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Twisted bilayer graphene (tBLG) provides a fascinating platform for engineering flat bands
and inducing correlated phenomena. By designing the stacking architecture of graphene lay-
ers, twisted multilayer graphene can exhibit different symmetries with rich tunability. For
example, in twisted monolayer-bilayer graphene (tMBG) which breaks the (5, symmetry,
transport measurements reveal an asymmetric phase diagram under an out-of-plane elec-
tric field, exhibiting correlated insulating state and ferromagnetic state respectively when
reversing the field direction. Revealing how the electronic structure evolves with electric
field is critical for providing a better understanding of such asymmetric field-tunable prop-
erties. Here we report the experimental observation of field-tunable dichotomic electronic
structure of tMBG by nanospot angle-resolved photoemission spectroscopy (NanoARPES)
with operando gating. Interestingly, selective enhancement of the relative spectral weight
contributions from monolayer and bilayer graphene is observed when switching the polarity
of the bias voltage. Combining experimental results with theoretical calculations, the origin
of such field-tunable electronic structure, resembling either tBLG or twisted double-bilayer
graphene (tDBG), is attributed to the selectively enhanced contribution from different stack-
ing graphene layers with a strong electron-hole asymmetry. OQur work provides electronic

structure insights for understanding the rich field-tunable physics of tMBG.



Magic angle twisted bilayer graphene (tBLG) has attracted extensive research interests due to
the flat band" near the Fermi energy F with emergent correlated phenomena, such as superconductivity?,

Mott insulating state®, and ferromagnetism™>.

By increasing the number of graphene layers,
twisted multilayer graphene (tMLG) can exhibit a rich spectrum of stacking configurations with
distinct symmetries®®, providing additional controlling knobs for tailoring the physical properties.
For example, tunable spin-polarized correlated states have been reported in twisted double-bilayer
graphene (tDBG)'"} and correlated states with non-trivial band topology have been reported in

rhombohedral trilayer graphene!#+1€.

Among various structures of tMLG, twisted monolayer-bilayer graphene (tMBG) with a
lower symmetry is particularly fascinating'”***, Unlike tBLG and tDBG which have symmetric
stacking, the asymmetric stacking of monolayer graphene on Bernal-stacked bilayer graphene in
tMBG breaks the C5, symmetry (Fig. 1a), making it asymmetric or “polar” along the out-of-plane
direction. Applying an out-of-plane electric field can further enhance the asymmetry, giving rise to
arich phase diagram which strongly depends on the field direction. So far, transport measurements
have reported an asymmetric field-tunable phase diagram'®, which changes from a correlated phase
(similar to tBLG) to a ferromagnetic phase (reminiscent of tDBG) when reversing the electric field
direction. Such field-tunable correlated phenomena suggest a strong modification of electronic
structure under the application of an electric field. Directly probing how the actual electronic
structure evolves with electric field is therefore critical for providing a better understanding of

such dichotomic field-tunable physics.



Here, by performing NanoARPES measurements (see schematic illustration in Fig. 1a) on
tMBG with a twist angle of 2.2° with operando gating, we report the observation of a dichotomic
response of the electronic structure to the electric field (induced by a bias voltage). The main
experimental results are schematically summarized in Fig. 1b-d and supported by data shown in
Fig. 1e-g. We find that, although the bottom bilayer graphene (2 ML) always has a weaker spectral
intensity compared with top monolayer (1 ML) graphene, a positive bias voltage (induced electric
field E;,4 pointing from monolayer to bilayer) enhances the relative spectral weight contribution
from 1 ML graphene (pointed by red arrow in Fig. 1e) as well as the conical shaped feature, while
a negative bias voltage enhances the relative contribution from 2 ML graphene, leading to flatter
electronic structure near the Fermi energy (Fig. 1g). A comparison between the experimental re-
sults with theoretical calculations allows to reveal the origin of dichotomic field-tunable properties

of tMBG from an electronic structure perspective.

