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Tunable inter-moiré physics in consecutively twisted trilayer graphene
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We fabricated a twisted trilayer graphene device with consecutive twist angles of 1.33 ° and 1.64 °, in which
we electrostatically tuned the electronic states from each of the two coexisting moiré superlattices and the
interactions between them. When both moiré superlattices contribute equally to the electrical transport, we
report a type of inter-moiré Hofstadter butterfly. Its Brown-Zak oscillation corresponds to one of the intermediate
quasicrystal length scales of the reconstructed moiré-of-moiré superlattice, shedding light on emergent physics

from competing atomic orders.

DOLI: 10.1103/PhysRevB.110.115404

I. INTRODUCTION

When two layers of a van der Waals (vdW) material are
placed on top of each other misaligned by a small twist angle,
the band structure of the beating pattern (moiré superlattice)
can host a high density of states (DOS) arising from near dis-
persionless (flat) bands. In an interacting electron context, this
diverging DOS drives the system toward behavior where elec-
tron correlations and localization become dominant, leading
to exotic emergent quantum phenomena distinctly different
from the behavior of the original material, including super-
conductivity, ferromagnetism, and correlated insulator and
quantum anomalous Hall states [1-10]. In twisted trilayer
graphene (tTLG), where a third graphene layer is added on top
of conventional twisted bilayer graphene (tBLG) [11-19], a
second twist angle becomes available for additional combina-
tions [20]. The richness of possibilities with two independent
twist angles elevates tTLG to a system of uniquely different
material properties: (1) when the two twist angles alternate,
that is, are equal in magnitude but opposite in direction
(twist back), the original tBLG moiré states are preserved
but enhanced with higher critical temperature and electrostatic
tunability [13,14,16]. (2) When the two twist angles are con-
secutive (continued twisting), the transport signature of new
families of quantum states was discovered at an extremely
low carrier density on the order of 10' cm~2, arising from a
higher-order moiré-of-moiré (MoM) superlattice [12]. While
case (1) is well understood in the context of moiré physics,
the microscopic mechanisms for the behavior in case (2)
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remain elusive due to the intrinsic complexity of the underly-
ing atomic structure. The two sets of moiré superlattices that
underlie case (2) behavior interact to give rise to a plethora of
emergent length scales [11,12,21,22], and both contribute and
compete in determining the transport behavior. Similar atomic
reconstructions have also been reported in hexagonal boron
nitride (hBN)/graphene/hBN sandwiches [23-27], where a
single piece of graphene is modulated by hBN, instead of
more complex competition between three equally deformable
graphene layers.

Here, we systematically study the interplay between the
two moiré superlattices and their mutual role in determining
the emergent quantum phenomena in a dual-gated consecu-
tively twisted tTLG device. Figure 1(a) shows the schematic
representation of the tTLG stack, where three pieces of mono-
layer graphene (MLG) flakes are sequentially picked up and
transferred on top of each other, with two consecutive twist
angles of 1.33° £ 0.03° (1.64° £ 0.04 °) between the top
and middle (middle and bottom) layers. The two twist angles
are chosen to be different so that the transport signature of
each moiré€ superlattice can be isolated, corresponding to [see
Fig. 1(b) schematic] a moiré superlattice constant of 10.6 nm
for the top moiré (yellow) superlattice and 8.6 nm for the
bottom moiré (purple) superlattice. Both twist angles are suf-
ficiently different from the previously reported tBLG magic
angle, and correlated insulator and superconducting states are
not expected to emerge from any of the individual moiré
superlattice.

