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Moiré superlattices in twisted two-dimensional materials have emerged as ideal platforms for engineering
quantum phenomena, which are highly sensitive to twist angles, including both the global value and the spatial
inhomogeneity. However, only a few methods provide spatial-resolved information for characterizing local twist
angle distribution. Here we directly visualize the variations of local twist angles and angle-dependent evolutions of
the quantum states in twisted bilayer graphene by scanning microwave impedance microscopy (sMIM). Spatially
resolved sMIM measurements reveal a pronounced alteration in the local twist angle, approximately 0.3° over
several micrometers in some cases. The variation occurs not only when crossing domain boundaries but also
occasionally within individual domains. Additionally, the full-filling density of the flat band experiences a change
of over 2 x 10*! cm™? when crossing domain boundaries, aligning consistently with the twist angle inhomogeneity.
Moreover, the correlated Chern insulators undergo variations in accordance with the twist angle, gradually
weakening and eventually disappearing as the deviation from the magic angle increases. Our findings signify the
crucial role of twist angles in shaping the distribution and existence of quantum states, establishing a foundational

cornerstone for advancing the study of twisted two-dimensional materials.

DOI: 10.1088,/0256-307X/41/3/037401

Two-dimensional moiré materials have attracted much
attention for the novel quantum phases with strong elec-
tronic correlations and their wide tunability of the moiré
wavelength, symmetry, and band topology. [ The twist
angle and electronic states under long-wavelength periodic
potentials lead to the emergence of flat bands and vari-
ous interaction-driven phenomena including correlated in-
sulators, superconductivity, and integer/fractional quan-
tum anomalous Hall effect. ™ In twisted homobilayers,
specifically, small variations in twist angles can strongly
affect the stability of multiple competing orders and cause
dramatically different ground states, enriching the phase
diagram and resulting in sensitive relationships between
the structural details of stacked layers and the correlated
phenomena. (5]

It has been found experimentally that the local
twist angle can vary substantially in the same sample
caused by random strain fluctuations.**%) Such inho-
mogeneities of twisted two-dimensional devices can eas-
ily hinder the global measurements of novel quantum
states in mesoscopic samples and compromise the ability
to align experimental measurements with predictive theo-
retical models. ['*19724 The missing information about lo-
cal twist angle distribution and correlated electronic states
presents a critical roadblock toward further understanding
in this field. (2%

In this Letter, we directly visualize the spatially re-

TThese authors contributed equally to this work.

solved conductivity and local twist angles in a twisted bi-
layer graphene (TBG) device through scanning microwave
impedance microscopy (sMIM) measurements. By varying
the magnetic field and back-gate voltage, the moiré band
gaps, quantum Hall states (QHSs), and Chern insulators
(Chls) are identified in sMIM point measurements. 262!
The spatial mapping of local twist angles is obtained from
the doping density of moiré band gaps in sMIM linecuts
and images. Significant variations in local twist angles
are evident in this device, particularly when crossing do-
main boundaries, and at times, variability is observed even
within individual domains. The Chls display a pronounced
dependence on the local twist angles. They gradually
weaken and ultimately vanish as deviating from the magic
angle (1.1°). Our experiments figure out the local twist
angle variation between and within domains, as well as
the angle-dependent evolutions of corresponding quantum
states, providing a pathway for the simultaneous measure-
ments of local twist angle and quantum states.

We fabricated our TBG sample using the dry trans-
fer and ‘tear-and-stack’ technique (39311 and deposited the
hBN/TBG/hBN (hexagonal boron nitride) stack onto a
Si02/Si substrate [Fig.1(a)]. The sample is targeted at
a global twist angle near the magic angle (1.1°) between
two graphene layers, but inevitably exhibits some local
twist angle disorders. The layer-stacking structure and
local conductivity are characterized by sMIM measure-
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ments under low-temperature (7' = 100 mK) and vector
magnetic field (9.-3,-1, T). The microwave signals are
obtained using non-contact sMIM scanning with constant
height mode. The sMIM conductance image and spectra
shown in the figures are all taken from the imaginary chan-
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nel (sMIM-Im) where the intensity increases monotonically
with the local conductivity. [32] Consequently, the distri-
bution of local conductivity in TBG devices is distinctly
observed through sMIM-Im mappings. [33-35]
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Fig. 1. Structure and quantum states of TBG measured by sMIM. (a) Schematic of the sMIM experimental setup
and TBG device structure. Vg is the gate voltage. Inset: AFM image of the TBG device. (b) Large area sMIM-Im
mapping of TBG device at B=9T, Vz; =2V, and T = 100mK, showing the regions of monolayer graphene (MG)
and TBG. (c) The sMIM point measurement at the location of TBG region, with the B sweeping from 2T to 9T,
and the Vg sweeping from —80V to 80 V. Various kinds of electronic states including the Chl, QHS, and moiré band

