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Therecently discovered flat electronic bands and strongly correlated and
superconducting phases in magic-angle twisted bilayer graphene (MATBG)"? crucially
depend on the interlayer twist angle, 8. Although control of the global O with a
precision of about 0.1 degrees has been demonstrated'”, little information is available
onthe distribution of the local twist angles. Here we use a nanoscale on-tip scanning
superconducting quantum interference device (SQUID-on-tip)® to obtain
tomographicimages of the Landau levels in the quantum Hall state® and to map the
local 8 variations in hexagonal boron nitride (hBN)-encapsulated MATBG devices with
relative precision better than 0.002 degrees and a spatial resolution of a few moiré
periods. We find a correlation between the degree of 8 disorder and the quality of the
MATBG transport characteristics and show that even state-of-the-art devices—which
exhibit correlated states, Landau fans and superconductivity—display considerable
local variationin 8 of up to 0.1 degrees, exhibiting substantial gradients and networks
of jumps, and may contain areas with no local MATBG behaviour. We observe that the

correlated states in MATBG are particularly fragile with respect to the twist-angle
disorder. We also show that the gradients of @ generate large gate-tunable in-plane
electric fields, unscreened even in the metallic regions, which profoundly alter the
quantum Hall state by forming edge channels in the bulk of the sample and may affect
the phase diagram of the correlated and superconducting states. We thus establish
theimportance of @ disorder as an unconventional type of disorder enabling the use
of twist-angle gradients for bandstructure engineering, for realization of correlated
phenomena and for gate-tunable built-in planar electric fields for device applications.

Strongelectronic correlations arise in twisted bilayer graphene when
thelow energy bands become exceedingly narrow in the vicinity of the
magic angle'”, 8,,~1.1°. Initial estimates of the bandwidth of these flat
bands assumed arigid and uniformrotation between the two graphene
sheets, leading to a moiré pattern'®’*, Recent bandstructure calcula-
tions have shown, however, that twist-angle relaxation within asingle
supercell (about13 nm for 8=1.1°), results inelectronic reconstruction
that substantially modifies the bandstructure*®. Because the band-
structure of the flat bands is determined on a scale of several super-
cells, twist angle gradients—similarly to the predicted strong effects of
heterostrain'*’—should modify the single-particle bandstructure and
induce symmetry breaking, possibly leading to properties that have not
yet been considered. Moreover, as correlated phenomena may occur
owingto electronicinteractions ondistances larger thanthe supercell,
twist-angle variations may affect the stability of the competing orders,
enriching the phase diagram of the correlated states.

Scanning tunnelling microscopy studies have shown that the local
twist angle can vary substantially in the same sample; these studies
have also observed stacking faults and structural defects®?*. Large

inhomogeneities and extensive networks of stacking faults in bilayer
graphene have also been observed by transmission electron micros-
copy®* % In this work, we provide high-resolution maps of 6(r) in
hBN-encapsulated MATBG devices (herer =(x, y) is the position within
thesample). Theresultsreveal sizeable twist-angle gradients that con-
stitute an unconventional type of disorder that strongly affectsboth the
stability of correlated phases and magneto-transport characteristics
in twisted bilayer graphene.

We present here local studies of two samples (devices A and B,
see Methods), fabricated using the ‘tear-and-stack’ technique?®.
Their global transport data show characteristic MATBG features'”
including superconductivity, correlated insulator states at integer
fractions of n, (four electrons per moiré supercell), and Landau fans,
from which a global twist angle =1.06° is derived (device B, Fig. 1b).
We derive local maps of 6(r) by imaging the structure of the Landau
levels throughout the sample. In a conventional quantum Hall state,
alternating compressible and incompressible strips are formed near
the sample edges, where the Fermi energy &; correspondingly resides
within the Landau levels or in the energy gaps between them. These
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Fig.1|Comparisonbetween the global and local quantum Hall signatures
inflatand dispersive bandsin MATBG. a, Experimental setup schematics
with SOT scanning over MATBG (blue and magnified view) encapsulated in hBN
(lightblue). Avoltage vgg +Vigisapplied between the PdAubackgate and the
grounded MATBG. The twist-angle gradient VOinduces aninternal electric
fieldand counterpropagating equilibrium quantum Hall topological /" and
nontopological N currentsinnarrow incompressible (red) and wider
compressible (blue) strips, respectively, flowing along equi-6 contours and
detected by BY'. Vi causes thestrips to oscillate in their position with
amplituder,.. b, Global R, versus electron density n.and B, for device B,
showinginsulating states at integer fillings n./(n/4), Landau fans and
superconductivity.c, R, (n.) at B,=1.08 T (extracted from b along the dashed

strips respectively carry counterpropagating nontopological (")
and topological (/") equilibrium currents, as demonstrated recently
ingraphene’. By contrast, in MATBG these strips are found in the bulk
of the sample instead of along the edges (Fig. 1a).
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purpleline). Aglobal value #=1.06°is determined from the transport data.

d, B¥ measured ata pointinthebulk of device Bversusn.at B,=1.08 T.The
sharp B2 peaksreflect/"inincompressible strips with the sign determined by
0,,, the magnitude by the energy gap of the Landau level and the separation by
theLandaulevel degeneracy (red bars). The dispersive bands are shaded in
yellow, the signalin the flat bandsis amplified three times, and the p-band
signalis multiplied by -1for clarity. From the position of the B} peaks the local
twist angleis determinedtobe #=1.053 + 0.005°. e, Calculated bandstructure
with flat (white) and dispersive (yellow) bandsindicated. Blue and red
represent the two valleys. f, Magnified B3° peaksin the dispersive bands for
deviceAatB,=1.19T, illustrating the procedure for determining the local n;and
the correspondinglocal 6. The p-band signalis multiplied by -1.

Weimage these currents using asuperconducting quantuminterfer-
ence device fabricated on the apex of asharp pipette®® (SQUID-on-tip,
SOT; Fig.1a). The Pb SOT, with a typical diameter d=200 nm, is scanned
at a height of hgo;r = 30 nm above the sample surface at 7=300 mK in
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Fig.2|Structure ofthe Landaulevels and derivation of the twist angle
alongalinescan. a, B¥(x)versus V,, for device Aacquired along the dashed
linein Fig.3a. The top axis denotes n./(n (x)/4) for x= 0 and the separation
betweenthe yellow dashed lines describes the evolution of ny(x). The

anout-of-plane magneticfield, B,=1T. We apply asmall a.c. excitation,
Vg onto the d.c. backgate voltage, vg;, which causes a small a.c. dis-
placement r,. of the position of the /" strips along the direction of the
twist-angle gradient, VO(r) (see Fig. 1a. Henceforth, v = (9,, 0,) repre-
sents the two-dimensional gradientin the x-yplane). The correspond-
ing a.c. Biot-Savart magnetic field, B, is directly proportional to the
local current density, eliminating the need for current reconstruction
(see Methods). B3 shows a sharp peak whenever the narrow (approxi-
mately 50-nm width) incompressible strips pass under the tip (Fig. 1a
and Extended Data Fig. 4), providing very sensitive means for nanoscale
imaging of the Landau levels.

Figure1d shows asequence of these Bipeaks versus thelocal carrier
density n. for device B, acquired at afixed SOT position, in comparison
with the corresponding trace of the longitudinal resistance R, (Fig. 1c)
at B,=1.08 T. The position and magnitude of these peaks provide a
wealth ofinformation. Anincompressible quantum Hall strip appears
atlocation rin the sample when the local carrier density precisely
matches an integer number N of full Landau levels, |n.(r)| = gN|B,|/®,,
wheregisthe Landaulevel degeneracy and ¢, = h/e (eistheelementary
charge, hisPlanck’s constant). Hence, the spacing An.between adjacent
peaksreveals the degeneracy g of the Landau levels. The height of the
B peaksis proportionalto/" =0, A¢,/e (where g, = ve’/his the quantum
Hall conductance and v=gNis theinteger filling factor), and thus reflects
the energy gap between the adjacent Landau levels, Ag, = €41 = s
wheren=0, £1,+2... isthe Landau level index (see Methods).