The sample is etched into the Hall bar geometry for magne-
totransport measurements [Fig. 1(b)], conducted in a *He/*He
dilution refrigerator at a base temperature of ~10 mK. A
global Si bottom gate (V},) and a graphite top gate (V;) are used

©2024 American Physical Society
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FIG. 1. Coexisting moiré superlattices in twisted trilayer graphene (tTLG). (a) Schematic image of the graphite-gated tTLG stack. (b)
Upper: Optical image of the Hall bar sample. Lower: Schematic images of the top (bottom) moiré superlattice, whose lattice vectors are drawn
as yellow (purple) arrows. (c) Upper: Schematic images of the Brillouin zone of the three individual MLG layers. The zoom-in image shows
the two moiré mini-Brillouin zones with different sizes formed between the adjacent bilayer pairs. Lower: Calculated band structure. The red
and blue colors represent the layer polarization of charge carriers. The energy levels corresponding to v, = +4 (v, = +4) are indicated by the
yellow (purple) dashed lines. (d) The measured four-probe resistance R,, and R,, as a function of top (bottom) moiré filling factors (number
of charges per moiré unit cell) and the magnetic field B. Two sets of satellite fans are observed to originate from the band-insulator states of

the top (bottom) moiré superlattice, indicated by yellow (purple) lines.

for tuning the overall carrier density n in tTLG via capacitive
gating with total gate potential (V, + «V;, where « is the
capacitive ratio between bottom and top gate). In addition,
the two gates are used for tuning the relative distribution
of such charge carriers among the two moiré superlattices
(V, — aV;) via an out-of-plane electrical field (displacement
field D, positive when V), > «V;). The dual-gate geometry and
the addition of an out-of-plane electric field allow us to control
the carrier distribution among the three layers. This enables us
to enhance or suppress the contribution from each individual
moiré superlattice to the transport behavior.

II. COEXISTING MOIRE SUPERLATTICES

Figure 1(d) shows the measured four-probe longitudinal
(Ryy) and transverse resistance (R,,) as a function of the
out-of-plane magnetic field B, and moir¢ filling factors v, =
4n/n;o(vp = 4n/nyy). Here, nyy (npy) corresponds to carrier
density when four charge carriers occupy per unit cell of the
top (bottom) moiré superlattices, denoted as v, = £4 (v, =
+4), where satellite fans emerging from band-insulator states
of the top (bottom) moiré superlattice are observed. At v, =
+4 (v, = £4), the transport features of a Landau fan diagram
are noticeably less well defined than that expected from an
individual tBLG moiré superlattice [1-3] due to the presence
of the additional bottom (top) graphene layer disrupting the
Landau level (LL) formation in the top (bottom) moiré su-
perlattice. The band insulator states (v = £4) of each moiré
superlattice also demonstrates semimetallic temperature de-
pendence due to the third graphene layer and the absence of
a gap at the edge of each set of moiré bands. A more detailed
analysis on the temperature dependence of the band insulator
states is discussed in Supplemental Material Sec. S4 [28] (see
also Refs. [29-50] therein). The satellite Landau fan indices

follow a sequence of tTLG (2, 6, 10, ...) [13,14], in contrast
with that from an individual tBLG moir¢ superlattice (4, 8, 12,
...) [1-3], confirming the crucial role of the extra graphene
layer in shaping the transport signature of each moiré super-
lattice.

The behavior of the tTLG system has unique features
that are different from those of tBLG, see Fig. 1(c), where
Ki1, K1, and Kp3 denote the K points of the top, middle,
and bottom graphene layers, respectively. Bands belonging
to top and bottom moiré superlattices hybridize and compete
in determining the overall transport behavior of tTLG. The
red (blue) color of the bands marks the polarization (relative
concentration) of charge carriers in the top (bottom) moiré su-
perlattices, with red (blue) corresponding to carriers residing
exclusively in the top (bottom) and middle graphene layers.
At band insulator states of the top (bottom) moiré, denoted
by a yellow (purple) dashed line, a satellite fan is observed,
with its transport features compromised by the interfer-
ence from the bottom (top) moiré (whose band is partially
filled).

