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Moiré systems made from stacked two-dimensional materials host

correlated and topological states that can be electrically controlled with
applied gate voltages. One prevalent form of topological state that can occur
are Cherninsulators that display a quantum anomalous Hall effect. Here we
manipulate Chern domainsinaninteraction-driven quantum anomalous
Hallinsulator made from twisted monolayer-bilayer graphene and observe
chiralinterface states at the boundary between different domains.

By tuning the carrier concentration, we stabilize neighbouring domains of
opposite Chern number that then provide topological interfaces devoid of
any structural boundaries. This allows the wavefunction of chiral interface
states to be directly imaged using a scanning tunnelling microscope.

Our theoretical analysis confirms the chiral nature of observed interface
states and allows us to determine the characteristic length scale of valley
polarization reversal across neighbouring Chern domains.

vander Waals stacks of two-dimensional (2D) atomic sheets provide a
versatile platformfor exploring topologically non-trivial phases of mat-
ter. The formation of moiré superlattices owing to rotational misalign-
ment or lattice mismatch induces energetically narrow mini-bands'
thatinheritthe large Berry curvature of the individual atomic layers*.
Spontaneous valley polarization in the presence of strong electron-
electroninteractions canbreak the time reversal symmetry, leading to
avariety of topological states such as quantum anomalous Hall (QAH)
insulators””, fractional Chern insulators'®™* and topological charge
density waves®. The non-trivial topology and associated magnetic
order of these moiré systems canbe manipulated via electrical means
without high magnetic field”*'*", thus promising exciting applications
ranging from ultra-low-power magnetic memories® to topological
quantum computation’®*?°, The microscopic mechanisms at work in
these materials and their ultimate performancein future applications,
however, depend sensitively on spatial characteristics of chiral interface

states that up to now have proved difficult to visualize owing to extrinsic
factors such as structural defects.

Inthis Article, we describe the use of scanning tunnelling micros-
copy (STM)/scanning tunnelling spectroscopy (STS) to manipulate
Chern domains and to directly visualize the wavefunction of chiral
interface states in a moiré QAH insulator made from twisted mon-
olayer-bilayer graphene (tMBLG). Neighbouring tMBLG domains
wereinduced to exhibit opposite Chern number by tuning the electron
density in our devices via electrostatic gating. Spatially resolved STS
was used to visualize topological phase transitions across theinterfaces
between such domains and todirectly probe thelocal electronic struc-
ture of resulting one-dimensional (1D) chiral modes. We have discov-
ered that these 1D chiral states can be spatially displaced on demand via
global back-gating. Moreover, we are able to create interface states with
predetermined chirality and position via tip-pulse-induced quantum
dot formation®. Comparison of our data with an effective theoretical
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Fig.1|Local characterization of gate-tuneable Chern number for tMBLG QAH
states. a, A sketch of the tMBLG device in the STM/STS measurement geometry.
MLG, monolayer graphene; BLG, Bernal-stacked bilayer graphene. There is a twist
angle between MLG and BLG. b, The single-particle band structure of 6 =1.25°
tMBLG along the high-symmetry directions of the moiré Brillouin zone. For clarity,
only mini-bands from the unfolded K, valley are shown. ¢, The d//dVspectrum
obtained in anarea with alocal twist angle of 1.25°for B=0.0 Tand V;=41.6 V(v=3).
Thisis the same area as shown in Extended Data Fig.1.d, The gate-dependent

di/dVfortMBLG near v=3(B=0.0 T). The white arrow indicates the energy gap.

e, ThesameasdbutatB=0.4 T.Orange and greenarrowsindicate C=+2and C=-2
gaps. f, di/dV(V,;,s = 0) asafunction of V; and the Bfield for tMBLG (see Extended Data
Fig.2a-d for additional details). Dashed lines show the Stfeda formula for C=+2.

g, Aschematic of the tMBLG band filling for the unfolded K, valley-polarized state
(top) and K_valley-polarized state (bottom) at v=3. Arrows represent electron spin.
The experimental spectroscopy parameters were modulation voltage AVgys=1mV,
setpoint Vs =-60mVand/,=0.5nA. Allmeasurements were takenat 7=4.7 K.

model confirms that chiral interface states arise in tMBLG owing to
areversal of valley polarization across Chern domains and allows us
to determine the characteristic width of a Chern domain wall. This
length scale has substantial implications for the microscopic origin
of spatially defined topological phase transitions as well as potential
device applications.

