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Orbital magnetization provides a sensitive probe of topology and interactions, with
particularly rich phenomenology in Cherninsulators in which the topological edge

states carry large equilibrium currents. Here we use a nanoscale superconducting
sensor'? to map the magnetic fringe fields in twisted bilayers of MoTe,, in which
transport>* and optical sensing>® experiments have revealed the formation of
fractional Cherninsulator (FCI) states at zero magnetic field. We observe oscillations
inthe local magnetic field associated with fillings v=-1,-2/3,-3/5,-4/7 and -5/9

of the first moiré hole band, consistent with the formation of FCls at these fillings.
We determine the local thermodynamic gaps of the most robust FCl state at v=-2/3,
finding #°4 as large as 7 meV. We also characterize sample spatial disorder, which

is dominated by both inhomogeneity in the effective unit cell area’ as well as
inhomogeneity in the band edge offset and bound dipole moment. Our results
highlight both the challenges posed by structural disorder in the study of twisted
homobilayer moiré systems and the opportunities afforded by the robust nature of
the underlying correlated topological states.

Fractional Cherninsulators (FCls) are generalizations of the fractional
quantum Hall states to lattice systems with broken time-reversal sym-
metry. Interestin FCIs arises from the fact that they may emerge as the
ground state ofinteracting fermions on alattice, including at zero mag-
netic field for which time-reversal symmetry is broken spontaneously.

FCIs were first observed experimentally in moiré heterostructures
composed of graphene and hexagonal boron nitride (hBN) at partial fill-
ings of topological Harper-Hofstadter bands®at 30 T magnetic fields.
In this context, the applied magnetic field plays a key part in forming
the bands leading to energy gaps comparable to those observed in
conventional fractional quantum Hall states. Prospects for realizing
morerobust lattice-based Cherninsulatorsimproved with the realiza-
tion of narrow, topologically nontrivial bands at zero magnetic field
inmoiré systems, including twisted bilayer graphene’, rhombohedral
graphene multilayers aligned to hBN' and transition metal dichalco-
genide bilayers™ . In these systems, experiments showed evidence
of time-reversal symmetry breaking by spontaneous valley polariza-
tion, manifesting most dramatically with the observation of quantized
integer anomalous Hall effects at zero magnetic field'*2°, as well as FCI
states at finite applied magnetic fields?.

Most recently, zero-magnetic-field FCls were discovered in rotation-
ally faulted bilayers of MoTe, near 4° angle*** and in rhombohedral
graphene pentalayers aligned to an hBN substrate?. These observations
raise key questions about the microscopic origin of these states, their
competition with other correlated ground states and the possibility
of realizing new topological phases absent in partially filled Landau
levels, leading to a growing body of theoretical work?* 34,

Local magnetometry of FCls

In a Cherninsulator, equilibrium currents carried by the chiral edge
states contribute a topological magnetization

Am=— 1)

whichrepresents the change in magnetization across the incompress-
iblebulk gap (here Cis the total Chern number, 4 is the thermodynamic
energy gap and @, is the non-superconducting flux quantum). This
universal contribution occurs atop a non-universal background of
spin and orbital magnetic moments arising from the filled electronic
statesinthe sample bulk. Here we take advantage of the compatibility
ofzero-magnetic-field FCIs with superconducting sensors to perform
ultrasensitive magnetometry of the fringe magnetic fields associated
with spin and orbital magnetism in twisted MoTe, on the submicron
scale.

We use anindium nSOT sensor with an effective diameter of approx-
imately 200 nm to map the fringe magnetic field above several twisted
bilayer MoTe, samples with a spatial resolution of about 250 nm. Our
sensors represent a notable improvement over the state-of-the-art
sensors*®, with a measured sensitivity of 0.2 nT Hz™¥* (Methods and
Extended Data Fig. 1) corresponding to 4n® Hz V2, where @, is the
superconducting flux quantum. Our samples consist of atwisted bilayer
MoTe, active layer encapsulated by hBN dielectrics with graphite top
and bottomgates (Fig.1aand Extended DataFig.2). Together, the gates
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Fig.1|Localmagnetometry of FCIsin twisted MoTe,. a, Schematic of the
experimental geometry, showing annSOT sensor above a van der Waals
heterostructure consisting of adual graphite-gated twisted MoTe, bilayer with
atwistangle of 3.7°. Static voltages v, and v, and modulated voltages v, and 6v,
areapplied to the sample and bottom gate as shown, allowing finite-frequency
readout of the modulated magnetization, shownin overlay for finite 6v;and
v, =0atmoiréfillingv=-1linsampleB.b, Static magnetic field B, . measured
atasingle pointasafunctionof charge carrier density n,and applied electric
displacement field Dat1.6 KinsampleA. ¢, 6B, with an applied modulation of
6n=3.8x10" cm, measured at the same positionas thedatainb.d, 5B,

