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Maximized electron interactions at the magic angle 
in twisted bilayer graphene
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T. Taniguchi5, James Hone6, Cory Dean1, Angel Rubio3,7* & Abhay N. Pasupathy1*

The electronic properties of heterostructures of atomically thin 
van der Waals crystals can be modified substantially by moiré 
superlattice potentials from an interlayer twist between crystals1,2. 
Moiré tuning of the band structure has led to the recent discovery 
of superconductivity3,4 and correlated insulating phases5 in twisted 
bilayer graphene (TBG) near the ‘magic angle’ of twist of about 
1.1 degrees, with a phase diagram reminiscent of high-transition-
temperature superconductors. Here we directly map the atomic-
scale structural and electronic properties of TBG near the magic 
angle using scanning tunnelling microscopy and spectroscopy. We 
observe two distinct van Hove singularities (VHSs) in the local 
density of states around the magic angle, with an energy separation 
of 57 millielectronvolts that drops to 40 millielectronvolts with high 
electron/hole doping. Unexpectedly, the VHS energy separation 
continues to decrease with decreasing twist angle, with a lowest 
value of 7 to 13 millielectronvolts at a magic angle of 0.79 degrees. 
More crucial to the correlated behaviour of this material, we find 
that at the magic angle, the ratio of the Coulomb interaction to the 
bandwidth of each individual VHS (U/t) is maximized, which is 
optimal for electronic Cooper pairing mechanisms. When doped 
near the half-moiré-band filling, a correlation-induced gap splits 
the conduction VHS with a maximum size of 6.5 millielectronvolts 
at 1.15 degrees, dropping to 4 millielectronvolts at 0.79 degrees. We 
capture the doping-dependent and angle-dependent spectroscopy 
results using a Hartree–Fock model, which allows us to extract 
the on-site and nearest-neighbour Coulomb interactions. This 
analysis yields a U/t of order unity indicating that magic-angle 
TBG is moderately correlated. In addition, scanning tunnelling 
spectroscopy maps reveal an energy- and doping-dependent three-
fold rotational-symmetry breaking of the local density of states in 
TBG, with the strongest symmetry breaking near the Fermi level 
and further enhanced when doped to the correlated gap regime. This 
indicates the presence of a strong electronic nematic susceptibility 
or even nematic order in TBG in regions of the phase diagram where 
superconductivity is observed.

Van der Waals heterostructures of atomically thin layers with a 
rotational misalignment yield a structural moiré superlattice, often 
inducing new electronic properties2,6,7. TBG is a particularly inter-
esting case in which the band structure has two VHSs with energy 
separation determined by the moiré period2 and interlayer hybridiza-
tion8–11. A continuum model analysis1 of the band structure of TBG 
predicted that near 1.1°, which is a ‘magic angle’, the separation tends 
to zero, creating a two-dimensional region in momentum space where 
the states have almost no dispersion. The low-energy physics of the 
electrons would then be largely determined by the Coulomb interac-
tion and lead to the possibility of emergent many-body ground states6. 
Indeed, recent transport measurements have shown the presence of 
both superconducting3,4 and insulating states5 under these conditions. 
The phase diagram is reminiscent of unconventional superconductors, 

but in a two-dimensional, gate-tunable material with simple chemistry. 
These developments establish TBG as a model system in which band-
width and interactions can be tuned using simple experimental knobs 
(changing the electrostatic gate voltage with a power supply can sweep 
both carrier density and displacement field within one device, which 
modifies bandwidth and interactions), thus paving the way towards 
understanding unconventional superconductivity.

Despite rapid progress, the precise experimental atomic and elec-
tronic structure of TBG at the magic angle is unknown. This has 
posed a challenge for theoretical modelling—in particular, theory has 
not established the origin of the correlated insulating phases12–16 or 
whether the superconducting pairing is mediated by electronic inter-
actions. Therefore, direct measurements of the atomic and low-energy 
electronic structure are required. Here we present measurements of 
the local angle- and doping-dependent atomic-scale structure and the 
local density of states (LDOS) of near-magic-angle TBG on hexagonal 
boron nitride (hBN) using scanning tunnelling microscopy (STM) and 
scanning tunnelling spectroscopy (STS) at 5.7 K. Although previous 
STM works have explored TBG, measurements were at angles far from 
the magic angle8,17, or on conducting substrates where electrostatic 
doping is not possible and the Coulomb interaction is screened9–11. 
Our samples are nominally similar to transport devices in which super-
conductivity has been measured, although our samples do not have a 
top hBN layer in order to access the bilayer graphene with the STM tip.

