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Supplementary Note 1: Determination of three stacking orders

Our STM image of tDBLG in Fig. 1¢ shows three distinct regions within each moiré
unit cell, which can be called “bright”, “intermediate” and “dark” based on their apparent
heights for 100 mV < |VBias| < 500 mV. We determined their stacking orders by analyzing
structural as well as electronic contributions to the apparent height. In tDBLG, ABBC
stacking is energetically unfavorable (due to the strong repulsion between inner layers of
carbon atoms) and has been predicted to exhibit an out-of-plane structural displacement of
~0.1 A." This allows us to identify the “bright” region in Fig. 1c as ABBC stacked. ABAB
and ABCA stackings, on the other hand, have comparable binding energies and similar
structural heights. Atomic structure alone is thus inadequate to explain the difference between
the observed “intermediate” and “dark” regions. However, if we calculate the LDOS at the
ABAB and ABCA sites using the continuum model and integrate them from —200 to 0 meV
(simulating a negative Vgias) or from 0 to 200 meV (simulating a positive Vpias), ABCA
always displays a higher intensity than ABAB. Since a larger integrated LDOS corresponds
to a higher apparent height in constant-current STM measurements, we identify the “dark”

region as ABAB stacked and the “intermediate” region as ABCA stacked.
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Supplementary Figure 1: dI/dV spectroscopy showing phonon-mediated inelastic
tunneling. a-c, d//dV spectra for the three stacking regions at Vg =0 V (modulation voltage
Vrvs =2 mV; initial Vpias =250 mV, Io = 0.1 nA). The dashed lines mark the energy of the

phonon mode and the onset of the inelastic channel.
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Supplementary Figure 2: Spatial distribution of valence flat band and remote valence
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band wavefunctions. a, d//dV spectra for three stacking regions measured at V' =—60 V. b,

¢, d//dV maps of the same tDBLG region obtained at (b) Vpias =—12 mV and (¢) VBias =

mV (modulation voltage Vrms =

30

1 mV; initial Vgjas =—500 mV, Ip = 2.5 nA). d, Histogram of

(b). e, Histogram of (¢). f, Theoretical LDOS of three different stacking regions for Vg =—-60

V and E =—-0.33 V/nm calculated using a single-particle continuum model. g, h, LDOS maps

at (g) -8 meV and (h) 14 meV. i, Histogram of (g). j, Histogram of (h). All histograms use

bin size of 0.1 arb. unit. Areas under histograms are normalized to 1. VFB = valence flat

band; RVB = remote valence band.
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Supplementary Note 2: Additional data on different devices and/or spots

The LDOS suppression around v=2 was observed on different devices and/or spots,
as shown in the gate-dependent d//dV spectra of three stacking sites in Supplementary Fig. 3.
Here, the first set of data was taken on the same device as the data shown in the main text, but
at a different spot on the surface (micrometers away) with a different local twist angle (a-c),
while the second set was taken on a different device. The STM tips were freshly prepared and

calibrated on Cu(111) before each set of measurements (Methods).
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Supplementary Figure 3: Gate-dependent df/dV spectroscopy on different devices
and/or spots. a-c, Gate-dependent d//dV density plot for three stacking regions measured at a
different spot on Device #1 (-60 V < Vg < 60 V; modulation voltage Vrms = 0.4 mV; initial
VBias = —100 mV, Ip = 0.5 nA). The vertical black dashed line denotes zero bias (the Fermi
level). The black dashed box highlights the correlation-driven splitting of the FB peak around
v=2. d-f, Same as (a-c¢), but measured on Device #2 (modulation voltage Vrms = 0.4 mV;

initial VBiass = 100 mV, fo = 0.25 nA).



Supplementary Note 3: Comparison of STM/STS and transport measurements

Transport measurements on tDBLG devices are usually performed with both a top
gate and a bottom gate so that the carrier density » and the vertical E-field can be
independently tuned. Results from several groups®® are summarized in the schematic shown
in Supplementary Figure 4. A correlated high-resistivity phase surrounded by a “halo” feature
can be seen at v="2 (labeled as “ns/2”). Signals of incipient insulating states also show up at

v=1,3.

In our STM/STS study, on the other hand, only a single back-gate is present (Fig. 1b)
and n and E are always proportionally changed when we adjust Vg (Methods). The parameter
space in STM/STS therefore corresponds to a “diagonal” line-cut in the n-E plane. This line
cut touches the half-filling correlated phase but misses many of the other correlation features.
Consequently, we only observe splitting of the CFB peak around v=2. We note that this
limitation of STM/STS can be potentially overcome by using tips with different work
functions, thus “moving” the line-cut in the n-E plane to access other interesting regimes.
This is technically extremely challenging, however, and controllable “work function-tunable”

tips are currently beyond STM state-of-the-art.
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Supplementary Figure 4: Parameter space explored in STM/STS and transport
measurements. The red dashed line denotes the parameter space explored in our single-gate

STM/STS study.



