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Flat-band physics of moiré superlattices, originally discovered in the celebrated twisted bilayer graphene, have re-
cently been intensively explored in multilayer graphene systems that can be further controlled by electric field. In this
work, we experimentally find the evidence of correlated insulators at half filling of the electron moiré band of twisted
monolayer—trilayer graphene with a twist angle around 1.2°. Van Hove singularity (VHS), manifested as enhanced resis-
tance and zero Hall voltage, is observed to be distinct in conduction and valence flat bands. It also depends on the direction
and magnitude of the displacement fields, consistent with the asymmetric crystal structure. While the resistance ridges at
VHS can be enhanced by magnetic fields, when they cross commensurate fillings of the moiré superlattice in the conduction
band, the enhancement is so strong that signatures of correlated insulator appear, which may further develop into an energy
gap depending on the correlation strength. At last, Fermi velocity derived from temperature coefficients of resistivity is
compared between conduction and valence bands with different displacement fields. It is found that electronic correlation

has a negative dependence on the Fermi velocity, which in turn could be used to quantify the correlation strength.

Keywords: twisted multilayer graphene heterostructure, correlated states, van Hove singularity

PACS: 72.80.Vp, 73.40.—c, 73.21.Cd

1. Introduction

Electronic correlation and topology, two important topics
in condensed matter physics, meet in twisted van der Waals
heterostructures. In the celebrated prototype — twisted bi-
layer graphene (TBG), fruitful quantum phenomena have been
observed, such as superconductivity, (fractional) quantum
anomalous Hall effect, and correlated insulator states.[!=19]
The key here is the flat bands induced by interlayer moiré
potential, giving rise to strong correlation that can be char-
acterized by non-negligible Coulomb repulsion U and ex-
change interaction.>”] Combined with extremely high density
of states (DOS) p at van Hove singularity, the Stoner criterion
(pU > 1) can be meet, leading to symmetry breaking of the
otherwise degenerate spin, valley and sublattice flavors,2!=31]
thus topologically nontrivial bands may be observed. Note
that, there are also topologically trivial states competing for
the ground state.
ous methods are introduced, including magnetic field,
substrates with staggered sublattice potential,’® spin—orbit

To win the energy competition, vari-
[4,11,12]

interaction, 3% twist angle,'*3! etc. In addition, to in situ con-
trol the topological property, displacement field is brought in

9.16,18,19,30,34-391 § & band flatness

to tune the essential factors,[
and VHS. For instances, both in twisted monolayer—bilayer
graphene!®1%34351 and double bilayer graphene,!'®13:301 the

bandwidth is observed to depend on not only the conduc-
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tion/valence band but also the displacement filed; furthermore,
VHS is also highly tunable by the displacement field and twist
angles. In the former, valley polarization could be achieved at
odd number of commensurate fillings that results in quantum
anomalous Hall effect, 1935 whereas in the latter spin polar-
ization is found at half filling the moiré band.1%-18.301 Such a
flexible field tuning of twisted multilayer graphene motivates
us to extensively explore more types of twisted graphene het-
erostructures beyond the most fundamental TBG.

In this work, we experimentally characterize the phase di-
agram of twisted monolayer—trilayer graphene. Van Hove sin-
gularity is observed in both conduction and valence flat bands,
whose positions depend on the displacement fields. It also
enhances resistance, and the enhancement grows stronger in
magnetic fields. When it crosses commensurate filling points
in the conduction band, signatures of correlated insulator ap-
pear, and may develop into an energy gap depending on the
correlation strength. To quantify the correlation, the Fermi ve-
locity derived from the temperature coefficients of resistivity
is compared between the conduction and valence bands with
different displacement fields. The negative relationship can be
used as an indicator for more novel multilayer graphene het-