III. TUNABLE PROXIMITY EFFECT BETWEEN TWO
MOIRE SUPERLATTICES

To confirm the above picture, we demonstrate that this
interference is tunable by a displacement field D. For ease of
demonstration, we first tune the device into the regime where
the top moiré state dominates the transport over the bottom
moiré state (in other words, charges are primarily occupying
the top and middle graphene layers) and measure the satellite
fan from the top moiré state, while tuning the relative contri-
bution of the bottom moiré state with the D field.

Starting with the electron side of the top moiré fan near
vy, =4 at D= —0.11 V/nm, the Shubnikov—de Hass (SdH)
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FIG. 2. Tunable proximity effect between two moiré superlattices. Measured four-probe transverse resistance R, (left), longitudinal resis-
tance R,, (middle), one-dimensional (1D) profiles of R, as a function of v, at different B fields (right) near the hole-type band-insulator state of
the top moiré at v, = —4, and schematics of relative charge distribution at (a) D = 0 V/nm, (b) D = —0.11 V/nm, and (c¢) D = —0.22 V/nm.
1D profiles of R,, range from O T (black) to 8 T (red) with a 1 T increment, which are vertically offset to enhance visibility. The magnetic field
at which the Shubnikov—de Hass (SdH) oscillations from the first Landau level (LL) starts to emerge increases when a more negative D field
is applied, as the holes in the top moiré superlattice move toward the bottom graphene, enhancing the interference (represented by a thicker
wavy line in the schematics). 1D profiles of R, as a function of v, at different B fields (left), longitudinal resistance R,, (middle), transverse
resistance Ry, (right) near the electron-type band-insulator state of the top moiré at v, = +4, and schematics of relative charge distribution at
(d)D =0V/nm, (e) D =—0.11 V/nm, and (f) D = —0.22 V/nm. 1D profiles of R,, range from O T (black) to 8 T (blue) with a 1 T increment,
which are vertically offset to enhance visibility. In contrast with the hole side, the magnetic field at with the SdH oscillations from the first LL
starts to emerge decreases with a more negative D field, as the electrons holes in the top moiré superlattice migrates away from the bottom
graphene, suppressing the interference (represented by a thinner wavy line in the schematics). In all cases, arrows show the magnetic field at
which the SdH oscillations from the first LL start to emerge.

oscillation from the first LL appears at around B =2 T [see satellite fan diagram with the SdH oscillation starting at a
Fig. 2(e)]. When the displacement field becomes more neg- lower (higher) B field.

ative, at D = —0.22 V/nm, electrons move toward the top

moiré superlattice [Fig. 2(f)]. The transport signature from .
the LLs in the top moiré superlattice becomes more promi- IV. TUNABLE HIERARCHY BETWEEN TWO MOIRE
nent with reduced interference from the bottom layer. As a SUPERLATTICES

result, the SdH oscillation emerges at a lower magnetic field
of B=0.5 T. When the displacement field becomes more
positive at D = 0 V/nm, electrons move closer to the bot-
tom moiré€ superlattice [Fig. 2(d)], enhancing its interference,
and resulting in delayed emergence of the SdH oscillation at
B =3 T. One-dimensional (1D) profiles of Ry, at different
B fields, ranging from O T (black) to 8 T (red), quantitatively
demonstrate the evolution of SdH oscillations in the top moiré
superlattice, as the D field varies. The resistance dip, corre-
sponding to when the Fermi level is in the energy gap between
the first and second LLs in the top moiré superlattice, emerges
at a higher B field when a more negative D field is applied. to dictate the transport behavior.

