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Direct visualization of the states originating from electron—electron interactions is of great importance for
engineering the surface and interfacial properties of graphene-based quantum materials. For instance, the
rotational symmetry breaking or nematic phase inferred from spectroscopic imaging has confirmed the
existence of correlated states in a wide range of moiré materials. Here, we study the atomic-scale spatial
distributions and symmetry of wave functions in gate-tunable twisted double bilayer graphene by employ-
ing scanning tunneling microscopy/spectroscopy and continuum model calculations. A series of spectro-
scopic imaging analyses are used to identify dominant symmetry breaking of the emergent states.
Interestingly, in non-integer hole fillings, a completely new localized electronic state with rotational sym-
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metry breaking is observed on the left side of the valence flat band. The degree of anisotropy is found to
increase from the conduction flat band through the valence flat band to the new state. Our results
provide an essential microscopic insight into the flat band and its adjacent state for a full understanding of
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Introduction

Various physical phenomena have been discovered in graphitic
moiré systems, where two atomically thin van der Waals (vdW)
layers are stacked with a misalignment, such as insulating and
superconducting phases,'® orbital ferromagnets® " and corre-
lated Chern insulators.”>™” These prominent electronic states
could be attributed to the creation of the isolated low-energy
flat band,'®'® whose bandwidth is comparable to or even
smaller than the Coulomb interactions. Indeed, different from

“Institute of Physics and University of Chinese Academy of Sciences, Chinese
Academy of Sciences, Beijing 100190, China. E-mail: xlin@ucas.ac.cn

bKavli Institute for Theoretical Sciences, University of Chinese Academy of Sciences,
Beijing 100190, China

‘Key Laboratory for Quantum Materials of Zhejiang Province, School of Science,
Westlake University, Hangzhou 310024, China

Institute of Natural Sciences, Westlake Institute for Advanced Study, Hangzhou
310024, China

°CAS Key Laboratory of Nanophotonic Materials and Devices, CAS Key Laboratory of
Standardization and Measurement for Nano-Technology, National Center for
Nanoscience and Technology, Beijing 100190, China. E-mail: renjd@nanoctr.cn
JCAS Center for Excellence in Topological Quantum Computation, University of
Chinese Academy of Sciences, Beijing, 100190, China

tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr02933j

{Zhen-Yu Wang, Jia-Jun Ma and Qiangian Chen contributed equally to this
work.

18852 | Nanoscale, 2024, 16, 18852-18858

their electric field response in twisted graphene systems.

magic angle twisted bilayer graphene (MATBG), recent studies
have implied a much wider range of twisted angles (0.84°-
1.53°) to realize this flat band in twisted double bilayer
graphene (tDBLG), which thus can provide an identical plat-
form to study the novel physics in moiré vdw
heterostructures.”*?°*! For example, Zhang et al. have shown
that a correlation-induced gap is delocalized throughout
different stacking sites.>> Rubio-Verd et al. have reported that
an interaction-driven electronic nematic phase at the scale of a
moiré lattice can be observed at doping values between 0.3
and 0.7 of the filling in the conduction flat band.*® However,
the spatial distributions of wave functions under different elec-
tric fields are still not comprehensively understood and their
symmetry information, which is extremely important for
understanding correlated physics in tDBLG, also remains
unclear.

In this work, using scanning tunneling microscopy and
spectroscopy (STM/STS) measurements, we characterize the
evolution of the band structure in tDBLG at various back gate
voltages. We compare the energy gap in three typical inequiva-
lent stacking configurations and find an asymmetric fashion
related to the polarity of gate voltage. At positive polarity, the
STS measurements show a correlated state featuring splitting
bands when the conduction flat band is half-filled. The an-
isotropy magnitudes of these two sub-bands are totally
different based on the anisotropy quantification technique.**
Moreover, a new electronic state, localized in the ABAB and
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ABCA stacking regions, appears under certain negative electric
fields and exhibits the strongest rotational symmetry breaking
compared to its neighboring flat bands.