erostructures.
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2. Results

Figure 1(a) shows a schematic of the twisted device,
in which a trilayer graphene is stacked onto a monolayer
graphene with an angle of 6 ~ 1.2°, and the top and bottom
gates are made of gold and multilayer graphene, respectively.
In experiments, the monolayer (enclosed by red dashed lines
in Fig. 1(b)) and Bernal trilayer graphene (blue dashed lines,
with its Raman spectrum shown in the right inset) were precut
from a single graphene flake, then picked up by a hexagonal
boron nitride (BN) crystal sequentially and finally put onto an-
other BN and a long and thin graphite flake. Standard e-beam
lithography was used to pattern the heterostructure and the fin-
ished device with indexed electrodes is displayed in the inset
of Fig. 1(b). To determine the twist angle, we measured Hall
density ng = —B/(eRyy) as a function of gate voltages, and ex-
tracted the capacitance of he top and bottom gates. Since we
know the gate voltage corresponding to the full filling of the
first and second moiré bands, it can be immediately translated
to the carrier density for full filling of the moiré superlattice
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where A is the area of a superlattice unit cell, a = 0.246 nm is
the lattice constant of graphene. To check the homogeneity of

ey

ng —

the twist sample, we measured the electronic phase diagram
across both pins 1-19 (Fig. 1(c)) and 11-13 (Fig. 1(d)) as a
function of carrier density and displacement field D. Here
the carrier density n has been converted into filling factor
v, following the formula v = 4n/ng; D is defined by D =
(Dy —Dy)/2, where Dy(y = €0€(1)Vo(1) /db(t)a Ep(t) and db(t) are
the dielectric constant and thickness of the bottom (top) di-
electric layers. Two phase diagrams are almost identical, with
similar features at charge neutral point (CNP, i.e., v = 0), half
(v =2) and full (v = 4) fillings, indicating that the angle dis-
order is minimized over the whole sample. Nevertheless, the
absolute resistance in Fig. 1(d) is relatively small, suggesting
that the moiré gaps are smeared by some disorders. Conse-
quently, in the following we focus on the sample between pins
1 and 19 (Fig. 1(c)).
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Fig. 1. Electronic phase diagram of the twisted monolayer—trilayer graphene heterostructure. (a) Schematic of the device with the twist angle 6, where
the top and bottom gates are metal and a thin graphite, respectively. (b) Optical characterization with enhanced visibility. Left inset: finished device
with indexed electrodes. Right inset: Raman spectra of both Bernal and rhombohedral trilayer graphene. (c) Phase diagram as a function of filling factor
v and displacement field D for the sample between pins 1 and 19. (d) Similar phase diagram for the sample between pins 11 and 13.

The most significant features in Fig. 1(c) are electric-field
tuned resistive peaks at v =0, 2, £4 and the asymmetry be-
tween positive and negative D. Since the trilayer graphene

has a different electronic band structure from monolayer, it is

easily understood intuitively that the asymmetric monolayer—
trilayer graphene heterostructure relies on the perpendicular
electric field: a positive D would lower the electrostatic po-

tential energy of electron carriers residing closer to the bot-
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tom monolayer graphene, while a negative D plays an oppo-
site role. That the correlated insulator at v = 2 only takes place
at negative D suggests that the reconstructed band structure in-
deed has a narrower bandwidth when electrons are more local-
ized in the trilayer part. Moreover, it resides in the conduction
flat band but is absent in the valence band. Both characteris-
tics share the similar behavior with that of the aforementioned
twisted (monolayer or bilayer)-bilayer systems. This is not
surprising, since in the viewpoint of band structure the twisted
monolayer—trilayer graphene (denoted as A—-ABA) is equiva-
lent to the sum of a twisted monolayer—bilayer graphene and
a monolayer graphene (i.e., A~AB+A).[*0] Nevertheless, the
additional ‘equivalent monolayer’ is more dispersive, making
the electrons less correlated in the twisted monolayer—trilayer
graphene than that of the twisted monolayer—bilayer graphene.

Besides the above features, there are some less promi-
nent resistance peaks (white colored in Figs. 1(c) and 1(d) and
highlighted by arrows), including straight lines at large inte-
ger fillings v = 8 and 12, and arc-shaped curves at non-integer
fillings. For the former, it means the superlattice modulation
remains effective to generate multiple moiré bands at high en-
ergy, though the bandwidth is not as narrow as that in the vicin-
ity of CNP. For the latter, the white arcs are thinner in the
valence band, but greatly broadened in the conduction band.
Actually, it spreads into a strip between v = 0 and 4. When-

(a) (b)

ever such a strip goes across an integer filling v = 2, correlated
insulators start to develop (red arrow in Fig. 1(c)): while the
correlation insulator is obvious at D < 0, only a faint white dot
is observed at D > 0 (black arrow), consistent with the inher-
ent asymmetry.

