
transport of conserved charges to include transport of other
approximately conserved-state variables, including spin and val-
ley, via spin- or valley-polarized boundary states with different
chiralities. Here, we report a class of quantum Hall effect in
Bernal- or ABA-stacked trilayer graphene (TLG), the quantum
parity Hall (QPH) effect, in which boundary channels are distin-
guished by even or odd parity under the system’s mirror reflec-
tion symmetry. At the charge neutrality point, the longitudinal
conductance oxy is first quantized to 4e?/h at a small perpendic-
ular magnetic field B, establishing the presence of four edge
channels. As B, increases, oxx first decreases to 2e2/h, indi-
cating spin-polarized counterpropagating edge states, and then,
to approximately zero. These behaviors arise from level cross-
ings between even- and odd-parity bulk Landau levels driven
by exchange interactions with the underlying Fermi sea, which
favor an ordinary insulator ground state in the strong B, limit
and a spin-polarized state at intermediate fields. The transitions
between spin-polarized and -unpolarized states can be tuned by
varying Zeeman energy. Our findings demonstrate a topologi-
cal phase that is protected by a gate-controllable symmetry and
sensitive to Coulomb interactions.

2D materials | quantum Hall effect | topological insulators |
symmetry-protected phases | trilayer graphene

I n the conventional Hall effect, a charge current combines with
a perpendicular magnetic field B, to yield a steady state with
a transverse chemical potential gradient. A quantum version of
the Hall effect (QHE), in which the chemical potential gradient
is replaced by a chemical potential difference between oppo-
site sample edges, can occur when the 2D bulk is insulating.
Recently, the Hall effect and the QHE have been generalized
from transport of conserved charge to transport of other approx-
imately conserved-state variables, including spin (1, 2) and valley
(3, 4); their quantum versions (5-8) are then characterized by
spin- or valley-polarized boundary states with different chirali-
ties. For material systems that host these topologically nontrivial
phenomena, discrete symmetries play an important role. For
example, time-reversal symmetry in the quantum spin Hall effect
is essential to protect 1D counterpropagating edge modes from
backscattering.

Multiband Dirac systems, such as Bernal- or ABA-stacked tri-
layer graphene (TLG), afford richer and more exotic symmetry-
protected topological (SPT) phases. For instance, in addition
to approximate spin and valley symmetries, TLG has an addi-
tional discrete mirror symmetry (Fig. 14) that allows bands to be
classified by their parity, the eigenvalue of the operator for reflec-
tion in the plane of the middle layer. TLG has two low-energy
odd-parity m-bands described by a massless Dirac Hamiltonian
with a monolayer graphene (MLG)-like spectrum and four low-
energy even-parity bands that exhibit a massive Dirac bilayer
graphene (BLG)-like spectrum (9-23) (SI Appendix). As long as
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mirror symmetry is preserved, Landau levels (LLs) belonging to
different mirror symmetry representations do not couple.

The complex interplay between the spin, valley, parity, and
electronic interactions in ABA graphene suggests the possibility
of SPT phases at the carrier neutrality point (CNP) that have
not been identified in previous studies (24-29). In this paper,
we demonstrate SPT phases in ABA TLG in which mirror sym-
metry preserves counterpropagating edge modes. We observe a
sequence of transitions between different SPT phases that are
driven by magnetic field-dependent interactions between elec-
trons close to the Fermi level and the Dirac sea. When mirror
symmetry is broken by an out-of-plane displacement field, the
two-probe longitudinal conductance decreases dramatically to
form a layer-polarized insulator.

Our experiments were performed on dual-gated TLG devices
encapsulated between two hexagonal boron nitride (hBN) sheets
(Fig. 1B) etched into Hall-bar geometries and with edge contacts
(30, 31). The device quality was enhanced by the presence of
a local graphite gate underneath the TLG channel, which pro-
vides for additional screening of charged impurities and also,
enables independent control of the Fermi levels of the channel
and the leads (32). The device is very conductive in the absence of
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Fig. 1.