We start by inspecting high dopings, |n.| > n,, for which the Fermi
level g  residesin the dispersive bands (yellow in Fig. 1e). Figure 1f pre-
sentsamagnification of thefour lowest Landaulevelsin the electron-like
(n) and hole-like (p) dispersive bands for device Aat B,=1.19 T. The
spacing between neighbouring peaksis An,=1.15x10" cm2=4B,/¢,,
showing that these Landau levels are fourfold degenerate. The spacing
betweenthe corresponding p and n Landaulevelsis 2(n,(r) + 4N|B,|/@,),
asillustrated in Fig.1f. The /" peaks are very sharp, and so high-accuracy
determination of the local ny(r) and thus of the local twist angle

X (um) X (um)

dispersive-band regions are marked inyellow. The signalin the flat bands is
amplified seven times and multiplied by —1for p doping such that
incompressiblestripsarebright.b-d, The derived position-dependent ny(x)
(b), 8(x) (c) and the charge disorder 6ny(x) (d).

0(r) = a.//3ny(r)/8 (a=0.246 nm s the graphene lattice constant) is
obtained withanabsolute accuracy of +0.005° and arelative accuracy
between different locations of +0.0002° (see Methods). In the
two-dimensional (2D) scanning mode described below, we attain a
sensitivity of 0.007° per Hz"*and provide 6(r) maps with relative accu-
racy better than +0.002°.

Instead of measuring atafixed location, Fig. 2a shows B3“in device A
acquired uponscanningthe SOT along the white dashed line in Fig. 3a
and sweeping V,, revealing that the Landaulevels vary in space, form-
ingrich patterns. Moreover, the degeneracy of the higher Landau lev-
els toggles between fourfold and eightfold as a function of position,
and a pronounced asymmetry between the Landau level structure in
the nand p dispersive bands is observed.

AsinFig.1f, by tracing the spacing between the lower Landau levels
we derive the local ny(x) = C[V,(x) - V_,s(x)1/2, where V,(x) and V_,,(x)
are the backgate voltages corresponding to the local filling of the flat
bands |n.(x)| = n,(x) (dashed yellow curvesin Fig.2a), and Cis the back-
gate capacitance (see Methods). The obtained n (x) (Fig. 2b) varies by
about 2.4 x10" cm™, corresponding to alocal variation in 6(x) of 3.9%,
from1.124°t01.169° over the 2.7-um-long path (Fig. 2c). Inaddition to
the twist-angle disorder, which shifts the pand n Landau levels antisym-
metrically, we also derive the local charge disorder ny(x), which shifts
allthe Landau levels symmetrically through variation of the local charge
neutrality point (CNP), n4(x) = CVenp(X) = [V, (x) + V_,(x)]/2. The derived
charge disorder &n4(x) = n4(x) - n, (Fig. 2d) has a standard deviation
(s.d.)=0.8x10" cm?, whichis substantially smaller than the variation
in ny(x), showing that the dominant source of disorder in this MATBG
device arises from variations in 6(r), as evidenced in Fig. 2a by the
antisymmetric bending of the dispersive p and n Landau levels.

Toderive fullmaps of the local twist angle 8(r) and the charge disor-
der 8ny(r), we acquired Bi(r) (Supplementary Videos 1-4) by incre-
menting V,, through the bottom of the dispersive bands. Figure 3a
displays one frame from Supplementary Video 2 showing alarge-area
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Fig.3|Mappingthetwist angle and Landaulevelsin MATBG. a, BZ°image of
the dashed areaindicatedintheinsetat V,,;=-16.4 V.Incompressible
(compressible) quantum Hall regions are visible as bright blue to yellow (dark
blue). Inset, AFM image of the hBN-encapsulated MATBG device Awith edges
outlined in white; thelight-brown areaindicates the underlying PdAu backgate
and the bright spots show bubbles. b, 2D map of the twist angle 6(r) derived
fromtomography of Supplementary Videolinthe dashed regionshownina.
Grey-blueindicates regions that do not display MATBG physics owing to
disorder (bubbles outlined in black) or to atwist angle thatis substantially

scan of device A (dashed rectangle in the inset), and Supplementary
Video 1presents a magnification of the central region (dashed rectan-
glein Fig. 3a). Thered stripes reveal incompressible regions carrying
I"and the dark blue regions mark the compressible areas carrying the
counterpropagating /'". As V,, varies, the quantum Hall states move
and change their shape in an intricate manner. Notably, the quantum
Hall edge states are present in the bulk of the sample and do not flow
parallel to the sample edges as would be expected. Moreover, large
parts of the sample do not show Landau levels at all. These are the
regions thatareeither highly disordered or may have atwist angle that
isvery different to the magic angle, with @ either close to zero or 6>1.5°
such that the dispersive bands are reached at a V,,, outside our range.
Thus, the magic-angle behaviour appears only in a limited central
region of the sample and does not fully extend to the edges. By com-
parison, device B displays quantum Hall states over most of its area as
revealed by the image of B in Fig. 3e. Supplementary Videos 3 and 4
show the evolution of the Landau levels in the central part of the Hall
bar structure (dashed rectangle in the inset) in the p and n dispersive
bands, respectively.

Using these datawe generate a three-dimensional (3D) tomographic
rendering of the Landau levels throughout the samples (see Methods),
which can be inspected interactively online®. Figure 3d shows a slice
of the tomographic data of device A (see Supplementary Video 5),
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differentto the magic angle. The dashed areais presented tomographically in
d.c,2D map of [VO(r)| showing patches of slowly varying 6(r) and a network of
abruptjumpsin@.d, Aslice fromthe tomography of device Ashowing
disordered Landaulevelsin the bulk of the samplein the p dispersive band
(Supplementary Video 5, and see ref. > for aninteractive interface). The x axis is
flippedforclarity.e-g, Asina-c, for device B.ewasacquired at V,,,=-15Vand f
isderived from tomography of Supplementary Videos 3, 4. h, Charge disorder
map 8ny(r) of device B. i, Histogram of local 8in devices A and B. The dashed
lines mark the global 8 derived from transport measurements.

revealing the layered structure ofincompressible (light blue/red) and
compressible (dark blue) quantum Hall regions. Notably, the Landau
levels display steep slopes and numerous small jumps in the bulk of
the sample, revealing that at any value of V,, (represented by a hori-
zontal tomographic plane) several different Landau levels cross &¢ in
the bulk of the sample, never forming a well defined single quantum
Hall state. This observation explains the absence of clear conductance
oscillations and quantization in the global R, data in the dispersive
bandsinFig.1c, despite the presence of fully developed Landau levels
as observed locally in Fig. 1d.