This is expected due to the enhanced interference from the We now focus on the carrier density range between v, =

bottom graphene, which l?ads to Fhe bro'adening. of LLs. As L4 4nd v, = +4 [Figs. 3(c) and 3(d)], where electron-type
a result, a higher magnetic field is required to increase the LLs from the top moiré superlattice (number of LLs filled
energy separation between LLs and maintain the Fermi level N=12 ) and hole type from the bottom moiré super-
within a well-defined gap. lattice (number of LLs filled N, = —1, —2, ...) coexist at

For the hole si.de of the top mgiré fan near v, = —4, the any given carrier density and compete in dictating the overall
dependence on D is the opposite [Figs. 2(a)-2(c)], as expected transport behavior. The outcome of such competition can be

from this physic.s pict.ure. As D increases (decreases), the hqle determined by tuning the hierarchy with D fields. For each
type charge carrier migrates toward (away from) the top moiré moiré, standard SAH oscillations in R.. [Fig. 3(c)] are ob-

superlattice, leading to a more pronounced (compromised) served with corresponding Ry, plateaus [Fig. 3(d)], with Ry,

To understand the competition between the two coexisting
moiré superlattices, we tune the device into the regime in
which transport signatures from both moiré superlattices are
both present. Figures 3(a) and 3(b) show measured four-probe
resistances R,, and R,, as functions of moiré filling factors
v; and v, and perpendicular displacement fields D at B=4T
(taken from another device region in Sample #1 with similar
quality). A plethora of magnetotransport features belonging
to LLs from five Fermi surfaces near charge neutrality point
(vr, v, = 0) and four band insulator states (v, v, = £4) are
observed, as the top and bottom moiré superlattices compete
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FIG. 3. Tunable hierarchy between two moiré superlattices. (a) R, and (b) R,, as a function of carrier density and perpendicular
displacement fields measured at B = 4 T. (c) and (d) zoom in on regions outlined by dashed boxes in (a) and (b), respectively. The stability of
Shubnikov—de Hass (SdH) oscillations from Landau levels in the top moiré superlattice alternates with that of the bottom moiré superlattice as
the D field changes. (e)—(g) The top (bottom) graphene competes for the middle layer in dominating the transport signature with that from top
(bottom) moiré superlattice. The result of such competition can be tuned by displacement field (e) D = —0.22 V/nm, (f) D = 0 V/nm, and
(g) D = +0.22 V/nm. (Top row) Schematics of electron distribution over the top (red), middle (gray), and bottom (blue) graphene layer. The
electrons in the middle graphene move closer to the bottom (top) graphene as D increases (decreases), participating more in pronouncing the
transport signature of the bottom (top) moiré. (Middle row) R,, measured at carrier density in between v, = +4 and v, = +4. As D increases
(decreases), the satellite fan of the winning bottom (top) moiré lattice is more visible, at the cost of the top (bottom) moiré fan being suppressed.
(Bottom row) This is consistent with the calculated density of states (DOS) near v, = +4 and v, = +4, where a decreasing (increasing) trend
in DOS per top (bottom) graphene layer L; (L3) is found as the D field becomes more positive. The red, blue, and black curves correspond to
the DOS in the top and bottom graphene layers and in the entire twisted trilayer graphene (tTLG), respectively. The red (blue) dashed lines

indicate the energies corresponding to v, (v,) = 4.

dips and R,, quantization more (less) well defined from the
dominant (dominated) moiré superlattice. When the D field
becomes more positive (negative), electrons distribute toward
the bottom (top) moiré superlattice, allowing it to dominate
the transport signature more. As a result, at a positive D
field, the R, resistance dips and R,, plateaus at N, = —2,
corresponding to the dominant moiré being more well defined
and quantized at the price of transport signatures from N, = 2
of the dominated moiré becoming weaker, with a higher R,,
dip resistance and a Ry, resistance deviating from the expected
quantization. The reverse is observed at a negative D field,
when the balance of the competition is flipped.

The same physics can also be confirmed by observing
the evolution of satellite fans from both moiré superlattices
at the intermediate carrier density range between v, = +4
and v, = +4 at different D fields. When a positive D field
is applied [Fig. 3(g)], the electrons move toward the bot-
tom moiré superlattice, whose fan becomes more prominent
than the feature from the top moiré superlattice. In contrast,
when a negative D field is applied, the electrons move toward
the top moiré superlattice, whose fan is now more visible
at the cost of a smeared-out bottom moiré fan [Fig. 3(e)].
This is consistent with the calculated DOS near v, = +4
and v, = +4, where a decreasing (increasing) trend in DOS
per top (bottom) graphene layer L; (L3) is found as the D
field becomes more positive [bottom row of Figs. 3(e)-3(g)].
At D=0 V/nm [Fig. 3(f)], the device is tuned into the
strong-coupling regime, where both moiré patterns contribute

equally and therefore compete in determining the transport
signature.