Identifying the flat band, monolayer and bilayer graphene features in tMBG

The high-quality tMBG sample was prepared by the clean dry transfer method**2* (see
method and Supplementary Fig. 1-2 for more details). The twist angle was determined from
the moiré period using lateral force atomic force microscope (L-AFM) measurements and fur-
ther confirmed by NanoARPES measurements (see Supplementary Fig. 3-4). Figure 2a-f shows
NanoARPES intensity maps measured at energies from Er to -0.5 eV with twist angle of 2.2°.
The Fermi surface map shows two intensity spots at the Brillouin zone (BZ) corners of the top

monolayer graphene (red dot, &) and the bottom bilayer graphene (blue dot, K5) respectively,



with weaker replicas at the moiré superlattice Brillouin zone (mSBZ) corners. Moving down in
energy, these spots expand into pockets and hybridize with each other, resulting in a flower-shaped
pattern at higher binding energy (Fig. 2d-f). Here the choice of twist angle of 2.2° is ideal for
the investigation of the electronic structure and its field tunability, because the slightly larger an-
gle than the magic angle makes it easier to resolve the contributions from monolayer and bilayer

graphene, meanwhile the flat band can still be observed.

The high-quality NanoARPES data allow to resolve the flat band and identify spectral fea-
tures from monolayer and bilayer graphene. Figure 2g shows dispersion image measured by cutting
through two mSBZ corners as schematically illustrated in the inset. An isolated flat band (pointed
by red arrow) is observed with a clear hybridization gap (pointed by black arrow), which separates
the flat band from the remote bands at higher binding energy. Similar features are also captured by
the calculated spectrum shown in Fig. 2h using an effective tight-binding model (see Method for
more details), where red and blue colors represent projected contributions from the top 1 ML and
bottom 2 ML graphene layers respectively. From the experimental data, the extracted bandwidth of
the flat band is 70 = 10 meV (see Supplementary Fig. 5 for more details), which is comparable to
the calculated Coulomb energy”, U, ;s = €?/(4mege,\y) = 75 meV, where € and ¢, are the dielec-
tric constants of the vacuum and the substrate respectively, and A, is the moiré period. The similar
energy scales between the bandwidth and the Coulomb energy suggest that 2.2° tMBG is near
the correlated regime, in line with the larger range of twist angle where the flat band exists>2>29,

Figure 2i shows dispersion image measured by cutting through the BZ corners of both monolayer

and bilayer graphene, and the calculated spectrum is shown in Fig. 2j for comparison. An overall



conical dispersion (guided by red dashed curves in Fig. 2i) is observed around K together with
their moiré replica bands (brown dashed curves), and two parabolic bands from bilayer graphene
(blue dashed curves) are observed near K5. In the region where these bands overlap, there is a
strong intensity suppression and the flat band emerges as a result of the interlayer interaction (see
Supplementary Fig. 5), similar to the case of tBLG**2%, while here the asymmetric stacking of
tMBG provides additional field-tunability. We note that while the hybridization gap (pointed by
black arrow in Fig. 2j) is too small to be resolved from the experimental data directly, however, a
sudden change of intensity is observed at the flat band edge (Fig. 2i), suggesting an overall agree-
ment with the calculated spectrum in Fig. 2j. The comparison between experimental results and
theoretical calculations allows to reveal the flat band as well as spectroscopic contributions from
monolayer and bilayer graphene, which lays an important foundation for further investigating the

field-tunable electronic structure.

Dichotomic field-tunable electronic structure

Figure 3a-j shows an overview of dispersion images measured through K; and K, with
bias voltages from -20 V to 30 V. Here the bias voltage V; is applied on the bottom gate, which
not only tunes the carrier concentration n, but also applies an electric field**>Y. There are a few
observations from the evolution of the electronic structure. First of all, a negative bias voltage (E;,.q
pointing from bilayer to monolayer graphene) dopes the sample with holes and shifts the bands up,
while a positive bias voltage leads to electron doping and shifts the bands down, showing the same

trend as gated graphene devices***2. From 0 V to 30 V, the bands shift in energy by 140 + 30



meV (see Supplementary Fig. 6), which is consistent with the estimated carrier density from the
geometric capacitance (see Supplementary Note 3 for more details). Secondly, the flat band near
the Fermi energy can be selectively tuned to be more extended (flatter) or dispersive by switching
the bias voltage (see Supplementary Fig. 7 for more details). For negative bias voltage, the flat band
becomes more extended in the momentum space (red dotted curve in Fig. 3a), while for positive
bias voltage, more pronounced “M-shaped” dispersion with a conical behavior is observed (red-
to-blue dotted curve in Fig. 3j). Thirdly, the relative spectral weight contributions from monolayer
and bilayer graphene can also be selectively enhanced by reversing the bias voltage, as indicated
by red arrow in Fig. 3j and blue arrow in Fig. 3a (see Supplementary Fig. 8). This is also evident
in the momentum distribution curves (MDCs) measured at a few representative bias voltages in
Fig. 3k, where the red and blue dashed arrows indicate the relative spectral weight transfer to
monolayer and bilayer graphene under positive and negative bias voltages respectively. Figure 3q
shows a comparison between MDCs measured at bias voltages of -20 V (blue curve) and 30 V
(red curve), where a relative spectral weight transfer from 2 ML to 1 ML bands is clearly observed

when increasing the bias voltage.

