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Simultaneous nanoscale imaging of local
conductivity and chemical potential in a
quantum Hall isospin ferromagnet

Jiawei Hu1,2,7, Shiyu Zhu 1,2,7 , Bohao Li3,7, Yunhao Wang1,2,7, Shuigang Xu 4,
Zhihai Cheng 5, Chengmin Shen1,2, Andre K. Geim 6, Fengcheng Wu 3 &
Hong-Jun Gao 1,2

QuantumHall isospin ferromagnetism inmultilayer graphene offers a versatile
playground for exploring flat band correlated physics, driven by the intricate
coupling of spin, valley, orbital, and layer degrees of freedom. However, a
nanoscale probe capable of simultaneously mapping local conductivity and
chemical potential in these exotic phases has yet to be realized. Here, we
introduce scanning conductivity and chemical potentialmicroscopy (SCCM), a
technique integrating scanning microwave impedance microscopy and Kelvin
probe forcemicroscopy. We demonstrate SCCM by probing the quantumHall
states and many-body Landau level energy spectrum in bilayer graphene.
Applied to marginally twisted double bilayer graphene, SCCM then reveals a
cascade of quantum Hall isospin ferromagnetic states with unexpected re-
emergence behaviors. Significantly, experimental many-body Landau level
energy spectrum further uncovers the intricate connections of these complex
phenomena to inter-subband Landau level crossings and Landau level single-
particle wavefunctions. These insights enable the construction of a compre-
hensive quantum Hall phase diagram. Our results demonstrate SCCM’s cap-
ability in decoding complex quantumphenomena, establishing it as a versatile
nanoscale probe for electron correlation and topology.

Graphene Landau levels (LLs), characterized by quenched kinetic
energy and enhanced electron-electron interactions, provide an
exceptional platform for exploring flat bands and strongly correlated
physics. At integer LL fillings, the fourfold spin-valley degeneracy of
Dirac electrons is lifted by exchange interactions, giving rise to an
SU(4) quantum Hall isospin ferromagnetic (QHIFM) phase, where the
isospin is either polarized or forms a coherent superposition of spin
and valley degrees of freedom1. QHIFM phases have been extensively

investigated in various systems, including graphene2–6 and its moiré
superlattices7,8, revealing insights into local isospin textures, thermo-
dynamic properties, and transport characteristics. Therefore, investi-
gating the broken-symmetry orders and QHIFM phases in two-
dimensional (2D) systems are crucial for advancing the under-
standing of strongly correlated physics.

QHIFM phases in graphene have been characterized by various
scanning probe microscope (SPM) techniques, including scanning
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tunneling microscope8,9, scanning single-electron transistor10–12, scan-
ning microwave impedance microscopy (sMIM)13, and Kelvin probe
force microscopy (KPFM)14. Among these, sMIM detects local con-
ductivity and topology of quantum states at the nanoscale by varying
gate voltage and magnetic field. This technique has been applied to
investigate topologically non-trivial edge states13,15–19 and correlated
insulating states20–24 in 2D materials, demonstrating its potential for
uncovering emergent electronic states in strongly correlated systems.
Utilizing top-gate graphene as a sensor layer, sMIM has recently been
employed to probe local chemical potential and thermodynamic energy
gaps in correlated states25,26. Additionally, KPFM measures the local
contact potential difference (CPD) between the tip and sample, detect-
ing the variations in chemical potential and band-filling condition as
carrier density changes in the sample, providing complementary
insights into quantumHall (QH) states14. Notably, the integration of local
conductivity and chemical potential measurements would provide
unique insights into the energy gaps, electron interactions, and
band topology characteristic of QHIFM systems27–29. This highlights the
need for advanced local probe techniques that can simultaneously
capture both parameters without mutual interference, facilitating a
deeper understanding of strongly correlated phenomena in complex
materials.

In this study, we measure local conductivity and chemical
potential in parallel by developing a technique called SCCM. We
demonstrate the functionality of SCCM by investigating QH physics in
both bilayer graphene (BG) and marginally twisted double bilayer
graphene (TDBG, twist angle <0.2°). In BG, we identify a sequence of
QH states and the LL energy spectrum, thereby verifying SCCM's
capability to probe both local conductivity and chemical potential. In
TDBG, we observe robust QHIFM phases at LL filling factor ν = +4 to
−16. We show that the many-body LL energy spectrum is generated by
two sets of subbands, with the crossing between them causing the re-
emergence behaviors, in excellent consistency with theoretical calcu-
lations. We therefore establish concrete connections between the LL
wavefunctions, LL energy spectrum, and the resulting QHIFM phase
diagram, highlighting SCCM as a powerful probe for unraveling the
complex physics and topological properties of quantum material.