Supplementary Note 4: Extracting the splitting magnitude from dZ/dV spectra

The magnitude of the energy-splitting was extracted by fitting the d//dV spectra with a

sum of two Lorentzian peak functions and a linear background
2
y:y0+bx+;%4(xTv32+Wz )

as shown in Supplementary Fig. 5a. Here yo and bx are background terms, x; (i = 1, 2)
represents the center position of peak #i, 4; is the area under peak #i, and w is the peak
FWHM. The peak separation o= |x1 — x2| represents the splitting magnitude. The error bars
shown in Fig. 5b were estimated by combining fitting uncertainty, finite temperature

broadening, and an instrumental broadening of ~1 mV.

The same fitting procedure was applied to the d//dV spectra measured on different
devices and/or spots. Supplementary Figure 5b shows the maximum splitting magnitude
(squares with error bars) as well as the filling range over which the splitting can be extracted
(blue bars) as a function of twist angle 6. More systematic study is required before we can

reach a definite conclusion regarding the 6-dependence of the correlation-induced splitting.
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Supplementary Figure 5: Double Lorentzian fitting of the dZ/dV signal. a, Schematic of
the fitting procedure. b, the maximum splitting magnitude and the filling range in which the
splitting can be extracted using this fitting procedure as a function of twist angle 6. The error
bars were estimated by combining fitting uncertainty, finite temperature broadening, and an

instrumental broadening of ~1 mV.
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Supplementary Figure 6: dI/dV spectroscopy for three stacking regions for 1 < v<3. a-
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Supplementary Note S5: Spatial distribution of layer-summed CFB and RCB

wavefunctions

The theoretical LDOS shown in Fig. 3 and Supplementary Fig. 2 are projected onto
the topmost graphene layer to facilitate direct comparison with STS measurements. To
illustrate the localization/delocalization behavior throughout the entire tDBLG stack, we
show in Supplementary Fig. 7a the theoretical LDOS at Vg =60 V and £ = 0.33 V/nm for
ABBC, ABCA, and ABAB stacking regions when contributions from all four graphene layers
are summed. The RCB peak centered at &= 2.8 meV still only shows up in the ABBC
stacking region, and its spatial localization is confirmed by the layer-summed LDOS map
(Supplementary Fig. 7c) and the corresponding histogram (Supplementary Fig. 7e) at this
energy. The CFB peak centered at & =—13 meV has significant weight in all three regions,
although the intensity in the ABBC region is higher than in the ABCA and ABAB regions.
The layer-summed LDOS map at the CFB peak energy shows more spatial variation
(Supplementary Fig. 7b,d) compared to the top-layer-projected LDOS map at the same
energy (Fig. 3g,1). Nevertheless, the LDOS max/min ratio of 2.5 is still significantly smaller
than that of 4.4 in the RCB state, and the CFB remains reasonably delocalized when multiple

layers are accounted for.
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Supplementary Figure 7: Spatial distribution of layer-summed conduction flat band
and remote conduction band wavefunctions. a, Theoretical LDOS for three different
stacking regions for Vg =60 V and £ = 0.33 V/nm including contributions from all four
graphene layers. b, ¢, Layer-summed LDOS maps at (b) =13 meV and (¢) 2.8 meV. d,
Histogram of (b). e, Histogram of (¢). Bin size of 0.2 arb. unit is used. Areas under

histograms are normalized to 1. CFB = conduction flat band; RCB = remote conduction band.
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Supplementary Figure 8: Gate-dependent LDOS calculated using a continuum model in
the absence of electron-electron interactions. a-c, Density plot of theoretical LDOS
(projected onto the top layer) for the three different stacking regions of the moiré unit cell as
a function of vertical E-field and filling factor v. CFB = conduction flat band; VFB = valence

flat band; RCB = remote conduction band; RVB = remote valence band.
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Supplementary Note 6: Layer polarization of flat band wavefunctions in an E-field

The flat band wavefunctions in tDBLG exhibit layer polarization in a gate-induced E-
field. To illustrate this effect within the single-particle continuum model, we plot the
theoretical total DOS as well as LDOS projected onto the topmost graphene layer for both Vg
=27V, E=+0.15 V/nm (Supplementary Fig. 9a) and Vo =-27 V, E=-0.15 V/nm
(Supplementary Fig. 9b). The conduction and valence flat bands appear as two peaks in the
total DOS (gray curves). At Vg =27 V, however, only the CFB peak is prominent in the top-
layer LDOS for all three regions. The VFB peak shows up in the ABAB region with much
smaller intensity compared to the CFB peak and is absent in the ABBC and ABCA regions.
This explains why the VFB signal is experimentally observed only in the ABAB region for
positive gate voltage (Fig. 4f). For opposite gate-voltage (Vg =-27 V) the VFB peak shows
up clearly in the top layer while the CFB peak is barely present. This explains why
experimental d//dV spectra measured in the negative gate range do not exhibit the CFB signal

