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Unraveling the mechanism underlying topological phases, notably the Chern insulators (Chls) in strong correlated
systems at the microscopy scale, has captivated significant research interest. Nonetheless, Chls harboring topological
information have not always manifested themselves, owing to the constraints imposed by displacement fields in certain ex-
perimental configurations. In this study, we employ density-tuned scanning tunneling microscopy (DT-STM) to investigate
the Chls in twisted monolayer—bilayer graphene (tMBG). At zero magnetic field, we observe correlated metallic states.
While under a magnetic field, a metal-insulator transition happens and an integer Chl is formed emanating from the filling
index s = 3 with a Chern number C = 1. Our results underscore the pivotal role of magnetic fields as a powerful probe for
elucidating topological phases in twisted Van der Waals heterostructures.

Keywords: Chern insulators, strong correlation effects, two-dimensional van der Waals heterostructure,
density-tuned scanning tunneling microscopy (DT-STM)

PACS: 73.22.Pr, 73.21.Cd, 68.37.Ef, 85.30.Tv

1. Introduction

Strong correlations among electrons in condensed matter
systems give rise to a multitude of exotic emergent phenom-
ena, including unconventional superconductivity,!'*! heavy

791 and correlated insulators (CIs).[10-12]

fermion behavior, !
CIs with non-trivial topological bands give rise to one of the
most important research fields in condensed matter physics,
Chern insulators (ChIs).['32!1 Unraveling the microscopic
mechanisms underpinning these exotic states has become a
topic of paramount importance in recent investigations. Scan-
ning tunneling microscopy (STM), with unparalleled spatial
and energy resolutions, offers a promising approach to explor-
Combined STM

with strongly correlated topological systems holds the po-

ing electronics structure on atomic scale.

tential to elucidate the intricate interplay between topolog-
ical order, strong correlations, and material-specific details,
paving the way for tailored engineering of novel topological
phases. 223

Twisted Van der Waals heterostructures with recon-
structed moiré flat bands host strongly interacting elec-
trons, where the Coulomb potential overwhelms the ki-
netic energy. These systems provide a highly tunable plat-
form for exploring the rich landscape of strongly corre-

26,27

lated physics.!?®?71 A plethora of exotic correlation-driven
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electronic states have been observed and studied in vari-
ous twisted van der Waals systems, including twisted bi-
layer graphene (TBG),[>10:1417.22.28-301 twisted double bi-
layer graphene (tDBG),[1:1231-33] twisted monolayer—bilayer
graphene (tMBG), [13:20:24.25,34-36] and twisted transition metal
dichalcogenide (tTMD).[37#! The tMBG system, consisting
of a monolayer graphene stacked above Bernal-stacked bilayer
graphene, provides an ideal platform for exploring the inter-
play between strong correlations and topological phases. 1634
Transport studies have revealed abundant topological phases
in tMBG, [13-20-3435] direct microscopic evidence to construct
a comprehensive understanding of the underlying mechanisms
remains scarce, necessitating further local probe studies such
as STM investigations.

Naturally, the realization of CIs is a prerequisite to ex-
plore Chls in twisted Van der Waals heterostructures. (314171
However, ClIs are sensitive to the direction and strength of
the displacement field, leading to the emergence of corre-
lated metallic states instead of CIs under certain experimental

15341 When faced with such situations, it becomes

parameters. !
essential to implement strategies to induce ClIs for the study of
Chls.

In this study, we employ a magnetic field to induce Cls

in tMBG and identify its topological nature as an integer Chl.
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At zero magnetic field, the system exhibits a correlated metal-
lic state, characterized by a flat band peak pinned at the Fermi
level. While under high magnetic fields, the system undergoes
a metal-insulator transition, exhibiting a CI near integer fill-
ing factors. We derive its topological quantum number (Chern
number C, band filling index s) to be (1, 3), thereby confirming
its nature as an integer Chern insulator. Our findings demon-
strate that magnetic fields serve as a powerful tuning knob to
explore correlation effects in two-dimensional materials.