Results
SCCM technique
SCCM integrates sMIM and KPFM to enable simultaneous nanoscale
mapping of local conductivity and chemical potential (Fig. 1a and Sup-
plementary Fig. 1). In bothmethods, a metallic atomic force microscopy
(AFM) probe approaches the sample surface with applied AC voltage
bias: 3GHz for sMIM and typically a few kHz frequencies for KPFM.
Crosstalk between the two SPM techniques is eliminated by employing
different mechanical vibration eigenmodes of the cantilever and corre-
sponding lock-in frequencies for signal demodulation in each channel. In
sMIM, the applied microwave bias drives the mobile carriers towards
and away from the tip. The imaginary component of the reflected sMIM
signal (sMIM-Im) characterizes the sample’s ability to screen the electric
field. Typically, sMIM-Im exhibits an approximately linear correlation
with the logarithm of the sample conductivity in the high sensitivity
window (Fig. 1b, right). In KPFM, the oscillating ~kHz ac bias induces an
electrostatic force on the cantilever by the capacitive coupling between
tip and sample, providing visualization of sample’s work function and
chemical potential (Fig. 1b, Left). During SCCM measurement, the CPD
between 2D sample and metallic tip is actively compensated by KPFM
feedback, effectively eliminating tip-gating effects.

We demonstrate SCCM through single point gate voltage
dependent SCCM spectroscopy in BG region at out-of-plane magnetic
field B = 9 T (Fig. 1c). The BG LL energy is approximately given by,

EN = ±ℏωC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N N � 1ð Þ

p
,N =0, 1, 2, . . . ð1Þ

whereωC =
eB
m* is the cyclotron frequency,m* is the effectivemass of the

quasiparticles and N is the LL index. Here, LL with a given N index has
four flavors, including two spins and two valleys. The zero energy LL
has an additional orbital degeneracy between N =0 and N = 1, giving
rise to an eight-fold degenerate zero energy state. The tip, fixed above
a specified point on the graphene surface, collects local conductivity
and chemical potential during back gate voltage (Vg) ramping. The LL
filling number ν is given by ν =n=ðB=ϕ0Þ, where n is carrier density and
ϕ0 is magnetic flux quantum. At filling ν = ±4N, BG chemical potential
is tuned to the single-particle energy gap between LLs, thus an
incompressible bulk state is formed. A sequence of QH states
manifests as conductivity dips and chemical potential jumps at
ν = ±4N, consistent with Dirac-like quadratic energy spectrum of BG
(Fig. 1d). At other integer filling ν≠±4N, the Fermi level is constrained
within the LL flat band, rendering the sample compressible. Therefore,
chemical potential plateaus and high conductivity emerge concur-
rently owing to the compressible state. Moreover, the eight-fold
degeneracy in N =0 and N = 1 LLs is partially lifted, giving rise to a
pronounced insulating feature in sMIM channel at ν = 0 and ±2. Here,
the zeroth LL splits to four spin-valley polarized subbands, with two-
fold orbit degeneracy (N = 0 and N = 1) preserved4,30. We extract the
thermodynamic density of states (DOS) from the chemical potential
curve by Gaussian kernel density estimation (Fig. 1e, see “Methods”),
wherein the LLs manifest as a series of peaks situated at discrete
energies. Our result at 100mK unveils a discernible correlation
between local conductivity and chemical potential in QH physics.

In SCCM, the n-B mapping is obtained by systematically varying
carrier density (n) and magnetic field (B). Such mapping of chemical
potential (Fig. 1f) and local conductivity (Fig. 1g) reveals consistent
features of Landau fan diagram, resolving the QH states in both
channels. The thermodynamic DOS curves (extracted from Fig. 1f)
depict themany-body LL energy spectrum (Fig. 1h). The LLs at ν = ±4N
exhibit linear dispersion with B as expected from Eq. (1). The Chern
number of each gap is determined by tracking the chemical potential
evolution with B at each integer filling. The LL energies at various B
collapse onto a universal curve when plotted as a function of
±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nðn� 1Þ

p
B (Supplementary Fig. 2a), enabling the deduction of the

effective masses of electron and hole as m*
e =0:052me and

m*
h =0:069me. We further extract the parabolic energy-momentum

dispersion of BG through the semi-classical Onsager relation31

kn =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2enB=ℏ

p
(Supplementary Fig. 2b). Our experimental effective

band dispersion shows excellent consistency with previous results32,33.
Consequently, we establish SCCM as a versatile sensor for local con-
ductivity, chemical potential, and topological energy spectrum.

QH states in marginally TDBG
Wenow turn to TDBGmeasurement. It has been shown that TDBGwith
twist angle θ near 1° hosts a series of novel correlated physics such as
spin-polarized correlated insulating phase34–37, moiré nematic phase38,
and superconductivity39. In our study, we fabricate marginally TDBG
(twist angle <0.2°) device on hexagonal boron nitride (hBN) substrate
with doped Silicon back gate (Fig. 2a, see “Methods”). Notably, TDBG
with hBN placed on a single side has enhanced Coulomb interaction
relative to the hBN-encapsulated devices. The local conductivity of the
TDBGdevice is visualized atB = 0T (Fig. 2b) and9T (Fig. 2c). AtB =0T,
the entire graphene device at the charge neutrality point is conductive
compared to the insulating hBN substrate. In contrast, the BG region
exhibits a clear insulating interior and a conductive edge at B = 9T and
ν = +4, as a hallmark of the QH state. Within the TDBG region, multiple
insulating blocks emerge due to the formation of incompressible QH
states confined by structural wrinkles (Supplementary Figs. 3 and 4)24.
Zooming into these individual blocks with room temperature sMIM-Re
reveals varying domain distributions, which points to slightly different
local twist angles near zero. Specifically, some blocks exhibit a mixed
domain state of ABAB and ABCA stacking with varying moiré
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superlattices ranging from 100 nm to 500nm (Supplementary
Fig. 3c–f), with the ABAB domains consistently exhibiting a convexly
expanded morphology due to their enhanced stability and lower
energy relative to the ABCA configuration. In contrast, extensive
regions within other confined blocks completely lack moiré super-
lattices, having fully relaxed into a uniform ABAB stacking phase
(Supplementary Fig. 3g–n). We therefore conclude that the ABAB
stacking phase robustly dominates the overall device area, regardless
of the local presence of a moiré superlattice.