Applyingthe procedure of Fig. 1fto the tomographic data, we derive
2D maps of the charge disorder (Fig. 3h; see discussion in Methods)
and of the twist angle 6(r) in devices A and B (Fig. 3b, f). The grey-blue
colour in Fig. 3b reflects areas where no quantum Hall states were
detected within the measured span of V,,,. These regions correlate with
the locations of bubbles (black outlines) as revealed by atomic force
microscopy (AFM) of device A (Fig. 3a, inset). Magic-angle behaviour
isapparently absent within the bubbles and in their surrounding areas,
upto 0.5pmfromthebubble edges. The Landaulevels are also absent
in additional regions where no particular features were observed by
AFM. The map in Fig. 3b also shows that the magic-angle regions in
device A do not create a percolation path between the contacts. This
is consistent with our transport measurements, which do not show
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Fig.4 |Internal electricfields, unconventional quantum Hall state and
equilibrium currentsinduced by twist-angle gradients. a, Schematic
representation of aMATBG sample with two connected regions of different
twistangle, givingrise toaninternal electric field £,. b, Schematic DOSin the
tworegions withdiffering n,. The backgate voltage V,,imposes nearly the same
electrondensity 77, (blue areas) in the two regions; however, the difference in n,
resultsin different chemical potentials , and g, giving rise to £,= V/q.
c-e, Finite element calculation of the potential V(x) = -u(x)/q (c), the electric

fully developed superconductivity, although correlated insulating
states are present in this device. By contrast, in device B four-probe
transport measurements showed high-quality correlated insulator
states at multiple integer filling factors, and a zero-resistance super-
conducting state (see Methods) consistent with the observation that
the magic-angle area extends over the entire length of the central part
of the device and shows a more uniform 6(r) (Fig. 3f).

The magic-angle regions show substantial twist-angle disorder
(Fig. 3i, histogram). 6(r) spans a range of 0.13° (1.05° to 1.18° with
s.d.=0.025°) indevice A (Fig. 3b) and 0.10°in device B (0.98°t01.08°,
s.d.=0.022°, Fig. 3f). Moreover, the topography of 8(r) is nontrivial,
with numerous peaks and valleys as well as saddle points. Because the
Landau levels in the dispersive band follow the bottom of the band,
ng= 86°/(\3a%), they appear firstat the minimum of the 6(r) landscape,
which for device A occurs in the lower-right corner (dark brown in
Fig.3b). This behaviour is clearly visible in Supplementary Video 1, in
which arc-likeincompressible strips (bright) first appear at this corner
anduponincreasing |V,,| ‘climb’ theamphitheatre-like 6(r) landscape
following the equi-8(r) contours. Similar behaviour is observed in other
regions, with interesting dynamics occurring at the saddle points, as
described in Methods.

The 6(r) derived in Fig. 3b, fis smooth with typical gradients of around
0.05° pm™. Figure 3¢, g (which shows the gradient maps |V6(r)|), reveals
thatvariationsin 8(r) partially occur through anetwork of small steps of
variablesizes, reaching amaximum step size of about 0.01°. The derived
patterns strongly resemble the stacking-fault networks inbilayer gra-
phene observed by transmission electron microscopy*%. These
steps cause the stepwise jumps in the Landau levels that are visible
in the tomographic view in Fig. 3d and Extended Data Fig. 8a, c. This
findingimplies that the smooth variationsin 6(r) are accompanied by
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field £,(x) (d) and the carrier concentration &n. = n.(x) - i1, (e) for the case of
linear changein #from1.10° to1.15° with a 0.025° um " gradient and an average
carrier density n,=3.25x10"cm™at B,=0.f-i, Single-particle calculation of
Landaulevel energies €,(x) in the electron-like dispersive band (blue) and the
self-consistent calculation of the chemical potential u(x) (red; f), E.(x) (g),/"(x)
(h) and 8n.(x) (i) at B,=1.22 T.Sharp peaks in £, and /" correspond to narrow
(about40-nmwide) incompressible strips (shaded red) that are observed
experimentally as peaks in BY.

occasional small, abrupt changes across stacking faults that relax the
tensile and shear stress.

The revealed twist-angle disorder and gradients VO(r) may have
substantial implications on the phase diagram and transport proper-
ties of MATBG. Connecting regions of different 8 (Fig. 4a) is akin to
connecting materials with different work functions (Fig. 4b), resulting
in band-bending and creation of internal electric fields (Fig. 4c-e).
The backgate voltage, V,,, imposes a nearly uniform carrier density,
n, = CV,,. Locations with different 6(r), and hence a different density
of states (DOS), translate this 71, into a different chemical potential
u(r). At thermal equilibrium the Fermi level must be uniform, g, =
p+qV=0 (wherethelast equality reflects the grounding of the device;
g = teisthe charge of the carriers), and so variation in the chemical
potential u(r) imposes band-bending—that s, itimposes variationin
the electric potential V(r) = —u(r)/q and creates an in-plane electric
field E;=-VVthat cannot be screened. Using the DOS derived from
bandstructure calculations (see Methods), Fig. 4c-e presents a
self-consistent numerical calculation of V(x), E(x) and 8n.(x) = n.(x) - i,
at B,=0 for the case of linearly varying 6(x) with V6= 0.025° um™ com-
parabletothe measured average gradientsin Fig. 3¢, g. Alarge electric
field £~ 0.4 kv misformedintheregion of varying 6(x), whereas the
accompanying charge redistribution remains negligible,
dn,(x)/,=+3x107. Note that for V,,, =0, the twist-angle disorder has
essentially no effect (Au(r) = 0 and £, = 0) and its impact grows with
increasing|n,|.

In the presence of a magnetic field, Landau levels are formed as
depicted by the blue lines in Fig. 4f (see Methods). At high doping,
In.| > n,, gradients in 8(r)—and therefore in n,(r)—induce variationin
the dispersive band occupation, || - ny(r), because n.= CV,, is approxi-
mately constant. As a result, an unusual quantum Hall state emerges
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in which instead of being restricted to the edges, the quantum Hall
edge states are formed in the bulk, creating interlaced compress-
ible and incompressible strips with different integer filling factors
(Fig.4g-i). This absence of awell defined quantum Hall state provides
an explanation for the Shubnikov-de Haas (SdH) oscillations with-
out full conductance quantization that are commonly seenin MATBG
magnetotransport'”.

In contrast with conventional quantum Hall behaviour, in which
the edge states must form closed loops, here the edge states seem to
terminate in the bulk upon reaching apparently disordered metallic
regions (Supplementary Videos 1-4). Moreover, instead of the constant
carrier density thatis usually required inincompressible regions, in the
presence of a @ gradient the density varies following the variation in
ny(r) (Fig. 4i). vVO(r) also causes accidental Landau level crossings (for
example, indicated by thered circlein Fig. 4f) giving rise to occasional
eightfold degenerate Landaulevelsin the dispersive bands, as observed
inFigs.1d,2aand Extended DataFig. 6. Figure 4g also shows large elec-
tricfields (approximately 10°Vm™) formedin the incompressible strips,
giving rise to very narrow channels of persistent current /" (Fig. 4h),
consistent with the experimental data (Extended Data Fig. 4g). The
typical width of the channels (around 50 nm) along with the local |[VO(r)|,
determines the spatial resolution of our 6(r) mapping (see Methods).

Finally, we discuss the rich structure observed in the flat bands in
Figs.1,2.Incontrast totransport measurements that resolve SdH oscil-
lations at high fields where some of the degeneracies may be lifted,
we probe the Landau levels locally at relatively low fields. The zeroth
Landau level at the charge neutrality point is apparently eightfold
degenerate, followed by fourfold degenerate Landau levels on both
sides (Fig.1d). Ithas been argued that such degeneracy indicates break-
ing of C;symmetry®*2, which may in turn be triggered by the observed
Ogradients. Figures1d, 2ashow that these Landau levels are sometimes
observed to extend beyond n/4 onboththe pandnsides, although at
otherlocations new, irregular Landau levels seem to emerge for n dop-
ing above n /4, as visible in Fig. 1d. The Landau levels clearly reappear
above n /2 for both dopings, showing a degeneracy of 2 (Fig. 2a and
Extended Data Fig. 7). We occasionally observe single-fold Landau
levels above 3n/4 for both dopings, as seeninFig.1d and Extended Data
Fig. 7. We also observe that the amplitudes of the /" peaks stemming
from different integer fillings often follow a smooth envelope. Since
theamplitudes of the /" peaks are proportional to the energy gaps Ac,,,
thissignifies that the energy gaps between consecutive Landau levels
are of similar (not alternating) magnitudes, indicating full lifting of a
degeneracy. Importantly, Figs. 1d, 2a and Extended Data Fig. 7 show
that the Landau levels near n/4 and ny/2 are discontinuous and that
those above 3n/4 appear only at afewlocations, indicating the extreme
fragility of the correlated states to twist-angle disorder.