An optical image and schematic of a typical sample are shown in 
Fig. 1a, b. Figure 1c shows the structure of a TBG moiré. Within a moiré 
unit cell, the two layer atomic stacking arrangement displays regions of 
AA, AB/BA (Bernal) and saddle-point stacking17,18. Figure 1d–f shows 
typical atomic-resolution topographic images of TBG at various small 
angles. The bright spots are the AA sites, while the dark regions are 
the AB/BA sites8,17. No TBG-hBN moiré pattern is present because we 
have intentionally made the TBG-hBN angle large to minimize the hBN 
interaction. Without strain and disorder, a single moiré wavelength 
exists which can be used to determine the twist angle. In our samples 
and previous spatial studies, a small amount of heterostrain is present 
(arising in the conventional fabrication method) yielding a different 
moiré period along the principal directions of the moiré lattice. We 
use a comprehensive model (Supplementary Information section S1) 
to extract the precise local twist angle and strain, finding uniaxial strain 
between 0.1% and 0.7% at these small twist angles. Variability in strain 
or twist probably causes variable transport results, even within different 
regions of a single device4.

One important structural consideration in TBG is the nature of 
the saddle-point region at the AB/BA interface. At large twist angles 
(>4°), the superlattice structure evolves smoothly, whereas at small 
angles (<0.5°), AB/BA regions are maximized, producing topological 
domain walls at the saddle-point regions17,18. The magic angle is in 
an intermediate regime. Domain-wall-like lines are to some degree  
visible in all three angles in Fig. 1d–f. Figure 1g shows normalized 
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height profiles along the direction of the next-nearest neighbour AA 
(dotted line in Fig. 1g) for the three angles, allowing direct compar-
ison of the extent of each stacking arrangement (see Supplementary 
Information section S2 for bias dependence). We find that atomic rear-
rangements towards domain-wall saddle-point regions are important at 
all of these small angles, including 1.10°, which will be relevant to future 
theoretical modelling (for instance, it is predicted that this reconstruc-
tion suppresses other magic angles19).

Figure 2a shows STS measurements of the LDOS on the AA stacked 
regions for a series of small twist angles (3.49° to 0.79°) at zero external 
doping. The LDOS profiles show a filled (valence) and an unfilled (con-
duction) VHS (black arrows). The VHSs shift in energy towards the 
Dirac point with decreasing twist angle, as previously shown8. Figure 2d 
shows the VHS separation angle dependence. At 1.10°, where super-
conductivity is observed, there are still two distinct peaks in the LDOS 
separated by about 57 ± 2 meV. At the smallest angle studied here, 
0.79°, the VHSs nearly merge, with a separation of 13 ± 2 meV.

We compare the experimental spectra to tight-binding calculations 
(see Methods). We note that we use an intralayer hopping fitted to the 
experimental Fermi velocity for monolayer graphene, unlike previous 
work10,20 that used density functional theory monolayer band struc-
tures (which underestimate the Fermi velocity by about 20%, a many-
body correlation effect that can be corrected using many-body GW 
self-energy calculations21; see Supplementary Information section S3). 
Figure 2b shows the results for angles of 1.10° and larger, matching the 
experimental VHS separations well, as plotted in Fig. 2d. At 1.10°, the 
VHS separation calculated by our tight-binding model is about 41 meV, 
comparable with the 57-meV STS value, but much larger than for other 

tight-binding models of TBG near 1.10° (less than 5 meV)3,22. The 
larger intralayer hopping in our tight-binding model implies that the 
Fermi velocity vanishes at a smaller angle than previously reported22. 
We have considered other experimental effects that can affect the meas-
ured VHS separation and do not believe that they contribute substan-
tially (Supplementary Information section S4).