The QH states in TDBG are visualized through gate-dependent
sMIM line scanning at T = 100mK and B = 9T (Fig. 2d). Both the TDBG
and adjacent BG region exhibit a cascade of insulating quantum Hall
states. However, the TDBG region displays a notably denser sequence,
indicating spin and/or valley symmetrybreaking atmorefilling factors.
The QH states maintain a consistent sequence throughout the TDBG
region, though the intensity and carrier density fluctuate due to local
impurities or wrinkles. We next perform single point gate dependent
SCCM spectroscopy in the TDBG region (Fig. 2e). At a base tempera-
ture of T = 100mK and B = 9T, QHIFM states manifest as clear insu-
lating features at each integer LLfilling from ν = +4 to −16. At LL quarter
filling ν =4N ± 1, Coulomb interaction lifts the degenerate spin-valley
SU(4) isospin, leading to a spin and valley polarized QH ground state
which minimizes the exchange energy3. At half-filling of the LL
(ν =4N ±2), Pauli exclusion hinders simultaneous full polarization of
both spin and valley. This creates intricate competition between spin,
valley, and/or orbital polarizing tendencies, ultimately determining the
resulting ground state. Possible scenario includes the charge density
wave state, the spin ferromagnet state, the canted antiferromagnet
state and the intervalley coherent state with Kekulé
reconstruction3,4,8,9,40. We can not determine the exact states from our
experiments. In the chemical potential channel, we observe distinct
jumps at integer fillings, corresponding to incompressible QH states
with relatively large energy gaps. The thermodynamic DOS (Fig. 2f),
extracted from the experimental chemical potential curve, reveals a
sequence of LL peaks. Determining the precise physical origin of these
LLs, however, would require additional informationon their dispersion
with the magnetic field.

Many-body LL energy spectrum of QHIFM states
To further elucidate the symmetry-broken nature of TDBG, we per-
form n-B mapping of SCCM on TDBG (Fig. 3a and b). Remarkably, we
observe complete lifting of spin and valley degeneracy ν = +4 to -16 at
B > 5 T, indicating robust quantumHall isospin ferromagnetism driven
by strong electron-electron interaction (Fig. 3a). These QHIFM states
form complex sequences, characterized by the disappearance and re-
emergence of certain states as a function of B field, notably at ν = +4,
+12, and +16. The chemical potential measurements also reveal a
Landau fan-like feature (Fig. 3b), though with lower resolution com-
pared to sMIM data. Notably, the information obtained from sMIM is
consistent with that from KPFM, yet sMIM resolves more QH states,
underscoring its superior sensitivity to local conductivity variations.

To gain deeper insight into the QHIFM ground states and re-
emergence behaviors, we extract the many-body LL energy spectrum
(Fig. 3c) of TDBG from the chemical potential Landau fan (Fig. 3b). The
Chern number associated with each gap is carefully determined by
tracking the correspondence between the simultaneously measured
chemical potential and conductivity, as indicated by the numbers in
Fig. 3c. To understand this complex LL spectrum, we adopt the model
introduced by previous theoretical work41 (see “Methods” for details).
In this model, the Hamiltonian of the ABAB tetralayer graphene is
unitarily transformed and decomposed into two weakly coupled
effective BG systems: a light-mass sector (denoted as the b band) and a
heavy-mass sector (denoted as the B band). Crucially, these effective
BG bands are defined on a new set of orthonormal basis states con-
structed from the linear combinations of the original sublattices

residing on the odd and even layers. In the presence of a magnetic
field, these two effective BG bands (b and B) give rise to two distinct
sets of BG-like LLs. According to Eq. (1), the cyclotron frequency ωc is
inversely proportional tom*, therefore the light-mass band b exhibits a
larger energy spacing between LLs than the heavy-mass band B. The
different dispersive slopes of these two sets of subbands would natu-
rally result in a rich pattern of LL crossings. As shown in Fig. 3d, the
calculated LL energy spectrum captures the widespread intersection
of these two sets of LLs, where each LL is denoted by its subband (B or
b) and LL index n (n+ for electron-like states and n- for hole-like states
and b/B0/1 for the zeroth LLs).

Guided by the calculation results, we further classify the complex
experimental LLs energy spectrum into two sets of BG-like LLs based
on their dispersion with magnetic field and corresponding Chern
numbers (Fig. 3c). Remarkably, our experimental LL energy spectrum
closely matches with the theoretical results, successfully reproducing
major LL crossing points, such as the crossing between b0 and B2+ at
ν = +4, and the crossing betweenb2- andB0/1 at ν = -8/-4. In contrast, the
LL energy spectrum of ABCA-stacked tetralayer graphene exhibits no
LL crossings (Supplementary Fig. 5). These results indicate that the
Bernal configuration dominates the observations, likely because it
covers a larger portion of the sample regardless of the local presence
of moiré superlattices. Although ABCA-stacked domains are also pre-
sent in a few blocks, their fraction appears too small to contribute
appreciably to the measured signals, rendering their associated fea-
tures undetectable in our experiment (Supplementary Fig. 4d–g).