Twist-angle disorder as we have described hereis a previously unrec-
ognized type of disorder. It is fundamentally different to other, more
commondisorders, owing toits ability to change the local bandstruc-
ture and to induce large unscreened electric fields. The growth of its
effect with the carrier density |n| explains the higher visibility of the
Landau fan near the charge neutrality point in transport measure-
ments. The charge disorder in graphene is commonly characterized
by the width of the resistance peak at the charge neutrality point. This
width, however, bears almost no information on twist-angle disorder.
Instead, our results suggest that the twist-angle disorder should be
quantified by analysing the width of the resistive peak at n and the vis-
ibility of the Landau fans at |n.| > n,. Our finding that the quantum Hall
stateis strongly altered by the twist-angle gradient suggests that other
correlated phases in MATBG—including magnetism and supercon-
ductivity—may also be fundamentally transformed by the twist-angle
disorder. The gate-tunableintrinsicin-planeelectricfields generated
by the twist-angle gradients may also be of practical importance for

52 | Nature | Vol581 | 7 May 2020

photovoltaicand thermoelectric applications of atomically thin twisted
van der Waals materials.
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Methods

Device fabrication

The MATBG devices were fabricated using the previously reported ‘tear
and stack’ technique®®*, We first exfoliated monolayer graphene and
hBN of10- to 50-nm thickness on SiO,/Si substrates, annealed at 350 °C
(for hBN only) and selected using optical microscopy and AFM. Only
flakes without wrinkles and bubbles were used. A PC/PDMS polymer
stack on aglass slide mounted on a micro-positioning stage was used
to pick up anapproximatelyl0-nm-thick hBN flake. The edge of the hBN
flake was then used to tear agraphene flake. The substrate was rotated
by1.1°to1.2°, followed by pickup of the other piece of graphene. The
resulting stack was encapsulated with another hBN flake of thicknesses
of30-70 nmthat had been put onto ametallic gate made of evaporated
Cr/PdAu. The device geometry was defined by electron-beam lithogra-
phyandreactiveion etching, keeping only therelatively clean regions.
Electrical contacts to the MATBG were made by the one-dimensional
edge-contact method*.

Optical images of devices A and B are shown in Extended Data
Fig.1a,b, respectively. Device Awas fabricated onadegenerately doped
Si substrate with 300-nm SiO,. The MATBG resides partly on SiO, and
partly on the evaporated metallic backgate (light brown in Extended
DataFig.1a).Inthiswork, only the metallicbackgate has been used for
varying the carrier concentration n. and a constant voltage Vﬁig =50V
was applied to the Si backgate for keeping the rest of the sample con-
ductive during the transport measurements. Device B was fabricated
onanintrinsicSisubstrate with a metallic backgate extending over the
full size of the device (light blue in Extended Data Fig. 1b).

Transport characteristics

Four-probe resistance measurements of the samples at =300 mK are
shown in Extended Data Figs. 2, 3. Both devices exhibit the common
transport characteristics of correlated physics in MATBG'**7, includ-
ing R, peaks at n;and its integer fractions, and Landau fans at elevated
magnetic field. Theslopes of the Landau fansin Extended DataFig.2a,b
were used to extract the backgate capacitances Cof 3.07 x 10" cm™2 V!
(49.23nF cm™) for device Aand 2.31x10" cm ™2V (37 nF cm ™) for deviceB,
consistent with the evaluated dielectric thickness of the underlying hBN.
The origins of the Landau fans were used to derive the global n;and the
corresponding global §=1.15° for device Aand 8=1.06° for device B, in
good correspondence with histograms of the local twist angle in Fig. 3i.In
device Atheglobal 8 correlates with the average of the 6(r) distribution,
whereasin device Bitis close to the upper end of the distribution func-
tion. Consistently, the four-probe transport measurements in device B
probe the central part of the Hall bar structure (Extended Data Fig. 1b),
where 0(r) is at its highest and is considerably more uniform (Fig. 3f),
whereas the low end tail of 8(r) distribution arises fromregions that are
not probed by transport measurements.

In addition, in device B we observe the superconducting state in
the vicinity of p-doped ny/2 with zero R,,; this superconducting state
becomes suppressed by small magnetic field (Extended Data Fig. 3b).
Thecritical currentinthe superconducting state reaches about 100 nA,
asdetermined by the differential dV/d/ characteristics (Extended Data
Fig.3c),and depends sensitively on the carrier density n.. The observa-
tion of fully developed superconductivity in device Bis consistent with
the finding of a continuous magic-angle region between the voltage
contactsin Fig. 3f. Suppression of the resistance was also observed in
device A (Extended DataFig.3a), but the lowest R, was 328 ), sugges-
tive of the presence of some superconducting regions but absence of
apercolation path between the voltage contacts, consistent with the
6mapinFig.3b.

SOT fabrication and characterization
The PbSOTs were fabricated as described inref.  with diameters rang-
ing from220t0250 nm, and they included anintegrated shunt resistor

onthetip®. The SOT readout was carried out using a cryogenic SQUID
series array amplifier***®, The magneticimaging was performedinaHe
system*® at 300 mK, at which the Pb SOTs can operate in magnetic fields
ofupto1.8T.Atthefields B,=1.2 Tusedin this study, the SOTs displayed
flux noise down to 250 n®@, per Hz"? (where @, is the superconducting
flux quantum, @, = h/2e =2 x107 G cm™), spin noise of 10y, per Hz'
(1, Bohr magneton), and field noise down to 10 nT per Hz*2. For height
control, we attached the SOT to a quartz tuning fork, as described
in ref. *°, The tuning fork was electrically excited at the resonance
frequency of -33 kHz. The current through it was amplified using a
room-temperature custom-built trans-impedance amplifier, designed
based on ref. * and measured using a lock-in amplifier. The scanning
was performed ata constant height of20 to100 nm above the surface
of the top hBN.

Technique for direct imaging of the current and evaluation of
the currentin the incompressible strips

To avoid the 1/fnoise of the SOT that is present at frequencies below
~1kHz, an a.c. signal from backgate modulation was acquired instead
of measuring the local d.c. B,(r). We applied a small a.c. excitation to
the backgate (Fig.1a), V,,, = Vgg + Vi sin(2mft), where f~3kHz, and the
corresponding By = V{.0B,/0V,,was then measured by the SOT using
alock-inamplifier. Another major advantage of this modulationis that
it provides aconvenient method for directimaging of thelocal current
density J(r). To demonstrate its principle, consider a @ gradient in the
xdirection thatgivesrise to anarrow strip of current of width Ax posi-
tioned at x,, and carrying a current density J, in the y direction with a
total current /,= Ax/, (Extended Data Fig. 4a). The magnetic field B,(x)
generated by the current and measured at a height hso; above it is
described by the Biot-Savart law (Extended Data Fig. 4b). For heights
hsor> Ax, B,(x) islargely governed by only the total current/,in the strip,
independent of Ax. B,(x) is an antisymmetric function with a steep
slope above the current strip. Its spatial derivative 0B,/0x has a sharp
peak at the strip location (Extended Data Fig. 4c), with a height pro-
portional to/,, and thus can provide a good means for direct imaging
of the current-density distribution J,(x) if this distribution can be
modulated inspaceinthexdirection. The backgate voltage Vi provides
this spatial modulation, as follows. In the presence of potential gradi-
ents, the quantum Hall edge channels flow along equipotential contours
(given by equi-6 contours in the absence of charge disorder). A small
Vi thus shifts the location of the channel by x{ = V{0x,/0V,, in the
direction parallel to the gradient and perpendicular to the current flow.
So regardless of the gradient direction X, the measured signal will be
given by B3 = - x3°0B,/dx =< x&/, (x), thus providing direct imaging of
thelocal current density. Extend%d DataFig.4d-fpresentsasimulation
of three counterpropagating current strips demonstrating the B%
imaging for this case.

