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Twisted double ABC-stacked trilayer graphene with weak interlayer coupling
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Magnetotransport properties of single- and double-rhombohedral trilayer graphene (TLG) are studied. Double
TLG is obtained by folding single TLG, yielding a twist angle of 4°. Raman spectroscopic measurements confirm
ABC stacking order and the presence of interlayer coupling. The Landau fan diagram exhibits independently
superimposed features of each constituent TLG, indicating weak interlayer coupling. As a result, we show that
the current framework for twisted systems can be extended to TLG.
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I. INTRODUCTION

Twisted bilayer graphene (tBLG) has been intensively in-
vestigated because various electronic transport phenomena
can be obtained which are not observed in its constituent layer,
monolayer graphene (MLG). Whereas at an early stage two
independent electronic transport contributions at large twist
angles were figured out [1-6], pronounced modifications of
the electronic band structure related to the formation of super-
lattice structures have been observed at small twist angles later
on [7-11]. Furthermore, emergent exotic phenomena (e.g.,
superconductivity and Mott insulator) were experimentally
obtained at magic twist angles where enormous densities of
states were formed due to flat bands [12,13]. As a result,
tBLG paved the way for the field of twistronics where the
additional degree of freedom (twist angle) is of significance
to determine electronic properties in two-dimensional (2D)
heterostructures [14].

The family of twisted systems recently expanded using
Bernal-stacked bilayer graphene (BLG), where the electronic
properties can be explained within the same framework as
in tBLG [15-18]. Owing to the sensitivity to a perpendicu-
lar displacement field, double Bernal-stacked BLGs have a
larger number of various correlated states which are tunable
by an extra knob, the displacement field. Furthermore, mul-
tiple sets of flat bands due to the inherent electronic band
structure of Bernal-stacked BLG may yield correlated states.
The extension of twisted systems with Bernal-stacked BLGs
hints us to other constituent layers, e.g., such as trilayer
graphene (TLG). TLG can be found in two different stacking
orders, i.e., Bernal (ABA) and rhombohedral (ABC) stacking
[19-24]. Since the electronic properties are sensitive to the
stacking order, a twisted system made from two TLGs is also
expected to exhibit interesting electronic properties depending
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on the stacking order. Compared with MLG and BLG, twisted
heterostructures comprised of TLG remain elusive. While re-
cent studies on the ABC-TLG/hexagonal boron nitride (hBN)
heterostructure have revealed a Mott insulator and supercon-
ductivity [25,26], less research has been focused on double
TLG.

Here, we investigate magnetotransport properties of double
TLG where the constituent TLGs are weakly coupled due
to their large twist angle. We employed ABC-TLG as the
constituent layer and the folded part of the layer, yielding
ABC/CBA-type double TLG. The Landau fan diagram re-
vealed a superposition of the constituent layers which agrees
with the large twist angle (4°) from well-defined edge struc-
ture in optical microscopy. Furthermore, two distinct charge
carriers were extracted, which can be attributed to one carrier
pocket in the band structure of each ABC-TLG. The weakly
coupled transport properties suggest that double TLG fits
within the framework that describes tBLG and double BLG
systems.

II. EXPERIMENTAL METHOD

The constituent ABC-TLG was exfoliated from natural
graphite on SiO; (330 nm)/Si substrate and identified by
red-filtered optical contrast imaging [Fig. 1(a)]. We utilized
atomic force microscopy (AFM) with a diamond-coated tip
to achieve folding, as reported previously [7], and to measure
the height profile [Fig. 1(b)]. After annealing the device for
2 h with forming gas (5% H;, and 95% N,) at 350°C, top
contact metal electrodes (Cr/Au = 8/52 nm) were fabricated.
Magnetotransport measurements were carried out in a *He
superconducting magnet (1.5 K) with the DC method (500 nA
bias current). Raman spectroscopic measurements were per-
formed under ambient conditions using a 561 nm laser and
a Horiba T64000 triple stage spectrometer. The laser was
focused onto the sample using a 50x microscope objective
(Olympus), resulting in a laser spot diameter of ~5 pum.

