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            Abstract
The recent discovery of correlated insulator states and superconductivity in magic-angle twisted bilayer graphene1,2 has enabled the experimental investigation of electronic correlations in tunable flat-band systems realized in twisted van der Waals heterostructures3,4,5,6. This novel twist angle degree of freedom and control should be generalizable to other two-dimensional systems, which may exhibit similar correlated physics behaviour, and could enable techniques to tune and control the strength of electron–electron interactions. Here we report a highly tunable correlated system based on small-angle twisted bilayer–bilayer graphene (TBBG), consisting of two rotated sheets of Bernal-stacked bilayer graphene. We find that TBBG exhibits a rich phase diagram, with tunable correlated insulator states that are highly sensitive to both the twist angle and the application of an electric displacement field, the latter reflecting the inherent polarizability of Bernal-stacked bilayer graphene7,8. The correlated insulator states can be switched on and off by the displacement field at all integer electron fillings of the moiré unit cell. The response of these correlated states to magnetic fields suggests evidence of spin-polarized ground states, in stark contrast to magic-angle twisted bilayer graphene. Furthermore, in the regime of lower twist angles, TBBG shows multiple sets of flat bands near charge neutrality, resulting in numerous correlated states corresponding to half-filling of each of these flat bands, all of which are tunable by the displacement field as well. Our results could enable the exploration of twist-angle- and electric-field-controlled correlated phases of matter in multi-flat-band twisted superlattices.
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                    Fig. 1: Structure and transport characterization of TBBG.[image: ]


Fig. 2: Displacement-field-tunable correlated insulator states in TBBG.[image: ]


Fig. 3: Magnetic field response of the displacement-field-tunable correlated insulator states in TBBG.[image: ]


Fig. 4: Correlated insulator states in a multi-flat-band system.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Vtg–Vbg resistance maps of measured TBBG devices.
a–f, Resistance versus Vtg and Vbg for the six TBBG devices measured, which correspond to the six rows shown in Extended Data Table 1, respectively. g, h, Cross-like feature near −ns/2 in TBBG samples with twist angles θ = 1.23° (g) and θ = 1.09° (h), which might signal the onset of a correlated state.


Extended Data Fig. 2 Landau fan diagrams and Hall mobilities of the TBBG devices.
a, Resistance of the 1.09° sample versus carrier density and perpendicular magnetic field. b, Hall mobility μHall (left axis) and Hall coefficient RH (right axis) in the 1.09° sample at different carrier densities. c–f, Same measurements as in a, b but for the 0.84° (c, d) and 1.23° (e, f) samples, respectively. All measurements are taken at T < 100 mK. The data for the 1.09° device are taken at D/ε0 = 0.2 V nm−1 while the data for the other two devices are taken at D = 0.


Extended Data Fig. 3 Linear resistance versus temperature behaviour in TBBG.
a, b, Resistance versus temperature curves at different charge densities in the 1.23° sample for the electron-doping side (a) and the hole-doping side (b). The inset in a shows the slope dRxx/dT of the linear R–T behaviour as a function of n for T >10 K. c, Selected R–T curves near ns/2 from a. d, Similar linear R–T behaviour in the 1.09° device. The inset shows the slope dRxx/dT. e, Density-dependent sublinear/linear R–T behaviour in the 0.84° device. The inset shows the slope dRxx/dT versus n in log–log scale. The slope is proportional to n to the power of −1.77.


Extended Data Fig. 4 Additional magnetic field response of TBBG devices.
a–d, Response of the ns/4 (a, b) and 3ns/4 (c, d) states in perpendicular magnetic field (a, c) and in-plane magnetic field (b, d) for the θ =1.23° device.


Extended Data Fig. 5 I–V curves in the 1.23° TBBG device at different carrier densities.
D/ε0 = −0.38 V nm−1. a–c, The densities correspond approximately to the ns/4 (a) and ns/2 (c) insulating states while the density for b lies between them. The left axis is the longitudinal voltage Vxx and the right axis is the differential resistance dVxx/dIb.


Extended Data Fig. 6 Comparison of the gap sizes and the g-factor using small and large excitations.
a, b, The Arrhenius fits of the resistance at the ns/2 state of the 1.23° TBBG device in an in-plane magnetic field. c, d, The same fits for the ns/4 state. a and c are measured using a current excitation of 0.1 nA, while b and d are measured using a voltage excitation of around 100 μV, which induces a current of around 5–10 nA in the sample. The insets in each panel show the corresponding g-factor fittings. In general, by using an excessive excitation, both the energy gaps and the g-factor will be underestimated.


Extended Data Table 1 List of TBBG devices discussed in the main text and Extended Data figuresFull size table
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Source Data Fig. 3

Source Data Fig. 4
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