The sharpness of the By peak is determined by Ax, hsor, X3 and the
SOT diameter. In Fig. 2a, the scanning height above the MATBG is
hsor=70nm (including hBN) and the effective SOT diameteris 220 nm;
hence the spatial resolutionislargely determined by the SOT diameter.
For these parameters and a root mean square (r.m.s.) xj° =54 nm,
Extended Data Fig. 4c shows that a current strip that is narrower than
~150 nm will resultin aresolution-limited B peak (compare the solid
and dashed lines).

We now use this numerical procedure to analyse the data in Fig. 2a,
which presents the B3 signal along the white dashed line in Fig. 3a; this
dashed line is aligned along the twist-angle gradient in a region of
largely smooth 6(r) behaviour (light brown regionin the top-left corner
of Fig.3b, see also Supplementary Video 1). Extended Data Fig. 4g pre-
sentsan example of the B3 datafrom Fig. 2a at V,,=-10.54 V displaying
the By peak (blue). The data at consecutive V,,, values show that the

peak position x, shifts with V,, at arate of 9x,/0V,, =1.54 pm V', cor-

responding to a twist-angle gradient % = C/(;‘/L:%j =0.0374° um™
g



Article

anS _ 16 6
a0

bg=35mV, lnducmgan rm.s.x¥=V

(where =2 ) The data were acquired with an r.m.s. voltage,

ac aXO —
bg Vg
Extended DataFig. 4g shows a numerical ﬁt to the data using these
experimental parameters and a current-strip width of Ax=50 nm, result-
ingin/"=1.3 pA. The good fit shows that the experimental results are
consistent with our simulations presented in Fig. 4f-i, although the
exact value of Ax cannot be determined because the experimental B3
peak s resolution-limited by the diameter of the SOT.

Theextracted value /"=1.3 pA is not sensitive to precise Ax. Because
I"=0,A¢,/e=VAe,e/h, and v=-12 in Extended Data Fig. 4g, we obtain
Ag,=2.8 meV, comparable to the values derived from bandstructure
calculations (Extended Data Fig. 10a). Using Ax = 50 nm we obtain
(in the incompressible region) an in-plane electric field of £, = A¢,,/
(eAx) =56 kV m™ comparable to the simulation values in Fig. 4g.

=54 nm.Thered curvein

Topological and nontopological currents in theincompressible
and compressible quantum Hall strips
Gradients in the twist angle V6 give rise to gradients in the chemical
potential Vi and to alternating compressible (when  resides withina
Landaulevel) and incompressible (zin the energy gap between Landau
levels) quantum Hall strips (Fig. 4f-i). Both regions carry current*?;
however, usually only the currentsin the incompressible strips,J' = oE,
whichare of topological nature, are considered, whereas the nontopo-
logical currents in the compressible strips, JNT = #.V x|ncfz, are com-
monly ignored (here u. = €,/Bis the magnetic moment of the orbiting
electron and ¢, is its kinetic energy)*:. The following semiclassical
picture is instructive in describingJ" andJV'. Under strong magnetic
fieldsandinthe absence ofin-planeelectric fields, the charge carriers
follow cyclotron orbits that canbe described semiclassically asanarray
of circles, resultinginzero average bulk current (Extended DataFig. 5a).
Applying an external in-plane electric field along the x direction to an
incompressible state (E,=-0V/0x) causes the circular orbitals to convert
intospirals driftingalong they direction, generatingacurrent T =0, F,
(Extended DataFig. 5b). Alternatively, applying the same external elec-
tricfield toacompressible strip will resultin carrier redistribution that
screens thein-planeelectricfield. As aresult the drift current vanishes,
but at the cost of a non-zero gradient in the carrier density, on./0x
(Extended Data Fig. 5¢). Because each orbital carries a magnetic
moment . = i Z, giving rise to alocal magnetization m = |n.|p,, the
induced dn./0x causes gradientsinm, and hence produces equilibrium
currents through*? JN = v x m. This accounts for a non-zero
jy =p.0In.|/0x (cyan arrows in Extended Data Fig. 5¢c), which flows in
thedirection opposite to the topological current j} inExtended Data
Fig.5b.Since afullband does not contribute to current, n.inthe above
expressionrefersonly to carriersinapartially filled band. Alternatively,
JNTcanbe understood as arising from uncompensated contributions
tothe current fromneighbouring orbitals in the presence of agradient
inthe orbital density (Extended Data Fig. 5c).

Thetotal current carried by the drifting orbitals in anincompressible
stripresidingbetween two compressible regionsis givenby IT _[jT dx=

0, A, /e, where Ag, =&, — £ is the Landau level energy gap between
adjacent compressible states and o,, = ve*/h is the quantum Hall con-
ductance oftheincompressible state (see Fig. 4). For amore extensive
description of J"and J" see ref.”.

Determination of twist-angle measurement accuracy and
spatial resolution

0 accuracy. The local twist angle is determined by the local ny(r) via
6(r)=a. ﬁns(r)/& Theincompressible /" current and the correspond-
ing peak in the B% signal appear at specific locations where N Landau
levelsinthe dispersive bands (N=1,2, 3,...) are exactly fully occupied,
correspondmgtoadensnyInNI—C‘ Vg~ I/CNP‘—n +4N|B,l/¢p, for four-
fold degenerate Landau levels, where vy ¢ 1S the backgate voltage that

corresponds to the Nth peak. Measuring the N-and N peaks in the p
and n dispersive bands, respectively, allows derivation of ny(r) =
C( VN J ‘N\)/z 4N|B,|/¢,and therefore of 6(r). The absoluteangle
accuracylsthusdetermmed bytheaccuracyofC, B, andV .Determin-
ing Cis possible through global transport measurements and more
accurately throughlocal measurement ofthe spacing betweenany two
incompressible peaks V"'~ Vi, =gIB,|/(¢,C), where g is the degener-
acy of the Landau level consrdered. From this we estimate our overall
absolute accuracy of determining n, to be about +1%, thus giving an
absolute 8 accuracy of 60 =+0.005°.

In this study, however, we are particularly interested in the relative
accuracy of 6(r) for comparing different locations r and deriving the
angle gradients V6. The relative accuracy is determined primarily by
the measurement precision ofvﬁg. The sharpness of the /" peaks and
the good signal-to-noise ratio of the B signal allow high-precision
measurement ofvﬁg as demonstrated in Extended Data Fig. 6. In the
stationary measurement in Extended Data Fig. 6a (magnification of
Fig.1f), V\,, was swept with increments AV,,=4.7 mV, demonstrating
thattheV/j, >andV};~* peak positions can be determined to an accu-
racy better than +AV,,, (one step size), corresponding to

Ve Vs *=4x10™* .60 [n;,and so we have 86/6~2x10™*, ora
relative accuracy of 66=10.0002°.In Supplementary Video 1 (which
was used to construct the full 8(r) map of device A; see Fig. 3b), larger
increments AV,, =40 mV were used (Extended Data Fig. 6b), corre-
sponding to a 8 accuracy of 66 =+0.002°. Supplementary Videos 3, 4
used AV,,=45mV constructing the 6(x, y) map of device B (Fig. 3f) with
similar accuracy. Supplementary Videos 3, 4 contain 87 frames of
68 x184 =12,512 pixels each, which were acquired over a total of 42 h.
The V,, trace of each pixel therefore took ¢ =12 s to acquire. The
660<+0.002°accuracy, normalized by the pixel acquisition time, indi-
cates that the relative 8 sensitivity per pixel in the imaging mode is
better than S§? =./t66=0.007° per Hz"2.

