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Twisted graphene systems with flat bands have attracted much attention for they are excellent platforms to research
novel quantum phases. Recently, transport measurements about twisted monolayer—bilayer graphene (tMBG) have shown
the existence of correlated states and topological states in this system. However, the direct observations of the band struc-
tures and the corresponding spatial distributions are still not sufficient. Here we show that the distributions of flat bands in
tMBG host two different modes by scanning tunneling microscopy and spectroscopy (STM/S). By tuning our tMBG device
from the empty filling state to the full filling state through the back gate, we observe that the distributions of two flat bands
develop from localized mode to delocalized mode. This gate-controlled flat band wavefunction polarization is unique to the
tMBG system. Our work suggests that tMBG is promising to simulate both twisted bilayer graphene (TBG) and twisted
double bilayer graphene (tDBG) and would be an ideal platform to explore novel moiré physics.
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1. Introduction

Van der Waals heterostructures with tiny twist angle be-
tween the atom-thin layers have emerged as ideal platforms
for the research of novel quantum phases which are highly

[1.2] In graphene-based moiré sys-

tunable by external fields.
tems, renormalized band structures host energetically narrow
bands, called flat bands, which boost the electron correlation
strength to overwhelm the kinetic energy.’) By tuning the
doping level of flat bands, many correlated phenomena have
been reported. In twisted bilayer graphene (TBG) with magic
angle (~ 1.1°), which hosts spatially localized flat bands,
correlated insulating states, unconventional superconductiv-
ity and Chern insulating states have been observed.[*! In
twisted double bilayer graphene (tDBG), which hosts spatially
delocalized flat bands, transport measurements have revealed
the spin-polarized correlated states and superconductivity-

like states.[10-131,

Also, twisted monolayer—bilayer graphene
(tMBG), in which a monolayer graphene is twisted with an
AB-stacking Bernal bilayer graphene, has been predicted to be
a flat-band moiré system with a high degree of tunability to re-
alize exotic quantum phases. With reduced spatial symmetry,
tMBG has been proved to contain topological flat bands, and

the electrically tunable correlated states and ferromagnetism
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have been observed in transport measurements.!'*~171 Up to
now, most investigations about tMBG are focused on the trans-
port properties, but the microscopic mechanism of the sys-
tem’s electronic structures is obscure. To deeply understand
the rich correlated and topological physics in tMBG, directly
measurements about the band structures and their responds to
the external fields and doping level are needed.

Here we use scanning tunneling microscopy and spec-
troscopy (STM and STS) to study the electronic properties of
twisted monolayer—bilayer graphene (tMBG) devices, whose
structures allow us to continuously tune the electron filling and
the electric field in our tMBG samples. By probing the local
density of states (LDOS) at full electron filling and empty elec-
tron filling, we observe two moiré bands with narrow band-
width which are referred to as the valence flat band (VFB)
and the conduction flat band (CFB). Also, we find that in real
space these two flat bands show delocalization behavior at full
electron filling and localization behavior at empty electron fill-
ing. This phenomenon consists with theoretical predictions
that tMBG resembles either TBG (with spatially localized flat
bands) or tDBG (with spatially delocalized flat bands) depend-
ing on the direction of displacement field D.!" Our results
suggest that tMBG hosts highly tunable electronic structure to

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

067304-1


https://doi.org/10.1088/1674-1056/acc805
mailto:jhmao@ucas.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 32, 067304 (2023)

simulate TBG and tDBG, and tMBG is an elegant platform
for the study of novel physics found in graphene-based moiré
systems.

2. Sample fabrication and methods

We fabricated our tMBG samples by a tear-and-stack
technique and finally deposited the tMBG/hBN (hexagonal
boron nitride) stack onto a SiO,/Si wafer.[”-!8] With hBN and
Si0O, as dielectric layers, we could apply a back gate voltage
Vg to the devices, then change the carrier density n and the
perpendicular displacement field D in the devices. The STM
experiments were performed with an ultrahigh vacuum STM
(Createc, ~ 10~'9 mbar) at 4.8 K. Before performing the mea-
surements on tMBG, the system and STM tip were checked
on NbSe,, where the charge density wave (CDW) and super-
conducting gaps were used for calibrations. The STM images
were acquired under constant current mode with the sample
biased (50 pA, —1 V) and the dI/dV spectra were gained by
standard lock-in technique, with 3 mV AC modulation added
on the DC sample bias.