allowindependent control of the charge carrier density n,and electric
displacement field D. The graphite gates are transparent to the fringe
magnetic fields, making magnetic imaging an ideal tool for probing
the n,and D-tuned phase diagram. We measure the fringe fields either
indirect current mode by the static magnetic field B, . at fixed nand
D orinalternating current mode through lock-in readout of the mag-
netic response to modulations applied to the sample and/or top and
bottom gate voltages. Appropriate choice of the relative magnitude
and phase of these voltages allows us to measure either the density or

displacement field derivatives of the fringe field, §B, = Pac. 5 and
0B4 n”~ “on, Ole
OBp=—;=0D.

Figure 1b shows B, . measured locally at a height 50 nm above the
surface of sample A. Magnetic signalis observed inabroad region of the
phase diagram centred atalow displacement field, consistent with pre-
vious opticaland transport measurements>**°, We associate this regime
with a valley-imbalanced ferromagnetic phase. Features previously
identified as Cherninsulators at v=-1and v=-2/3 are visible in this
image as subtle vertical lines. These become visible in measurements
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measured with 6n=3.8 x10° cm?near the valley polarization transition at
v=-1.Thesharpsignalisindicative of afirst-order phase transitionat which the
magnetization vanishes. e, Two traces extracted fromd.f, 6B, and B, . measured
atT=1.6K,B=34 mTand D=-29 mV nm™;for 6B,the applied 6n =3 x10" cm™.
Weidentify the peakatv=-1.175and dipat v=-0.39 with the boundaries of

the magnetic phase, and the five minimaatv=-1,-2/3,-3/5,-4/7 and -5/9 with
theedge state magnetization of Cherninsulator states. Inset, 68, measured
with anapplied modulation 6n=1.9 x10'° cmZin the FCl regime, showing
D-independent minima atv=-2/3and -3/5withinthe valley-polarized regime.

of 6B, shown in Fig. 1c. In this contrast mode, the decrease in mag-
netization with increasing chemical potential, characteristic of the
edge states of Chern insulators with negative C, manifests as a sharp,
negative (blue) signal that appears at a D-independent density. Simi-
lar phase diagrams were obtained from three samples, as shown in
Extended Data Fig. 2. The charge carrier density in the tMoTe, may
beindependently calibrated using magnetic features associated with
Landau levelsin the graphite top gate, and measurements in device C
confirmthat the negative 6B, feature associated with the v=-2/3 state
occursatfilling factor of v=0.66+ 0.02 (Extended Data Fig. 3). Previous
measurements of the same device® have shown quantized Hall resist-
ance and magnetic-field-dependent density consistent with Chern
insulator states at v=-1,-2/3 and -3/5 with Chern number C=v.

Our high-sensitivity local measurement allows us to examine several
aspects of the phase diagram that have been ambiguous in previous
studies of the same system. For example, we find that although the
signal associated with the Cherninsulator gap is the strongest at zero
effective displacement field (Extended Data Fig. 4), it remains finite
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Fig.2|Reconstructing local magnetization. a-c, Differential magnetization
émyreconstructed from spatial maps of 6B, = (0B/dv,)6v,, with dv,
corresponding to §n=2.1x10" cm?measured at D=-29 mV nmand density
correspondingtov=-1.2(a),v=-1(b) andv=-0.66 (c). Here A, = 25.9 nm?is

until the sharp, D-tuned phase transitions to a non-magnetic phase.
This is confirmed by low-excitation, high-resolution measurements
of 6B, in the vicinity of the phase transition at large negative D shown
in Fig. 1d, in which an exceptionally sharp feature associated with a
decrease in magnetization appears at v=-1. As shown in Fig. 1e, the
fringe magnetic field associated with this feature is about one order of
magnitude larger than those associated with the Cherninsulator edge
statesatv=-1,and the large negative signal occurs over anarrow range
of Dand n,. Thisis expected for afirst-order phase transitionbetween a
valley-imbalanced Cherninsulator and atopologically trivialinsulator
withno net magnetization (see additional datain Extended DataFig.5).
We conclude that the first-order phase transition in valley polarization
occurs before any displacement field-tuned change in band topology,
and find no evidence for a valley-imbalanced metallic state. Notably,
although the valley-imbalanced transition is sharp at v=-1, in which
the transition occurs between a Chern insulator and a topologically
trivial correlated insulator?, itis broad in the metallic regimes between
commensurate filling factors.