We reveal the robustness of these QHIFM states in TDBG by
temperature-dependent sMIM point spectroscopy (Fig. 3e and Sup-
plementary Fig. 6). With increasing temperature, the thermal excita-
tion weakens the incompressible signal of these QHIFM states,
ultimately causing them to vanish at critical temperatures TC. We can
directly extract the thermodynamic energy gap of these QHIFM states
by examining the chemical potential variation across each integer
filling (Supplementary Fig. 7). In Fig. 3e upper, the critical temperature
TC and energy gap Δ show an excellent consistent trend, with the ratio
of Δ=kBTC generally falling between 2 - 3.5. This quantitative agree-
ment underscores the high reliability and accuracy of our SCCM
technique in probing the intrinsic energy scales of correlated quantum
phases.

LL wavefunctions, LL crossings and QHIFM phase diagram
Based on previous theoretical work41, the light-mass b subband and
heavy-mass B subband behave as effective BG systems. A defining
feature of these effective bilayers is that their low-energy Hamiltonian
contains off-diagonal terms proportional to the square of the kinetic
momentum (π2). In a perpendicular magnetic field, the momentum
operators act as raising and lowering operators for the non-relativistic
LL wavefunctionsφn. Specifically, at K valley, the n-th LL wavefunction
ψb=B
n is mainly given by ψb=B

n = φn�2,φn

� �
residing on the two effective

basis, which are linear combinations of odd/even layer sublattices. For
instance, the K-valley wavefunction of b2- is composed of φ2 at β2 and
β4 sites, andφ0 at α1and α3 sites, and the K-valley wavefunction of B1 is
only φ1 at β2 and β4 sites. Here, αi and βi are sublattices in the ith layer
(Fig. 4a). The single-particle LLs wavefunction components for all low-
energy subbands are summarized in Fig. 4d. Consequently, the
underlying orbital character of these single-particle wavefunctions
determines the electron cyclotron orbital extent, thereby governing
the strength of the exchange interactions.

We show the LL crossing at ν = � 8 by zooming into the ther-
modynamic DOS deduced from chemical potential data (Fig. 4b, left).
The two prominent peaks in the DOS line profile correspond to b2- and
B01 LLs, respectively. TheQHIFM states from ν =0 to -12 originate from
the crossing between B0, B1, and b2-. The persistence of Δ0 and Δ-12

results in robust QH states at v = 0 and -12, which remain stable over a
broad magnetic field range from B = 3 T to 9 T. In contrast, the LL
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crossing event near v = -8 triggers the emergence of the corresponding
QH state above B = 4.4 T. We note that the experimental b2- band is a
curved line in Fig. 4b, which is apparently deviated from a linear dis-
persionwithmagnetic field expected by the theoretical result (Fig. 3d).
In SCCMmeasurement, the energy positionof the b2- peak is not solely
determined by the single-particle cyclotron energy gap described in
Eq. (1); it is also significantly influenced by the QHIFM states between
ν =0 and ν = -8 driven by electron-electron interactions, leading to the

observed deviation of the experimental value from the single-particle
calculation. Therefore, we attribute this discrepancy to the funda-
mental difference between the thermodynamic chemical potential
measured in our experiment and the single-particle energy band pre-
dicted theoretically.

A similar LL crossing is observed at ν = +4, resulting from the
intersection between b0 and B2+ at B = 5 T (Fig. 4c). To reveal the
connection between LL crossing and the re-emergence behavior, we
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extract the local conductivity and energy gap of ν = +4 QH state as a
function of magnetic field (Fig. 4c, middle). The energy gap Δ4 is
obtained by investigating the chemical potential jump at ν = +4
(orange circle), whereas the conductivity is extracted by slicing
through the ν = +4 line (black circle) in Fig. 4c right. The LL crossing at
intermediate magnetic field manifests as an enhancement in local
conductivity and a simultaneous closure of the energy gap, demon-
strating remarkable consistency between these two observables.

When LLs from different subbands intersect, the energy gap clo-
ses, resulting in increased conductivity and the characteristic re-
emergence of QH states. Specifically, the K-valley wavefunction of B2+

LL comprises φ2 components at β2 + β4 sites and φ0 components at
α1 +α3. In contrast, the b0 LL wavefunction is purely composed of φ0

(non-relativistic zeroth LL wavefunction) localized at the β2 + β4 site
(Fig. 4a). The spatially compact nature of b0 wavefunction enhances
the exchange interaction within the cyclotron orbital, leading to a
larger correlated QHIFM energy gap than B2+. Consequently, the
enhanced Coulomb interactions in b0 give rise to QHIFM states at
v = +5, +6, and +7 below 5 T (Supplementary Fig. 8d), which subse-
quently transition to v = +1, +2, and +3 above 6 T following the LL
crossing (Fig. 4c, right). Crucially, the emergence of these QHIFM
states is driven by strong intrinsic Coulomb interactions within com-
pact LL subbands, amechanism that persists both before and after the
LL crossing. While the LL crossing defines the phase transition point,
the specific ground state sequence is determined by the interaction-
driven selection among these competing QHIFM states as well as
single-particle effects such as the Zeeman energy and electric-field-
driven valley splitting. Therefore, our SCCM results clarify that the LL
crossing acts as a modulator, reorganizing the sequence of the QHIFM
states and shaping the QHIFM phase diagram, rather than serving as
the microscopic origin of these states.