Results and discussion

Fig. 1c shows a representative STM topographic image of a
tDBLG sample measured in a gated device (schematic and
optical images are shown in Fig. 1a and b). The relative twist
angle between bilayers will yield a moiré superlattice. As indi-
cated by the black dashed quadrilateral, the unit cell is given
by L; ~ 10.7 nm and L, = L; = 11.1 nm. The twist angle, 6, can
be estimated from the moiré period, L, through the equation
L~ a/(2 sin ), where a = 0.246 nm is the lattice constant of
graphene.”” Accordingly, the twisted angle is 8 ~ 1.28°, while
the strain is around 0.1%.>* Within the moiré pattern, three
distinct regions can be classified based on their different
heights. The bright spots correspond to ABBC stacking. In this
area, each upper layer atom is directly located above the lower
layer atoms. Besides, each bright spot is surrounded by six
relatively darker regions consisting of alternating ABCA and
ABAB stacking® (see Fig. 1c).

To investigate the intrinsic local density of states (LDOS) of
tDBLG and explore novel correlation phenomena in the
twisted multilayer graphene systems, the spatially resolved
dI/dV spectra are obtained in these three inequivalent stack-
ing areas at the charge neutrality point where zero doping
and zero displacement field are applied in the sample.
Fig. 1d shows a series of asymmetric double peaks with a
pronounced dip feature around the Fermi level. The experi-
mental observation is consistent with a more thorough study
based on continuum model calculations,?® as shown in
Fig. 1e, which reveals the flat bands and their lateral distri-
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bution. We define the peaks as the valence flat band (VFB)
and conduction flat band (CFB) in the following text. Their
spatial dependence is discussed based on the spectra at
three high-symmetry sites. Both the VFB and the CFB mani-
fest exactly the same energy position. Different from MATBG,
where flat bands are concentrated in AA stacking
regions,>***” the observed bands here are non-localized and
spread over the entire moiré superlattice. Apart from the flat
bands, remote bands on the hole and electron sides are also
observed, which are labeled as RCB (the remote conduction
band) and RVB (the remote valence band), respectively. The
excellent agreement between the experimental observations
and theoretical calculations, as shown in Fig. 1d and e, indi-
cates that the low-energy bands in the tDBLG can be well
captured by the continuum model.

Our observation of the non-localized flat bands immedi-
ately raises one important question concerning the spatial
distribution of electronic states after applying different back
gate voltages to the sample. Different from MATBG, the band
structure of tDBLG manifests an apparent change as we tune
the back gate voltage.”® The color map of dI/dV spectra in
the ABBC region (Fig. 2a), ranging from highly p-doped to
highly n-doped, shows that the four peaks move to the left,
which means that the bands’ filling evolves from empty to
full. Indeed, three band gaps can be identified, i.e. the gaps
between the RVB and VFB (4y), the VFB and CFB (4y¢), and
the CFB and RCB (A¢), in each spectrum. In the case of Ay
and A, their values decrease continuously when increasing
the gate voltage |V,| (Fig. S1t), revealing that the band struc-
ture in tDBLG is sensitive to the external electric field. For
the gap Ay, Fig. 2b indicates its dependence on the back-
gate voltage and presents a clearly asymmetric behavior with
respect to the polarity of V,. For example, the measured Ayc
starts to increase monotonically when the applied negative
back gate voltage exceeds —40 V. However, in the positive
range, it changes immediately once electrons are doped in
the sample. Indeed, such a phenomenon is caused by the
polarizing effect of the electric field,®® which changes the
spatial distribution of electronic states across the different
atomic layers of tDBLG.