Density control oflocal tMBLG Chern number
Figure 1ashows asketch of our experiment, whichincorporatesatMBLG
device within an STM measurement geometry. Here, Bernal-stacked
bilayer grapheneis placed on top of amonolayer graphene with a twist
angle §=1.25°between them, and the stack is supported by ahexagonal
boronnitride (hBN) substrate placed on an Si/SiO, wafer that functions
astheback gate (Methods). The monolayer-bilayer rotational misalign-
mentgenerates amoiré superlattice of wavelength /,, = 11.3 nm (Methods
and Extended Data Fig. 1a) that folds dispersive electronic bands into
energetically narrow mini-bands, eachaccommodating four electrons
per moiré unit cell due to spinand valley degeneracies (Fig. 1b)***, Tun-
ing the back-gate voltage V; allows us to dope the graphene stack with
charge carriers that partially occupy the moiré mini-band electronic
states (Extended DataFig.1b). Atinteger filling factors v (defined asthe
average number of electrons per moiré unit cell referenced to charge
neutrality; Supplementary Note1), strong electron-electroninteractions
caninduce correlated insulating states that lift the spin/valley degen-
eracy. Figure 1cshows arepresentative differential conductance (d//dV)
spectrum obtained at V;=41.6 V (v=3) where a charge gap with nearly
vanishing d//dV appears around V,,;,,= 0 mV (that is, the Fermi energy
E;), flanked by alower band (LB) peak and an upper band (UB) peak.
This v =3insulating state exhibits non-trivial topological behaviour,
as shown by the QAH effect reported in previous transport measure-
ments®. We are able to directly observe its topological properties via
STM by performing gate-dependent d//dV spectroscopy in an applied

out-of-plane magnetic field B (ref. 24). Figure 1d shows a d//dV density
plotfor B=0.0 T, where the v=3 gap is marked by a white arrow. Under
application of a small magnetic field (B = 0.4 T), this gap evolves into
two separate gaps that exhibit similar spectroscopic features but are
situated at different electron densities, one above and one below v=3
(Fig. 1e, orange and green arrows). These two gaps split further away
fromv=3withincreasing B, asshownby the V-shaped dark regionin the
d//dV density plot obtained at V,,, = 0 mV (Fig. 1f; see Extended Data
Fig. 2 for additional details). Such linear scaling between gap position
and Bfield is indicative of a QAH insulating state whose Chern number
is either C=+2 (for the v>3 branch) or C=-2 (for the v<3 branch), as
An c

extracted fromthe Stfedaformula o = o—o(ref. 25; nisthecarrier density
and @, is the magnetic flux quantum). This separation of C =+ 2 states
allowsustoindependently access different Chern statesin asmall Bfield
by tuning the electron density via electrostatic gating, thus providing
electrical control over the local Chern number in our tMBLG device.

Topological phase transition and chiral interface
states

Electrical control over the tMBLG Chern number provides us with a
unique opportunity to stabilize neighbouring insulating domains with
oppositelocal Chernvalues and to explore the topological phase transi-
tionacross theminregions exhibiting charge inhomogeneity. Figure 2a
showsan STM topographicimage of suchanareaintMBLG having arela-
tively uniformlocal twist angle of 6 =1.25 + 0.01°and alocal hetero-strain
between 0.1%and 0.2% (Extended Data Fig. 3a). Spatial inhomogeneity
in the charge density is reflected in the d//dV density plots of Fig. 2b
for B=0.0 T, where the v =3 gap (white arrows) occurs at different V
values for locations 1-3. Application of an out-of-plane field B=0.4 T
causes the v=3gapto evolveinto two gaps of opposite Chern number
(Fig. 2¢), with the charge inhomogeneity causing the gaps to occur at
different gate voltages at different locations. At V;=42.0 V (Fig. 2c,
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Fig.2| Topological phase transition and 1D chiral states at a Chern domain
interface. a, An STM topographicimage of atMBLG area having inhomogeneous
electron density (Vs = -300 mV and setpoint /, = 0.2 nA). b, Gate-dependent d//dV
density plots for B= 0.0 T obtained at locations 1 (left), 2 (middle) and 3 (right)
ina. White arrows indicate the v=3 energy gap.c, ThesameasbbutforB=0.4T.
Orange and green arrows indicate C=+2and C=-2gaps. d, d//dVspectrafor
B=0.4Tand V;=42.0 Vtakenatlocations1,2and 3 ina. e, d//dVmap of the same
areaasaforB=0.4T,V;=42.0Vand V,;,,=0mV. Thebright region shows the
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obtained along the white dashed line in a. g, The theoretical LDOS calculated fora
Chern domain wall width of € =125 nm for comparison with f. IS, interface states.
h, Aschematic band diagram for the topological phase transition across atMBLG
Chern domaininterface. Arrows represent electron spin. The experimental
spectroscopy parameters were modulation voltage A Vs =1 mV, setpoint

Viias = =60 mVand /, = 0.5 nA for band c and setpoint V,;,,=-300 mV, /, = 0.2 nA
and tip height offset AZ=-0.075 nm for d-f.

dashed line), location 1acquires the lower gap (left panel), indicating
thatitisina C=-2insulating domain, whereas location 3 acquires the
higher gap (right panel), indicating thatitisina C=+2insulating domain.