Figure 2c shows higher-resolution STS LDOS profiles at 0.79° ver-
sus the magic angle. Although the peaks at 0.79° are closer together 
than at 1.15°, the individual VHS width is not smaller. Extraction of 
the valence half-width reveals 10 ± 1 meV at 1.15° and 11 ± 1 meV 
at 0.79°. Extraction of the conduction half-width reveals 13 ± 1 meV 
at 1.15° and 13 ± 1 meV at 0.79° (the conduction half-widths drop to 
9.5 ± 1 and 10 ± 1 meV when doped near the Fermi level; Extended 
Data Fig. 1f). Figure 2e shows the angle-dependent half-widths of the 
valence and conduction VHS peaks at zero external doping. The aver-
age peak half-widths gradually decrease with decreasing angle (about 
30 meV per degree) at angles above 1.5°. The width then sharply drops 
to about 10 meV at the magic angle. The importance of electron cor-
relations is determined by the ratio of on-site Coulomb interaction, U, 
to bandwidth, t, of an electron in a single VHS band (that is isolated 
from other bands). Following simple geometric principles, U decreases 
proportionally to 1/λ, where λ is the moiré wavelength. Our angle-de-
pendent measurements of bandwidth t therefore imply that the ratio 
U/t is maximum at the magic angle, and superconductivity arises in a 
single isolated VHS band15,16 with maximized electron correlations. 
We also note that the conduction VHS is wider at all angles, indicat-
ing band structure electron–hole asymmetry consistent with recent 
calculations19.
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Fig. 1 | Atomic insights on TBG structure near the magic angle.  
a, Optical images of one of the measured samples. Dashed lines highlight 
the layers of hBN and the two twisted monolayers of graphene. The top is 
mid-fabrication, immediately after stacking, and the bottom is the final 
structure contacted (using the microsoldering technique described in 
Methods) with bismuth indium tin (BiInSn) on polypropylene carbonate 
(PPC). b, Sample schematic. c, Schematics of a real-space moiré pattern 

interchanging between AA, AB/BA and saddle-point (SP) stacking.  
d–f, Atomic-resolution STM topographies on 2.02°, 1.10° and 0.79° TBG 
samples. Topographies were taken at 1 V and 50 pA, at 0.5 V and 30 pA, 
and at 0.5 V and 50 pA, respectively. g, Normalized spatial height profiles 
from the AA site to the second-nearest AA site, as delineated in the inset, 
for the three twist angles shown in d–f.
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We now turn to the doping-dependent AA site LDOS. Figure 3a, b 
shows spectra as a function of back-gate voltage on two TBG samples 
at 1.10° and 1.15°, limited in gate voltage by gate leakage (see Methods). 
The positions, shapes and separation of the VHSs are a sensitive func-
tion of doping. In the 1.15° sweep (Fig. 3b) we were able to dope past 
electron half-filling of the moiré superlattice, −0.5ns (ns is four carriers 
per moiré unit cell), which was not possible in the 1.10° sample. A 
finer set of doping-dependent spectra around electron half-filling is 
shown in Fig. 3c. As the conduction VHS peak is crossing the Fermi 
level, it splits and a gap emerges that is maximized at a doping of about 
−1.5 × 1012 cm−2 (magenta in Fig. 3d). The gap persists for a doping 
range of 2 × 1011 cm−2 with a peak-to-peak value of 6.5 ± 0.5 meV. In 
transport, the largest gap is observed at half-filling of the moiré con-
duction band. Based on our moiré unit cell area, this corresponds to 
a doping of −1.55 × 1012 cm−2, within the error of the spectroscopy 
gap doping. The persistence of the gap for 2 × 1011 cm−2 is also con-
sistent with the half-filling insulator doping range in transport. Thus, 
this gap is naturally associated with the correlated insulator state. The 
magnitude of the spectroscopy gap, however, is much bigger than the 
activation energy of the resistance in transport measurements, probably 
owing to disorder averaging, which always produces smaller activation 
gaps in transport than spectroscopy23.

One important question that we can address is whether the gap 
opens precisely at the VHS peak or simply at a moiré lattice com-
mensurate filling. To quantitatively investigate this, we integrate the 
LDOS over a small range (1.5 meV) on the electron-versus-hole side 

of the Fermi level at each doping. The integrated LDOS profiles are 
plotted in Fig. 3e. The dip in the profiles corresponds to the corre-
lated gap, which is maximized when the two curves cross within the 
dip at −1.5 × 1012 cm−2 (about 0.5ns). The highest integrated LDOS 
where the curves cross, −1.87 × 1012 cm−2 (about 0.6ns), corresponds 
to the VHS peak precisely at the Fermi level. Figure 3d shows the 
spectra at these two dopings. The analysis reveals that the gap opens 
on the shoulder of the VHS rather than the peak. Such a gap is more 
consistent with a Mott insulator, which occurs at commensurate fill-
ing, rather than a density wave order, which more naturally occurs at 
a density of states peak. This also provides band structure explana-
tions for the extreme anisotropies seen in transport24 on either side 
of half-filling, where the temperature-dependent resistance, effective 
mass and Hall coefficient are strongly asymmetric. Interestingly, we 
note that the doping difference between the maximized correlated 
gap and the VHS peak at the Fermi level is the same as the doping 
difference between the half-filling correlated insulator state and the 
highest-transition-temperature superconducting dome in transport. In 
transport, additional gaps emerge at quarter and three-quarter filling 
of the moiré bands4,5. We have not seen these, possibly owing to the 
measurement temperature.