gaps are observed.

In our device, the regions of MG and TBG are distin-
guishable in the sMIM image under the magnetic field of
9T and the gate voltage of 2V [Fig.1(b)]. The striking
contrast between MG and TBG arises from distinct Lan-
dau level filling conditions. The MG regions show integer
filling of Landau levels and leave the Fermi level in the
gap, resulting in the insulating bulk states accompanied
by quantum Hall edge states. In contrast, the TBG region
shows incomplete filling of Landau level and overall high
conductivity.

To investigate the electronic characteristics in TBG,
we performed sMIM point measurements at fixed loca-
tions, depicting the sMIM-Im intensity as a function of
the out-of-plane magnetic field (B) and gate voltage (V).
Such a point measurement [Fig. 1(c)] reveals various quan-

tum states including QHS, Chl, and the moiré band gaps.
These states are characterized by the intercept (s) and
slope (t) of the evolution of insulating states, where s is
the moiré filling factor, and ¢ is Chern number as well as
the flux filling factor. ® Further, complete information on
local electronic properties is obtained, including the local
charge neutrality point (CNP), the gate capacitance (Cy),
and twist angles (0).

In a TBG Landau fan diagram, the voltage of QHSs
vary linearly with magnetic field B, with the carrier den-
sity (n) following n = tB/¢o, where the magnetic flux
quantum ¢ h/e (e is the elementary charge, h is
Planck’s constant). The carrier density is experimentally
modulated by the gate voltage as the function of n = Cg V.
Derived from the QHSs in Landau fans within MG and
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bilayer-graphene (BG) regions, the gate capacitance is ap-
proximately 1.0255 ™% F/cm?.

We characterize the inhomogeneity of the local twist
angle and corresponding quantum states by performing
sMIM linecut measurements (local conductivity varies as
a function of spatial positions and gate voltages) at 9T in
the TBG region. One of the linecut [Fig. 2(a)] shows the
twist angle evolution when scanning along the black ar-

row as marked in Fig. 1(b). Three domains are discernible
along the line, identified by the voltage value jump of the
moiré full-filling gaps (four electrons filling in per moiré su-
percell) at V4s and V_ns. Additionally, the corresponding
shifted Landau levels with s = £4 [purple dashed lines in
Fig.2(a)] further emphasize the presence of varying twist
angles 0.
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Fig. 2. Variation of local twist angle and quantum states within and between domains. (a) An sMIM linecut with
B =9T and Vg sweeping from —80V to 80V, extending over 9 um along the black arrow marked in Fig. 1(b). The
centers of moiré band gaps are marked by black dots. Three domains with distinct Vg values for moiré band gaps
are observed. (b) Local twist angle variation 6 (black squares) and its derivative df/dx (red line) along the linecut,
as shown in (a). Peak and dip are observed in df/dz at the location of domain boundaries. (¢) Another sMIM
linecut with B = 9T and V; sweeping from —25V to 70V, extending over 15 um along the red arrow marked in
Fig. 1(b). The centers of moiré band gaps are marked by black dots. Four domains, including both BG and TBG
regions, have been identified. (d) Local twist angle variation 6 (black squares) and its differential df/dz (red line)
along the linecut, as shown in (¢). Peak and dip are observed in df/dz at the location of domain boundaries.