Tovisualize the tMBLG local electronic structure betweeninsulating
domains of opposite Chern number, Fig. 2f shows d//dVspectraobtained
along the dashed white line in Fig. 2a (representative point spectra are
shownin Fig. 2d). A gap feature is clearly seen in the far left (x < 80 nm)
and far right (x>160 nm) regions, along with the LB and UB peaks. The
spectrainthe middle region (80 nm<x <160 nm), however, exhibit very
differentbehaviour. The LB peak persists (withreduced intensity), but the
UB peak can no longer be clearly resolved. Moreover, anincrease in the
d//dVsignalemerges at V;,,,, = 0 mV (thatis, £;) that closes the insulating
gap (asseeninthe middle d//dVspectrumin Fig. 2d as well as Extended
Data Fig. 4c). These data are the signature of a real-space topological
phasetransition thatstartsina C=-2insulating domain and progresses
throughaconductinginterfacetoa C=+2insulatingdomain.Itisimpor-
tant to note that the tMBLG region at the interface between these two
Cherndomainsis unblemished and exhibits no structural defects.

The presence of a conducting region at the Chern domain inter-
face is consistent with the emergence of 1D chiral modes between

QAH insulators having different Chern numbers. The microscopic
wavefunction of suchmodes canbe seeninFig. 2e throughad//dVmap
taken at V,;,,, = 0 mV of the same area as in Fig. 2a (for V;=42.0 V and
B=0.4T; Methods). The C=-2 and C=+2 domains in Fig. 2e appear
asdark regions with nearly vanishing d//dV, whereas the bright stripe
in the middle is a visualization of the 1D chiral interface modes (that
extend diagonally from the lower left to the upper right). Similar spa-
tially defined topological phase transitions (accompanied by chiral
interface states) were observed in numerous different tMBLG areas
having inhomogeneous electron density (Extended Data Fig. 5). The
2D Gaussian fit profiles made for zero-bias d//dVmaps at four different
topologicalinterfaces resultin a full-width at half-maximum (FWHM)
for tMBLG chiral interface modes equal to 57 £ 10 nm (Methods and
Extended Data Fig. 6).

Manipulating interface states with electrostatic
gating

The emergence of Cherndomains and chiralinterface statesin tMBLG
that are sensitive to local electron density (but independent of struc-
tural boundaries) allows flexible manipulation of their spatial location
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Fig. 3| Manipulating Chern domains and chiral interface states via
back-gating. a-f, d//dVmaps of the same areashowninFig.2aatB=0.4T

and V,;,,=0 mVfor V;=42.5V(a), V;=42.3V(b),V;=42.1V(c), V=419V (d),
V=417V (e) and V= 41.5V (f). The experimental spectroscopy parameters were
modulation voltage AVyys =1mV, setpoint V;,,, = -300 mV, /[, = 0.2 nA and tip
height offset AZ=-0.075 nm.

viaelectrostatic back-gating. Figure 3 shows aseries of zero-bias d//dV
maps of the same chiral interface modes as shownin Fig.2e as V;is grad-
ually decreased from42.5t041.5V (theregionon theright hasa higher
local electron density n than the left region). At V;=42.5V (Fig. 3a),
the electron density is above v = 3 for the entire scanned area. The
darkest region on the left side is in the C=+2 insulating state (that is,
d//dV=0), whereastheregionontheright side has some additional elec-
trondoping thatresultsind//dV > 0.Decreasing V (Fig. 3b) reduces the
local electron density everywhere, causing the C = +2 insulating domain
to shift towards the right (that is, according to the gradient shown in
Fig.2c). At V;=42.1V, the left region switches to a C=-2 insulating
state and the right region exhibits a C=+2 state, and bright 1D states
remain at the interface between them (Fig. 3¢). Further decreasing V;
leads to expansion of the C=-2 domain and reduction of the C=+2
domain, moving the interface states continuously from left to right
(Fig.3d,e).Finally, at V;=41.5V, theentire scanned arealiesbelow v=3
withthe darkestregion ontherightsiderepresentinga C=-2insulating
state and the region to its left being slightly hole doped (Fig. 3f). This
interface state manipulation process is completely reversible as V is
increased back to 42.5V (Extended Data Fig. 7).

