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            Abstract
Interaction-driven spontaneous symmetry breaking lies at the heart of many quantum phases of matter. In moiré systems, broken spin/valley ‘flavour’ symmetry in flat bands underlies the parent state from which correlated and topological ground states ultimately emerge1,2,3,4,5,6,7,8,9,10. However, the microscopic mechanism of such flavour symmetry breaking and its connection to the low-temperature phases are not yet understood. Here we investigate the broken-symmetry many-body ground state of magic-angle twisted bilayer graphene (MATBG) and its nontrivial topology using simultaneous thermodynamic and transport measurements. We directly observe flavour symmetry breaking as pinning of the chemical potential at all integer fillings of the moiré superlattice, demonstrating the importance of flavour Hund’s coupling in the many-body ground state. The topological nature of the underlying flat bands is manifested upon breaking time-reversal symmetry, where we measure energy gaps corresponding to Chern insulator states with Chern numbers 3, 2, 1 at filling factors 1, 2, 3, respectively, consistent with flavour symmetry breaking in the Hofstadter butterfly spectrum of MATBG. Moreover, concurrent measurements of resistivity and chemical potential provide the temperature-dependent charge diffusivity of MATBG in the strange-metal regime11—a quantity previously explored only in ultracold atoms12. Our results bring us one step closer to a unified framework for understanding interactions in the topological bands of MATBG, with and without a magnetic field.
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                    Fig. 1: Device structure and demonstration of chemical potential measurement.[image: ]


Fig. 2: Chemical potential of MATBG as a function of temperature and in-plane magnetic field.[image: ]


Fig. 3: Probing of the correlated Chern gaps of MATBG in a perpendicular magnetic field.[image: ]


Fig. 4: Resistivity, electronic compressibility and diffusivity of MATBG in the strange-metal regime.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Superconductivity and Landau fan diagram of MATBG.
a, Superconducting curves for the ν = −2 – δ and +2 + δ domes of MATBG. The maximum Tc ≈ 2.7 K is determined from the 50% normal resistance of the ν = −2 – δ curve. b, Landau fan diagram of MATBG at 1 K. The CNP shows the main sequence νLL = ±4, ±8,... and the broken-symmetry states νLL = −1, ±2, ±3. There are fans from ν = ±2, where the sequence νLL = +2, +4, +6 and νLL = −2 are seen, respectively. We also find transport evidence of a correlated Chern gap with Chern number C = 3 from ν = +1.


Extended Data Fig. 2 In-plane magnetic-field dependence of μ and Rxx.
a–c, The in-plane magnetic-field dependence of μ and Rxx is shown at ν = −2 (a), ν = −1 (b) and ν = +3 (c). a, b, The hole-doped side features are qualitatively similar to those on the electron-doped side, but weaker. We note that the ‘dip’ in μ on the electron-doped side is analogous to the ‘peak’ on the hole-doped side. For ν = −1, the peak in Rxx and the ‘peak’ feature in μ enhance under B‖. For ν = −2, the peak in Rxx weakens upon applying B‖, whereas the feature in μ does not exhibit a noticeable change. c, For ν = +3, the trend in μ is similar to that for ν = +1, that is, the ‘dip’ feature is enhanced under B‖, although the dependence is generally weaker. There is no noticeable peak in Rxx at ν = +3.


Extended Data Fig. 3 Thermal activation gap analysis and g factors of the correlated states.
a, b, Fitting of temperature-dependent resistance using the Arrhenius formula \({R}_{xx}^{* }\propto \exp [-\varDelta /(2{k}_{{\rm{B}}}T)]\) at ν = +1 (a) and +2 (b) for in-plane magnetic fields of B‖ = 0–11 T. \({R}_{xx}^{* }\) is the background-removed resistance of MATBG. c, B‖ dependence of the thermal activation gap Δ. The extracted g factors are ~0.57, ~1.31 for the ν = +1, +2 states, respectively.


Extended Data Fig. 4 Overlay of inverse compressibility and superconducting dome, and full-range chemical potential data.
a, Temperature dependence of inverse compressibility dμ/dn for T = 2–70 K at B = 0 T. Negative compressibility near ν = +1, +2 persists up to T ≈ 20 K. b, Comparison between dμ/dn and superconducting Tc dome (red points; 20% normal-state resistance) near ν = −2 – δ. The Tc dome occurs near maximum dμ/dn, which is unexpected within a weak-coupling BCS-type mechanism for the superconductivity. c, Same data as in Fig. 2d, but showing the chemical potential beyond ν = ±4.


Extended Data Fig. 5 Perpendicular magnetic-field dependence of Landau level and Chern gaps.
a–e, Gap extraction from the chemical potential curves at B⊥ = 0–6 T. f–g, Magnetic-field dependence of Landau level gaps (f) and correlated Chern gaps (g). Whereas the νLL = ±4, 0 Landau level gaps have an increasing trend with B⊥, the νLL = ±2 gaps show a relatively weak dependence. Similarly, the three correlated Chern gaps also exhibit weak dependence on B⊥. The reason why the Chern gap at ν = 2 + 2ϕ/ϕ0 is larger than the other two might be the difference in their magnetic ground states, with contributions from both orbital and spin degrees of freedom.


Extended Data Fig. 6 In-plane magnetization of MATBG.
a, \({\left(\frac{\partial {M}_{\parallel }}{\partial \nu }\right)}_{T,{B}_{\parallel }}=-{\left(\frac{\partial \mu }{\partial {B}_{\parallel }}\right)}_{T,\nu }\) versus ν. Peaks are visible near νLL = ±1. T = 4 K. b, Magnetization M‖, from integration of the curve in a. M‖ persists near all filling factors ν = ±1, ±2, ±3. The error bands correspond to a confidence level of 95%.
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