Figure 1f shows a high-resolution trace of both B, . and 6B,acquired at
T=1.6K,B=34mTandD=-29 mVnm™ Inthis dataset, we observe oscil-
lations in the local magnetic field, with oscillation minima associated
withbandfillings v=-1,-2/3,-3/5,-4/7 and -5/9. High-resolution data
acquired near filling v=-1/2asafunction ofboth n,and D (Fig. 1f, inset)
shows negative 6B, features at v=-2/3 and v=-3/5, which (mimicking
thebehaviouratv=-1) persist to the valley polarization transition. We
associate the negative features with the FCI gaps. However, they are
accompanied by a positive 6B, feature at slightly higher hole density.
We associate this feature with a non-topological magnetization that
arises for small doping of the system away from the FCI gaps.

Currenttheoretical understanding of twisted bilayer MoTe, suggests
that the single-particle wave functions of the lowest energy moiré hole
bandinasingle valley resemble those of the lowest energy Landau level
in a two-dimensional electron system, with an emergent composite
Fermi liquid state at half filling***. As in fractional quantum Hall sys-
temsin partially filled Landaulevels, then, asequence of incompressible
states are observed at fillings p/(2p 1) corresponding to the quantum
oscillations of the composite fermions in the effective magnetic field”,
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thesuperlattice unit cellareacorrespondingto atwistangle of 3.7°.d, Total
out-of-plane magnetization m, calculated by integrating the differential
magnetization for the spatial positionsindicated inc. e, Spatialimage of m
atD=-29 mVnm™andv=-1.1.Scalebar,500 nm.

whichinthis case is a completely interactioninduced property of the
magnetic ground state. In this picture, the oscillations we observe in
Fig.1Ifrepresent de Haas-van Alphen oscillations in the magnetization
of the composite fermions in the density-tuned emergent magnetic
field. Our observation of oscillations in the magnetization, m = dF/
dB, where Fisthe free energy of the system, can be taken as direct evi-
dence for the emergence of topological gaps whose charge density is
magnetic field dependent.

Quantifying local magnetization

ThedatainFig.1providea qualitative picture of the microscopic phase
diagram. To quantitatively measure the magnetization, we take spatial
scans of By . and 6B, and use an inversion algorithm to reconstruct
the static magnetization m and differential magnetization change
in response to a change in bottom gate voltage, 6m, = 0m/0v, x v,
(Methods and Extended Data Fig. 6). This analysis assumes that mag-
netic moments point only inthe out-of-plane direction, an assumption
that is well justified in strongly spin-orbit-coupled twisted MoTe,.
Figure 2a-c shows 6m, images acquired at applied D=-29 mV nm™
and n, corresponding to v=-1.2, v=-1and v =-2/3, respectively.
The sample magnetization is inhomogeneous on submicron scales,
a feature universal to all samples measured. Figure 2d shows the
n,dependent total m, obtained by integrating 6m,, at several dif-
ferent points in the device shown in Fig. 2c. The static magnetiza-
tion m scales approximately linearly with n,, consistent with a large,
non-topological orbital magnetization in the ferromagnetic phase
ranging from 6 to 8 u; per hole, where y;; is the Bohr magneton. This
agrees with estimates for the renormalization of the spin moment
arising from atomic scale spin-orbit coupling determined from
band theory and optical experiments®*°. Despite the strong spatial
inhomogeneity in the internal structure of the ferromagnetic region,
the entire sample is magnetized, consistent with valley polarization
being arobust feature of the phase diagram across a range of sample
parameters (Fig. 2e).