Creating interface states with reversible chirality

Weare able to create chiralinterface states by design by inducing charge
inhomogeneity through STMtip-pulse-induced quantum dots. Figure
4ashowsanareaof atMBLG device havinganearly uniformlocal twist
angleof §=1.26 + 0.01° andrelatively low variation of the local electron
density ninits pristine state (see Extended Data Figs. 3b and 8b for
additional details). To alter the density profile, we applied a bias volt-
age pulse of 5V at the location marked by the red dot in Fig. 4a while

holding the gate voltage fixed at V; = -2 V (Fig. 4b). This process changes
the charge state of defects in the hBN substrate, resulting in an n-type
(thatis, electron-doped) graphene quantum dot centred at the site of
the bias pulse” (see Supplementary Note 2 and Extended Data Fig. 8c
for additional details). Under these conditions, the tMBLG electron
density decreases away from the dot centre, thus causing a density
gradient that induces a Chern domain interface and chiral interface
states near the dot edge, as described previously in Fig. 2.

Chiral interface states created in this way can be identified using
STS, as shown in Fig. 4c. Under the application of B=0.4 T and V;=
43.0V, the location marked ‘1’ in Fig. 4a is found to be in the gapped
C=+2state (Fig. 4c, left) while the location marked 3’ (which has lower
localn)isfoundtobeinthegapped C=-2state (Fig.4c, right). Theloca-
tion between these two points (marked 2’ in Fig. 4a) shows a collapse of
the energy gap and thus indicates the position of new chiral interface
states (Fig. 4c, middle; see Extended Data Fig. 9a—c for additional
details). Such chiral states propagate unidirectionally according to the
Chernnumber difference across theinterface, so one candeduce that
electrons must flow downwards along thisinterface on the basis of the
Chern numbers of the neighbouring domains (Fig. 4d).

The chirality (and thus the direction of electron flow) for these
tailor-made interface states can be flipped by reversing the polarity
of the quantum dot. To accomplish this, we applied a bias voltage
pulse of 5V to the same location in Fig. 4a as before while holding
V;=+2V as shown in Fig. 4e. This erased the previous quantum dot
and induced a p-type (that is, hole-doped) graphene quantum dot in
thesamearea, thusreversing the electron density gradient in regions
1-3.Under the applicationof B=0.4 Tand V;=45.0 V,agapped C=-2
domainis now observed atlocation 1 (Fig. 4f, left) and agapped C=+2
domain is observed at location 3 (Fig. 4f, right). Location 2 (Fig. 4f,
middle) shows acollapse of the energy gap and thus marks the location
of newly formed chiral interface modes, but now with the difference
that the domain Chern numbers are reversed and thus the electron
flowis flipped (Fig. 4g). The chirality of artificially fabricated interface
modes can thus be switched (see Extended Data Fig. 9d-ffor additional
details).

Theoretical model and discussion

The behaviour that we observe for Chern domains and chiral inter-
face states in tMBLG can be understood by analysing the origin of the
non-trivial topology of interaction-driveninsulating states. The tMBLG
moiré mini-band investigated in our experiment (Fig. 1b, red) is four-
fold degenerate, with each sub-band originating from an unfolded
K, or K_valley having a non-zero Chern number of ¢(K,) = £2 owing to
the large Berry curvature inherited from the constituent graphene
layers®>*. Atv =3, strong Coulomb exchange interactionsinduce spon-
taneous polarization in the spin-valley space, with three of the four
spin- and valley-resolved sub-bands becoming filled (corresponding
to the experimental LB peak in Fig. 1c) and the remaining one being
empty (corresponding to the experimental UB peak in Fig. 1c). This
leads to atime reversal symmetry-broken insulating state with a total
Chernnumber C# 0 dueto unbalanced electron occupation between
the two valleys (Fig. 1g)*>**. Double occupancy in the K, valley and sin-
gle occupancy in the K_valley results in a gapped C = +2 state (Fig. 1g,
top), whereas the opposite configurationleads toa C = -2 state (Fig.1g,
bottom).