To prove this point, we calculate the LDOS distribution at
different layers acquired over the carrier filling ranging from
empty to full doping (see Fig. S2).f Obviously, the LDOS distri-
butes symmetrically between the top and bottom layers at zero
electric field. After applying V,, it becomes asymmetric
between layers 1 and 4, and the other two layers remain
unchanged. We should note that, due to the STM geometry,
the measured STS signal is dominated by the top layer. We
thus compare our experimental d7/dV maps with theoretical
calculations of the top layer at the flat bands’ voltage. For
example, Fig. 2e and f present the simulated images at the
energy of the VFB measured at V,, = +30 V, which fits the experi-
mental df/dV maps well (see Fig. 2c and d). The VFB is mostly
localized on the ABBC stacking site, while the CFB is localized
on the ABAB stacking site at negative back gate voltage.
However, after switching the polarity of gate voltage to positive,
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Fig. 1 Basic characterization of tDBLG. (a and b) STM measurement configuration and optical image of the device. The blue-colored region corres-
ponds to the lower bilayer graphene (BN graphene in (a)), whereas the red-colored region represents the upper bilayer graphene (tDBLG graphene in
(a)). (c) STM topography of tDBLG with a twist angle of 1.28°. Setpoint: 1 V, 100 pA. The right part shows three distinct stacking orders. (d) STS
measurements in three different stacking regions. The black, red and blue filled spots in panel (c) denote the stacking regions ABCA, ABAB and
ABBC, respectively. Setpoint: —0.2 V, 100 pA. (e) Continuum model calculations of the LDOS on ABCA, ABAB, and ABBC sites.
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Fig. 2 Gate-dependent spectroscopy in three stacking regions. (a and b) Gate-dependent d//dV spectra in ABBC regions over the voltage range of
—65 V to 60 V. The energy difference between the VFB and CFB at different gate voltages for the three stacking orders is shown in panel (b). Based
on ABBC, the trace of ABAB (ABCA) is shifted by 15 meV for clarity. (c and d) d//dV maps and (e and f) the corresponding simulations of the tDBLG
region obtained at the energy of the VFB measured at Vg = =30 V (top) and V4 = 30 V (bottom). The dashed lines in panels (c) and (d) are inferred
from the corresponding STM images shown in Fig. S3.1 Setpoint for all panels: —0.2 V, 100 pA.

the LDOS distribution of the VFB (CFB) changes to ABAB subband as CFB— (left) and CFB+ (right) in the following text.
(ABCA), respectively. Such a phenomenon cannot be simply explained by single par-

Indeed, the CFB splits into two subbands when it moves into ticle calculations, which means electron-electron interactions
the Fermi level (Fig. 3a). We denote the lower subband and upper  should be considered. Similar to previous work,”” we can obtain
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the local filling of the subband from the spectral weight transfer:

Aror
loses spectral weight, while the upper subband gains weight with
decreasing doping. In particular, the splitting peaks can be
easily distinguished when V; is tuned at around 30 V where half
electron filling (~0.5n5) occurs in the moiré systems. We thus
measure the spectral weight dependence of the lateral position®®

A 1
Up & 2( o 5) (see the inset of Fig. 3a). The lower subband
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across the ABBC region and calculate the spatial charge redistri-
bution at V; = 30 V. The local charge can be inferred from the
peak areas Apg and Aror along three different directions, and
the obtained results associated with the position are shown in
Fig. 3c. Following this analysis, a parabolic curve, indicating the
spatial charge distribution, opens downwards, and the center of
the ABBC stacking region exhibits the largest value, revealing a
non-uniform charge distribution around the ABBC region.
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Fig. 3 Emergent correlated insulating states at half filling of the conduction band. (a) Gate-dependent spectroscopy in the ABBC stacking region
for 22 V < V4 < 36 V. The inset shows the gate-voltage dependence of the filling fraction within the flat band extracted from panel (a). The dotted
line shows the fitting line. (b) dI/dV spectra along the black solid arrow in panel (c) across the ABBC stacking region at V; = 30 V. (c) Position depen-
dence of the filling fraction inferred from panel (b). The site with the largest filling is marked by the red arrow. (d) Spatially resolved spectra along the
unit cell marked in panel (e) at V4 = 30 V. (f) The averaged curve over ABBC, ABCA and ABAB sites, and the superimposed color scale represent the
anisotropy values. The dashed curves denote contributions from the CFB. (g and h) Spatially dependent DOS distributions at the energy of CFB— and
CFB+ at V4 = 30 V. Setpoint for all panels: —0.2 V, 100 pA.
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We extend the lateral dependence measurement across the
entire moiré superlattice and observe the splitting dI/dV curves
with LDOS reduction at v ~ 2, as shown in Fig. 3d. The corre-
lated states in our tDBLG are spatially extended, consistent
with previous reports>* in the same system but with a different
twisted angle. To better understand the spatial distributions of
the correlated states, we further obtain the dI/dV maps over
several moiré superlattices at the energy of CFB— and CFB+
(see Fig. 3g and h). For CFB—, the LDOS is mainly distributed
in the ABBC stacking regions, in line with the above results. As
for CFB+, the LDOS in the ABCA region shows the largest mag-
nitude, and this area is surrounded by six dim circles. tDBLG
is characterized by a D; symmetry point group, consisting of
an out-of-plane three-fold rotational axis (C;) and three in-
plane two-fold rotational axes (C',). We quantify the degree of
C; symmetry breaking by comparing differences between an
STS map at a specific energy and its counterpart rotated at
120°, which should be identical in C; symmetry.”* As illus-
trated in Fig. 3g, we first isolate a single Wigner-Seitz cell from
the triangular lattice formed by the LDOS in tDBLG. Then, we
calculate the energy-dependent anisotropy®! via the spatial
LDOS profiles of the Wigner-Seitz cells rotated by 120° and
240°, respectively. Different from MATBG, which shows highly
enhanced anisotropy at energies around the correlated insulat-
ing gap,”* a dip is observed in a narrow region of energy
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around the Fermi level in the tDBLG system, as evidenced by
the anisotropy curves shown in Fig. 3f.

