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Tunable Symmetries of Integer and Fractional Quantum Hall Phases
in Multi-Dirac-Band Heterostructures
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Introduction
[bookmark: _GoBack]The co-presence of multiple Dirac bands in few-layer graphene leads to a rich phase diagram in the quantum Hall regime. In the absence of an interlayer displacement field D, the band structure of ABA-stacked trilayer graphene (TLG) can be decomposed into the massless mono-layer-graphene(MLG)-like and massive bilayer-graphene(BLG)-like fermions, which exhibit odd and even parities under mirror reflection, respectively. The presence of D it breaks the mirror reflection symmetry of the lattice, leading to hybridization of the MLG- and BLG-like bands; Thus D is an extremely important parameter that allows in situ modification of TLG band structure; in the QH regime, it may modify the strengths of interactions and symmetries of Landau levels (LLs).

Experimental
We study the QHE in hBN-encapsulated TLG up to 45T at NHMFL. 

Results and Discussion
Using transport measurements, we map the phase diagram of BN-encapsulated ABA-stacked trilayer graphene as a function charge density n, magnetic field B and interlayer displacement field D, and observe transitions among states with different spin, valley, orbital and parity polarizations. Such rich pattern arises from crossings between Landau levels from different subbands, which reflect the evolving symmetries that are tunable in situ. At D=0, we observe fractional quantum Hall (FQH) states at filling factors 2/3 and -11/3, which are attributed to parent integer states in BLG-like blocks. Unlike those in bilayer graphene, these FQH states are destabilized by a small interlayer potential that hybridizes the different Dirac bands. 

Conclusions
Our results highlight that various symmetries of QH states can be experimentally tuned in situ in TLG, and shed light on the interplay between the competing degrees of freedom associated with layer, valley, spin and parity. The contrasting behavior of FQH states in BLG and TLG are particularly intriguing and warrants further investigation. 
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1. P. Stepanov, Y. Barlas, T. Espiritu, S. Che, K. Watanabe, T. Taniguchi, D. Smirnov, and C. N. Lau, Tunable Symmetries of Integer and Fractional Quantum Hall Phases in Heterostructures with Multiple Dirac Bands, Phys. Rev. Lett. 117, 076807 (2016).Fig. 1. (a) Rxx(n, B) in kΩ at D=0. (b) Schematics of symmetries of the highest filled LLs for QH states. The dark and light blue (orange) bands indicate K and K’ valleys of the BLG-like (MLG-like) block, white bands indicate experimentally unresolved QH states, and arrows indicate spins. Inset: Zoomed-in schematics showing the crossings between the (M,0,±) and (B,2,±) LLs with Zeeman splitting.  (c) Rxx(n, B) from a device 2 at high magnetic field at D=0 (top panel) and 30 mV/nm (bottom). The ν =2/3 FQH state is indicated by the red arrow. (All panels) numbers indicate filling factors.
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