Neighbouring C=+2 and C=-2 insulating domains as observed
in our experiment correspond to opposite valley occupancies, so
valley polarization reversal is expected across the domain interface.
The simplest scenario for such a transition is illustrated in Fig. 2h. As
one moves from the C=-2 domain (location 1) to the C=+2 domain
(location 3), the empty K, sub-band smoothly shifts downwards in
energy and becomes occupied, while a filled K_sub-band smoothly
shifts upwards and becomes depleted. This qualitative picture leads
to aclosing (location 2) and reopening (location 3) of the correlation
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function of V; probably arise from abrupt depinning of the domain interface
(Supplementary Note 3).d, Anillustration of the region encircled by the dashed
redboxinaforthe case of an n-type quantum dot withB=0.4 Tand V;=43.0V
(thatis, corresponding to the horizontal dashed linein ¢). The blue arrow shows
thedirection of electron flow for chiral interface states. e, A schematic of the
process of inducing a p-type QD. f, The same as ¢, but after the creation of a p-type
quantum dot centred at thered dotina. g, The same as d except for the case of a
p-type quantumdot withB=0.4 Tand V;=45.0 V (thatis, corresponding to the
horizontal dashed lineinf). Note that the direction of the blue arrow is reversed
compared withd.

gapacross the domaininterface, as observed experimentally (Fig. 2f).
At the interface, both a K, sub-band and a K_sub-band are partially
occupied, whichleads to 1D conducting states at Ey.

Suchapicture of valley polarization reversal allows us to construct
a quantitative model of tMBLG Chern domain interfaces that enables
the extraction of useful physical parameters from the chiral inter-
face states observed in our experiment. Here, the moiré mini-band is
described by atight-binding model derived from a continuum Hamil-
tonian®**, and the correlation-induced valley polarizationand reversal
is modelled using a spatially varying energy offset (Supplementary
Note 4). In the bulk of each insulating domain, we assume an energy
separation of 2E, =30 meV between occupied and unoccupied elec-
tronic states as extracted from the experimental d//dV (Fig. 2d,f).
Starting from a C=-2 domain and moving towards a C=+2 domain,
the downwards-shifting K, sub-band is first centred at +E, (Fig. 2h,
location 1) and ends up centred at £, (location 3). As the interface is
crossed, the energy offset shifts linearly from +£, to —£, over a valley
domainwallwidth of that depends on details of the electron-electron
interaction and the local carrier density profile. The energy offset for
the upwards-shifting K_sub-band has the opposite spatial profile. Solv-
ing for the electronic eigenstates of this model yields four 1D branches
that span the bulk gap and disperse unidirectionally (Extended Data
Fig.10a,c), thus confirming the emergence of chiral interface modes
residing between the C=-2and C=+2insulating domains.

Using this model, we are able to reproduce the spatially depend-
enttopological phase transition that we observe experimentally as the
interface is crossed and to explain the origin of the different features
seeninour STMspectroscopy. Figure 2g shows the resulting theoretical

local density of states (LDOS) across the domaininterface forv=3and
£=125nm. Here, §is the only parameter not fixed by experiment and
£=125+20 nmyieldsthebest fit to our experimental datain Fig. 2f (see
Supplementary Note 4 for additional details). The calculated LDOS
reproduces many of the qualitative features observed in the experi-
ment. The theoretical LB feature at energy E = -E, in Fig. 2g, for exam-
ple, persists over the entire region from one domain to the next but has
reduced intensity near the interface (that is, for 80 nm <x <160 nm).
The reduction in LB spectral intensity is seen to arise due to one of
the three filled sub-bands shifting to higher energy as a result of the
valley polarizationreversal at the Cherndomaininterface, consistent
with the simple qualitative picture in Fig. 2h. The theoretical UB peak
at £ =+E, is completely suppressed at the interface and shiftsto £=0
(equivalent to E;). The downwards-shifting unoccupied sub-band and
the upwards-shifting occupied sub-band are seen to merge at E=0
to create 1D chiral modes. The spatial dependence of the theoretical
LDOS map at £ = 0 (Extended Data Fig. 4d) qualitatively reproduces
the experimental d//dVmap at E = E; (Fig. 2e and Extended Data Fig. 4a)
and yields a FWHM of the 1D chiral modes of w = 45 nm, in reasonable
agreement with the experimental value of w= 57 £ 10 nm.

Our combined experimental and theoretical results suggest that
chiral interface states arise in tMBLG owing to a gradual transition of
the valley polarization across different Chern domains, and we are
able to extract a domain wall width of =125 + 20 nm that charac-
terizes the length scale of valley reversal in our tMBLG devices. This
width, in conjunction with the width of the chiral interface state wave-
function, puts alower bound on the spacing between chiral channels
in future hypothetical devices utilizing tMBLG in order to prevent
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inter-channel electronic hybridization. Our treatment suggests the
possibility of controlling the width and dispersion of 1D chiral statesin
tMBLG by engineering the valley domain wall width § (see the example
in Extended Data Fig. 10). Further reduction of the chiral state width
could potentially be realized by creating devices with patterned local
gate structures designed to achieve sharper n gradients®.