By fitting a series of Vg-sweeping spectra at differ-
ent locations, we figure out the variation of twist an-
gles [black squares in Fig.2(b)]. The diverse voltage val-
ues of moiré band gaps originate from the varying local
twist angles. This correlation is governed by the formula

sind = ay/Cy AV, +/3/16, where a = 0.246nm is the
graphene lattice constant and AV = Vi, — V_ys is the dif-
ference between gate voltages of moiré band gaps on elec-
tron and hole doped sides. The obtained local twist angles
exhibit variation of about 0.14°, ranging from 6 = 1.20°
to 0 = 1.34° across the 9 pm pathway. The df/dx profile
exhibits clear peaks and dips at the domain boundaries
[red line in Fig. 2(b)], effectively partitioning the twist an-

gles into three sections with values near 1.20°, 1.33°, and
1.26°. Remarkably, the QHSs maintain continuity even
when undergoing the twist angle variation across different
domains.

In contrast to discrete domains of twist angles, an al-
ternative linecut [Fig.2(c)] presents more intricate vari-
ations in local twist angles, spanning a broader range
of about 0.28° [Fig.2(d)], ranging from 6 = 1.11° to
0 = 1.39° over the 15 um pathway along the red arrow as
marked in Fig. 1(b). Based on variations in quantum states
and twist angles, four distinct sections are discerned.

For © < 2um (section I), distinct characteristics of
Bernal BG with a relaxed twist angle (§ = 0°) are ob-
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served, displaying QHS with the filling factors ranging
from t = 0, +2, £4 to as high as ¢ = 20. The quan-
tum states in BG present a notable contrast with those
in TBG sections, resulting in a sudden disappearance of
moiré bands gaps. The domain boundaries among sec-
tions I-IV are indicated by peaks and dips in the df/dx
profile, wherein section Il exhibits relatively uniform twist
angles with a value of 6 near 1.38°. However, twist an-
gles in sections II and IV vary continuously, suggesting the
presence of twist angle disorder and local strains within

(b)

—~

1.15 1.20 1.25 1.30
(d) 6(r)(deg) (e)

certain domains.

In addition to measurements performed under finite
magnetic fields, the identification of local twist angles and
quantum states can also be carried out under zero-field

conditions. In such cases, only moiré band gaps remain
pronounced in the spectra, while QHSs are naturally ab-
sent. To generate a direct visualization of the local twist
angle 6(r) and the charge variation én(r), we perform V-
dependent sMIM measurements in an area of 6 pm X 5 pm
as marked by a blue dashed box in Fig. 1(b).
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Fig. 3. Images of local twist angle and charge variation in a TBG area at zero field. (a) An sMIM-Im image of a
TBG area (6 pum x 5um), marked by blue dashed box in Fig.1(b), at B =0T, Vz; = =59V and T = 100 mK. (b)
A 3D view of the conductivity tomography plot over the same area as (a), with V; sweeping from —80V to 60 V.
(c) A series of sMIM tomography slices (b) with different V; ranging from —53V to —62V. The blue blocks signify
locations with poor conductivity within moiré band gaps. (d)—(e) Images of the twist angle 6(r) (d) and its gradient
|[VO(7)| (e) obtained from sMIM tomography in (b). (f) Image of the charge variation dn(r) obtained from sMIM
tomography in (b). The values are determined by Vj of the insulating state at moiré band gaps. (g)—(h) Histograms
of the twist angle 6 (g) and charge variation dn (h) as depicted in (d) and (f). The histograms reveal the bimodal
distribution characteristics in the numerical values, consistent with the observation of two domains within this area.

The presence of local electronic inhomogeneity be-
comes readily apparent through a single sMIM image
showing the local conductivity with gate voltage V.
—59V [Fig.3(a)]. A comprehensive representation of in-
sulating states in this region is contained in a slice of
the three-dimensional (3D) conductivity tomographic plot
[Fig.3(b)], illustrating the evolution of two moiré band
gaps with sweeping gate voltages from —80V to 60 V. The
moiré band gaps manifest as insulating stripes at the to-
mography side surface. A series of sSMIM tomography
slices with V, ranging from —53V to —62V, provides a
more detailed and intuitive depiction of this evolution.

The blue blocks delineate the locations of moiré band in-
sulator regions, while the white and red blocks represent
areas with higher conductivity. As gate voltage varies, the
moiré band insulator regions flow and change, pointing to
variations in local twist angles.