Our quantitative reconstruction of the magnetization may also be
used todirectly determine the Cherninsulator gaps using equation (1).
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Fig.3| Thermodynamicgaps. a, Magnetization change Am (referenced to the
centreofthelocalv=-1gap)inaregioninwhichthelocal twistangle 6 = 3.64°.
Grey curves correspond to different spatial positions withina300 x 300 nm?
region (Extended DataFig. 8). Theblack curveis the average. We find achange

Figure 3a,b shows min the vicinity of v=-1and v=-2/3, measured
with higher resolution in n, and real space as compared with the data
in Fig. 2d. We extract the change in magnetization from the extent of
the negative-slope regions at each rational filling factor, obtaining
Am_=1.6(1) gy u.c.”*and Am_y;; = 0.52(4) g u.c.”™, where u.c. is the unit
cell area of moiré lattice. Assuming C = v (consistent with transport
measurements of the same sample?®), this yields thermodynamic energy
gaps of "4 =14(1) meV and %34 = 7.0(5) meV. Similar results were also
obtained from asecond device (Extended Data Fig. 7).

Therangesinthe measured gap sizes reflect the standard deviationin
gap values measured values withinasmallarea of the device (Extended
DataFig. 8) rather than experimental uncertainty. Our determination
of the gap sizes is, however, susceptible to several sources of error
(Methods).

In a clean quantum Hall system, the thermodynamic gap measures
the energy to add one electron of charge to the gapped ground state.
In states in which the excitations carry only an integer charge, this is
equivalent to the thermal activation gap. In states in which elemen-
tary excitations carry fractional charge e* = e/q. However, the thermal
activation gap measured in transport is expected to be smaller than
the thermodynamic gap by a factor of g. In a disorder-free, partially
filled Landau level with Coulomb interactions, the ratio of the ther-
modynamic gaps atv=1andv=1/3is expected to be approximately 4
(ref. 41); we find aratio of approximately 2—that s, the fractional state
is larger in comparison with the integer state than for aLandau level
system. Our data also show a notable discrepancy when compared
with transport measurements. From our measurements, 4 corre-
sponds to athermal activation gap of 150 K, approximately five times
larger than the 30 K found in transport measurements>. However,
our measurement of 234 =~ 7 meV corresponds to an estimated ther-
mal activation gap of approximately 27 K, roughly consistent with
transport measurements’. Quantitatively reconciling these obser-
vations requires a detailed theory that accounts for both the band
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of Am_;=1.6(1) gy u.c. across v=-1gap, corresponding to 4 =14(1) meV
gapfor C=-1.b, Amforv=-2/3 (referenced to thecentre of the v=-2/3 gap),
measured atthe same pointsasina. Am_,;;=0.52(4) pg u.c.”, corresponding
to the thermodynamic gap %24 =7.0(5) meV, assuming C=-2/3.

effects unique to lattice Chern bands and the contrasting effects of
disorder on the thermodynamic and transport gaps at integer and
fractional filling.

Asafinal point of comparison, the energy scales measured here are
also similar in scale to thermodynamic gaps measured in monolayer
graphene fractional quantum Hall systems at B= 14 T inasimilar elec-
trostatic geometry*%. We note, however, that sample inhomogeneity on
length scales smaller than that of our local probe may well contribute
tothe lowering of the measured thermodynamicgapsin twisted MoTe,
relative to the intrinsic gap size. The intrinsic gaps may thus be even
larger thanreported here, consistent with theoretical analyses that find
MoTe, bilayers to be equivalent to conventional quantum Hall states
at magnetic fields as large as160 T (ref. 36).

Sources of disorder intwisted MoTe,

A key consideration in the interpretation of both transport and bulk
thermodynamic data in moiré systemsis sample disorder. In particular,
variationsinstructural parameters can make the same Cherninsulator
state occur at different values of the applied gate voltages in different
parts of the sample; the sample will then not be uniformly gapped and
measurements will be strongly dependent on the size and shape of the
probed region. Macroscopic thermodynamic probes average both
incompressible and compressible regions, reducing the measured
thermodynamic gap, whereas transport measurements may see edge
state transport shorted by bulk conducting regions of the sample.
The effect of structural disorder is shown in Fig. 4a, which shows §m,,
as a function of the sum of the applied gate voltages to the top and
bottomgates, V= v, + v, (with D held constant) and the spatial coordi-
nate alongatrajectory that runs along the spine of the Hall bar sample.
The applied gate voltage required to reach the same moiré density
variesby about10%. Asthe Cherninsulator statesatv=-landv=-2/3
occur at fixed, known filling of the moiré superlattice, the voltages at
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b, Effective interlayer twist angle along the spatial trajectory of a, extracted
fromthe density difference betweenv=-1and v=-2/3 magnetization features.
c,Localtwistangle mapindeviceA.d, §B,asafunctionof Vand Dwith