Inconclusion, our ability to manipulate tMBLG Chern domains and
tovisualize the resulting 1D chiralinterface states providesamethod to
locally control and characterize topologically non-trivial moiré systems
viascanned probe techniques. The creation of Cherndomaininterfaces
decoupled from physical boundaries offers an elegant testbed for
theoretical models involving the interplay between strong correla-
tion and non-trivial topology that is devoid of structural defects and
edge-mode reconstruction effects. Direct access to the microscopic
wavefunction of tMBLG 1D chiral modes enables the characterization
of spatially defined topological phase transitions and the extraction of
their fundamental length scale, thus providing a means to determine
the ultimate limits on device miniaturization involving topologically
derived chiral channels. Our capability of creating 1D conducting
channels with desired spatial location and chirality can potentially
be utilized to build electrically tuneable chiral networks that hold
promise for dissipation-free performance” and that should facilitate
the exploration of exotic topological phenomena'®'**,
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Methods

Sample preparation

tMBLG samples were prepared using the flip-chip method” followed by
aforming-gas anneal’** Electrical contacts were made by evaporating
Cr/Au (5 nm/60 nm) through asilicon nitride shadow mask onto the het-
erostructure. The sample surface cleanliness was confirmed by using
contact atomic force microscopy before STM measurements. Samples
were annealed at 300 °C overnight in ultra-high vacuum before inser-
tioninto the low-temperature STM stage.

STM/STS measurements

AlISTM/STS measurements were performed inacommercial CreaTec
LT-STM held at T=4.7 Kusing tungsten tips. STM tips were prepared on
a Cu(111) surface and calibrated against the Cu(111) Shockley surface
state before STS measurements on tMBLG to avoid tip artefacts. d//dV
spectrawere recorded using standard lock-in techniques with a small
bias modulation of AVyys =1 mVat 613 Hz. d//dVmaps were collected by
firststabilizing the tip ata higher bias at each position then bringing it
closertothesample surface by afixed offset AZfor measurement (thus
allowing the influence of structural corrugation to be minimized). All
STMimages were edited using WSxM software®.

Determination of local structural parameters

The moiré superlattice in our topographicimages often deviates from
exact threefold rotational symmetry owing to the presence of
hetero-strain (that is, relatively strain between the stacked graphene
monolayer and bilayer). Both the local twist angle and the local
hetero-strain were determined via detailed analysis of the moiré pat-
tern®. The moiré wavelength was obtained for three directions by
measuring the spatial separation between peaks in STM topographs
and averaging over several moiré unit cells. The reciprocal primitive
vectorsK;(i=0,1,2)were derived through Fourier transform analysis.
In the presence of hetero-strain, their magnitude K; can be approxi-
mately written as K; = k<6 +(1+ vp)€cos (a + 12?”) sin (a + 12?")) , where
k=4.694 nmis thelength of amonolayer graphene reciprocal primi-
tive vector, fis the twist angle, e is the hetero-strain amplitude, v, = 0.16
isPoisson’s ratio for graphene and ais the angle between the principal
axis of the strain tensor and one of the monolayer graphene reciprocal
primitive vectors. This allows us to solve for both 8 and € from the
extracted K;. Different tMBLG areas shown in this work exhibit varia-
tions in local structural parameters (Extended Data Fig. 3), but all
display gate-induced topological switchingbetween C =+ 2, consistent
withref.24. Withinasingle scan area, the twist angle and hetero-strain
are mostly uniform, allowing us to identify charge inhomogeneity as
the main cause for the observed spatial variation in gate-dependent
d//dV spectroscopy (see Supplementary Note 1 for details). More
detailed analysis methods*** could potentially reveal the presence of
fine structural deformations and explain the domaininterface pinning/
depinning observed in our experiment (see Supplementary Note 3 for
details), which we leave for future investigations.