Next, we discuss the separation between the two VHSs, which is 
maximum at charge neutrality and reduced with electron/hole dop-
ing. This behaviour is reminiscent of the quasiparticle gap in two- 
dimensional semiconductors with doping. We model this with a simple  
one-band model on a honeycomb lattice with nearest-neighbour 
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Fig. 2 | LDOS and bandwidth of TBG at the magic angle. a, STS LDOS 
at zero external doping on moiré AA sites of 3.48°, 2.02°, 1.59°, 1.10° and 
0.79°, normalized to the maximum value for each curve and vertically 
offset for clarity. Arrows show several prominent features consistent at 
all angles—the VHSs (black arrows), the first dips (purple arrows) and a 
second smaller peak (green arrows) previously observed. With decreasing 
twist angle, all features shift towards the Fermi level. b, Tight-binding 
calculations of the LDOS at the measured angles down to 1.10°. c, High-
energy-resolution zoom-in of STS LDOS on 1.15° and 0.79° AA sites. 

Measurements are taken in a closed loop at the 100-meV and 50-pA 
setpoints with a 0.5-meV and 1-meV oscillation. d, Experimental versus 
tight-binding VHS separation as a function of twist angle. e, Experimental 
conduction and valence VHS half-widths versus tight-binding half-widths 
as a function of twist angle. f, STS LDOS on AA versus AB sites in 1.10° 
TBG. Error bars in d and e are derived from the sum of squares of the 
lock-in oscillation used to identify features (0.5 meV for near-magic angle, 
1 meV for 0.79° and 10 meV for 1.5° and above).
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hopping t0 = 16.3 meV. We include correlations via on-site and 
nearest-neighbour repulsive interactions U and V1, respectively, and 
study the spectrum of the system in the Hartree–Fock approximation 
(Supplementary Information section S5). The results are shown in 
Fig. 3f. The nearest-neighbour interaction V1 renormalizes the hop-
ping via its Fock contribution, causing a doping-dependent VHS sep-
aration. V1 = 6.26 meV best reproduces the experimental dependence 
of VHS separation, as shown in Fig. 3g, plotting theoretical separation 
as a function of chemical potential and experimental separation as a 
function of doping. Theory captures the relatively doping-independent 
separation near charge neutrality and the strong decrease with higher 
doping. In this simple model, the on-site interaction U opens a gap 
at half-filling owing to Fermi surface nesting. Although this level of 
theory is inadequate to determine the true nature of the gap, we use 
it as a simple way to quantify the on-site U. U = 4.03 meV approxi-
mately reproduces the STS gap, showing that magic-angle TBG is a 
moderately correlated material with U/t of order unity. The peak shapes 
in Fig. 3a, b also display interesting doping dependence: when doped 
near the Fermi level, they sharpen, whereas when doped away from the 
Fermi level, they become highly asymmetric (quantified for the valence 
VHS in Extended Data Fig. 2). This is characteristic of spectroscopy 
on strongly correlated materials25–27 (see Supplementary Information 
section S6 for further discussion).

A natural question is how the correlated gap evolves with angle. We 
present doping-dependent LDOS of the 0.79° TBG in Extended Data 
Fig. 1. Most of the observed phenomenology is the same as at the magic 
angle: changing VHS shapes, separation and a gap emerging around 
electron half-filling. Compared to the correlated gap at the magic 
angle, the half-filling gap at 0.79° is less pronounced and smaller, being 
4 ± 1 meV as opposed to 6.5 ± 1 meV observed at 1.15°. This corrob-
orates that correlation effects are reduced at 0.79° (see Supplementary 
Information section S7 for further discussion).

Next we turn to the LDOS spatial dependence in magic-angle TBG. 
Figure 4a shows an STS map energy slice at the conduction VHS peak 
(zero external doping) of one moiré cell at 1.15°. When undoped, LDOS 
maps at energies around the VHS peaks show the same contrast as 
the topographies. For comparison, the tight-binding probability den-
sity (see Methods) of a single wavefunction at this energy is plotted in 
Fig. 4b. We compare line profiles of the experimental and tight-bind-
ing LDOS in Fig. 4c. The tight-binding wavefunction systematically 
underestimates the saddle-point region intensity and is more confined 
around the AA site than in the experiment, something to consider in 
future calculations.