which thgy appear allow us to extract the moiré density, defined as
= 2;;’9 using the relation c(V_, - V_,3) = n,,/3, where cis the capa-
citance per unit area of the two gates. The effective interlayer twist
angle O corresponding to the trajectory in Fig. 4ais plotted in Fig. 4b,
whereas a map of the effective twist angle throughout the device is
shown in Fig. 4c. Qualitatively, the twist angle map is reminiscent of
twisted bilayer graphene’ with regions of approximately uniform twist
angle separated by domain walls in which the effective twist angle
changes suddenly.

We also identify additional microscopic sources of disorder.
Figure 4d shows measurements of 6B, as a function of D and V. Apart
fromthe twistangle, V_;and V_,;also allow us to determine the thresh-
old voltage associated with the valence band edge, V,=3V_,; -2V,
This quantity, which we term the band edge offset, may be determined
by the band gap of the MoTe, layers as well as bound electric charges
(for example, in an impurity band) that must be filled before the first
itinerant hole populates the MoTe, valence band. Figure 4e shows a
spatial map of this quantity, which varies by as much as1V across the
sample. Variationsin this parameter are confirmed by chemical poten-
tial sensing measurements that leverage the magnetic response of the
top graphite gate (see Extended DataFig. 3). We also find evidence for a
built-in dipole moment. AsshowninFig. 4d, the ferromagnetic region
of the phase diagram is symmetric about a fixed but non-zero value
of D. We associate this displacement field offset D, with a built-in elec-
tric field, which we find varies spatially on the micron scale as shown
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6D =4 mVnm™, Apartfromthe twistangle, the voltages corresponding to
Cherninsulatorsatv=-landv=-2/3 are used to extract the valence band
offset, V,, corresponding ton, = 0.The D-induced valley-polarization
transitions, meanwhile, are used to extract the displacement field offset D,,.
e, Spatialmap of V,in device A. f, Spatialmap of Dyin device A.

inFig. 4f. This electric field may be associated with heterostrainin the
MoTe, bilayer, which breaks the layer-inversion symmetry of the ideal-
izedbilayer systemat D=0 mV nm™andinduces bound dipole charge
within the layers. Apart from these sources of inhomogeneity, FCl states
areobserved over most of the sample area, suggesting a certain degree
of robustness of the underlying phenomena.

Conclusion

In conclusion, our results highlight both the promise and challenges
of twisted homobilayer moiré materials for the study of FCI physics.
Although the domain of stability of Cherninsulator physicsintMoTe,
islarger than in twisted bilayer graphene'”*, the samples studied here,
nevertheless, show a large range in the effective filling factor at fixed
gate voltage. Interferometric detection of quasiparticle statistics**, for
example, typically requires highly uniform two-dimensional electron
systemsinwhichthetrajectory of the current-carrying edge states can
be precisely controlled, requiring marked improvements in sample
homogeneity.
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Methods

Device fabrication

Devices used in this study are fabricated using methods previously
describedintheliterature. Transport datafrom device A was previously
reported in ref. 3, in which it appears as device D (3.7°). Device B was
previously studied inref. 5.

nSOT sensor fabrication and local magnetometry measurements
We perform magneticimaging with asuperconducting quantuminter-
ference device onthe apex of asharp quartz pipette (nSOT)">%, We use
aquartz micropipette with aninner tube diameter of 0.5 mmto pulla
sharp tip with an apex diameter of about 150 nm. To form the coarse
contacts, we deposit gold films by electronbeam evaporationatadepo-
sitionrate of 2 A s to produceathickness of (50 A Ti/500 A Au). Ashunt
resistor is further deposited with (80 A Ti/150 A Au) within 500 pm from
the tip apex, resulting in an approximately 10 Q shunt resistance. We
next cover the coarse contact pads with a thick layer of indium solder
to minimize contact resistance and to improve contact with the leaf
springs used tohold thetipinthe holder. We then evaporateindiumina
custom-built thermal evaporator at three angles to cover two contacts
at110° to the apex, with a head-on deposition performed last. The tip
holder is mounted on a cryostat and protected by radiation shielding
and LN, jacketing. It is kept at a temperature of 20 K throughout the
deposition process. Each evaporation stepis preceded by 5-10 min of
thermalization time during which the evaporator chamber is flooded
with He exchange gas at a pressure of 5 x 10 mbar. Typical thicknesses
for the indium depositions are 350 A for the side contacts and 300 A
for the head-on deposition for 150 nmtip diameter, withal A s™ depo-
sition rate for all steps. These parameters enable a highly uniform,
low-grain-size film to form near the tip apex (Extended Data Fig. 1a).