The dichotomic field response of the electronic structure is also revealed in the calculated
spectra in Fig. 31-p, where a stronger relative spectral weight contribution is observed for mono-
layer valence band at positive bias voltage. Interestingly, at negative bias voltage (Fig. 31), the
enhanced relative spectral weight contribution from bilayer graphene in the valence band (blue ar-
row in Fig. 31) is also accompanied by a reduced spectral weight contribution from the conduction

of bilayer graphene (light blue arrow in Fig. 31), suggesting a stronger electron-hole asymmetry



than that at zero bias voltage (Fig. 3n). In addition, the application of a bias voltage also leads to
flatter dispersion for bilayer graphene bands, similar to gated bilayer graphene®®. Moreover, the
calculated spectra show that the valence band at positive bias voltage shows similar dispersion to
the conduction band at negative bias voltage (see Supplementary Fig. 9 for more details), suggest-
ing that reversing the bias voltage can lead to a switching between the electron and hole bands in

tMBG.

Origin of the field-tunable dichotomic electronic structure

To reveal the origin of the spectral weight transfer and the field-tunable electronic structure
of tMBG, we show in Fig. 4 the comparison of calculated energy contours at -0.2 eV for tBLG,
tMBG and tDBG under positive and negative bias voltages, respectively. For tBLG and tDBG, the
energy contours remain similar when reversing the bias voltage (see comparison between Fig. 4a,d
and Fig. 4c¢,f), except that the pattern centering at /; now switches to K5 and vice versa, which is
consistent with the overall symmetric phase diagram from transport measurements of tBLG*>* and
tDBGM L, In sharp contrast, reversing the bias voltage leads to a dramatic change in the energy
contour of tMBG (see Fig. 4b and Fig. 4e). Remarkably, the energy contour of tMBG under
positive bias voltage (Fig. 4b) is strikingly similar to that for tBLG (Fig. 4a), while the energy
contour under negative bias voltage (Fig. 4e) resembles that of tDBG (Fig. 4f), again supporting

the asymmetric or “polar” electric field response.

To resolve the puzzle of how tMBG under bias voltage can exhibit electronic structures sim-

ilar to tBLG and tDBG, we show in Fig. 4g-1 energy contours at -0.2 eV projected onto each



constitute graphene layers for tBLG, tMBG, and tDBG. For these three different types of twisted
structures, the energy contours for graphene layers above the interface (L3 and L) all exhibit
clockwise vortex pattern centered at KA; (red dot), while the bottom layers (L; and Ly) show
counter-clockwise vortex pattern centered at K5 (blue dot). This is consistent with their rela-
tive rotation directions in the real space, and reflects the chiral properties of twisted graphene
structures®>=®, Moreover, for positive bias voltage, the energy contours for the top graphene layers
(L3 and L4) show a larger pocket size with an enhanced spectral weight, suggesting the enhanced
contributions from top graphene layers (Fig. 4g-1), while for negative bias voltage, contributions
from the bottom layers are enhanced (Fig. 4j-1) (see Supplementary Fig. 10 for the calculated
layer-resolved density of states (DOS)). Therefore, although tMBG has one more layer (bottom
layer, L) than tBLG, the energy contour for tMBG under positive bias voltage is still similar to
that of tBLG due to the smaller contribution of spectral weight from L;. The energy contour for
tDBG, however, is quite different from tMBG, because tMBG lacks the top layer L,, which has a
strong spectral weight. Similarly, for negative bias voltage, the energy contour of tMBG is overall
similar to that of tDBG due to the smaller pocket of L,. Although the modulation in the spectral
weight contribution of different layers is small, the asymmetric shape of pockets under reversed
bias voltage is still significant enough to explain the origin of the overall asymmetric behavior in

the tMBG.