Finally, we focus on the doping- and energy-dependent STS maps. 
In a perfect moiré lattice at the single particle level, the LDOS should 
have three-fold (C3) rotational symmetry. The small amount of strain 
present, however, introduces some symmetry breaking. We explore 
whether this symmetry breaking is uniform with energy and doping 
(which could be trivially due to the strain), or is enhanced at certain 
energies28,29 and dopings. To quantify the energy-dependent aniso-
tropy, we use a technique shown in Fig. 4d (described in Methods). 
Energy-dependent anisotropies for three dopings below half-filling are 
plotted in Fig. 4e with AA site LDOS averages from the correspond-
ing maps. The energy-dependent asymmetry is not uniform; however, 
despite large asymmetries at other energies, at around the conduction 
VHS the LDOS is symmetric at these dopings. This is visualized in the 
map slices at the conduction VHS peak and ±5 meV around it, shown 
in the top three rows of Fig. 4g. This is in stark contrast to Fig. 4f at 
half-filling in doping when the correlated gap emerges. In this situation, 
the anisotropy is highly enhanced at energies around the gap, visualized 
in the bottom row of Fig. 4g, showing the map slices at and around the 
correlated gap. The LDOS strongly breaks three-fold (C3) symmetry 
around the correlated gap, where the wavefunction was symmetric at 
lower dopings. Additionally, the symmetry breaking at all dopings is 
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the lock-in oscillation used to identify features.
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strongest in a narrow region of energy around the Fermi level, as evi-
denced by the anisotropy peaks in Fig. 4e, f, which shift with doping 
(full spatial slices are shown in Supplementary Information section 
S8). These findings indicate that the electronic structure is nematic, 
with the strongest nematicity near half-filling. Two possibilities exist 
to explain the observed nematicity: (1) it is possible that the electronic 
structure has a strong nematic susceptibility and strain breaks the 
three-fold (C3) symmetry allowing visualization of the nematic sus-
ceptibility, as recently observed in the iron pnictides in the high-tem-
perature tetragonal phase28,30; and (2) it is possible that a true nematic 
order exists, independent of strain. In this scenario, we would expect 
domains of nematic order with different orientation, which we have not 
observed so far. Future measurements should focus on this, because 
our samples were not uniform over large enough areas to test for this 
(Supplementary Information section S9). Whether a translational 
symmetry breaking occurs simultaneously (that is, by Fermi surface 
nesting31; see Supplementary Information section S10) is also unclear.

Our spectroscopic measurements of magic-angle TBG provide 
insights into the nature of the superconducting and insulating states 
seen in transport. The VHS separation is larger than previously thought 
around 1.1°, implying that the physics of correlated states is to be 
understood in the context of doping through a single VHS. Regarding 
superconducting order, electronic pairing mechanisms such as spin 
fluctuations are expected to be important when the ratio of the on-site 
Coulomb interaction U to the bandwidth t is large. On the other hand, 
in phonon-mediated pairing scenarios, the superconducting transition 
temperature is improved by lowering the Coulomb pseudopotential 
(proportional to U) and increasing the density of states at the Fermi 
level. Our spectroscopic results show that U/t is maximized near 1.1°. 
Superconductivity in TBG is thus observed where J = U2/t is maximized, 
conditions that maximize electronic rather than phonon-based pairing. 
The insulating gap that emerges at half-filling of magic-angle TBG is not 

at the peak of the VHS, and is therefore more consistent with a Mott insu-
lator rather than a density wave picture. Our observation of energy- and 
doping-dependent symmetry breaking, maximized near the correlated 
gap at half-filling, is indicative of a strong nematic electronic susceptibil-
ity or order in magic-angle TBG. The interaction of such ordered states 
with superconductivity in TBG remains to be investigated.
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Methods
Experimental setup. Our fabrication of TBG samples followed the established 
‘tearing’ method, using PPC as a polymer to sequentially pick up hBN, then half 
of a piece of graphene, followed by the second half but with a twist angle. This 
structure was flipped over and placed on an Si/SiO2 chip. Direct contact was made 
to the TBG via microsoldering with Field’s metal32, keeping temperatures below 
80 °C during the entire process to minimize the chance of layers rotating back to 
AB/BA stacking, which occurs when the structures are annealed.