(A) Atomic configurations of ABA TLG. (B) Schematics of an hBN-encapsulated TLG device. (C) Phase diagram ox(E |, B, ) at the CNP and T =260

mK. The different electronic phases are labeled I-IV. (D) Line trace ox(B_ ) at E; = 0. (E) Full parameter k - p model calculations of the LL energy spectrum
as a function of the B field. Dashed (solid) lines indicate K (K’) valley; red and blue lines indicate LL arising from MLG- and BLG-like branches that are odd

and even under mirror reflection operation, respectively.

external fields, with longitudinal conductivity 0., ~ 1 mS at the
CNP and estimated quantum mobility of ~ 80, 000cm?/(V.s)(SI
Appendix). By varying top (Vr¢) and bottom gates (Vge), we
independently control the charge carrier density # and the exter-
nal displacement field (£.). In TLG, E, breaks the mirror
symmetry of the ABA film, which allows us to explore the
symmetries associated with the topological phases.

To explore topological phases at the CNP, we measure the
device’s 04, as a function of B, and E,; while maintaining N =0.
The resulting phase diagram is shown in Fig. 1C. Strikingly, at
least four different phases can be identified, which are labeled as
I-IV on the plot. The first three phases are observed near zero
E . : phase I with quantized conductance o, ~ 4¢*/h occurs for
very small fields, ~ 0.5 T, and phase II has half the conductance
of phase I (04, ~2¢?/h) and emerges at intermediate strengths
of By (1< B, <4 T) (Fig. 1D). As B, increases further, the
device transitions to phase III, a resistive state with measured
04z ~0.5¢2 /h. In contrast to the first two phases, phase IIT per-
sists over a wide range in | £ |. All three phases are destroyed by
the application of sufficiently large | E| | as the device transitions
into an insulating phase IV with o, < 0.1¢*/h.

This striking phase diagram identifies different phases by their
longitudinal conductivity values and points to SPT phases at the
CNP. To understand the nature of these states, we first calculate
the band structure of TLG using a continuum % - p model. The
various remote hopping parameters were extracted by fitting cal-
culated spectra to LL crossings in the experimental Landau fan
diagram, and they are consistent with previous work (24, 27, 30,
33). The calculated LL spectrum is displayed in Fig. 1E, in which
even-parity BLG-like (B) LLs are represented by blue lines, odd-
parity MLG-like (M) branches are represented by red lines, and
LLs associated with K and K’ valley LLs are plotted as solid and
dashed lines, respectively. A particularly important feature of
ABA graphene is the energetic displacement between the even-
and odd-parity Dirac points, which arises from remote interlayer
hopping and energy differences between stacked and unstacked
atoms. In a magnetic field, this displacement places the four-
fold degenerate lowest LLs in the MLG-like branch well above
the eightfold degenerate lowest LLs in the BLG-like branch. As
shown in Fig. 1E, the noninteracting electron ground state for
By £ 0.5T is a quantum parity Hall (QPH) state with LL filling
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factor v = —2 for odd-parity states and v =42 for even-parity
states. As explained below, the interplay between parity, Zee-
man energy, and interactions in these two LLs explains most of
the phase diagram.

We first examine phase I, which appears as a small “pocket”
for 0.4<|B.|<0.8 T around E; =0 (Fig. 24); within the
pocket, o, displays a persistent plateau ~4e?/h (Fig. 2 B
and C), while the Hall conductivity o4, ~ 0, demonstrating bal-
listic conduction along four edge channels. The o,, plateau is
destroyed by application of |E.|>50 mV/nm, demonstrating
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Fig. 2.
|BL|<1.(B) oxx(B1) at E; =0, showing two plateaus ~4e2/h at B; ~
+0.5T. (C) oxx(E1) at B, = —0.5T. Blue and red lines are taken at 260 mK
and 4.2 K, respectively. (D) Schematic of counterpropagating edge states
consisting of 0— LL in the MLG-like band and 0+ in the BLG-like band. The
lower and upper schematics illustrate the edge states at zero £, and large
E |, respectively. PLP, partially layer polarized.

Phase | of TLG. (A) High-resolution ox(E, , B ) at low magnetic field
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Fig. 3. Phases Il and Il of TLG. (A and B) Schematics of edge-state config-
urations for phases Il and Ill, respectively. (C) ox(E., B ) at different tilt
angles. (D and E) ox(E 1, B, ) at tilt angles § =30° and 50°, respectively.
Color scale: black, low conductance; red, high conductance. (F) Critical field
B  for transition between phases Il and Il vs. total magnetic field B;. (G)
High field dependence ox (B )at =0forB, upto31T.