V. INTER-MOIRE HOFSTADTER BUTTERFLY

Figure 4(a) shows a zoom-in high-resolution scan of the
measured four-probe conductance, where a complex emergent
pattern is observed, which we refer to as a type of inter-
moiré Hofstadter butterfly. Longitudinal conductance peaks
are observed at B =7.4,4.9,3.7,3.0,2.5,2.1T, ..., shown as
horizontal lines (dashed) in four-probe resistance [Fig. 4(a)].
The inset shows oy, as a function of B, averaged over the entire
carrier density range of the color plot, signifying the magnetic
field at which local conductance maxima are found along
horizontal lines in the color plot (marked by arrows in inset
and dashed lines in color plots), or Brown-Zak oscillations
[51,52]. These magnetic field values correspond to 1/n (where
n=2,3,4,5,6,7, ...) flux quanta (¢o) for a unit cell size of
283 + 7 nm? (or lattice constant of 18.1 & 0.2 nm).

In addition, a high-order conductance peak is observed at a
magnetic field corresponding to 2 flux quanta per 5 of such
unit cells [51]. This corresponds to a second-order Brown-
Zak oscillation (2/n flux quanta), like that observed in the
conventional Hofstadter butterfly with state-of-the-art device
quality [51-54]. The presence of the second-order feature in
the Brown-Zak oscillation indicates the stability and homo-
geneity of the reconstructed higher-order lattice length scale
of ~18 nm.
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FIG. 4. Inter-moiré Hofstadter butterfly. (a) Conductance o,, as a function of filling factors and the magnetic field (left axis) or magnetic
flux ¢ = BS in the unit of flux quantum ¢, (right axis). Sequence of ¢ /¢y = 1/n is outlined by black dashed lines. Insert: oxx as a function
of B, averaged over the entire carrier density range of the color plot, signifying the magnetic field at which conductance peaks are found
along horizontal lines in the color plot (marked by arrows in inset and dashed lines in color plots). (b) Simulation of relaxed atomic landscape
of twisted trilayer graphene (tTLG), with the color scale plotting relaxed total misfit energy landscape. The periodicity of the inter-moiré
Brown-Zak oscillation (in 1/B) corresponds to a unit cell (gray shade) size 283 4= 7 nm?, or lattice (red arrows) constant of 18.1 &= 0.2 nm. (c)
The length scale agrees with one of the most prominent among a plethora of coexisting length scales in tTLG, shown by calculated Fourier
spectrum of relaxed tTLG. Peaks are found at dominant length scales at lattice constant of moiré-of-moiré (MoM) superlattice (black dashed,
42.8 nm), top moiré superlattice (orange dashed, 10.5 nm), bottom moiré superlattice (blue dashed, 8.4 nm), and additionally at intermediate
length scale between 15 and 20 nm (arrow) responsible for the observed Brown-Zak oscillation. Inset: Dominate length scales and their

relative weight.

