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Quantum Transport in Black Phosphorus Two-dimensional Electron Systems
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Introduction
The recent advent of two-dimensional black phosphorus (BP) has greatly enriched the materials base of two-dimensional electron systems (2DES)1-3. We have previously observed the quantum Hall effect (QHE) in BP hole gas for the first time4. Our results, obtained at NHMFL, set the stage for further study on quantum transport in BP 2DES in the ultrahigh mobility regime. In particular, BP’s heavy carrier mass and anisotropic electronic structure may lead to exotic quantum states in the fractional QHE regime.

Experimental
We achieve high mobility in BP 2DES by constructing a BP/hBN/graphite van der Waals heterostructure. (Here hBN refers to hexagonal boron nitride.) The graphite serves as a local gate, which also screens charged impurities in the 2DES. This brings the hole carrier Hall mobility up to 9000 cm2/Vs, and the electron mobility to 3000 cm2/Vs. The transport measurement was performed in high magnetic fields in Cell 15 at NHMFL.

Results and Discussion
The figures below display the magnetoresistance (Rxx) and Hall resistance (Rxy) measured as a function of gate voltage in 45 T on both the hole side (panel a, data recorded at 40 mK) and the electron side (panel b, data recorded at 300 mK) of the gate doping. Well-developed integer QHE is observed for both holes and electrons. Our results mark the first time that the QHE is observed on the electron side in BP. Moreover, new states are observed at fractional filling factors on the hole side (marked by black arrows in panel a). The transport in these new states is anisotropic; the purple and green lines represent Rxx measured in two perpendicular directions. Additional experiments at NHMFL suggest that the new states may be highly anisotropic striped charge-density-wave (CDW) states as a result of large electron-electron interaction and highly anisotropic electronic structure in BP.

[image: ]Conclusions
We, for the first time, observed the QHE in electron-doped BP 2DES and anisotropic “fractional states” in hole-doped BP 2DES. Our results demonstrate the possibility of observing exotic quantum states in high quality BP 2DES, and open the door to further exploration of the quantum transport in BP.
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