that it is protected by mirror symmetry. These two properties
identify phase I as the spin-unpolarized noninteracting QPH
effect ground state expected on the basis of single-particle
physics. The quantized o, is associated with two even-parity
and two odd-parity chiral edge states that propagate from source
to drain along opposite edges (Fig. 2D). These approximately
spin-degenerate counterpropagating edge states are protected
against backscattering by an underlying crystalline symmetry,
since they correspond to different representations of the mirror
reflection symmetry of the TLG crystal lattice that is preserved
at E; =0. (The slight deviation of o, from the quantized
value may be accounted for by the presence of disorder that
breaks mirror symmetry.) In the presence of a finite displace-
ment field, backscattering between counterpropagating states is
allowed, the conductance is quickly reduced to a small value,
and the ground state is a partially layer-polarized ordinary
insulator.

As B, increases from 1to 5 T, o, drops to ~ 2e?/h, signaling
areduction in the number of chiral channels from four in phase I
to two in phase II (Fig. 1D). This reduction in o, is not expected
in a noninteracting electron theory and can explained only by tak-
ing Coulomb interactions into consideration. Two aspects play
an essential role: (i) intra-LL interactions along with Zeeman
energy can stabilize strongly spin-polarized monolayer-like and
bilayer-like N =0 LLs, and (if) exchange interactions between
the N =0 LLs and Dirac sea induce a magnetic field-dependent
change in the energy separation between LLs with different par-
ity and in the BLG-like case, different orbital character. The
latter effect, which also plays a role in phase I by selecting N =0
BLG-like LLs for occupation over N = 1 LLs, can be captured
by adding self-energy corrections (33-35) to the electron and
hole LL energies that are larger for N = 1 in the BLG-like case.

10288 | www.pnas.org/cgi/doi/10.1073/pnas.1820835116

These shifts, which are related to the established Dirac velocity
enhancement in graphene monolayers in the absence of a field,
have the same sign as the carrier and therefore, lower the MLG-
like LL energies while raising the BLG-like LL energies (detailed
calculations are in SI Appendix). For intermediate B,, the
(M, h, 1) LL is occupied in preference to the orbital N =0
(B, e, ) LL (Fig. 34). Phase II has v = —1 for odd parity because
of an empty spin | LL and v = +1 for even parity because of an
occupied spin 1 LL; therefore, it has counterpropagating edge
states with opposite spin and opposite parity, explaining its accu-
rate conductance quantization. We classify phase II as a quantum
parity Hall ferromagnet (QPHF).

The quantized conductance of both phases I and II is sup-
pressed by application of a large |E,|. Because |E, | breaks
mirror symmetry, edge conduction is no longer protected by crys-
tal symmetry when |E, | # 0. Because the |E | # 0 suppression
occurs to phase II, we conclude that spin-rotational invariance,
which would otherwise protect ballistic conduction at finite | E |,
must be broken by spin-orbit coupling in our samples. Even
with spin-orbit coupling, mirror symmetry protects the |E,|=0
spin-polarized counterpropagating states. For particles with
spin, M? = —1, where M is the mirror symmetry operator (SI
Appendix), with eigenvalues +¢ for the even-parity and F: for
the odd-parity up-spin (down-spin) eigenstates. Therefore, in the
QPHF phase, the projected mirror symmetry operator M sat-
isfies M? = —1, providing an effective Kramer degeneracy for
the QPHF phase. When |E | # 0, the spin-polarized edge states
intermix due to spin-orbit coupling, which was originally forbid-
den due to the mirror symmetry. Since classification on the basis
of mirror symmetry is not relevant at | £, | # 0, we identify phase
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Fig. 4. Phase IV and overall phase diagram. (A) ox(E_ 1, B ) at the tilt angle
0 =0° for 4<B, >8 T. The dotted line is plotted using £, (MV/nm) =
1354/(BL —4). (B) Line trace ox(E.) at B, =8 T. (C) Schematics of the
phase diagram of charge neutral TLG as a function of £,, B, and By. PLP,
partially layer polarized.
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IV as a partially layer polarized ordinary insulator state with no
chiral edge channels and no QPH effect as shown in the upper
schematic in Fig. 2D.

For even larger B, electronic interactions become stronger,
further depressing the (M, h) while elevating the (B, €) LL ener-
gies. When both spin polarizations of the former are occupied
and both spin polarizations of the latter are empty, there are
no longer counterpropagating edge states, as all of the even-
parity electron LLs are above the odd-parity hole LLs (Fig. 3B).
This leads to an insulating phase, phase III, with valley polar-
ization within each Dirac band but no parity polarization. Phase
III is a spin-unpolarized quantum valley ferromagnetic insulator
(QVFI), which has o, ~0.5¢?/h; we attribute the finite o, to
weak intervalley scattering and disorder.