for all three stacking regions (Fig. 4d-f).
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Supplementary Figure 9: Layer polarization of flat band wavefunctions in an E-field. a,
Theoretical total DOS and LDOS (projected onto the top layer) of three stacking regions at
V=27V and E=0.15 V/nm. b, Same as (a), but at V6 =-30 V and £ =-0.15 V/nm. CFB =

conduction flat band; VFB = valence flat band; RCB = remote conduction band; RVB =

remote valence band.
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Supplementary Note 7: Screened Coulomb interaction in Hartree-Fock calculations

2
e

The single-plane-screened Coulomb potential V' (g) =

[1 —exp(—2qd )] in our

Eerrod
Hartree-Fock calculations is modeled on the interaction between two bare electrons in the
vicinity of a metal plane through a uniform dielectric,” a simplification of the measurement
setup shown in Fig. 1a. Here we treat the hBN and SiO; layers, the other electrons in tDBLG,
and the sharp apex of the tungsten STM tip together as the “dielectric”, and the macroscopic
part of the tip above the apex as the metal plane. The effective screening parameters &fr and

ds can be estimated as follows:

* Estimation of ds. Tungsten STM tips prepared by electrochemical etching and field
emission typically have an apex of tens of nanometers.® In our calculations we take ds
= 50 nm, and we note that any value in the range 20 nm < ds < 100 nm does not cause

any qualitative change in the band structure and LDOS.

¢ Estimation of &isr. Both SiO> and hBN have been reported to have dielectric constants
between 3 and 7.%!° The dielectric constant of tDBLG itself is estimated as £~ 8 from
Ref.®. The tip apex contributes another empirical dielectric factor of 2 to 4 (if we
assume a conical shape and solve the Laplace equation to the lowest order).
Considering the contributions above, the overall effective dielectric constant lies in

the range 3 < & < 30.

Supplementary Note 8: Competition between different symmetry-breaking correlated

states
The simplest explanation for reduction in DOS at integer filling is spontaneous

18



breaking of the spin and valley symmetry. Within Hartree-Fock theory, symmetry breaking is
found to be of two distinct types: isospin-polarized (ISP), or inter-valley coherent (IVC).!! In
ISP states the system spontaneously polarizes along an axis in the spin-valley space,
producing a multi-component generalization of a ferromagnet (valley polarization induces an
orbital magnetic moment). At v= 2, for example, the possibilities include spin-polarized (e.g.
K1) ® |K'1)), valley-polarized (e.g. [KT) ® [K|)), or spin-valley locked (e.g. [KT) ® [K'|)).
Because our model neglects weak intervalley Hund’s coupling, there is an enhanced SUk(2)
x SUk(2) symmetry for rotating spins independently in each valley, leading to a degeneracy
of the various states in the ISP manifold.'! At integer filling, full polarization can open a
charge gap, i.e. a vanishing DOS at the Fermi level (Supplementary Fig. 10a), while away

from integer filling the ISP state is analogous to a ferromagnetic metal.

The IVC state, in contrast, spontaneously breaks the valley-U(1) symmetry, and
electrons go into a coherent superposition of the two valleys, e.g. ((K1,]) + ei“|K’T,l>)/\/§
where « is an angle characterizing the phase of the coherence. At v= 2, the IVC state does
not open a gap at the Fermi level; instead, the effective band structure is a semi-metal with a
quadratic band touching near the I'-point (Supplementary Fig. 12a). Nevertheless, due to the
large gap away from I, the DOS at the Fermi level is reduced compared to the bare single-
particle band structure, making it difficult to experimentally distinguish the IVC state from

the ISP state through measurement of STS.

In Ref.!!, an analysis of the Hartree-Fock equations at v= 2 showed that for larger
interactions (small &) the S/VP states are preferred, while for weaker interactions (large &fr)
the IVC state is preferred. Here we have numerically solved the Hartree-Fock equations over
a continuous range of vand &ir to obtain a fuller understanding of the phase diagram. For

different & we also proportionally adjust the value of eL(tDBLG) which relates the inter-

19



layer potential difference U in the continuum model to the physical E-field. To avoid getting

stuck in a local minimum, at each vand & we run the Hartree-Fock using initial ansatzes

with distinct symmetry patterns (plus a small amount of noise) and compare the energy of

different runs (which sometimes converge to the same state regardless). Here we discuss the

results shown in Supplementary Figs. 10-12.