Spatial resolution of 6(r) mapping. Our electrostatic simulations
show that the typical width of the incompressible /" strips is about
50 nm (Fig. 4f, h) and should be smoothed by the wavefunction width,
of the order of magnetic length [; = /h/eB =25 nm. The position r of
the incompressible strip provides a very accurate determination on
thelocal ny(r) and 6(r), and so the width of the strip essentially deter-
mines the spatial resolution, which can be smaller than the SOT diam-
eter. Theactual spatial resolution 6ris determined by the accuracy 6V,,
towhichthe V,,value canbe assigned tothe /" peak atalocationr, 6r=
8V, 0r/0V,,, where dr/0V,, is the change in the position of /" per change
in Vy. Since /" appears at Vi (r) = [n,(r) + 4NIB,|/¢,]/C, the space depend-
ence enters only through ny(r) = n,(6(r)), and thus dr/0V,, = C(06/0r)™
(0n,/06)™", where dn,/06 = 166/-/3 a>. Using characteristic values C =
2.5 x 10" V' cm™, 8V,, = 45 mV in the scanning mode and
06/0r=0.05° um™gives aresolution 8r=50 nm.Smaller 36/0r gradients
resultinlarger 6r.However,insuch acase, alower spatial resolutionis
required because @ varies slowly in space. The estimated &ris compa-
rable to the pixel size in the videos (57 nm in Supplementary Video 1
and 43 nmin Supplementary Videos 3, 4). We thus conclude that the
spatial resolution &r of the attained 6(r) maps is of the order of 4-5
moiré supercells (13 nm each).

Local quantum Hall measurementin device A

Extended DataFig. 7 presents the local Bi measurement with the SOT
at afixed position, along with the global transport R, measurement
indevice A at B,=1.19 T. Alternating compressible and incompressible
states in the region under the tip leads to a series of peaks in B3, with
sharp peaks corresponding to incompressible strips carrying /. The
sign of theincompressible peaks is determined by the sign of g,,, with
Bi*>0 (B¥ < 0) for electron (hole) doping. In Figs. 1d, 2a the B3 signal
for p dopingis multiplied by -1for clarity. The spacing between adjacent



peaksreflects the degeneracy of the Landau level. The dispersive band
(shaded yellow), exhibits asequence of fourfold and eightfold degen-
eracies. Inthe flatband we find fourfold degenerate levelsaround n,=0,
twofold degeneracy near n. = +n/2, and 1-fold degenerate levels near
n.=-3n/4 (see Fig. 1d for 1-fold degenerate levels near n, = +3n/4).
Evaluation of the local n,allows the extraction of the local twist angle,
0=1.136+0.005°, as described below. In contrast to the sharp local B
peaks, oscillations in R, are barely visible, owing to 6(r) disorder and
the fact that the magic-angle regions in device A do not extend over
the entire device area.

Landaulevel tomography and twist-angle mapping
Tomapthelocal twist angle, a series of B3 (r)area scans were performed
while varying V.. This results in a 3D dataset with two spatial dimen-
sions and one V,, (or equivalently, n.) axis. Each energy gap between
adjacent Landau levels forms a 2D manifold in this 3D space with a peak
inthe B3 signal (bright regions in Extended Data Fig. 8). The manifolds
ofthe lowest Landau levelsin the dispersive bands trace the manifold
ofthebottom of the dispersive band, n(r), and are displaced vertically
fromitbythe degeneracy of the Landaulevels, thus providing the means
for mappingthelocal ny(r) and hencethelocal 8(r) = a./ ﬁns(r)/& The
3D space was mapped with pixel size of -50 nmand V,, spacing between
successive scans, AV, =40 mV, which enables us to map 6(r) with an
accuracy of 66=10.002° (see Methods).

For device A, the tomographic imaging was acquired for the p dis-
persive band for V,,, spanning -8.58 V to -11.50 V with AV,,, =40 mV
(Supplementary Video 1). The spacing between adjacent fourfold lev-
elsatB,=1.22Twas 0.39V~=10AV,..Inthisdevice, the spatial variation
of the charge neutrality voltage Vglg\”’(r) was found to be very small
(Fig. 2a) and therefore n (r) was derived from the 3D data assuming a
constant V. Representative slices of the 3D dataset are shown in
Extended Data Fig. 8a, b. At V,,, =-8.5V, the Fermi level resides in the
flatbandforall pointsinspace,and at V,,,=-11.5V, g:isinthe dispersive
band. As e moves through the bottom of the dispersive band, it crosses
four fourfold degenerate Landau levels above n,, followed by an eight-
fold degenerate Landau level. The black line in Extended Data Fig. 8a
traces the N=—4 incompressible /" peak revealing gradients with occa-
sional smalljumpsinthe twist angle. We note that at the jump positions
theintensity of the signal is suppressed, owing to pinning of the Landau
levels at the steps, which reduces the amplitude of the spatial a.c. dis-
placement x§° and hence the intensity of B (see Methods section
‘Technique for directimaging of the current and evaluation of the cur-
rentin the incompressible strips’).

We note that atany value of |V,,,| > n/Cseveral different Landau lev-
els cross g; in the bulk of the sample. Thus, despite the fact that fully
developed Landau levels are present locally, no well defined quantum
Hall state in the dispersive bands can be observed globally. The same
is true for the Landau levels of the correlated states, which are also
influenced by variations in n (r). This explains why MATBG magne-
totransport commonly shows SdH oscillations without displaying
full conductance quantization, with the exception of the CNP Landau
fan'”. At high enough field, the quantum Hall quantization should be
recovered when the Landaulevel degeneracy 4B,/¢,exceeds the ny(r)
variations.

Device B exhibited stronger charge inhomogeneity and hence the
3D tomographic imaging was acquired for both the p and n disper-
sive bands (Supplementary Videos 3, 4) and n (r) was derived from
the separation between the corresponding Landau levels in the two
bands as described schematically in Fig. 1f. The tomographic data of
both samples has been published online®.

The observation of superconductivity in devices with twist-angle
disorder of ~0.1° may be explained by either a tolerance of the supercon-
ducting stateto the exact 8 or by percolating paths along very specific
6\ Both of our devices show superconductivity—despite havingonly a
small overlapintheir histogramsin Fig. 3i—which supports the former

explanation. Figure 2a shows, however, that Landau levels near n./4
and ny/2 are discontinuous and those above 3n/4 appear only at afew
locations, indicating the extreme fragility of the correlated states to
twist-angle disorder.

Mapping of the charge disorder

Similarly to the mapping of the twist angle disorder through n (r) =
ClV, (r) - V_(r)]/2, the tomographic imaging also allows mapping of
the charge disorder 8n4(r) = ny(r) — ng, where ny(r) = C[V,4(r) +
V_.s(1)1/2, as presented in Fig. 3h for device B. Extended Data Fig. 9
shows the histogram of 8ny(r) along with a Gaussian fit with a standard
deviation Any=2.59 x 10" cm2, which is comparable to high-quality
hBN-encapsulated monolayer graphene devices** and substantially
lower than in graphene on SiO,*. Note that in contrast to
hBN-encapsulated graphene, the MATBG fabrication process is cur-
rently incompatible with thermal annealing procedures for disorder
reduction. We observe that the charge disorder in device B is notably
larger than in the magic-angle regions in device A (Fig. 2d), which we
ascribetothefactthatin contrastto device A, device Bdid not undergo
surface residue cleaning by AFM.