Meanwhile, the anisotropy at CFB+ is larger than that at
CFB—. We remark that the experimentally observed spatially
extended correlated state at v ~ 2 suggests that an integer
quantum Hall ferromagnet state could be a promising candi-
date state, where spontaneous polarization could be driven by
the anisotropic Coulomb interaction,*® thus giving rise to the
reduction of LDOS at the Fermi level, though the systematical
characterization of such a correlated state still calls for future
study via distinct measurements.'”

In addition to the correlated insulating phase at positive V,
we also investigates the behavior of the tDBLG system in a
negative voltage range, i.e., hole doping, and found a new elec-
tronic state on the left side of the VFB. Fig. 4a shows the gate-
dependent spectra in the ABCA region. A new peak (labeled as
VB) appears in the range of —50 V to —37.5 V and should orig-
inate from the displacement field induced by the gate elec-
trode.*® To further characterize its spatial distribution, which
is essential for a full understanding of the novel state in the
twisted multilayer graphene systems, the site-resolved LDOS
spectra are acquired at a negative voltage, for example at V, =
—45 V, and shown in Fig. 4b. Interestingly, this new state is
localized in the ABAB and ABCA regions, and the value
between these two peaks reaches the maximum in the region
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Fig. 4 Emergent electronic states at negative V. (a) Gate-dependent spectroscopy in the ABCA stacking region for —30 V < V3 < =55 V. The black
arrows denote the position of the VB. (b) d//dV spectra along the dashed line in the right part across the whole unit cell at Vg = —45 V. (c) Spatially
dependent DOS distributions at the energy of the VB, VFB and CFB at V; = —45 V. (d) The energy interval between the VB and VFB in three stacking
regions. (e) Left part: the measured anisotropy values obtained at different energies marked in the right image. Right part: the d//dV spectra obtained
in the three typical regions at Vy = —45 V. Setpoint for all panels: —0.2 V, 100 pA.
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between ABAB and ABCA stacking (see Fig. 4d). To reveal the
underlying symmetry of the emergent electronic state (VB) and
flat bands (VFB and CFB) at the negative back gate voltage, we
perform energy-dependent STS mapping (see Fig. 4c).
Remarkably, unidirectional stripes are observed at the mapped
energy of the VB, revealing the symmetry breaking of C;. The
detailed analysis of anisotropy>* is shown in Fig. 4d, and the
value is strongest in the energy region around the VB.
Meanwhile, for the other two flat bands, the anisotropy value
at the VFB is much larger than that at the CFB.

Conclusions

In conclusion, STM/STS measurements present the spatial dis-
tribution of Coulomb interaction driven insulating states and
displacement field induced electronic states in gate-tunable
twisted double bilayer graphene devices. For all inequivalent
stacking areas inside the moiré unit, we find that the relation-
ship between the band structure and the back-gate voltage
reveals a distinctly asymmetric behavior with respect to the
polarity of V,. We note, in particular, that for a positive electric
field, the CFB splits into two subbands when it moves into the
Fermi level. Among them, the upper one exhibits a larger an-
isotropy. The STM observations indicate a spatially delocalized
correlated state with strong anisotropy. Furthermore, we
demonstrate for the first time the investigation of a new sharp
density of states around the VFB after applying a certain nega-
tive electric field. The spatial measurements show that it is
localized in the ABAB and ABCA regions, while its anisotropy
value is larger than that of the VFB. Therefore, our work pro-
vides much more detailed microscopic insights into electronic
states to better understand the emergent physics in twisted
graphene systems.
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