2. Band structure of tMBG

Figure 1(a) illustrates the STM experimental setup and
schematic structure of the tMBG device employed in this
work. We construct our tMBG device by stacking a mono-
layer graphene atop a bilayer graphene (see SI for more de-
tails). The topography and electronic structure information
can be probed by the STM tip, providing direct access to the
correlated states of interest. The heavily hole-doped silicon
substrate serves as a global gate, allowing for continuous tun-
ing of the carrier density in the tMBG system by adjusting
the back-gate voltage. Figure 1(b) shows a moiré superlattice
with a period of 12.1 nm. The twist angle can be deduced
to be 6 = 1.17° from the equation L = a/(2sin(6/2)), where
L is the moiré superlattice period, a is the crystal constant of
graphene and 0 is the twist angle. The black dashed lines and
circles outline the moiré unit cell of the superlattice. Three
high-symmetry regions with distinct local stacking orders are
marked as ‘ABB’, ‘ABC’, and ‘ABA’ in Fig. 1(b). Similar
to twisted bilayer graphene (TBG), the low-energy electronic
structure of tMBG is characterized by two flat bands near the
Fermi level. Figure 1(c) demonstrates the calculated low en-
ergy band structure of the tMBG system with 6 = 1.17° using
the continuous model (see SI for more details). The two red
bands are the conduction flat band (CFB) and the valence flat
band (VFB), respectively. Each flat band holds a four-fold de-
generacy due to the spin and valley degrees of freedom. Fig-
ure 1(d) presents d/dV spectra taken at the ABB region with
filling factor v = +4, which ensures the complete filling of
the flat bands with electrons. The relationship between filling

factor v and back-gate voltage V, can be described with the

%’ where Venp = (Ve + Vi) /2 is the

back-gate corresponding to the charge neutral point, Vg and

equation v = 8-

Vg are the back gates corresponding to full and empty filling
of the flat band with electrons, which can be determined from
the gate-dependent dI/dV spectra (see SI for more details).
The dI/dV spectra in ABA and ABC regions are similar with
those in ABB region (see SI). All the subsequent spectra were
taken at the ABB region unless otherwise specified. Below
the Fermi level, two prominent features corresponding to the
CFB and VFB are observed, consistent with the band structure
calculations.
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Fig. 1. (a) The sketch of our experiment setup, the electronic structure
was detected from the monolayer side of tMBG. The carrier density was
tuned by the back-gate voltage V;, from the doped Si substrate. (b) The to-
pography of the moiré superlattice with twist angle 6 = 1.17°, three high
symmetry regions represented by ‘ABB’, ‘ABC’, ‘ABA’ in the moiré unit
cell were depicted (Vp, = —150 mV, I = 80 pA). (c) The band structure
of tMBG with twisted angle 6 = 1.17° calculated by continuous model.
Two flat bands in red color near the Fermi level are marked as *CFB’ and
‘VEB’. (d) dI/dV spectra at Vy = +53 V (fully filling the flat band). The
CFB and VFB were characterized by two peaks below the Fermi level
(Vo =—150mV, I =80 pA, Vi =3 mV).

3. Metal-insulating transition under magnetic
field

To investigate correlation effects in this flat band system,
it is crucial to tune the carrier density to partially fill the flat
bands, thereby maximizing the electron—electron interactions.
Figure 2(a) first shows gate-dependent dI/dV spectra at zero
magnetic field. The dI/dV spectra consistently exhibit a finite
intensity at the Fermi level without any gap feature formed as
the carrier density is continuously tuned. This behavior sug-
gests that at B = 0 T, the tMBG system resides in the corre-
lated metallic state regime, characterized by the conduction
flat band pinned at the Fermi level (see SI for more details).
Figure 2(b) presents the spectra series within the white dashed
box in Fig. 2(a) from V, =33.0V (v=2.7)to V, =440 V
(v =3.6), clearly revealing a peak pinned at the Fermi level.

While subjected to a magnetic field of 4.0 T, as shown
in Fig. 2(c), a metal-insulator transition with a gap opening
is observed. The insulating gap emerges and persists over a
wide doping range from Vy = 34.0 V (v = 2.7) to fully fill-
ing the flat band. Interestingly, the insulating gap size evolves
with the gate voltage, as depicted by the white dashed box
in Fig. 2(c). Initially, the gap widens as the gate voltage in-
creases, reaches a maximum, and then shrinks upon further
gating. The maximized gap, indicated by the red arrow in
Fig. 2(c), is identified as the CL!*! To visualize this process
more clearly, figure 2(d) plots the d//dV spectra within the
white dashed box in Fig. 2(c). The size of the gap follows a
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pattern of initial increase and subsequent decrease along with
doping, as illustrated in Fig. 2(e). The red spectra line rep-
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Fig. 2. (a), (b) Gate-dependent d//dV spectra at B =0 T, the white dashed box indicates the selected area around filling factor v = 3 which
is presented in a waterfall plot in (b) (V, = —150 mV, I = 80 pA, Vi = 3 mV). (¢) Gate-dependent d//dV spectra at B = 4.0 T, the red arrow
highlights the correlated insulating state (V, = —100 mV, I = 500 pA, Vi, = 1 mV). (d) The waterfall plot of the spectra within the white dashed
box region in panel (c). The spectra in red line represent the correlated insulating state. (e) The scatter plot of the gap size (AE) of the spectra in

panel (d) as a function of gate voltage V.