©2022 American Physical Society
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FIG. 1. (a) Optical image of ABC-trilayer graphene (TLG) (blue arrow) and its folded structure (brown arrow). The folding angle between
red- and yellow-dashed lines is ~2°, yielding its twist angle of 4°. (b) The corresponding atomic force microscopy (AFM) image of folded
ABC-TLG [white-dashed box in Fig. 1(a)]. The height between TLGs is ~0.95 nm, which is consistent with the typical height of TLG.
(c) Schematic atomic structure of ABC-TLG, where top (left) and perspective (right) view are presented. (d) Raman spectra for single (top) and
double (bottom) ABC-TLG. Blue circles (top) show typical shape of ABC-TLG with well-separated Lorentzian peaks. Brown squares (bottom)
exhibit broadened and merged features due to interlayer interaction. Blue- and red-solid lines are fitting curves. A total of five individual
Lorentzian peaks are employed for both single and double ABC-TLG. (e) R vs n plots for single (blue) and double (brown) ABC-TLG at 1.5 K
and O T. Inset indicates an optical image of fabricated devices for single (blue-dashed box) and double (brown-dashed box) ABC-TLG, where

the brown-solid line indicates folding.

III. RESULTS AND DISCUSSION

Figure 1(a) shows an optical image of ABC-TLG (blue
arrow) and its folded structure (brown arrow). The typical
atomic structure of ABC-TLG is schematically depicted in
Fig. 1(c). We extracted a twist angle 8 = 4° using the folding
angle ¢ = 2° between red- and yellow-dashed lines, where the
twist angle (0) and the folding angle (¢) are related by 6 = 2¢
[7]. In Fig. 1(b), an AFM image of the area within the white-
dashed box in Fig. 1(a) can be seen. The white line in Fig. 1(b)
indicates the measured height profile with step heights of 1.3
and 0.95 nm for lower and upper TLGs, respectively. With
a thickness of 0.34 nm for MLG, the measured heights are
consistent with the expected value of TLG considering the
typical larger step height measured from the substrate.

We confirm the ABC stacking order by Raman spec-
troscopy, as shown in Fig. 1(d). Blue circles in Fig. 1(d)
indicate the 2D peak of single ABC-TLG, showing its asym-
metric shape and apparent shoulders. We fitted the 2D peak
with 5 Lorentzian lines located at 2615, 2646, 2676, 2700,
and 2725cm~!, which is in general agreement with previ-
ous Raman scattering results on ABC-stacked graphene [20].
While the previous studies employed a total of 6 Lorentzian
lines (the feature ~2700 cm ™' was described by two separate
peaks) [27,28], our spectral resolution might not be sufficient
to unambiguously separate these two features. Nonetheless,
the overall fitting is in very good agreement with ABC-stacked
graphene. In contrast, the Raman spectrum for double ABC-
TLG [brown squares in Fig. 1(d)] is distinctly different. The
overall shape of the 2D peak becomes more symmetric as
shoulders start to overlap. We attribute this to the interac-
tion between upper and lower TLGs with 4° of twist angle.
Despite this rather symmetric line shape, employing a single
Lorentzian line to describe the experimental results yields sig-
nificant discrepancies between data and fit (not shown here).

Instead, the 5-peak model captures the features of the Ra-
man spectrum well, with lines centered at 2648, 2674, 2693,
2708, and 2726 cm~'. Comparing single TLG to double TLG,
the averaged phonon linewidth for the constituent Lorentzian
peaks increases from 20.9cm~! (single TLG) to 31.1cm™!
(double TLG). This broadening could be taken as further
evidence for the interlayer coupling. Furthermore, the obser-
vation that the peak intensity ~2700 cm™~! becomes stronger
than that ~2675cm™! in the case of double TLG hints to-
ward a dimensional crossover from 2D to three-dimensional
graphite [29,30]. In the case of tBLG or double BLG with
large twist angles ~30°, 2D peaks usually maintain the orig-
inal features of the constituent layer [31,32]. Namely, while
single Lorentzian (tBLG) and 4 sub-Lorentzian peaks (double
BLG) are still obtained in the case of large twist angles, 2D
peaks are only modified in the case of small twist angles due
to interlayer interaction in such structures. Here, in our case of
twisted double TLG, modifications of Raman spectra appear
already for a larger twist angle.