The magnetic field at the tip apex is read out by measuring the tip
inaquasi-voltage bias configuration using a series SQUID array ampli-
fier (SSAA)*®. To calibrate the sensitivity of the nSOT, we measure the
frequency domain output of the SSAA amplifiers at the nSOT oper-
ating point. The nSOT voltage is converted to magnetic field by the
transfer function, which we measure by monitoring the d.c. output
voltage response to about 20 uT step in the magnetic field. This gives
the transfer functioninunits of V T". Asshownin Extended Data Fig. 1b,
our nSOT sensors show a maximum sensitivity (typically near a flux
bias point of @,/2) of about 300 pT Hz 2 with an effective diameter
of 200 nm, corresponding to about 6n®, Hz 2.

Magnetization reconstruction

Toreconstruct the magnetization, we follow standard Fourier domain
techniques (see, for example, the supplementary information of
ref. 46). The magnetization shown in the main text is computed by
performing zero padding of the measured magnetic field map before
Fourier transforms are computed. This constitutes an unphysical
assumption about magnetic fields outside the measurement area that
were not constrained experimentally—that is, that they vanish—and
constitutes a source of systematic error.

To address this source of error in m, we analyse the influence of the
choice of padding on the reconstructed magnetization (Extended
DataFig. 9). Our base model assumes zero magnetic field outside the
region in which the fields are measured. We then compare this to two
alternative assumptions: first, we replicate the signal between the
contacts on the left and right sides of the frame, extending the finite
magnetic fields observed at the boundary into aregion 500 nm wide.
Asasecond comparative model, we extend the fields on the edge of this
region by anadditional 500 nmabove and below the measured region.
As shown in Extended Data Fig. 9, the reconstructed magnetization
differs from the base model by about 10% in the neighbourhood of
bothv=-1and-2/3, withcomparable or smaller effects on the inferred
gap size.

Magnetization reconstruction error analysis

Although some uncertainty is contributed by the calibration of our mag-
netometer (whichwe measure toareproducibility of approximately 5%),
systematic errors are probably more substantial. One source of error
arises from the fact that our measurement window does not capture the
entire region of the physical magnetic field. Because magnetic dipole
fields arelong-range, the magneticinversion algorithm takes as aninput
boththefieldinthe measured regionand anassumed field outside the
measured region. Inthe datashowninthe maintext, this fieldis assumed
to be zero. To estimate the magnitude of the error resulting from this
assumption, we compare m calculated using zero padding to calcula-
tions done with different physically motivated padding assumptions
(Methods and Extended Data Fig. 9). Across several models, we find
that mis consistent to within 10%. A second source of uncertainty is
conceptual and arises from our empirical definition of the thermody-
namic gap, for whichwe assume that the region of the steepest negative
slope in m arises entirely from the chiral edge states. Although this is
known tobe truein the clean limit for fractional Hall states in partially
filled Landaulevels, theoretical calculations accounting for the effects
of finite disorder andinhomogeneous Berry curvature are not available
tojustify this empirical definition of the thermodynamic energy gap.

Measurement conditions for presented data
All voltages indicated denote root mean square values. The external
magnetic field was kept constant at 34 mT.

Figure 1a and Extended Data Figs. 2e and 6: transfer function =
100 VT height =150 nm; Sv,=20 mV; 6n=2.7x10"°cm™;
6D =0.5mV nmY; frequency = 511.777 Hz.

Figure 1b,c and Extended Data Figs. 2d, 4 and 5: transfer func-
tion =250V T height =100 nm; v, = 40.1 mV; 6v, =35.8 mV;
6n=3.8x10" cm™; frequency =151.777 Hz.