Note that the tomographic method allows mapping of the twist-angle
and charge disorders only in the magic-angle regions, where Landau
levels are present. In device A, alarge part of the sample did not show
magic-angle physics (Supplementary Videos1,2 and Fig. 3a, b), whereas
the magic-angle regions revealed very low charge disorder with an esti-
mated standard deviation Any~1.3 x10"° cm™as attained by several 1D
scans, suchasinFig.2a, d. We therefore performed tomographicimag-
ing of only the p dispersive band, which does not permit extraction of
the full 2D map of &n,(r) in device A. Neglecting this low level of charge
disorder introduces an error in the derived 8(r) map of device A of
60<0.0015°, whichis negligible compared to the span of 6(r) in Fig. 3b.

Bandstructure calculations and Landau level crossings
Thebandstructure of twisted bilayer graphene can be computed from
an effective continuum Hamiltonian™24¢48;

e HO yt
u HY

where H® is the valley-dependent monolayer graphene Hamiltonian
for layer i:

H;E)= - hUF(k— K;s)) . (Eax' Gy)

with Fermi velocity v, {=tlindicating the positive and negative valleys,
K}f) the k-space location of the respective Dirac pointsinlayeri,and U
theinterlayer coupling*®™"

y=(u W\ [ u wecre, [ U UO)eGren
v u) \vw u U u

Here, u=0.0797 eV and u’ = 0.0975 eV are coupling constants* that
give the strength of the interaction between like (A - A, B~ B) and
opposing (A < B) sublattices in the two layers, the difference of which
accounts for out-of-plane corrugation, w=e*"?, and U'is the Hermitian
conjugate of U. The moiré reciprocal lattice vectors, GT = a% - a'?, are
given by the difference between the reciprocal lattice vectors in the
upper (ai-l)) and lower (a(jZ)) layers.

Magnetic field effects can be included by making the substitution
k- k+eA/hintheeffective Hamiltonian. Here, Ais the vector potential,
whichisrelated to the static magnetic field viaB=V x A.Ingeneral, the
bandstructure in a magnetic field cannot be computed because the
addition of aspatially dependent vector potential breaks translational
invariance. However, at certain values of the magnetic field—specifi-
cally when SB/(h/e) = p/q, where p and g are co-prime integers and Sis
the area of the unit cell-a ‘magnetic’ unit cell can be introduced
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whereupon it becomes possible to solve the Schrodinger equation
using the corresponding ‘magnetic’ Bloch conditions®. It is then pos-
sible to construct a Hamiltonian matrix in the basis of the monolayer
graphene Landau levels®*% Although the Landau levels basis is
unbounded, the Hamiltonian matrix can be truncated at an energy
where the higher-energy Landau levels only weakly affect the
low-energy spectrum. This cut-off energy must be much larger than
theinterlayer coupling characterized by the coupling constants uand
u’. Theresulting finite matrix can then be diagonalized. Thisresultsin
abandstructure diagram in terms of p/q that is directly related to the
strength of the magnetic field and indirectly related to the twist angle,
because the moiré unit cell area, S=/3 a/[8sin?(8/2)], depends on 6.
For avarying magnetic field or twist angle the bands are computed for
eachindividual parameter value assuming that these values are homo-
geneous throughout the material.

Level crossings in the bandstructure are observed as the mag-
netic field or the twist angle are varied. These occur as a result of the
‘Rashba-like’ splitting of the dispersive bands. In general, this type of
splitting leads to two Landau level series, largely overlappingin energy,
which cross as a function of magnetic field* (Extended Data Fig. 10a),
and as a function of 8 (Extended Data Fig. 10b), as is the case in the
experimental data. These are due to the evolution of the Rashba-like
splitting with 6 (Extended Data Fig.10c-e).

Origin of the internal in-plane electric field and numerical
electrostatic simulations

The origin of the internal electric field in presence of twist-angle gra-
dients can be understood intuitively as follows. An external in-plane
electricfield applied to graphene—for example, by charge disorderin
the substrate—exerts a force on the electrons. Thermal equilibrium
conditions require zero net force on the carriers, and so charge redis-
tribution will occur, creating an opposingelectric field and leading to
screening of the external field, thus achieving the required zero net
force. This is the common situation in metals. In the case of MATBG,
the backgate voltage induces anearly uniformcarrier density, while the
twist-angle disorderinduces avariable chemical potential u(r) (Fig. 4b),
which exerts anin-plane force on the carriers, F;=—-Vpu. To attain zero
net force in thermal equilibrium, an in-plane electric field E,; = Vu/q
must therefore be generated by carrier redistribution. Thus, in con-
trast to common charge disorder, inwhich the system tends to screen
external electric fields, in the case of twist-angle disorder the system
counterintuitively spontaneously generatesinternal electricfields to
counterbalance the force produced by the variable chemical potential.
These internal fields do not generate current at zero magnetic field;
however, inafinite magnetic field transverse topological and nontopo-
logical currents will be induced in the ground state.

For theresults presented in Fig. 4, simulations (using the COMSOL
Multiphysics analysis software) were used to solve electrostatic
equations for the potential Vand charge density p=-en.at B,=0and
in the quantum Hall state at B,=1.22 T. The simulations included a
backgate electrode ata constant electric potential V,;and agrounded
MATBGina3x 0.5 pm*x-zbox, assuming translation invariance along
theyaxis, withboundary conditions of £, = 0 on the external surfaces
of the box. An iterative self-consistent solution for V(x, y, z) and
p(x,y)was obtained, satisfying the following conditions: (1) Vdepends
on p through V-E = p/e.g, and E = —-VV, where &, is the relative
permittivity (wetook e,=4 for hBN) and g, is the vacuum permittivity
(here v = (0,, 0, 0,) is the three dimensional operator); and (2) p
depends on V through the integrated DOS AN.(u;6), where
u(x,y)=-qV(x,y) and g = teis the carrier charge (negative sign for
u>0).Theintegrated DOS N (u; 6) was calculated forB=0and B#0
asdescribed in the Methods section ‘Bandstructure calculations and
Landau level crossings’.

Once V(x,y,z=0) and p(x, y) were found in the plane of the MATBG,
the incompressible surface currents were calculated using )" =-oVV,

where 0,,(x,y) =-0,,(x,y) =-Vv(x,y)e’/h,and 0, = 0,,= O are the compo-
nents of the conductivity tensor a.

Measurement parameters
Allthe measurements were carried out at 7=300 mKin an out-of-plane
applied magnetic field B,.

Figure 1b and Extended Data Fig. 2b. Device B, /,.=10 nA (r.m.s.),
Vg=—15Vto15V.

Figure 1d. Device B, B,=1.08 T, SOT diameter 250 nm, scan height
40 nm, Vi =20 mV (r.m.s.), AV, =6.25mV, acquisition time 6 s per
point, total acquisition time 8 h.

Figure 1f and Extended Data Figs. 6a, 7. Device A, B,=1.19 T, SOT di-
ameter 220 nm, scan height100 nm, Vg =15mV (r.m.s.), V,;=4.7mV,
acquisitiontime 6 s per point, total acquisition time 12 h.

Figure 2. Device A, B,=1.22T,SOT diameter 220 nm, scan height 60 nm,
Vie=35mV (r.m.s.), pixel size 26 nm, 160 ms per pixel, total acquisition
time 21.4 h.

Figure 3a and Supplementary Video 2. Device A, B,=1.16 T, SOT di-
ameter 220 nm, scan height 110 nm, Vi =80 mV (r.m.s.), pixel size
60 nm, 60 ms per pixel, acquisition time 60 min per frame.

Supplementary Video 1and Extended Data Figs. 6b, 8a, b. Device A,
B,=1.22T,SOT diameter 220 nm, scan height 60 nm,V{£=35mV (r.m.s.),
pixel size 57 nm, 60 ms per pixel, acquisition time 30 min per frame.