In addition to the 2D peak, the G peak can provide addi-
tional stacking information, as in the Supplemental Material
[33] (see also Refs. [34,35] therein): namely, the peak position
in ABC-TLG is reported to be relatively redshifted compared
with that of ABA-TLG. In our case, folded ABC-TLG has a
G peak at 1580cm ™!, lower than that of single ABC-TLG at
1583cm~! (Fig. S1 in the Supplemental Material [33]). The
result implies that the possibility of structural phase transition
from ABC to ABA stacking order can be excluded. Rather, the
redshift in folded ABC-TLG can be attributed to interlayer
coupling in conjunction with the aforementioned 2D peak
property.

Figure 1(e) shows carrier-density-dependent resistances (R
vs n) of single (blue) and double (brown) ABC-TLG at 1.5 K
and vanishing magnetic field. The carrier density n is obtained
using the parallel-plate capacitor model on SiO, substrate,
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FIG. 2. (a) Landau fan diagram (R) of single ABC-trilayer
graphene (TLG) at 1.5 K, showing typical filling factor v = + 6,
+10, and £14. Additionally, v = 2 is also observed. (b) R vs B with
1.6 x 10" cm™2. (c) Extraction of Berry phase of ABC-TLG with
three carrier densities. 3w Berry phase is obtained from intercept
value of —1.5 for all cases. (d) At 14 T, resistance dips are observed at
the filling factor v = + 6, +10, and £14, as shown by gray arrows.
Furthermore, there are additional signatures of v =2 and —8, as
shown by red arrows.

where n = o x (Vpg — Venp) and o = 6.55 x 101°v-tem—2
for 330-nm-thick SiO,. The inset of Fig. 1(e) exhibits an
optical image of the fabricated devices for single (blue-dashed
box) and double (brown-dashed box) ABC-TLG, where the
brown-solid line indicates the folded part. Electrodes 1-4 are
also marked in the inset. The resistance (R) was measured
by applying the electric current from electrode 1 to 4 and
analyzing the voltage drops between electrode 1 and 2 (elec-
trode 2 and 3) for single (double) ABC-TLG, respectively,
resulting in 3-terminallike measurements of the single layer
and 4-terminallike measurements of the double layer. The
asymmetry of the measured carrier-density-dependent resis-
tance curves and the additional features appearing there are
attributed to the influence of the field effect to the trilayer
structures.

To analyze the electronic properties of the devices in more
detail, Fig. 2 exhibits magnetotransport results of the single
ABC-TLG device. The resistance (R) shows a typical se-
quence (£6, =10, =14, and so on) of filling factors (v) in
the Landau fan diagram, as shown in Fig. 2(a). Furthermore,
the fact that the Landau fan diagram originates at a single
point of coincidence [charge neutrality point (CNP)] also
confirms the ABC stacking order. For ABA-type structures, it
has been observed that monolayerlike and bilayerlike disper-
sions are superimposed (i.e., linear and parabolic dispersion)
[19,20,22-24]. In our single ABC-TLG device, the Landau
fan does not consist of monolayerlike and bilayerlike disper-
sion excluding the ABA stacking order. For a carrier density
of n = 1.6 x 102 cm~2, the resistance R shows pronounced
Shubnikov—de Haas (SdH) oscillations, as seen in Fig. 2(b),
with clear minima for filling factors 6, 10, 14, and 18. For
TLG, the filling factor v is connected to the Landau-level
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FIG. 3. (a) Landau fan diagram (R) of double ABC-trilayer
graphene (TLG) at 1.5 K. (b) R vs B with V;z =30 and 40 V,
indicating superposition of two kinds of carrier densities. (c) Fourier
transform of R vs B~! plot in Fig. 3(b) exhibits two distinct peaks,
fu and fi, stemming from each carrier density of upper and lower
TLG. (d) Extraction of carrier densities with different V;,,. Black
squares and red circles are experimental results corresponding to
upper and lower TLG, respectively. Guided red- and black-dotted
lines are coincident around V,, = —8V, which is like the charge
neutrality point (CNP; Vi, = —5.6 V) atO T.