Ultrahigh-vacuum STM/STS measurements were carried out in a home-built 
5.7-K ultrahigh-vacuum STM. All tips used in this study were prepared on Au 
(111) and calibrated to be atomically sharp and to detect the Au (111) Shockley 
surface state via STS. Tens of freshly prepared tips were used in this study to ensure 
the consistency and accuracy of the findings.
Gate doping estimation. Owing to the PPC in our gate structure, we estimate 
gate-dependent carrier concentration by fabricating a parallel plate capacitor and 
measuring the capacitance per unit area in the STM at 5.7 K. All of our sample 
gating is limited to where gate leakage is below a nanoampere.
Anisotropy quantification technique. As shown in Fig. 4d, we begin by cropping 
to a single Wigner–Seitz cell of the triangular lattice formed by the LDOS in TBG. 
We affine-transform this cell to a perfect hexagonal shape to remove any effect  
of strain. Any breaking of three-fold (C3) symmetry in the LDOS would  
imply that this cell is not symmetric under 120° and 240° degree rotations, as 
illustrated in Fig. 4d. We hence calculate the energy-dependent anisotropy:  

A(E)= ∣ ∣ ∣ ∣ ∣ ∣
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and �I E( )240  refer to the spatial LDOS profiles of the 120°- and 240°-rotated 
Wigner–Seitz cells respectively and npixel is the number of pixels.
Tight-binding calculations. We model the twisted bilayer graphene system with 
the following tight-binding Hamiltonian20:
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where tij is the hopping parameter between pz orbitals at the two lattice sites ri and 
rj , with the following form:

γ λ γ λ= −













−
| − | 











+














−
| − | 












r r r r
t n

a
n

c
(1 ) exp 1 exp 1ij

i j i j2
0 1

2
1 2

where a = 1.412 Å is the in-plane C–C bond length, c = 3.36 Å is the interlayer 
separation, n is the direction cosine of −r ri j along the out of plane axis (z axis), γ0 
γ( )1  is the intralayer (interlayer) hopping parameter, and λ1 λ( )2  is the intralayer 

(interlayer) decay constant. This tight-binding model has been shown to reproduce 
the low-energy structure of TBG calculated by local density functional theory cal-
culations with the following values for the parameters: γ = − .2 7 eV0 , γ = .0 48 eV1 , 
λ = .3 151  and λ = .7 502 . However, the Fermi velocity for monolayer graphene is 
usually 20% larger than what is calculated in density functional theory owing to 
correlation effects that are captured by GW calculations21. To incorporate those 
effects, we consider a larger intralayer hopping γ γ′ = .1 2 00  (ref. 21) (the experimen-
tal parameter) as previously done8,10 (see Supplementary Information section S3).

For the calculation of LDOS, we employ the Lanczos recursive method33 to 
calculate the LDOS in two twisted graphene sheets in real space with a system size 
larger than 200 nm × 200 nm with an effective smearing of 1 meV. For the Hartree–
Fock mean-field interactions model, see Supplementary Information section S5.
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Extended Data Fig. 1 | 0.79° LDOS doping dependence. a, STS LDOS 
as a function of doping at a 0.79° TBG AA site for a doping range of 
−0.95ns to 0.8ns (ns being full filling of the moiré band with four electrons 
or holes). Spectra were taken in a closed loop at 100-meV and 50-pA 
setpoints with a 0.5-meV oscillation. b, Experimental VHS separation 
versus doping (bottom axis) and theoretical mean-field VHS separation as 
a function of chemical potential (Ed − μ) relative to charge neutrality (top 
axis) for the 0.79° doping-dependent LDOS. c, LDOS comparison of the 

correlated gap at half-filling (−0.5ns) in 1.15° TBG and 0.79° TBG.  
d, Peak-to-peak gap size as a function of doping, offset to half-filling (0.5ns) 
for 1.15° and 0.79°, where x is additional carrier doping in carriers per 
square centimetre around half-filling. e, Comparison of 0.79°, 1.15° and 
1.10° LDOS when doped near the Fermi level, which is 0 V in the plot. The 
doping level of each curve is indicated in the legend. Error bars in b and d 
are estimated from the sum of squares of the lock-in oscillation (0.5 meV 
for 1.15° and 1 meV for 0.79°) used to determine feature positions.
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Extended Data Fig. 2 | Asymmetry in valence VHS with doping. Half-
widths of the trailing edge and leading edge of the valence VHS as a 
function of doping in the 1.15° sample. Error bars are estimated from the 
sum of squares of the lock-in oscillation (0.5 meV) used, which determines 
the peak half-width position.
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