Stability conditions for the |E, | =0 phases that we observe
can be expressed (SI Appendix) in terms of dressed LL energies:

N <A—E;  Phasel (QPH) [1]
A—E;<Y>A+E;  Phasell (QPHF) [2]
©>A+E;  Phaselll (QVFI) [3]

where Ez is the Zeeman energy, ¥ is the relevant self-energy
sum related to interactions with the Dirac sea, and A is the
separation between the spin-degenerate lowest LLs between the
even- and odd-parity branches in the zero-field limit. From fit-
ting LL crossing points (26, 29), A is estimated to be 14.5 meV.
Transitions between the phases occur at equality. Despite their
apparent simplicity, these equations capture all of the salient
features of our experimental observations.

Eq. 3 implies that the transition between phases II and III is
tunable by the Zeeman energy. Adding an in-plane magnetic
field B increases the right-hand side of Eq. 3 while leaving
¥, which increases with Bj;, unchanged. It follows that phase
III should be driven to phase II by a sufficiently large B). To
test this prediction, we have measured 0., (£, B, ) at different
magnetic field tilt angles 6. The line traces o, (B ) are shown
in Fig. 3C, and two representative datasets at §# =30° and 50°
are shown in Fig. 3 D and E. As expected, as B increases, the
device crosses over to a conductive state that has o, ~2¢?/h.
Moreover, the critical B . value at which the transition to the
QVFI state occurs increases with increasing B, in agreement
with Eq. 3 (Fig. 3F). We emphasize that, although superfi-
cially resembling the in-plane field phase transitions observed
in MLG (36) and BLG (37), this transition has a fundamentally
different nature—instead of crossing over from a canted anti-
ferromagnetic insulator to a ferromagnet in thinner graphene
systems, TLG transitions from a spin-unpolarized QVFI to a
QPHF. Another important prediction of Eq. 3 is that, since ¥
varies approximately like /B, (SI Appendix), while Ez scales
linearly with B, , phase II should reemerge at fields stronger
than we have discussed so far. This is exactly what we observe as
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nonmonotonic dependence of o, at very large B, . As plotted
in Fig. 3G, 04, reaches a minimum at 12.5 T and then, increase
almost linearly as B, increases to 31 T as the device reenters
phase II.

Finally, we find that, at large B,, the behavior of the con-
ductivity as a function of displacement field is not monotonic.
As E, increases, 0., first rises to ~1.5¢%/h and then, drops
sharply to ~ 0.1e?/h (Fig. 4B). The position in (E, , B) space of
the local conductivity peak that separates these two regimes can
be described phenomenologically by the equation E, (millivolts

per nanometer) = 135,/ B (Tesla) — 4 (dotted line in Fig. 44).
The nonmonotonic o, (E, ) dependence demonstrates that the

first-order phase transition between the spin-unpolarized strong
field state and the spin-polarized intermediate field is tuned in
favor of the spin-polarized state by nonzero values of F, . A con-
ductivity peak at the transition is expected due to boundary-state
transport along domain walls that separate states with zero and
nonzero values of the valley Hall conductivity.

The multiple phases observed in the rich phase diagram arise
from an intricate interplay between spin and crystalline symme-
tries, localization, Zeeman energy, exchange interactions, and
self-energies of bands with different parities. Multiband Dirac
systems, such as ABA-stacked multilayer, provide a rich play-
ground to realize exotic symmetry-protected interacting topo-
logical phases (38). Additionally, our observations open the
possibility of discovering a plethora of gate-tunable SPT phases
protected by point and space group symmetries in 2D crystals
and heterostructures.

Materials and Methods

ABA-stacked TLG and few-layer hBN are mechanically exfoliated from bulk
crystals onto Si/SiO; substrates. We use a dry-transfer technique to assemble
hBN/TLG/hBN stacks. Electron beam lithography and reactive ion etching by
sulfur hexafluoride gas plasma are used to define the multiterminal Hall-
bar geometry. TLG is then coupled to Cr/Au metallic contacts and Cr/Au top
gates. The devices are measured in He3 refrigerators using standard lock-in
techniques.
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