The layer-projected electronic structure analysis suggests that the dichotomic field-tunable
electronic structure under positive and negative bias voltages originates from the selectively en-

hanced contributions from different constitute graphene layers, which is also intrinsically related



to the breaking of the 5, symmetry in tMBG. While a field-tunable electronic structure has been
deduced from the asymmetric phase diagram reported in transport measurements™, our work pro-
vides direct electronic structure insights for understanding the field-tunable physics. In particular,
by projecting the spectral contribution from each individual layer in the momentum space, our
work also provides more complete and microscopic information on how the electric field actually
tunes the electronic structure of each individual layer. We envision that similar strategies can be
extended to other asymmetric twisted bilayer or multilayer systems, where the crystalline symme-
try can be used as a tuning knob to obtain exotic properties, such as gate-tunable ferroelectricity

and nonlinear optical response.
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Fig. 1 | Schematic summary of the electric field-tunable electronic structure in tMBG. a,

Schematic for NanoARPES measurements of tMBG with operando gating capability. The red

arrow indicates the induced electric field E;,; among three graphene layers under positive bias

voltage. b-d, Schematic summary of the field-tunable electronic structure. e-g, Dispersion im-

ages measured under positive, zero, and negative bias voltages, respectively. Colors represent the

NanoARPES measured intensity as indicated by the colorbar. The measurement direction is that

connecting the BZ corners of the top (red dot, /;) and bottom (blue dot, K5) graphene, as indi-

cated by the black line in the inset of e.
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Fig. 2 | Fermi surface topology and coexistence of monolayer and bilayer graphene features
in the 2.2° tMBG. a-f, ARPES intensity maps measured at energies from Er to -0.50 eV. The
red and blue lines mark the Brillouin zone boundaries for top monolayer graphene and bottom
bilayer graphene respectively. The black dotted hexagons represent the moiré Brillouin zones.
g.h, Dispersion image measured along the black line indicated by the inset of g, and calculated
spectrum for comparison. Red and blue colors in h represent projected contributions from the top
1 ML and bottom 2 ML graphene layers, respectively. Red and black arrows point to the flat band
and hybridization gap respectively. 1,j, Dispersion image measured along the black line indicated
by the inset of i, and calculated spectrum for comparison. Red, blue and brown dashed curves

indicate the bands from 1 ML, 2 ML and the moiré replica band.
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Fig. 3 | Dichotomic field response of the electronic structure under negative and positive bias
voltages in a 2.2° tMBG. a-j, Dispersion images measured through K; and K5 (indicated by the
inset) with bias voltages from -20 V to 30 V. Dotted red and blue curves in a-j are guiding curves.
k, Representative MDCs extracted at energies indicated by gray dashed arrow in a and black tick
marks in c,e,g,h,j to reveal the selectively enhanced spectral weight from 1 ML (pointed by red
dashed arrow) and 2 ML graphene (pointed by blue dashed arrow) under positive and negative bias
voltages, respectively. Colored marks and curves correspond to the experimental results and fitting
curves. l-p, Calculated spectra at negative (I,m), zero (n), and positive (0,p) bias voltages, with
red and blue colors representing the contribution from 1 ML and 2 ML graphene respectively. The
values of the interlayer potential difference (A) used for the calculations are A = -100, -50, 0, 50
and 100 meV respectively. q, Comparison of MDCs extracted at -20 V and 30 V, which shows

relatively enhanced 2 ML or 1 ML bands at negative and positive bias voltages.
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Fig. 4 | Field-tunable electronic structure from theoretical calculations, and layer-resolved
energy contours for positive and negative bias voltages. a-f, Calculated intensity maps at con-
stant energy of -0.2 eV for tBLG, tMBG and tDBG under positive (a-c) and negative (d-f) bias
voltages with interlayer potential difference of A = 100 meV and -100 meV respectively. The
scale bar in ais 0.1 A~L. g-i, Schematic illustrations of field-induced selectively enhanced con-
tribution under positive bias voltage from different layers of tBLG, tMBG and tDBG (indicated
by dark and light shaded colors in the top panel schematic), and calculated layer-projected energy
contours at -0.2 eV (lower panels, positive bias voltage with A = 100 meV). j-1, Schematic illustra-
tions of field-induced selectively enhanced contribution from different layers of tBLG, tMBG and
tDBG under a negative bias voltage (top panels), and calculated layer-projected intensity maps at
-0.2 eV (lower panels, A = -100 meV). The dotted rectangles are used to highlight the similarity

between tBLG and tMBG at positive bias Voltag& and tMBG and tDBG at negative bias voltage.
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