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Observation of a Quantum Wigner Crystallization in Two-dimensional Systems
Knighton, T.; Serafin, A.; Wu, Z.; Tarquini, V.; Huang, J. (WSU, Physics); Pfeiffer, L. (Princeton U. EE) and Xia, J.-S. (UF, Physics)
Introduction 
      Quantum Wigner crystals (WC) are one of the most remarkable and sought-after interaction-driven effects [1] that are fundamentally important to both science and future quantum technologies. For two-dimensional (2D) systems, the competing kinetic energy is quenched by application of a perpendicular magnetic field (B) at low temperatures (T), resulting in enhanced interaction in the fractional quantum Hall regime where reentrant insulating phases (RIP) are candidates for WC. Previous studies on the non-linear IV characteristics, noises, and microwave resonances in the 2D charges show some evidence for collective modes [2]. However, unambiguous demonstration of rigorous pinning and melting transition are important proofs that have not yet been reported. 
Experimental – Hall Measurement and temperature dependence of the resistivity

The transport measurement of ultra-high purity p-GaAs 2D hole systems is performed at the MicroKelvin Lab High B/T facility (at Bay-3). The samples are Hall-bar devices mounted inside a helium-3 emersion cell cooled effectively down to ~10 mK temperatures. The carrier density, determined by the Hall measurement, is approximately 4x1010cm-2 with a carrier mobility of 3.5x106 cm2/Vs.  Four probe techniques are used for the Hall measurement; dc and dc+ac electrometer techniques are adopted for probing the pinning modes.  T variation from 10 to 500 mK is controlled via a sensitive heating mechanism, maintaining a steadiness better than 0.1 mK.
Results and Discussion


Fig. 1(a) shows the RIP phase detected at 4.5 Tesla prior to the 1/3 filling. Fixing B at the center of the RIP peak, small signal dc and dc+ac transport resistances are measured with current resolution down to the femto-amp level. Fig. 1(b) shows a set of curves taken for a series of fixed T ranging from 10 mK to 500 mK. A striking threshold behavior appears below 30 mK where the holes are pinned within a narrow range of ±5 pA, having equivalent resistance greater than 1 GΩ. Just above this threshold, the resistance plummets by more than 3 orders of magnitude down to ~200kΩ. Pinning is also destroyed by heating, as shown in Fig. 1(c), where linear IV is recovered at high enough T. Suppression of resistivity with cooling occurs in a non-activated fashion, in contrast to previous results characterized by activated transport.  
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Conclusions

The threshold transport below 30 mK reveals a remarkable depinned WC state. The absence of pinning at higher T is consistent with a liquid behavior. The nonactivated T-dependence thus supports a melting transition. The rigorous pinning and melting provide proofs of the existence of a pinned WC that appears to undergo a second-order transition upon heating, in agreement with theory [3]. The low threshold values correspond to excitations far less than that of the classical plasma levels, suggesting possible quantum excitations. 
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Figure � SEQ Figure \* ARABIC �1�.  (a) QHE results showing the RIP phase. (b) Nonlinear IV as a function of T. (c) T-dependence revealing a melting transition.