Band structure and LDOS at v= 2. Supplementary Figures 11a and 12a show the
Hartree-Fock band structure at v=2 under different screening parameters. For &=
14 the insulating ISP state is favored (Supplementary Fig. 11a; here we plot the spin-
polarized band structure as a representative example), while the semi-metallic IVC is
the ground state for & = 20 (Supplementary Fig. 12a). In both cases the CFB+ and
CFB- peaks as well as the dip feature appear in the LDOS for all three stacking
regions (Supplementary Figs. 11b, 12b). The LDOS maps at these peak energies
(Supplementary Figs. 11¢-d, 12¢c-d) qualitatively resemble that of the unsplit CFB
state (Fig. 3g) and exhibit a small max/min ratio, corroborating our finding of a

delocalized correlated state.

Phase diagram at v=2 and comparison with experiment. Supplementary Figure
10a shows the energy difference between the ISP and IVC states as a function of &ir.
A crossover from the ISP ground state to the IVC ground state occurs slightly above
&t = 14. Supplementary Figure 10b shows the effective splitting magnitude of the
CFB peak in these two phases. In the main text we utilize &g = 14 since this yields the

splitting that is closest to the experimental value of ~19 meV.

Doping dependence in the range 0 <v < 4. Supplementary Figure 11e and 12e show
a series of Hartree-Fock DOS for 0 <v< 4. The CFB peak splits into CFB+ and CFB—

for 0.5 <v<3.25 at &= 14 (ISP phase) and for 0.75 <v<2.75 at &= 20 (IVC
20



phase). In this doping range the splitting magnitude reaches its maximum at v=2 for

both the ISP and IVC phases.
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Supplementary Figure 10: Hartree-Fock phase diagram for v= 2. a, Energy difference

between inter-valley coherent (IVC) and isospin-polarized (ISP) states as a function of & (ds

= 50 nm). b, Magnitude of conduction flat band (CFB) peak-splitting for both ISP and IVC

states as a function of &ir (ds = 50 nm). Dashed lines show energy splitting of the different

electronic phases in the dielectric regimes where they are not energetically favorable.
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Supplementary Figure 11: Hartree-Fock calculations for ds =50 nm and &sr= 14. a,
Hartree-Fock band structure for v=2 and £ = 0.12 V/nm showing a spin-polarized ground
state. “+” and “-” in the legend denote two valleys. b, Hartree-Fock LDOS in three different
stacking regions for v=2 and £ = 0.12 V/nm. ¢, d, LDOS maps for (¢) CFB— at —-14 meV
and (d) CFB+ at 5.8 meV. e, Hartree-Fock DOS for 0 < v< 4. CFB = conduction flat band;

VFB = valence flat band.
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Supplementary Figure 12: Hartree-Fock calculations for ds =50 nm and & = 20. a,

Hartree-Fock band structure for v=2 and £ = 0.12 V/nm showing an inter-valley coherent

state. The width of the blue lines is proportional to the projection of the wavefunctions onto a

certain valley (v+). b, Hartree-Fock LDOS in three different stacking regions for v=2 and F

=0.12 V/nm. ¢, d, LDOS maps for (¢) CFB— at -7 meV and (d) CFB+ at 3 meV. e, Hartree-

Fock DOS for 0 < v< 4. CFB = conduction flat band; VFB = valence flat band.
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Supplementary Note 9: Tip-bias-induced gating

The presence of a bias voltage across the tip-sample junction can modify both the
carrier density » and the E-field in the graphene layers. Here we estimate the tip gating effect
by applying the simplest approximation and treating the tip-sample junction as a parallel plate

capacitor. We have

An=— gOVBias (2)
ed,

AE = Vs 3)
2d,

where VBias is the sample bias relative to the tip and dr = 0.7 nm is the tip-sample distance.

Supplementary Figure 13 shows the theoretical LDOS in an ABBC region when these tip-
induced corrections are taken into consideration. Since tip-gating is seen to only cause a
slight shift in the LDOS curves for the bias range of our measurements, we do not include
this effect in the main text. We also note that a more accurate determination of tip-bias-
induced corrections would require detailed knowledge of the shape of the tip apex, which is

beyond our capability at present.

24



Vo=0V,E=0 b V=45V, E=0.25V/nm

a
03 L L 1 1 1 03 1 1 1 L
ABBC — wlo tip ABBC gpg,. ——Wwotip
VFB & CFB------- w/ tip
S 0.2 S 0.2
£ £
) )
8 3
Q014 Q014
- -
00 T T T T T 00 T T T T
40 20 0 20 40 40 20 0 20
Energy (meV) Energy (meV)

Supplementary Figure 13: Theoretical LDOS including tip-bias-induced gating. a,
Theoretical LDOS in an ABAB region at V6 =0 V and £ = 0 with and without correction
terms due to tip-bias-induced gating. b, same as (a), but for Vg =45V and £ = 0.25 V/nm.

CFB = conduction flat band; VFB = valence flat band; RCB = remote conduction band; RVB

= remote valence band.
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