Figureld,e: transfer function =500 V T™; height =50 nm; 6v,=4.1mV;
Svy,=3.6 mV; 6n=3.8 x10° cm; frequency = 511.777 Hz.

Figure 1f: transfer function = 500 V T™; height = 50 nm; 6v,=40.1mV;
6v,=35.8mV; 6n=3x10" cm™; frequency = 90.777 Hz.

Figure 1f (inset): transfer function =500V T, height =50 nm;
6v,=20 mV; 6v, =18 mV; 6n=1.9 x10° cm™>; frequency = 90.777 Hz.

Figures 2 and 4a—c,e: transfer function =280 V T height =190 nm;
6v,=40 mV;6n=2.1x10" cm? 6D =2 mV nm™; frequency = 511.777 Hz.

Figure 3a: transfer function = 500 V T%; height =100 nm; §v,=5mV;
6n=5x10° cm™ frequency =151.777 Hz.

Figure 3b: transfer function =500 V T™; height =100 nm; v,=20 mV;
6n=21x10"cm™?; 6D =2mV nm™; frequency =151.777 Hz.

Figure4d:transfer function =500V T™; height = 50 nm; 6v, = 60.6 mV;
6v,=-53mV; 6D =5mV nm™; frequency =1151.777 Hz.

Figure 4f: transfer function = 500 V T7; height =190 nm; 6v,= 50 mV;
6n=5x10" cm; frequency = 511.777 Hz.

Extended DataFig. 2f: transfer function =100 V T height =180 nm;
Sv,=28 mV; 6n=4.2 x10"° cm? frequency =251.777 Hz.

Extended DataFig. 3: transfer function =500 V T%; height =100 nm;
Sv, =28 mV; 6n=4.2x10" cm™; frequency = 251.777 Hz.

Data availability

All data are available at Dryad (https://doi.org/10.5061/dryad.
0zpc86769) (ref. 47).

Code availability

Allthe software supporting the data processing pipelineis available at
Zenodo (https://doi.org/10.5281/zenodo.13621665) (ref. 48).
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Extended DataFig.1|SQUID sensitivity. (a) SEM image of the nSOT sensor
used inmostofthe current work, highlighting the superconducting weak links
onthetip apex. (b) Typical sensitivity of the nSOT as afunction of the frequency.

1/fnoise dominates at frequencies below 1kHz and decays below the
instrumentation noise floor above 2 kHz allowing for ultra-high magnetic
field sensitivity well below 1nT//Hz.
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todevice fromref. 5); (c) Device C.Scale baris 10 um; (d) 6B, phase diagram
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Extended DataFig. 3 | Chemical potential sensing and band edge offset.

(a) 6B, for device Cas afunctionof V=v,+v,and v,—v,in the configuration with
thesamplegrounded. The phase diagram exhibits both MoTe, features described
inthe main textas well as features associated with Landau levels of the top
graphite gate. Theband edge is visible as akink in the constant top gate carrier
density trajectory, marked as adashed blue line, with the offset V, corresponding
tothevoltage that separates the regime where tMoTe, isinsulatingand the
regime whereitis hole-doped. The value obtained using this method agrees

o RO OO

with that described inthe main textusingthev=-1andv=-2/3 gap densities.
(b) Schematic of theelectric fieldin the hole-doped tMoTe, regime. Here
modulations of the bottom gate produce electric fields §£, which are screened
by the tMoTe, layer. In thisregime, the top gate density n,is tuned solely by
V,,and trajectories of constant n,follow slope —1on the diagramin panel a.

(c) Schematic of theelectric field in theinsulating tMoTe, regime. Here 6E,
penetrates the tMoTe,, so that n,is tuned by both v,and v,. In this regime,
constant-n,lines haveslope Oin panela.
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Extended DataFig. 5|Firstorder valley polarization transitionatv=-1.