3. Results and discussion

Figure 1(a) shows the sketch of our device for the STM
measurements and Fig. 1(b) shows the microscope details of
the tMBG stack. The moiré patterns of tMBG have three dis-
tinct stackings orders called ABB, ABA and ABC.!'] Fig-
ure 1(c) is the STM topographic image of the tMBG, three
regions with different contrast can be seen clearly within the
moiré unit cell corresponding to the ABB, ABA and ABC
regions. '] We can directly measure the moiré wavelength of
~ 14 nm (Fig. 1(d)), which corresponds to the twisted angle of
0 ~ 1° according to the formula / = a/0, where [ is the moiré
wavelength, a = 0.246 nm is the lattice constant of graphene
and 6 is the twisted angle.[!")

Next, we perform dI/dV spectroscopy measurements in
ABB, ABA and ABC regions when the flat bands are com-
pletely full or empty with electrons. Figure 2(a) shows the
d1/dV spectra in ABB, ABA and ABC regions at back-gate
voltage Vy, = —30 V, and at this situation the displacement
field D points from bilayer to monolayer graphene. From
these STS curves, we observe two energetically narrow peaks,
both of which have a full width at half maximum (FWHM)
of ~ 20 meV, within the bias range from 10 meV to 50 meV.
We label the two peaks as the valence flat band (VFB) and
the conduction flat band (CFB). At V, = —30V, these two flat
bands are completely empty because they are above the Fermi
level (dashed line in Fig. 2(a)). Comparing these curves, we
find that the intensities of VFB and CFB in ABB region are
larger than that in ABA and ABC regions, and the intensities in
ABA region are almost the same in ABC region. This promi-
nent feature suggests that the flat bands are mostly localized in

ABB region and it is very similar with what has been observed
in the twisted bilayer graphene (TBG)!7-"2%! by STM exper-
iments. In order to delineate this feature more precisely, we
calculate the area under flat bands of the df/dV spectra in the
three regions, add them together and then calculate the area
ratios Rype, for the ABB, ABA and ABC regions, respectively.
The value of Ry, can quantitively show the localization of flat
bands. For example, if Rapg = 1 and Rapa = Rapc = 0 (the
value of Raopp +RaBa +Rasc is always 1, which is normalized
by the superlattice unit cell), it means that the VFB and the
CFB are completely localized in ABB regions. The histogram
of calculated area ratios Ry, for the three regions in Fig. 2(b)
clearly demonstrates that the two flat bands are mainly local-
ized in ABB regions and reside evenly but slightly in ABA and
ABC regions. The d//dV maps (Vg = —30 V) obtained at the
VEB peak energy (Vypias = 19 meV) and the CFB peak energy
(Vbias = 39 meV), shown in Fig. 2(c), further confirm that the
two flat bands are localized in ABB region. We conclude that

at empty electron filling the spatial distribution of flat bands in
tMBG is highly localized and resembles the distribution of flat
bands in TBG.

—~ 100}

50 F

Height (pm

0 10 20 30 40 50
Distance (nm)

Fig. 1. (a) The sketch of the twisted monolayer-bilayer graphene (tMBG)
device with a back gate to tune the device doping and external electric field.
(b) The configuration of tMBG moiré pattern consisting with three stacking
orders called ABB, ABA and ABC, and their atomic structures are showed
in the dashed box. (c) The STM topographic image of t(MBG (Vpips = —1V,
Isetpoint = S0 pA). The dashed lines and circles outline the moiré unit cell and
the ABB, ABA and ABC regions. (d) The line-profile along dashed arrow
in (c), showing the height of topography changes. From it a twisted angle
6 ~ 1° can be calculated.