The consistency between local conductivity and the many-body
LL energy spectrum establishes a direct connection between single-
particle LL wavefunctions, LL crossings, and the emergence of QHIFM
phases, effectively mapping out the correlated phase diagram. Build-
ing on this framework, the single-particle wavefunctions underlying
these QHIFM states are detailed in Fig. 4d. Notably, these states show
complete symmetry breaking on the hole side, contrasting with only
valley symmetry breaking on the electron side, thereby highlighting a
pronounced electron-hole asymmetry. Such valley symmetry splitting
is clearly resolved by the multi-peaks feature in the zoomed-in LL
energy spectrum near ν = +12 (Supplementary Fig. 9), where the 4-fold
degenerate b1 LL splits into two distinct 2-fold degenerate sub-peaks.
This splitting is consistent with a clear ν = +10 QH state in corre-
sponding local conductivity channel. As shown by the sMIM gate-
dependent line scans (Fig. 2d, Supplementary Figs. 4g and 10), the
specific electron-hole asymmetry and QHIFM sequence persist
robustly across different sample regions, despite the varying density
and type of local charge disorder in these scans. This persistence
suggests that the asymmetry is likely driven by intrinsic interaction
mechanisms rather than random local potential fluctuations, although
a definitive conclusion needs further theoretical and experimental
investigation.

Our measurements also clearly reveal distinct behaviors of the
QHIFM states in the BG and TDBG regions. The zeroth LL of BG pos-
sesses an 8-fold degeneracy (spin, valley, and orbitalN = 0,1). In our BG
data, we observe the lifting of the spin and valley degeneracy near the
CNP, while the orbital degeneracy generally remains intact (Fig. 1c and
g). In contrast, remote interlayer hopping in tetralayer graphene break
this orbital degeneracy41, creating a densemanifold of subbands at the
single-particle level. As shown in Fig. 4d, these splitting-induced,multi-
component LL subbands retain prominent nonrelativistic zeroth LLφ0

and/or first LL φ1 orbital components, including B3-, B2-, b2-, B0, B1, b0,
B2+, b1 and B3+ branches. Ultimately, this single-particle splitting,
combined with the multi-component nature and wavefunction

structures of the subbands, accounts for the rich QHIFM sequences
uniquely observed in TDBG.

Discussion
A high-resolution SCCM spectrum on distinct stacking domains would
provide valuable insights into the origin of the QHIFM states and its
relation to the moiré superlattice. However, despite our best efforts,
the mechanical noise level in the dry-dilution fridge environment
prevented us from resolving the moiré superlattice in situ. To rule out
ambiguity and confirm that our spectroscopic data originates from the
dominant ABAB phase, we conduct extensive sMIM line scans across
large areas ( > 10 μm) spanning from the adjacent BG region deep into
the TDBG region (Supplementary Fig. 10b–d). These large-scale scans
reveal the ubiquity of QHIFM state sequences throughout the TDBG
region. While the signal amplitude and the exact gate voltage onset of
these states exhibit spatial fluctuation due to charge disorder, the
characteristic sequence of the QH states remains robustly intact
everywhere (consistent with Fig. 2d). We do not observe any regions
exhibiting the distinct spectrum expected for ABCA stacking. Fur-
thermore, we perform high-resolution sMIM 2D mapping over a 3×3
μm region at various filling factors (Supplementary Fig. 10e, left).
Although the mechanical noise prevented direct imaging of the moiré
lattice, we observe subtle spatial patterns near certain QHIFM states
(e.g., ν = -7 and +1), which might be the signature of the underlying
moiré superlattice. Importantly, the spectroscopic signature of the
sMIM line scan across this area reveals a clearly resolved and uniform
QHIFM sequence (Supplementary Fig. 10e, right). Despite local density
variations and possiblemoiré-induced textures, the observation of the
characteristic QHIFM sequence throughout the sample confirms that
the signal is dominated by the robust ABAB phase.

Moreover, our identification of the dominant ABAB phase is
supported by a recent transport study on marginally TDBG42. They
report a doping-induced sliding phase transition between the Bernal-
dominant and Bernal-Rhombohedral mixed states. Their results con-
firm that the Bernal (ABAB) stacking is the energetically dominant
ground state over large areas.Whileour SCCMmeasurements focus on
the local conductivity and chemical potential rather than the global
switching reported in their work, the observation of Bernal dominance
is consistent across both studies. This aligns perfectly with our
observation of ubiquitous QHIFM sequences and LL crossing beha-
viors throughout our sample.