To probe the origin of these features, we applied various
magnetic fields along the perpendicular direction. Figures 2(a)
and 2(b) show the longitudinal and Hall resistances at B=1T,
respectively. Compared with the zero-field phase diagrams in
Figs. 1(c) and 1(d), the resistance ridges (represented by white
strips) become sharper for —4 < v < 4 and start to be visi-
ble for 4 < v < 8. Correspondingly, we observe at exactly the
same locations zero Hall resistance (white color) in Fig. 2(b).
It can be categorized into two types: one stands for band gaps
at integer v = 0, £4, £8, 12; the other is for van Hove sin-
gularity at non-integer fillings, e.g., -4 <v <0,0<v <4
and 4 < v < 8. In particular, around D ~ —0.6 V-am~! and
v = 2 the white strip is severely distorted by the appearance of
symmetry-breaking correlated insulators. To better visualize
the correspondence between resistance ridges in Fig. 2(a) and
zero Hall resistance in Fig. 2(b), line cuts at D =0.22 V-nm ™!
(upper) and —0.62 V-nm~! (lower) are plotted in Fig. 2(c). In-
deed, whenever the red curve crosses the zero line — either due
to the energy band gaps or van Hove singularities — there is a
resistance peak appearing in the blue curve.
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Fig. 2. Magnetic-field enhancement of tunable van Hove singularity. Longitudinal (a) and Hall (b) resistances measured at perpendicular magnetic field
B =1 T. Zero Hall resistance in (b) can be categorized into two types. One corresponds to band gaps at integer v = 0, =4, £8, 12. The other is van
Hove singularity at non-integer fillings, which corresponds to white curves of resistance ridges in (a). (c) To better visualize the correspondence between
resistance peaks in (a) and zero Hall resistance in (b), line cuts at D = 0.22 Venm~! (upper) and —0.62 V-nm~! (lower) are plotted. Longitudinal (d)
and Hall (e) resistances measured at B = 2 T. Besides the increased resistance peaks along van Hove singularity in a large magnetic field, significant
enhancement is found for correlated insulators at v =2 and D ~ —0.5 V-nm~! (d) with clear symmetry breaking. (f) The enhancement of resistance by
perpendicular B fields is more clearly presented in line cuts at D = 0.22 V-nm~! (upper) and —0.62 V-nm™~! (lower).
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Fig. 3. Enhanced electron—phonon scattering in a flat band. (a), (b) Longitudinal and Hall resistances measured at 18 K. Transfer curves at D =
0.5 V-nm~! (c) and —0.6 V-nm~! (d) at various temperatures from 50 K to 2 K. (e) Temperature dependent resistance at various filling factors (denoted
by arrows in (c) and (d)). (f) Characteristics of slopes derived by dashed lines in (e) (and converted to resistivity p,,) are summarized. Within the flat
band, the slope is more than one order larger than that in the dispersive bands.

The magnetic field enhancement of resistance ridges is
interesting, encouraging us to apply a large field to examine
the behavior. Figures 2(d) and 2(e) show the longitudinal and
Hall resistances measured at B = 2 T. Compared with the per-
formance at 1 T, significant enhancement is found for the cor-
related insulators at v =1, 2 and D ~ —0.5 V-nm ™!
ticular, the sign reversal of Hall effect at v = 2 indicates clear
Besides that, the re-
sistance peak along van Hove singularity indeed grows with

. In par-
symmetry breaking of isospin flavors.

increasing magnetic fields. For clarity, we put linecuts of two
displacement fields at various magnetic fields in Fig. 2(f). In
the upper panel (D = 0.22 V-nm™!), systematic evolution is
clearly seen at v ~ —2.5, and 2 (denoted by arrows). Similarly
for D = —0.62 V.-nm~! in the lower panel, the field enhance-
ment is observed at v ~ —2, 1, and 2 (denoted by arrows).