Figure 3e. Device B, B,=1.08 T, SOT diameter 250 nm, scan height
140nm, ngg: 60 mV (r.m.s.), pixel size 50 nm, 60 ms per pixel, acquisi-
tiontime 33 min.

Supplementary Videos 3, 4 and Extended Data Fig. 8c, d. DeviceB,
B,=1.08T,SOT diameter 250 nm, scan height 70 nm (Video 3) and 80 nm
(Video 4), abfg: 60 mV (r.m.s.), pixel size 43 nm, 60 ms per pixel, acqui-
sition time 25 min per frame.

Extended Data Fig. 2a. Device A, /,,=10 nA (r.m.s.), V,,,=-17Vto17V,
Sibackgate 50 V.

Extended Data Fig. 3a. DeviceA,/,.=5nA (r.m.s.), V,,=—6Vto-3.5V,
Sibackgate 50 V.

Extended Data Fig. 3b. DeviceB,/,.=4nA (r.m.s.), Vp,,=-7Vto—-4 V.

Extended Data Fig. 3c. Device B, /,, =10 nA (r.m.s.), V,,=—6.5V to
-4.7V,B,=0T.
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corresponding authors on reasonable request.
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a device A device B

Extended DataFig.1|Opticalimage of MATBG devices. a, Optical image of measurements. b, Opticalimage of device B (cyan) on the PdAu backgate (light
device AshowinghBN/MATBG/hBN (green), the underlying PdAu backgate blue) with marked electrodes.
(lightbrown) and the marked electrodes used for four-probe R
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Extended DataFig.2| Transport measurementsat 7=300 mK. a, Four-probe
measurement of R, (V,,) versus B, in device A using an excitation current of
10 nAwiththe correspondingtraces of the Landau fan diagram at the bottom.

Thegreensolidlinesshow the segments that canbe traced in the dataand the
dotted linesindicate their extrapolation to the origin. b, Asinafor device B.
The purple colour marks the regions where the R, signal was slightly negative.
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Extended DataFig. 3| Transport measurementsin the superconducting
stateat T=300 mK. a, b,Colour rendering of R, measured in the vicinity of
-ng/2versus B,and n.atlow fields using anr.m.s. excitation currentof 5nAin
deviceA (a)and4nAindevice B (b). Azero-resistance superconducting state

usinganr.m.s. a.c. excitation/,.=10 nA.

500

(black) isobservedindeviceB.c,dV/d/versus/, characteristics at various
carrier concentrations n.in the superconducting stateindeviceBatB,=0T
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Extended DataFig.4 |Numerical simulation demonstrating current
imaging by measuring B%. a, Current distribution/,(x - x,) of a
Ax=50-nm-wide channel carrying/,=1pAinthey direction. b, Calculated
-B,(x - x,) ataheight of 70 nm above the sample, convoluted with a
220-nm-diameter SOT sensing area. ¢, Calculated B3 (x - x,)foranr.m.s.

X%’ =54 nmspatial modulation of the channel position. The dashed profile
correspondstoacurrentstrip of width Ax=150 nm carrying the same current,
showing thatthe spatial resolutionislimited by the SOT diameter.d-f, Asina-c
but for three counter-propagating currents spaced 150 nmapart. g, Analysis of
the Bi° peak of anincompressible strip. B(x) signal (blue) acquired along the

lineindicatedinFig.3afor V,,=-10.54V (asingle vertical line from Fig. 2a)
showing the v=-12incompressible peak, along with anumericalfit (red). The
fituses the experimental values ofV’gCg, hsorand the SOT diameter withasingle
fitting parameter of the total currentin the incompressible strip resulting in
I"=1.3pA. Anincompressible strip of width Ax=50 nmwas used for the fit. The
mean value of B(x) was subtracted from the data. The asymmetry in B3°(x)
away from the peakis caused by the presence of counterflowing
nontopological currents /N of lower density in the adjacent compressible
strips.
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Extended DataFig. 5| The origin of equilibrium currentsin the acquireadrift velocity resultinginanon-zero J} intheincompressible state. c,
compressible andincompressible quantum Hall states. a, Semiclassical Inthe compressible regime the external in-plane electric field is screened by
picture OnyCIOtrOn orbitsof holes with mutually canceling neighbouring estab]ishing a charge-densitygradient’ givingriseto ng f]ow]ng inthe
currents, resultinginzerobulk current. b, Inthe presence of anin-plane opposite direction (cyan arrows).

electricfield E, (+and - signs represent external charges) the cyclotron orbits
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Extended DataFig. 6 | Determination of the accuracy of the twist-angle
measurement. a, Traces of -B3° versus V,,in device A (from Fig. 1f) acquired
withastepsize AV,,=4.7mVandanr.m.s.Vi; =15mV. The positions of the V>
and V{,";"‘peaks canbedetermined toanaccuracy better than+AV,, (onestep
size), corresponding toarelative @accuracy of §6=+0.0002°.b, Asin a, taken
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from Supplementary Video 1ata pixel position (x,y) =(2.53 pm, 5.9 pm) with
stepsize AV, =40 mVandanr.m.s.V{,=35mV, resultinginarelative faccuracy
of 80=+0.002°in theimaging mode. The larger BXsignal and the broader /"
peaksinbcomparedtoaare duetolarger Vi, excitation (see Methods section

‘Measurement parameters’).
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Extended DataFig.7|Resolving the local quantum Hallstates inflatand incompressible strips withsign determined by the sign of g,,, magnitude by the
dispersivebandsindevice A.Global R, (purple, right axis) and local B Landaulevel energy gap and separationby the Landau level degeneracy (red
(blue, left axis) measured ata pointin the bulk of device A versus the electron bars). The dispersive bands are shaded in yellow and the signal in the flat bands

density n.at B,=1.19 T. The sharp B2 peaksreflect the /" currentin isamplified six times for clarity.
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Extended DataFig. 8| Landaulevel tomography. a, Slices of the 3D dataset
Bazc(x,y, ng)along various planes for device A. The bright signals denote the 2D
manifolds tracing theincompressible states. The black lines trace the N=-4
incompressible manifold used to determine ny(x,y) and 8(x, y). It separates
fourfold degenerate Landaulevels below it from an eightfold degenerate
Landaulevel aboveit (wide dark blueband). The regionin the centre of the
sample thatshows no Landaulevels correspondsto the grey-blue areain Fig.3b
where no MATBG physicsisresolved. b, Representative horizontal slices of the

device A

datafrom Supplementary Video 1showing the evolution of the Landau levels
with V,.c,Asina, for deviceB. For the range of gate voltages shown, & liesin
the p dispersive band for the entire sample. The black lines show an example of
atraceoftheincompressible manifold lying above an eightfold degenerate
Landaulevel. d, Representative horizontal slices of the data from
Supplementary Video 3. Aninteractive interface for tomographic visualization
ofthe datais available atref.*.
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Extended DataFig.9|Histogram of the charge disorderin device B. Histogram of 6n4(r) data from Fig. 3h along with a Gaussian fit (black) with astandard
deviationAny=2.59 x10°cm™.
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Extended DataFig.10|Landaulevel crossings of the dispersive bands.

a, Numerically calculated Landau level energies as a function of magnetic field
forafixed 8=1.05°. Anexamplelevel crossingis highlightedinred.

b, Numerically calculated Landau level energies as a function of & for a fixed
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B,=1.22T.Anexamplelevel crossingis highlightedinred.c-e, The B,=0
bandstructure of bilayer graphene for 8=1.05°(c), 0=1.16° (d) and 6=1.27° (e).
Theblueandredlinesindicate the bandsthatarise from the positive and
negative valleys, respectively.
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