How would moiré potential affect the QHIFM states in the ABAB
domains? Previous study demonstrated marginally TDBG forms large,
uniform commensurate domains by pushing the intermediate atomic
stackings of the spatially evolving TDBGmoiré to the domainwalls and
decoupling the ABCA and ABAB graphene from the effects of the
superlattice potential43. Although a marginally TDBG moiré was used
to achieve the ABCA/ABAB graphene regions, both domains are no
longer affected by the much larger scale moiré, allowing the study of
ABCA/ABAB graphene without any superlattice potential affecting its
low-energy electronic properties. Such “moiréless” picture is further
confirmed by a recent STM study44, where the electronic structure of
the relaxed domains inmarginally TDBG is the same as that of intrinsic
tetralayer graphene. Our sample shows a similar domain configuration
and twist angles. Therefore, treating the Hamiltonian as pristine tet-
ralayer graphene is supported by the “moiréless” nature of these
domains.

In summary, we establish SCCM as a versatile scanning probe
microscopy technique. It enables simultaneousmeasurements of local
conductivity and chemical potential at the nanoscale, thereby allowing
concurrent determination of the Chern number and thermodynamic
density of states under varying magnetic field and carrier density. Our
observations of robust QHIFM states, re-emergence behaviors, and
many-body LL energy spectrum in TDBG highlight SCCM’s capacity to
directly unveil the physical origins of complex quantum phases. Given

Article https://doi.org/10.1038/s41467-026-74915-y

Nature Communications | (2026) 17:7986 6

www.nature.com/naturecommunications


a b0 4ν 8 12 16 20-4-8-12-16

-4 -2 0 2 4
n (1012 cm-2)

3

5

7

9
B

(T
)

3

5

7

9

B
(T

)

0 4ν 8 12 16 20-4-8-12-16

-4 -2 0 2 4
n (1012 cm-2)

d

c

Energy (meV)

B
(T

)

3

5

7

9

e

sM
IM

(a
.u

.)

-16 -8 0 8 16
Filling ν

0.1

10

20

30

5

15

25

35

En
er

gy
(m

eV
)

-40

0

40

20

-20

T (K)

-20 0 20 40

0

+4

+8

+12

+16
+20

-8

-12

-4-16-24

-20

+24

D
O

S
(a

.u
.)

B4-

B3- B2- B0 B1 B2+ B3+ B4+ B5+
b3- b2- b0 b1

B6+ B7+

b2+

B

b
HeavyLight

-40 0 40 80
Energy (meV)

0

+4

+8

+12

+16 +20
-8

-12

-4

-16

-20

+24

3

5

7

9

B3- B2- B0 B1 B2+ B3+ B4+ B5+

B4-

B6+

B7+

b3- b2- b0 b1 b2+

B
(T

)

Δ
(m

eV
)

-16 -8 0 8 16
Filling ν

0.1

10

30

T C
(K

)

20

0

4

8

12
sM

IM
(V

)

5.4

6.2

En
er

gy
(m

eV
)

-35

60

Fig. 3 | Many-body LL energy spectrum of TDBG. a, b n-B map of local con-
ductivity (a) and chemical potential (b) at T = 100mK in TDBG region. Re-
emergence behavior is observed at integer filling factor v = +4, +12, +16 in (b). c LL
energy spectrum extracted from (b). Each LL is denoted by its subband (B or b) and
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as b/B0/1. dCalculated LL spectrum of tetralayer graphene, in good agreement with
experimental LL energy spectrum (c). Inset: calculated 3D band structure of tet-
ralayer graphene. e Lower: Temperature dependence of the local conductivity as a

function of filling factor ν atB = 9 T, ranging from 100mK to 35.6 K. The black curve
shows the corresponding chemical potential at T=100mK. Upper: QH states energy
gap Δ (blue bar) estimated from chemical potential measurement and their critical
temperature TC (red circle) extracted from temperature-dependent measurement.
Error bars Δ represent the uncertainty bounds derived from the transition width of
the chemical potential curve (see Supplementary Fig. 7 for detailed energy gap
extraction procedures).
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its compatibility with van derWaals heterostructures and sensitivity to
both electronic compressibility and conductivity, SCCM offers a
broadly applicable platform for exploring correlated and topological
phenomena in a wide range of two-dimensional systems.

Methods
Sample fabrication
The sample in this study was fabricated by employing a “cut & stack”
technique developed recently with the assistance of polypropylene
carbonate (PPC) / polydimethylsiloxane (PDMS) stamp. A thick h-BN
andbilayer graphenewere exfoliated on SiO2/Si substrates. The bilayer
graphene was cut into two parts in advance. The h-BN flake was first
picked up by PPC. Then, h-BN was used to pick up the first part of the
graphene. After the transfer stage was rotated by approximately 0.2°,
the second part of the graphene was picked up. In the above process,
the temperature was kept at 40 C°. To flip the stack, the PPC film with
h-BN/BG/BG was transferred to a clean PDMS, with the stack side

touching the PDMS. The PPC film can be dissolved by acetone. Finally,
the stack was transferred onto pre-patterned gold electrodes. Another
graphite flake was used to connect the graphene and gold electrodes.