We would like to stress that, although VHS is important
to enhance DOS and hence electronic correlation, the other

essential factor for electronic correlation is the band flatness,
or roughly the reciprocal of the bandwidth. Usually, the ef-
fective mass m* = 1 / q k2 derived from Shubnikov—de Haas
oscillation is taken to evaluate the band flatness in relatively
dispersive systems. In a flat-band system with heavy m*, how-
ever, the quantum oscillation magnitude is severely reduced,
hindering a quantitative characterization. Instead, recently the
Fermi velocity vp = %i—f is found to have a strong correlation
with electronic correlation.*!*?] Indeed, over the whole Bril-
lion zone Ak is 2m/A with A as the length of a unit cell and
the bandwidth is AE, thus the ratio AE/Ak roughly reflects
the band flatness. As is well known, vg can be experimentally
obtained by measuring the temperature dependent resistivity
through a relation that reads!*>—+71
nDAF

S
2gs gvezhpmvghv%

(@)
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where Dy = 25 eV is the acoustic phonon deformation po-
tential, F ~ 1 is the form factor accounting for electron—
phonon scattering details that differ from monolayer graphene,
gs (gv) =2 is the spin (valley) degeneracy, e is the elemen-
tary charge, h is the reduced Plank constant, py, = 7.6 %
10~7 kg/m?, and phonon velocity vph = 2.1 % 10* m/s. Take
monolayer graphene as an example, vg ~ 1 x 10% m/s leads to
the temperature coefficient in the order of 0.1 Q/K. In a flat
band system, vg will be significantly suppressed, resulting in a
substantial temperature coefficient following Eq. (2).

In the twisted monolayer—trilayer graphene, one can de-
duce from Fig. 2 that, qualitatively, the correlation is strongest
in the range of 0 < v < 4 for D < 0 and weaker for D > 0.
As for —4 < v < 0, both +/ — D are too weak to observe
correlated features. Now we aim to quantify the correlation
by characterizing the temperature dependence of resistivity.
Firstly, we check the consistency of phase diagrams at high
temperatures. A typical one is taken at 18 K, where B=1T
is applied to examine VHS lines (Fig. 3(a)) and the Hall effect
(Fig. 3(b)). Consistent with the low-temperature phase dia-
grams, all features of interest survive though a little smeared
by thermal fluctuation. Then, D = 0.5 V/nm (Fig. 3(c)) and
—0.6 V/nm (Fig. 3(d)) are selected for measuring temperature
dependence of resistivity. Surprisingly, apart from the corre-
lated features (v =2, D = —0.6 V/nm) and bandgaps (v = 0,
+4), the resistance seems to be a plateau in a wide range of
carrier filling factors. Consequently, the temperature coeffi-
cient should be around a constant within this range, which is
derived in Fig. 3(e) and confirmed in Fig. 3(f). It is interesting
to find that the coefficient is highest in the range of 0 < v < 4;
it is smaller in —4 < v < 0 and smallest in |v| > 4. It is also
evident that even in the same range 0 < v < 4, the coefficient
is much larger for D < 0 than D > 0. Such a performance
perfectly coincides with electronic correlation that inversely
connects to the bandwidth.

It is interesting to compare our results with that in twisted
graphene systems. For TBG, the coefficient reaches the order
of 100 /K when the electronic correlation is maximized at
the magic angle.!*!! In twisted double bilayer graphene, it also
increases fast when approaching the “halo”, the regime where
the VHS line meets commensurate fillings.[*?! Overall, the
temperature coefficient can be taken as a convenient method
to evaluate the correlation strength in a system in which both
correlated gap and SdH oscillation are absent.

3. Conclusion

In twisted monolayer—trilayer graphene, we find that van
Hove singularity as well as bandwidth asymmetrically de-
pends on both displacement fields and conduction/valence
bands. Therefore, it is highly tunable for electronic correlation

and the induced correlated insulators at commensurate fill-
ings. Recently, multilayer graphene!*¥! (e.g., Bernal trilayer)
has been proposed to be a constituent for constructing multi-
ple flat bands in alternating twisted graphene heterostructures
(i.e., monolayer—multilayer—monolayer), which is expected to
exhibit stronger correlation due to the much higher density of
states on the Fermi surface. Our work, as a starting point, thus
provides a fundamental understanding of multilayer graphene
in twisted graphene, and is believed to encourage more excit-
ing exploration towards this research direction.
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