Then we tune back-gate voltage V, to 35 V. As seen in
Fig. 3(a), the dI/dV spectra in ABB and ABA regions still
host two narrow peaks in the bias range from —80 meV to
—20 meV, which correspond to the VFB and CFB. The spec-
trum in ABC region is a little more complex for its VFB split-
ting to two branches. The splitting of VFB in ABC region
is related to the correlation effect and would not impede the
following analysis.!*!! At V, = 35 V, the VFB and CFB are
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fully filled with electrons for they are well below the Fermi
level (dashed line in Fig. 3(a)). The change of the back gate
voltage from —30 V to 35 V not only tunes the doping of
the flat bands (from empty state to full state), but also re-
verses the direction of displacement filed D in the sample.
Under a back gate voltage of 35 V, the displacement field D
points from monolayer to bilayer graphene. The most strik-
ing characteristic of the dI/dV spectra of the three regions
now is that they host comparable peak intensities of the flat
bands, which is distinct from the observation at V, = —30 V.
To show this phenomenon quantitively, we calculate the area
ratios Ry, for ABB, ABA and ABC regions as above. The
histogram of calculated area ratios Ry, for the three regions
in Fig. 3(b) shows similar results, which indicate the two flat
bands extend in real space. Interestingly, the spatial delocal-
ization of flat bands has already been reported in the STM
experiments and transport measurements of tDBG.?>~24] Fig-
ure 3(c) shows the dI/dV maps (Vg =40 V) obtained at the
CFB peak energy (Vpias = —38 meV) and the VFB peak en-
ergy (Voias = —74 meV), both of them demonstrate that VFB
and CFB delocalize in the real space. Therefore, at the full fill-
ing state, the spatial distribution of the two flat bands in tMBG
is delocalized and similar to the distribution of flat bands in
tDBG.
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Fig. 2.

(a) The dI/dV spectra measured in ABA, ABC and ABB
stackings under back-gate voltage Vg = —30 V (Vpjas = —100 mV,
Isetpoint = 200 pA). (b) Histogram of the Ryrea at ABA, ABC and ABB
directly calculated from (a). (c) dI/dV maps (under back-gate voltage
Vg = —=30V) at Vyjs = 19 mV and 39 mV, which correspond to the VFB
and CFB. The dashed circles outline ABB regions.

Phenomenologically, tMBG can be viewed as the tran-
sition state from TBG to tDBG. It seems naturally that tMBG
system would host electronic structures similar both with TBG
and tDBG. Correlated states have been reported in both TBG
and tDBG, but the mechanism is different from each other
for they host distinct spatial distributions of flat bands.[*%20]

In TBG the localized flat bands in the AA stacking region

have suggested the Mott-like origin of the correlation-driven
phases.* But in tDBG the spatially delocalized flat bands in-
dicate that the correlated states may stem from the non-local
exchange interaction.?3! For the observed correlated states in
tMBG, its mechanism is still under exploring.!'8! Our exper-
iments revealing the localization—delocalization transition of
the spatial distributions of the flat bands in tMBG can give a

hint on it.
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Fig. 3. (a) The dI/dV spectra measured in ABA, ABC and ABB stack-
ings under back-gate voltage Vg = 35 V (Vhias = —100 mV, Lerpoint =
200 pA). (b) Histogram of the Rareq at ABA, ABC and ABB directly cal-
culated from (a). (c) dI/dV maps (under back-gate voltage V, = 40 V)
at Vpias = —74 mV and —38 mV, which correspond to the VFB and
CFB. The dashed circles outline ABB region.

4. Conclusion

In summary, we directly visualize the flat bands and their
spatial distributions in tMBG via STM and STS. By using the
back gate to dope the system from the empty filling state to
the full filling state, amazing transition of the spatial distribu-
tions of flat bands from localization to delocalization happens.
In the empty filling state tMBG behaviors like TBG and in the
full filling state tMBG behaviors like tDBG. This phenomenon
is unique to the tMBG system for both in TBG and tDBG no
such transition has been reported. Our experiment unveils that
with its highly tunable band structures tMBG would be an im-
portant platform to further study the moiré physics of twisted
graphene systems.
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