SCCM
The SCCM experiments were carried out in a commercial cryogenic
sMIM system (PrimeNano). The Pt-Ir tips from Rocky Mountain
Nanotechnology LLC were used for non-contact SCCM scanning.
SCCM signals were taken in a constant height mode with the scanning
plane nominally ~ 30 nm above the sample surface. During SCCM
measurement, the cantilever is mechanically excited by the dither
piezo at its second eigenmode f2 = 118 kHz (Supplementary Fig. 1c,
AFM box). The phase lock loop (PLL2) and PID2 are used to keep the
cantilever oscillating at its resonance frequency and pre-setting
amplitude Asp, known as the frequency-modulated AFM. Next, a
3 GHz microwave signal is delivered to the tip apex through a direc-
tional coupler and impedance matching module (Supplementary
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Fig.1c, sMIMbox). The reflectedmicrowave signal is then collected and
demodulated to sMIM-Re and sMIM-Im, which characterize the elec-
trical properties of the sample. To eliminate the drifting background,
the resulting oscillation amplitude of sMIM-Im with tip oscillation is
demodulated at f2 using Lockin3 to yield d(sMIM-Im)/dz, referred to
as the sMIM signal hereafter. Meanwhile, an ac voltage VAC is
applied to the tip at the frequency f2-f1 = 100 kHz through the bias Tee
(Supplementary Fig.1c, KPFM box). The electrical force generated at f1
is given by Ff 1

=AmC
00 VDC � VCPD

� �
VAC , where Am is cantilever

mechanical oscillation amplitude, theC00 is the secondderivative of the
tip-sample capacitance and VCPD is the contact potential difference
between tip and sample. The electrically driven amplitude Ae at
f1 = 18 kHz is demodulated by the lockin1 and nullified by PID1, applying
a dc voltage VDC = VCPD on tip. The chemical potential is then extracted
by VCPD.

Extraction of thermodynamic density of states
The thermodynamic density of states, defined as DOSðμÞ= e2dn=dμ,
relates to the inverse slope of the measured μ(n) dispersion. In our
experiment, the linear sweepofgate voltage ensures uniformsampling
intervals in carrier density n. Consequently, the statistical distribution
of the measured μ values directly reflects the DOS structure: energy
regions where μ(n) is flat accumulatemore data points, corresponding
to peaks in the DOS.

To reconstruct a continuous DOS spectrum from the discrete
experimental data points μi

� �
, we employed the Gaussian kernel

density estimation method. This approach effectively treats each data
point as a Gaussian wave packet and superimposes them to form the
total spectrum. The estimated DOS is proportional to the sum of these
gaussian kernels:

DOS μð Þ / 1
Nh

XN

i = 1

1ffiffiffiffiffiffi
2π

p exp � μ� μi

� �2
2h2

 !

where N is the total number of data points and h is the width of the
gaussian kernel. The width h was carefully selected based on the
experimental data quality to achieve an optimal balance between
suppressing measurement noise and resolving fine spectral features
(such as Landau level splitting). Specifically, we use a width of
h = 0.5meV for the BG data and h = 0.35meV for the TDBG data.
Compared to direct numerical differentiation which amplifies high-
frequency experimental noise, this statistical approach yields a
smooth, continuous DOS profile that allows for the unambiguous
identification of intrinsic energy gaps and Landau levels.

High-resolution moiré imaging
An Asylum Cypher S AFM was used for high-resolution moiré imaging
using sMIM and piezoresponse force microscopy (PFM). Shielded
sMIM probes (ScanWave probes from PrimeNano with a spring con-
stant of about 1 N/m) were used in contact mode for both sMIM and
PFM scans. In sMIM measurement, a 3GHz microwave excitation is
directed to the sMIM probe. The reflected microwave signal is ana-
lyzed to extract the demodulated outputs as sMIM signals. The moiré
signal is primarily contributed by the real part of sMIM signal (sMIM-
Re). In PFM measurement, the dual amplitude resonance tracking
(DART)modewas used for PFMmappings to ensure a strong signal-to-
noise ratio. An ac bias at about 70 kHzwas applied on the tip to keep it
oscillating at its contact resonance frequency. All the high-resolution
moiré imaging measurements were conducted under ambient
conditions.

Theoretical calculation of ABAB-stacked tetralayer graphene
The Hamiltonian of ABAB-stacked tetralayer graphene at K valley is
given by41

HABAB =

H1 Hy
2 Hy

3 0

H2 H1 H2 H0y
3

H3 Hy
2 H1 Hy

2

0 H0
3 H2 H1

0
BBBB@

1
CCCCA+Vd ,

where HABAB is the 8 ×8 matrices expressed in the space
α1,β1,α2,β2,α3,β3,α4,β4

� �
withαl and βl denoting the two sublattices

in the lth layer. The block matrices are defined as:

H1 =
0 ν0π

y

ν0π 0

 !
,H2 =

�ν4π γ1
ν3π

y �ν4π

� �
,H3 =

γ2=2 0

0 γ5=2

� �
,H 0

3 =
γ5=2 0

0 γ2=2

� �

where π = ðkx + ikyÞ, the velocities can be parametrized as
νi =

ffiffiffi
3

p
a0γi=2 for i=0, 3, 4 with a0 =0:246nm being the lattice con-

stant of monolayer graphene. The diagonal term is

Vd =Diag½0,δ1, δ2, 0, 0,δ2, δ1, 0�

where δ1 and δ2 represent the on-site energy differences of
inequivalent sublattices. We adopt the parameter values γ0 = 3:0eV,
γ1 = 0:44eV, γ2 = � 0:022 eV, γ3 = 0:2 eV, γ4 =0:12 eV, γ5 = 0:01 eV,
δ1 = 0:013 eV and δ2 =0:033 eV, which slightly differs from the
parameter values available in the literature45 and has been adjusted
to capture the experimental Landau level crossing positions.