The previously reported Hofstadter butterfly in hBN-
graphene or tBLG [55-58] is observed when fans from the
satellite peak and the Dirac peak overlap, whose periodicity
in 1/B is a consequence of emergent moiré periodicity. In
contrast, the inter-moiré Hofstadter butterfly results from two
sets of satellite fans crossing over (without participation of
the main fan from charge neutrality point), each belonging to
a superlattice with distinct lattice constant. The inter-moiré
butterfly is therefore a signature of higher-order superlattice
periodicity reconstructed from two coexisting moiré super-
lattices. The unit cell size of 283 &7 nm? extracted from
the inter-moiré butterfly agrees with one of the intermedi-
ate length scales in the relaxed atomic landscape of tTLG
[shaded rhombus in Fig. 4(b), with lattice vectors labeled by
red arrows], one that is most prominent among a plethora of
length scales that coexist in consecutive tTLG [Fig. 4(c)] [20].
The relaxed atomic landscape of tTLG is obtained based on a
continuum relaxation model in local configuration space [44]
by minimizing the total energy with respect to the relaxation
displacement vector. The details of the model are elaborated
in Supplemental Material Sec. S9 [28] (see also Refs. [29-50]
therein). Notably, the MoM superlattice has a unit cell
size (~1527 nm?) that is ~5.4 times larger, with a corre-
sponding Brown-Zak oscillation expected at magnetic field
values of B = 2.70, 1.34, 0.90, 0.67, 0.54, 0.46 T, ..., before
SdH oscillations of the two competing fan diagram start to
emerge.

It is worth noting that the Brillouin zone (BZ) oscilla-
tions observed in our device correspond to higher-order MoM
length scales only, in contrast with the previously reported
doubly aligned hBN/graphene/hBN structure in which BZ
oscillations from each moiré superlattice are also visible [23].
This is consistent with the observation of tunable competing
moiré electronic states in tTLG (Figs. 2 and 3), where the

electronic signatures from both moiré patterns are com-
promised by each other, and the reconstructed length
scale dictates the transport behavior. In doubly aligned
hBN/graphene/hBN, all electrons reside in a single atomic
layer of graphene. The moiré states from lattice modulation
by each aligned hBN coexist but do not compete to comprise
each other or yield higher-order atomic reconstruction.

Our observation of an inter-moiré butterfly provides exper-
imental evidence for atomic lattice reconstruction in tTLG.
In tBLG, the lattice reconstruction effects are a monotonous
function of the twist angle. Lattice reconstruction is weak
above a critical twist angle of ~1 °. In contrast, in tTLG, the
strength of lattice reconstruction in tTLG sensitively depends
on the difference between the twist angles as well as the
moiré harmonics, in addition to the absolute values of the
twist angles. Theoretical predictions of the real-space relaxed
pattern [44,59] or local DOS maps [60] in tTLG show that
a dominating MoM pattern can appear at twist angles >1°.
Our experimental observation indicates that tTLG at such a
twist angle combination (1.33° and 1.64°) indeed experi-
ences a significant amount of lattice reconstruction, with the
BZ oscillations corresponding to higher-order length scale
(~18 nm) instead of any of the moiré€ length scales (10.6 and
8.6 nm). The observed lattice construction may be particularly
relevant in realizing predicted quantum phases in tTLG that
are sensitive to the microscopic landscape of the lattice recon-
struction in tTLG, such as correlated and topological phases
in magic-angle helical trilayer graphene [21].

VI. SUMMARY

In conclusion, we measured magnetotransport in a con-
secutively tTLG device, with twist angles of 1.33° + 0.03°
and 1.64° £ 0.04 °. We observed two sets of satellite Landau
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fans, each belonging to one of two coexisting moiré super-
lattices. The two moiré superlattices compete in determining
the transport signature of the tTLG at carrier density on the
order of 10'2 cm~2, or typical moiré filling. We show that the
strength and the hierarchy of the inter-moiré interaction can
be tuned electrostatically, confirming the underlying physics
picture. When the transport signatures of two moiré superlat-
tices are equally present, we observe a type of inter-moiré
Hofstadter butterfly, the periodical pattern of which agrees
with a higher-order quasilattice reconstructed from the two
moiré superlattices. In this paper, we provide a comprehensive
understanding of the complex interaction between coexisting
atomic orders in tTLG and how higher-order periodicities and
their transport signatures emerge from such competition. This
opens a door toward understanding the intriguing microscopic
mechanisms of emergent quantum phenomena in twisted mul-
tilayer 2D material platforms.
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