4. Integer Chern insulating state

To elucidate the topological properties of the correlated
insulating state, magnetic field-dependent d//dV spectra were
acquired to track the Chern numbers of the gapped state.[!4]
Precisely, the topological property of a gapped state in a two-
dimensional system can be characterized by quantum numbers
(C,s) with the Diophantine equation v = C¢ /¢ +s,[**) where
v is the filling factor of the CI at finite magnetic field, ¢ /o is
the number of magnetic flux quanta of each moiré unit cell,
C is the Chern number and s is the corresponding band filling
index of the gapped state emanated from zero field. When the
Chern number C # 0, the system is topologically non-trivial,
the filling factor of the corresponding gap state evolves linearly
with the magnetic field. Following this principle, we measured
gate-dependent d/dV spectra at different magnetic fields. In
Figs. 3(a)-3(e) we present zoomed-in gate-dependent dI/dV
spectra from B =2.0 T to B = 10.0 T to show the evolution
of the CI with the varied magnetic field. The CI in each mag-

netic field is identified and indicated by red arrows. The CI
systematically shifts and its gap grows with increasing mag-
netic field strength. Figure 3(f) gathers d//dV spectra of the
identified CI at varied magnetic fields. Gap states within the
CI are indicated by red arrows. The evolution of the gap size
as a function of the magnetic field is depicted in Fig. 3(g), re-
vealing a monotonic increase in the gap size with increasing
magnetic field strength. To determine the evolution of the CI
with the magnetic field, we fitted our data to the Diophantine
equation, as shown in Fig. 3(h). The error bars of the data
represent the gate uncertainty of the identified CI, determined
by the gate interval between two adjacent d//dV spectra of
the gate-dependent d//dV spectra. The linear fitting result is
shown by the red shade line, yielding the topological quantum
numbers (C = 1, s = 3) (see SI for more details). The inte-
ger value of Chern number rules out the single particle band
gap and trivial charge order state.*!:*3] The band filling index
is also an integer, which eliminates the fractional nature.[*?]
These findings identify that this gap state is an integer ChI.[!4]
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Fig. 3. (a)—(e) Zoomed-in gate-dependent dI/dV spectra around the correlated insulating state area from B =2.0 T to B = 10.0 T. The red and
green arrows indicate the correlated insulating states at each magnetic field (V,, = —100 mV, I = 500 pA, Vi, = 1 mV). (f) Collection of correlated
insulating states at different magnetic fields. The red arrows indicate the gap edges. (g) The scatter plot of the gap size (AE) of the spectra in
panel (f) as a function of magnetic field (B). (h) The number of magnetic flux quanta per superlattice unit cell ¢ /o plotted versus flat band filling
factor v of CIs at different fields. The red line shows the linear fit to the data, giving the (C, s) of this ChlI to be (1, 3).

Furthermore, when the magnetic field exceeds 6.0 T, a new
correlated insulating state emerges, as indicated by the green
arrows in Figs. 3(d) and 3(e), which further substantiate the
potency of the magnetic field.

5. Conclusion and perspectives

In conclusion, we use DT-STM to investigate correlation
effects in tMBG. At zero magnetic field, a correlated metal-
lic state is observed and characterized by the flat band pinned
to the Fermi level. While subjected to high magnetic field,
a metal—insulator transition occurs, and CI emerges, identi-
fied as the maximized gap states in the gate-dependent dI/dV
spectra. Moreover, the filling factor of the CI evolves linearly
with varying magnetic fields, suggesting that this CI is topo-
logical non-trivial. We extract the topological quantum num-
bers of the CI to be (C = 1,s = 3) which classifies this CI as
an integer Chl. Our results demonstrate the utility of magnetic
fields as a powerful tool to induce CI and unveil the hidden
topological phase in tMBG. This strategy emphasizes the cru-
cial role played by magnetic fields in exploring correlation ef-
fects in twisted van der Waals heterostructures.
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