(a) 6B, near the valley polarization transitionin the vicinity of y=-1at point “a”
inpanelc. (b) 6B, measured at point “b”, approximately 200 nm away from
point“a”.Both panelaand b show asharpfirst-order-like signal on the boundary
ofthev=-1Cherninsulator peak, but these transitions appear at slightly
different values of Dand n.. (c) Reconstructed magnetizationin the point

n(10"2cm?2)

indicated by the “x” on panels aand b. The measured mat position “a” is
consistent with zero to within our experimental error, and we find no evidence
for non-zero net magnetizationin the high |D| phases. The non-zero signal
observedin 6B,at that positionisassociated with fringe AC magnetic fields

arising fromareas where where the “x” position in parameter space corresponds
to thevalley transition.
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Extended DataFig. 6| Magnetizationreconstruction. (a) Schematic of
analysis to reconstruct the magnetization. We measure the local magnetic field
6B, inresponse toamodulated sample voltage 6v,; datais from Device B, with
scalebar of 2um. An FFT-based algorithm (see Methods) can be used to directly
compute the corresponding 6m,, which may then be integrated over v, to
obtainm. Alternatively, the §6B,signal may be integrated over V,to obtain B,

which caninsome casesbe compared to the directly measured B,,; thiscan
thembe processed by the FFT algorithm to produce the same m. (b) Comparison
ofthe measured 6B, (orange) and the reconstructed §m,(blue) as afunction of
thefilling factor vatasingle given spatial location. While qualitative features
arepreserved, but of course quantitative features differ.
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(d) Reconstructed magnetizationdrop of Am=1.3u,/u. c. corresponding to the
thermodynamicgap "4=13meV across thev=-1gapinthepointcircledonb;

(e) Reconstructed magnetizationdrop of Am=0.3u,/u.c. corresponding tothe
thermodynamicgap #°A=5meVacrossthev=-2/3gapinthe pointcircledonc.
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near filling v=—-1.Scale baris 500 nm; (b) Spatialimage corresponding to
m(n,=2.55x102cm™?) - m(n,=2.35x10" cm™), near filling v=—-2/3 in the same
regionas panela.Scalebaris 500 nm; (c) Am(n,) (referenced to the center of the
localv=-1gap) measured at 25 points withinthered squarein panela.The
black curveisthe average.Red starsindicate the charge carrier densities used
to determine spatial distribution of Amin panel a; (d) Am(n,) (referenced to the
centerofthelocal v=-2/3 gap) measured at 25 points within the red square in
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panelb. Theblack curveistheaverage. Redstarsindicate the charge carrier
densities used to determine spatial distribution of Amin panel b; (e) Am(n,)
(referenced to the center of the local v=-1gap) measured at 25 points within
thegreensquarein panela. Theblack curveisthe average. Red starsindicate
the charge carrier densities used to determine spatial distribution of Amin
panel a; (f) Am(n,) (referenced to the center of the local v=-2/3 gap) measured
at25 pointswithinthegreensquarein panelb. Theblack curveisthe average.
Redstarsindicate the charge carrier densities used to determine spatial
distribution of Amin panelb.
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Extended DataFig. 9 |Estimating systematic error due to padding
assumptions. (a) Magnetization change Am (referenced to the center of the
v=-1gap)inthesamelocationasthatshowninFig.3 for the three different
paddingassumptions described in panelsc, d, and e. (b) Magnetization change
Am (referenced to the center of thev=-2/3 gap) inthe samelocation as that
showninFig. 3 for the three different padding assumptions described in panels
f,g,and h. (c) Top row: measured B,-with zero padding assumption across the
v=-1gap.Scalebaris 600 nm. Leftand right panels correspondto n,values
shownby dotted linesin panel a. Bottom row: reconstructed magnetizationin
the measured range at the same positions, with the zero padding assumption.
The magnetization change across the gap is1.61 yz/u.c. Scale baris200 nm.

(d) Same as panel ¢, except with the padding assumption that data extends to

therightand left of measured area as shown. The magnetization change across
thegapis1.66 ug/u.c. (e)Same as panels cand d but with additional padding as
shown. Magnetization change acrossthe gapis1.57 pg/u.c. (f) Top row:
measured B, with zero padding assumption across the v=-2/3 gap. Leftand
right panels correspond to n,values shown by dotted lines in panel b. Bottom
row:reconstructed magnetizationinthe measured range at the same
positions, with the zero padding assumption. The magnetization change
across the gapis 0.52 yg/u.c. (g) Same as panel f, with the same padding
assumption as paneld. Magnetization change acrossthe gapis 0.52 pz/u.c.;
(h) Same as panels f-g but with the same padding assumption asin panele.
Magnetization change across the gap is 0.58 pg/u.c.
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