We derive the distribution of the local twist angles 0(r)
[Fig. 3(d)] by processing the data through map smooth-
ing and moiré band gaps fitting in each spectrum. Linear
interpolation is also employed for specific individual pix-
els with incomplete information on moiré band gaps. As
revealed by the 0(r) image, the area is evidently distin-
guished into two domains, with the boundary marked by
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dashed lines. The red/orange domain holds the twist an-
gles concentrated within the range between 1.15° and 1.20°
and the blue/green domain holds those between 1.25° and
1.30°. The domain boundary is manifested as a yellow
stripe in the 6(r) image and stands out as a clear ridge in
the gradients |VO(r)| [Fig. 3(e)]. Remarkably, even within
single domains, the local twist angles show slight varia-
tions, which is in good agreement with the finding in the
sMIM linecut [Figs. 2(c)-2(d)].

Additionally, the local charge variation dn(r) is an-
other crucial electronic characteristic that leads to shifts in
all quantum states in the direction of V. The distribution
of én(r) is derived through variations in the CNP, follow-
ing the formula n(r) = Cg Vonpe (1) = Cg (Vas + Vens)/2
and on(r) = n(r) — A. The local charge variation shows

a step change at the domain boundary and remains rel-
atively uniform in each domain. The histograms reveal a
bimodal distribution of local twist angles and local charge,
consistent with the observation in 6(r), |V(r)|, and dn(r)
maps.

These variations in twist angles act as sensitive indica-
tors, offering a glimpse into the nuanced interplay both be-
tween and within TBG domains. Additionally, Figs. 3(d)-
3(f) correspond to the relaxation of strain and stress distri-
butions, emphasizing the intricate relationship that under-
scores the material’s response to mechanical forces. This
detailed examination unveils the material’s dynamic be-
havior in the face of external forces, contributing to a
deeper understanding of its mechanical properties and po-
tential applications in advanced material engineering.
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Fig. 4. Local twist angle dependence of correlated Chern insulator states in TBG. (a) Twist angle dependent

sMIM spectra measured in TBG regions with B = 9T and

T = 100 mK. The quantum numbers of emergent Chern

insulators are denoted by (s, t), where s is the moiré filling factor and t is Chern number. (b)—(e) Several sMIM

point measurements with the local twist angle of 1.24° (b),

present in (c)—(e) while absent in (b).

In addition to shifting the QHSs and moiré band gaps,
twist angle disorders also modulate the existence of quan-
tum states, such as the Chls. We present several sMIM
spectra measured at positions with twist angles varying
from 1.09° to 1.24° [Fig.4(a)] and denote the Chls by
color-coding symbols. [37] The characteristics of different
types of quantum states are identified in point measure-

1.20° (c), 1.15° (d), and 1.09° (e). Chern insulators are

ments [Figs. 4(b)—4(e)].

Besides the evident moiré bands gap and QHSs
throughout these spectra, Chls with a non-zero slope
(t # 0) and non-zero intercept (s # 0) are also observed in
the proximity of the magic angle (1.1°). Examining indi-
vidual spectra, the Chls exhibits a synchronized shift with
moiré band gaps, gradually weakening as the local twist
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angle deviates from the magic angle. Notably, as the devi-
ation progresses, reaching 1.24°, the Chls vanish entirely.
These observations quantify the influence of local twist
angles on the emergence of correlated Chls, thereby pro-
viding insights into the systematic angle-dependent phase
diagram of TBG.

In summary, we directly visualize the spatial distribu-
tion of the local twist angle between and within domains,
and reveal its influence on the evolutions of correlated
Chern insulators in TBG through sMIM measurements.
The Chls vanish in specific regions when the twist angle
exceeds 1.24° significantly deviating from the magic angle
value of 1.1°. The variation introduces significant inhomo-
geneity in the device, elucidating the reasons behind the
instability and disappearance of quantum states in certain
‘tear-and-stack’ devices. Our results pave the way for lo-
cal twist angle detection and emphasize the critical role
of twist angle distribution in shaping quantum states, lay-
ing a solid groundwork for advancing the exploration of
twisted two-dimensional materials.
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