index N via v = 4(N + 2). In Fig. 2(c), we plot the Landau
index (N) as a function of B! for different carrier densities.
The obtained indices can be fitted by linear functions for the
individual densities, yielding intercept values around —1.5
for all three densities. Intercept values in such plots can be
regarded as direct indications of the Berry phase. As a result,
0.5 and O values have been obtained in MLG and Bernal-
stacked BLG for the = [36,37] and 27 [38] Berry phases,
respectively. Likewise, the —1.5 intercept value in TLG stands
for the 3w Berry phase [21]. By looking in more detail at the
measured resistance, we can see weak minima not described
by filled Landau levels. In Fig. 2(d), the measured resistance
R is plotted vs v at 14 T. Local dips are observed at typical
v values of ABC-TLG, as indicated by gray arrows and as
discussed above. In addition, we can see a clear minimum for
v = 2 and a weak minimum at v = —8 (both indicated by red
arrows) and a dip close to v = 8. Interestingly, there is no clear
minimum at v = —2 observed. It seems to be hidden in the
much steeper decrease of the resistance on the hole side in
going away from the CNP in comparison with the electron
side. This asymmetry indicates the asymmetric doping due
to the back gate. The observed additional minima must be
attributed to broken symmetry states being strongest in the
lowest Landau levels [39].

In coming now to the twisted structure, Fig. 3(a) shows the
Landau fan diagram (R) of double ABC-TLG. Before substan-
tial discussion, it is worth confirming that the ABC stacking
order is maintained during the folding process. As a control
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FIG. 4. (a) Landau fan diagram (R,,) of double ABC-trilayer graphene (TLG) at 1.5 K. (b) R,, vs v at 8 T. Each R,, dip matches with
summation of two filling factors from upper and lower TLG. (¢) Schematic band diagram of double ABC-TLG at O T.

experiment, we constructed weakly coupled ABA-TLG with a
twist angle of ~26° [33]. The Landau fan diagram apparently
exhibits a superposition of monolayerlike and bilayerlike dis-
persion from each TLG layer, which is distinguished from
Fig. 3(a). Therefore, the Landau fan diagram in Fig. 3(a)
confirms the ABC stacking order consistent with the Raman
spectroscopy study.

The absence of any satellite structure in the Landau fan
indicates that the twist angle of 4° seems to be out of car-
rier density range, namely, larger V4, is necessary to observe
the satellite Landau fan. This observation is consistent with
previous reports where tBLG exhibits typically only weak
interlayer coupling in the case of twist angles >3° [6,7].
Moreover, the Landau fan shows an asymmetry with respect
to the observed filling factors between the electron and hole
sides, which we attribute to the influence of independent dop-
ing of upper and lower TLGs and their superposition. The
superposition of two kinds of carriers originating from each
TLG can be further confirmed by the investigation of SdH
oscillations, as shown in Fig. 3(b). With fixed V;; = 30 and
40V, each resistance trace R shows magnetic-field-dependent
oscillations which stem from two distinct charge carriers. To
extract the two carrier densities due to upper and lower TLGs
(ny and np), we carried out Fourier transform (FT) from the
Rvs B! plot [Fig. 3(c)]. In both cases of V;,; =30 and 40V,
two distinct peaks (fy and fi) can be seen. With increasing
Ve, the peaks move toward higher frequencies, corresponding
to higher carrier densities, namely, ny = fuL X 4e/h can
be calculated. Compared with fi, fy changes less, which is
attributed to the screening of the upper TLG by the lower
TLG. We repeated the same analysis for different V;,z. As a
result, we obtain n (ny and ny) vs Vg, as shown in Fig. 3(d).
Here, ny and np, are depicted by black squares and red cir-
cles, respectively. The extracted carrier densities on both the
electron and hole sides show a similar behavior, as indicated
by the dotted lines. The coincident position (Vg = —8V) is
reasonably consistent for all the lines and close to the ob-
served CNP (W, = —5.6 V) at 0 T. Furthermore, the common
coincidence between upper and lower TLGs indicates that a
potential difference between upper and lower TLGs at 0 T is
negligible for the twisted structure.

Interestingly, the screening effect of the lower TLG seems
to be less than observed for MLG; in other words, the ratio
of induced charge carrier densities between the lower and

upper layers is larger in tBLG [1]. Previously, it has been
reported that the screening effect increases with the number
of graphene layers, which is the opposite tendency compared
with our case here [40]. In our case, the distance between the
TLG layers must be considered. In addition, the electronic
compressibility and especially the influence of the twist angle
on the electronic structure should be included to obtain a
precise understanding of the screening effect here. Indeed,
the theoretical finding that interlayer coupling enhances the
screening effect [41] might provide a hint to understand
our results, and consequently, further investigations regarding
screening of various constituent layers with twist angles are
highly desired.