Gaussian fitting of chiral interface state images

For fitting purposes, we assumed that the chiral interface state LDOS
is uniform along the domain interface and follows a Gaussian line
shapenormaltotheinterfaceinthe plane. We also include aphenom-
enological constant background termto account for residual d//dVin
the C=+2insulating domains (probably owing to slight doping and/
or instrumental broadening). The 1D chiral interface state LDOS can
thus be expressed as

. 2
D(XJ):DO+Aexp<_4ln2((x—x0)cose+(y—yo)sme) )

w

where D, is the constant background, A is the maximum intensity of
the Gaussian peak, (x,,),) defines the interface, fis the angle between

thenormalto theinterface and the xaxis and wis the Gaussian FWHM.
Extended DataFig. 6a,c,e,g shows experimental d//dVmaps obtained
in four different tMBLG areas (1-4), and Extended Data Fig. 6b,d,f,h
shows the corresponding fits. The FWHM values extracted for dif-
ferent data sets are summarized in Extended Data Fig. 6i and have an
average width of w = 57 + 10 nm = 5/, where [, is the moiré wavelength.
wexhibits somesslight variation for different electron density gradients
and B fields, but the exact relationship is not yet determined beyond
the parameter regime presented here.

Data availability
Additional data are available from the corresponding authors upon
request. Source data are provided with this paper.

Code availability

The computer codes that support the plots within this paper and the
findings of this study are available from the corresponding authors
uponrequest.
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Extended DataFig. 1| Basic STM/STS characterization of gate-tuneable range-70V<V;<70V (-4.3<v<4.3) obtained for STM tip at the location marked

tMBLG. a, STM topographicimage of atMBLG device surface area (V;,,=-200mV,  ina(modulation voltage AV,ys=1mV; setpoint Vy;,,=-100 mV, /,=2nA). Charge
setpoint/,=2nA). Analysis of the moiré wavelengthin all three directionsenables ~ gapsemergingatv=2, 3 signify the formation of correlated insulating states.
the extraction of alocal twist angle of =1.251 + 0.001° and a local hetero-strain Allmeasurements takenat T=4.7K.

0f 0.17 £ 0.01% (Methods). b, Gate-dependent d//dV density plot over the full
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Extended Data Fig. 2| Topological behaviour of tMBLG QAH states in an out- and orange and green arrows indicate C=+2 and C=-2 gaps for finite B.
of-plane B-field. a-d, Gate-dependent d//dV density plotsnearv=3foraB=0.0T, e, d//dV(V,,=0)asafunction of V;and B-field extracted froma-d (same data
bB=0.4T,cB=0.8T,andd B=1.2T (modulation voltage AVyys=1mV; setpoint asin Fig. 1If but without dashed lines).

Viias=-75mV, l,=0.2nA). The white arrow indicates the energy gap for B=0.0T,
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Extended Data Fig. 3| Local twist angle and hetero-strain of tMBLG areas 1,2,and 3from which local twist angle and hetero-strain values are extracted
with Chern domaininterfaces. a, STM topographicimage of atMBLG area with (Methods). b, STM topographicimage of another tMBLG area with a Chern
aCherndomaininterface (Vy;,s = -300 mV, setpoint/,= 0.2 nA; same as Fig. 2a). domain interface after quantum dot creation (Vs = -1V, setpoint /= 0.01nA;
Local moiré wavelengths in three different directions are shown for locations same as Fig. 4a boxed region). A similar structural analysis is shown.
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Extended DataFig. 4 | Experiment-theory comparison for topological phase
transition and chiral interface states. a, d//dVmap ofatMBLG areaforB=0.4T,
Vs=42.0V,and V4;,,= 0 mV (same as Fig. 2e). b, d//dVdensity plot for B=0.4 T and
V;=42.0V obtained along the white dashed line in a (same as Fig. 2f). ¢, d//dV
spatial line-cuts extracted frombat V;,,=13.5mV (top), 0 mV (middle), and -16.5mV
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E=0meV calculated for atMBLG Chern domain wall width of =125 nm.
e, Density plot of theoretical LDOS along the white dashed line ind (same as

Fig.2g).f, Valley-resolved theoretical LDOS line-cuts at £ =15 meV (top), 0 meV
(middle), and -15 meV (bottom) (corresponding to blue arrowsine).
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Extended Data Fig. 5| Spatially-defined topological phase transition and
chiralinterface states for a different area. a, STM topographicimage of a
different tMBLG area (Vg;,, =-300 mV, setpoint/,=0.2nA). b, d//dVmap of the
sameareaasaforB=0.4T, V;=44.9Vand Vy,,= 0 mV.c,d//dVdensity plot for B=
0.4 Tand V;=44.9V obtained along the white dashed linein a. d, Gate-dependent
di/dVdensity plots for B=0.0 T obtained at locations 1,2, and 3marked in a.
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White arrows indicate the v=3 energy gap. e, Same asd, but for B=0.4 T. Orange
and green arrows indicate C=+2and C=-2gaps.f, d//dVspectrafor B=0.4 T and
Vs=44.9Vatlocations 1,2, and 3 of a. Spectroscopy parameters: modulation
voltage AVyys =1mV; setpoint Vy,,=-60mV, /,=0.5nAfor d, e; setpoint