To incorporate the perpendicular magnetic field B=Bẑ, the
momentum p=k in HABAB is replaced by the kinetic momentum
Π =p+ eA, where A is the vector potential satisfying ∇×A=B. The
kinetic momentum operator has non-commuting components
½Πx ,Πy�= � iℏeB. Ladder operators are then introduced:

a=
lB

ℏ
ffiffiffi
2

p ðΠx � iΠyÞ, ay =
lB

ℏ
ffiffiffi
2

p ðΠx + iΠyÞ

where lB =
ffiffiffiffiffiffiffiffiffiffiffi
ℏ=eB

p
and ½a,ay�= 1. Using the decomposition

HABAB =M1π +My
1π

y +M2, the Landau level Hamiltonian is given by:

HLL =

ffiffiffi
2

p

lB
ðM1 � Ha +M

y
1 � Hy

aÞ+M2 � I

where HLL is the 8 N + 1ð Þ×8 N + 1ð Þ matrix expressed in basis Xl ,n
		 


and 0≤n ≤N denotes the nth Landau level. Ha is the ðN + 1Þ× ðN + 1Þ
matrix satisfying ðHaÞn,n0 =

ffiffiffiffiffiffiffiffiffiffi
n+ 1

p
δn+ 1,n0 and Hy

a is its Hermitian
conjugate.

To demonstrate the decomposition into low-mass (b) and
high-mass (B) sectors, we introduce a new set of orthonormal
basis denoted by jϕðX ,ρÞ

m i, where X =α,β labels the sublattice, ρ = o, e
represent odd and even layers. These basis states are defined as fol-
lows:

jϕðX ,oÞ
b i =w1jX 1i �w2jX3i, jϕðX , eÞ

b i=w2jX2i �w1jX4i
jϕðX ,oÞ

B i =w2jX 1i+w1jX3i, jϕðX , eÞ
B i=w1jX2i+w2jX4i

where Xl =αl ,βl are sublattices in lth layers,
w1 =

ffiffiffiffiffiffiffiffiffiffi
5 +

ffiffi
5

p
10

q
andw2 =

ffiffiffiffiffiffiffiffiffi
5�
ffiffi
5

p
10

q
. The Hamiltonian H0

ABAB in the new basis is
derived by applying a unitary transformation U to the original Hamil-
tonian HABAB

41. Here U is formulated as:

U = jϕðα, oÞ
b i, jϕðβ, oÞ

b i, jϕðα, eÞ
b i, jϕðβ, eÞ

b i, jϕðα,oÞ
B i, jϕðβ,oÞ

B i, jϕðα, eÞ
B i, jϕðβ, eÞ

B i
� �

:
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H0
ABAB is then given by

H0
ABAB = UyHABABU =

HL W

W y HH

� �
,

where, HLandHH are 4 ×4 matrices for the light and heavy mass
sectors, respectively. These two sectors are perturbatively
coupled by the matricesW andW y that contain the small parameters
γ2 and γ5.

In the presence of magnetic fields, the weights of light mass and
heavy mass components in LL state ψ are defined as

Wb =
X

X =α,β

X
ρ= o, e

jhϕðX ,ρÞ
b jψij2,WB =

X
X =α,β

X
ρ = o, e

jhϕðX ,ρÞ
B jψij2,

where

jhϕðX ,ρÞ
m jψij2 =

X
n

j
X
X 0 , l

hϕðX ,ρÞ
m jX 0

lihX 0
l ,njψij2:

Here n denotes the LL index. The theoretical LL spectrum for
ABAB-stacked graphene is shown in Fig. 3(d), where the weight is
indicated by color. Based on these results, we further compute the
density of states (DOS), as presented in Supplementary Fig. 8, where
the spin and valley degrees are taken into account. Since we do not
theoretically investigate interaction effects, spontaneous symmetry
breaking states are not considered.

Theoretical calculation of ABCA-stacked tetralayer graphene. The
Hamiltonian of ABCA-stacked tetralayer graphene at K valley is given
by

HABCA =

H1 Hy
2 H00y

3 0

H2 H1 Hy
2 H00y

3

H00
3 H2 H1 Hy

2

0 H00
3 H2 H1

0
BBBB@

1
CCCCA

where HABCA is the 8 ×8 matrices expressed in the space
α1,β1,α2,β2,α3,β3,α4,β4

� �
: The block matrices H1 and H2 adopt the

same form as those in HABAB, while the block matrix H00
3 is defined as

H00
3 =

0 0

γ2=2 0

� �
:

For HABCA, we use parameters in Ref46.: γ0 = 3:12 eV, γ1 = 0:377 eV,
γ2 = � 0:0206 eV, γ3 = 0:29 eV, γ4 =0:12 eV, γ5 =0:025 eV. Following
the same method used in the ABAB-stacked graphene, we incorporate
the perpendicular magnetic field and thereby construct the Landau
level Hamiltonian for the ABCA structure. The calculated electronic
band structure in the absence ofmagnetic field and the corresponding
LL spectrum are shown in Supplementary Fig. 5.

Data availability
The main figure data generated in this study are provided in a Source
Data file at https://doi.org/10.6084/m9.figshare.32412321. Additional
data measured or analyzed during this study are available from the
corresponding authors upon request. Source data are provided with
this paper.
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