To analyze the Landau fan in more detail, Ryx was studied
up to 8 T, as shown in Fig. 4(a). For our pseudo-4-terminal de-
vice the Hall contribution can be subtracted by considering the
different magnetic field polarities. Then Ryx can be obtained
via R, = w. Although the obtained Ryx basically
includes similar information to R in Fig. 3(a), Landau levels
with high indexes in Fig. 4(a) are more clearly shown due to
removal of transverse contribution and the usage of additional
data. Figure 4(b) shows Ry calculated in this way vs v at a
magnetic field of 8 T. The local minima corresponding to dif-
ferent v, as observed in Fig. 4(a), reveal again the asymmetric
v sequences between the electron and hole sides. The electron
side shows v = 6, 12, 16, 20, and 24, which can be understood
by the asymmetric doping between upper and lower TLGs.
As in tBLG and double BLG, the asymmetric doping can
be attributed to the modulation of the charge carrier density
only by one gate, here, the bottom gate (V4). In this light,
we draw a band diagram without magnetic field in Fig. 4(c),
where two cubic dispersions are present on the SiO, substrate
and separated by interlayer dielectric material. As we apply
Ve, the two TLGs are differently doped due to the screening
by the lower layer. As a result, we can identify v = 6, 12,
16, 20, and 24 as (vr, vy) = (6, 0), (6, 6), (10, 6), (10, 10),
and (14, 10), where vy, and vy are filling factors for lower
and upper TLGs, respectively. In the case of the hole side,
the sequence of prominent filling factors looks different. The
broken symmetry states (v = —2 and —8) from single TLG
seem to be important to account for the v sequence. We
may attribute v = —8, —12, —18, and —22 to (v, vy) =
(-6, —2), (—6, —6), (—10, —8), and (—14, —8). The filling
factor selection for each layer must be consistent with the
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band diagram, as shown in Fig. 4(c), namely, the upper TLG
is less doped by the bottom gate because of screening of the
lower TLG. Furthermore, broken symmetry states (v = —2
and —8) in the upper TLG can be realized with the help of
the lower TLG as an ideal substrate like hBN, i.e., leading to
a higher mobility and quality for the upper layer. From these
observations, the prevalence of broken symmetry states in the
filling factor sequence for the upper layer could be understood
for the hole side. The absence of broken symmetry states on
the electron side is less obvious in this respect and remains a
puzzling fact.

Finally, we discuss the role of the fold in the folded ABC-
TLG. Previously, we reported that folding induces electron
doping due to compressive strain and that a structure being
independent of the applied perpendicular magnetic field [18]
is observed in magnetotransport. In that regard, both such
features can be seen at n~ —7.5 x 10" cm™2: namely, a
humplike structure in Fig. 1(e) and independence of magnetic
field in Fig. 4(a), respectively. In fact, a more precise carrier
density for the strain-induced doping at the fold n¢,q should be
obtained by considering the back gate capacitance and Vy, for
the fold, namely, Vp, = —15.5V for the folded structure (CNP
is around —5.4 V.) yields n ~ —10 x 10" cm~2 for the strain-
induced doping. This result agrees with previous observations
in terms of electron doping and twist angle dependence [18].

IV. SUMMARY

In summary, we have investigated magnetotransport prop-
erties of double ABC-TLG where the two constituent TLGs
are twisted by 4°. ABC stacking order was confirmed by
Raman spectroscopy and the Landau fan diagram of the single

TLG. In the case of twisted double ABC-TLG, the Raman
spectrum is modified, confirming that the adjacent layers in-
teract. In the Landau fan diagram of the double ABC-TLG
superlattice structure, an asymmetric filling is seen. Further-
more, we observe the superposition of two distinct kinds of
carriers in the SdH oscillations from which the two charge
carrier densities are extracted. The differences are attributed
to screening of the upper layer by the lower one. Due to this
screening, broken symmetry states appear preferentially in the
upper layer. We have expanded here the current framework for
understanding and describing twistronics using ABC-TLG.
As a result, electronic structures and correlated states are
envisioned based on more complicated constituent graphene
layers.
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