Viias= =300 mV, [, = 0.2 nA and tip height offset AZ=-0.2nmforb, c, f.
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Extended Data Fig. 6 | Fitting the spatial profile of chiral interface states. d//dVmap showing 1D chiral interface states obtained inarea#3 forB=0.3T,
a, Experimental d//dVmap showing 1D chiral interface states obtained in area Vs=42.0Vand V,,=0mV.f, 2D fit toimage in e with a Gaussian peak and a
#1forB=0.4T, V;=42.0Vand Vy;,,=0 mV (same as Fig. 2e). b, 2D fit to image ina constant background (see Methods). g, Experimental d//dV map showing 1D
with a Gaussian peak and a constant background (see Methods). ¢, Experimental chiralinterface states obtained inarea #4 for B=0.3T, V;=42.1Vand V;,,=0mV.
d//dVmap showing 1D chiral interface states obtained inarea #2forB=0.4T, h, 2D fit toimage in g with a Gaussian peak and a constant background (see
Vs=44.9 Vand V= 0 mV (Same as Extended Data Fig. 5b).d, 2D fit to image in ¢ Methods). i, Summary of 2D Gaussian fitting for datasets from areas #1-4. inc. =
with a Gaussian peak and a constant background (see Methods). e, Experimental increasing gate voltage; dec. = decreasing gate voltage.
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Extended Data Fig. 7 | Reversible displacement of chiral interface states via back-gating. a-f, d//dVmaps of the same area as Fig. 2aat B=0.4 T and V;;,,=0mV
foraV;=42.5V,bV;=42.3V,cV;=42.1V,d V;=419V,e V;=41.7V,and fV;=41.5V.Modulation voltage AVyys =1 mV; setpoint Vg, = -300 mV, /,= 0.2 nA; tip height offset
AZ=-0.075nm.
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Extended Data Fig. 8 | Local electron density profile of an n-type quantum gate-dependent d//dV density plots for B=0.0 T obtained at the same locations as
dot.a, STM topographicimage of atMBLG area (Vy;,, = -1V, setpoint/,=0.01nA; inb after the formation of an n-type quantum dot. A significant electron density
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B=0.0T obtained at different locations indicated on white dashed line of a. The where a Chern domain interface hosting 1D chiral states can be realized (Fig. 4c).
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oflocal electron density over the entire areaina (Av<0.02). ¢, Representative Viias=—60mV, [,=0.5nA.
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the C=+2and C=-2insulating states. The absence of a gap in the middle signifies
the presence of chiral interface states. ¢, d//dVspatial line-cut at V;,;=0 mV
extracted from b. d-f, Same as a-c, but after formation of a p-type quantum dot.
Charge gapsin the left and right regions are attributed to the C=-2 and
C=+2insulating states. The absence of a gap in the middle signifies the presence

of chiralinterface states.
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Extended Data Table. 10 | 1D band structure and chiral state image for
atMBLG Cherndomain interface. a, Energy eigenvalues as a function of
momentum along the interface (k) calculated for aChern domain wall width of
£=10 nm (the minimum value allowed in our model). Only electronic states for
spin up are shown (corresponding to the sub-bands in Fig. 2h that shift upward/
downward). Two branches of chiral interface states (marked by red and blue)
emerge for each valley that connect the occupied and unoccupied bulk bands
(thus spanning the bulk gap) and disperse unidirectionally in momentum. The
total number of chiral modes (four) is equal to the Chern number difference
between neighbouring domains. b, Theoretical LDOS map for £=0 meV showing

.
.
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»
.
.
.
>
-
»

aFWHM of w=9 nm for the 1D chiral interface modes arising from a Chern
domainwall width of =10 nm. ¢, Energy eigenvalues calculated for alarger
£=50 nm.Here more in-gap eigenstates appear at a given momentum, but the
number of chiral branches crossing E; (dashed lines) remains the same (two per
valley, marked by red and blue). This is because the group velocity of interface
modes becomes smaller (see Supplementary Note 4 for details) so they now
extend over more than one Brillouin zone in momentum. d, Theoretical LDOS
map for £=0 meV showing a FWHM of w=17 nm for the 1D chiral interface modes
arising from a Chern domain wall width of =50 nm.
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