Tunable Atomically Enhanced Moiré Berry Curvatures in Twisted Triple Bilayer Graphene
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We report a twisted triple bilayer graphene platform consisting of three units of Bernal bilayer
graphene (BLG) consecutively twisted at 1.49° and 1.68°. We demonstrate the atomic reconstruction between
the two competing moiré superlattices strongly enhances the Berry curvature of each moiré band insulator
state, characterized by measured strong nonlocal valley Hall effect (VHE) that sensitively depends on the
inter-moiré competition strength, tunable by manipulating the out-of-the-plane carrier distribution. Our study
sheds new light on the microscopic mechanism of atomic and electronic reconstruction in twisted multilayer
systems, by systematically investigating transport signatures of moiré Berry curvature and its enhancement
from moiré-of-moiré lattice reconstruction. We show that the reconstructed electronic band can be versatilely
tuned by electrostatics, providing an approach toward engineering the band structure and its topology for a
novel quantum material platform with designer electrical and optical properties.

The interference between two slightly rotated atomic
lattices, which occurs at the homo and heterointerface of
atomically thin materials stacked with small twist angles,
gives rise to a moiré superlattice and flat bands where
electronic interactions are enhanced. Novel material
properties have been reported in such structures, including
ferromagnetism [1], the quantum anomalous Hall effect [2—
5], quantum spin Hall effect [6], Mott insulators [7-9] and
superconductivity [10,11].

Beyond twisted bilayers, the addition of athird 2D layer
further enriches the emergent physics [12]. When the third
layer aligns with the first layer, the original moiré
superlattice is atomically stabilized with enhanced correlated
insulator and superconducting states [13—15]. When the third
layer is misaligned with the existing layers, two separate
moir¢ superlattices coexist [16—19]. The beating between the
two moiré superlattices gives rise to higher order
superlattices [20,21], referred to as moiré-of-moir¢ (MoM)
superlattices. A wide range of competing length scales
coexist, giving rise to an abundance of new electronic
properties [22-24], including an inter-moiré Hofstadter
butterfly [19], quasicrystal states [17], correlated charge
density wave insulators [23] and signatures of correlated
insulating and superconducting states at an extremely low
carrier density (~ 10'° cm™) [25].

To understand how competing atomic structures alter
the resulting electronic band in a moiré-of-moiré
superlattice, we fabricated a twisted triple bilayer graphene
(tTBLG) device consisting of three units of Bernal bilayer

graphene (BLG) consecutively twisted at 1.49° and 1.68°
[see Fig. 1(a) and Supplemental Material [26]: Section S1].
The choice of different twist angles ensures that the sizes of
two coexisting moiré superlattices are sufficiently different
[Figs. 1(b)-1(c)], so that the transport signatures from each
moir¢ lattice can be isolated and traced back to insulator
states at different carrier densities, and the interaction
between the moiré superlattices can be examined via
emergent higher order transport features at the carrier density
in between full fillings of the two individual moiré patterns.
The choice of BLG as the basic unit of stacking allows for
characterization of atomically induced band reconstruction
by tracking the Berry curvature [27,28]. Berry curvature hot
spots were previously reported at the band edges of a
parabolic like band [at the charge neutrality point (CNP) of
BLG or band insulator states of a moiré lattice] [29-34], and
can be sensitively enhanced by atomic strain/reconstruction
from aligned hBN that further breaks the inversion
symmetry [33,35-38].

Figure 1(d) shows the calculated band structure of
tTBLG at the twist angles of 1.49° and 1.68°. The low energy
bands are parabolic instead of linear as in twisted bilayer or
trilayer graphene, with the potential of hosting a Berry
curvature hot spot at the band edges of moiré and MoM
bands. Figure 1(e) shows the measured under applied top,
VrG, and back gate voltages, Vgg, four-probe longitudinal
local resistance R = R.. (Region 1 of the tTBLG device,
between Contacts 4 and 3) as a function of the applied
displacement field D (having the positive direction toward



the graphite gate), and carrier density # (see Supplemental
Material [26]: Section S2 for D and » calculations). The top
(bottom) axis is given in terms of filling factors for top
(bottom) moiré superlattices vy = 4n/nt (v = 4n/ng), where
nt (ng) correspond to 4 charge carriers per top (bottom)
moiré unit cell. Signature fillings from the top (bottom)
moiré patterns are highlighted by yellow (purple) lines,
where local resistance peaks are expected at integer fillings,
including band insulator states at full fillings (solid lines),
and correlated insulator states at half fillings (dashed
lines) [23].

At vr = —4(+4), the hole-type (electron-type) charge
carries are localized in the top moiré superlattice by a
positive (negative) D. The tTBLG in its entirety therefore
exhibits insulating behavior, confirmed by the temperature
dependence [Fig. 3(a), see also Supplemental Material [26]:
Section S4], with an estimated thermal activation gap of ~6
meV for vr =4 and ~3 meV for vy = —4, respectively.

In tTBLG, we show that the coexistence of two moiré
superlattices and their interaction further enhances the Berry
curvature of the moiré band insulator states, and can be
sensitively manipulated by tuning the inter-moiré interaction
strength. The Berry curvature is characterized with the well-
established “nonlocal” measurement at B=0 T [30—41]. The
valley-specific anomalous velocity drives the ballistic carrier
trajectory astray (more so than conventional current
diffusion [28,30-38,40,41]), resulting in its detection at
voltage probes sufficiently away from the current path.

We apply current /73 between Contact 7 and 3 of the
tTBLG device [Figs. 1(b) and 2(a)], and measure voltage Vs
between Contact 6 and 4 (as a result of transverse valley-
polarized current) away from the current excitation
(nonlocal) to study valley Hall effect (VHE) [30-38,40—43].
The nonlocal resistance Rnr = Vesa/I73 as a function of the
carrier density and D field is plotted in Fig. 2(b). Nonlocal
resistance peaks are found near vr =44 and D <0 (D > 0),
satisfying prerequisites for observing moiré Berry curvature
hot spot: (1) Fermi level is near the edge of the band insulator
gap, (2) the bottom BLG is depleted of charge carriers (and
thus does not contribute to the transport). When both
conditions are met, the tTBLG overall is insulating with its
Berry curvature well-defined. Near the Berry curvature
hotspot, the interlayer screening is negligible, and the
displacement field can be approximated as uniform across all
3 layers. Similarly, a nonlocal resistance peak is found near
ws =+4 and D > 0, near the band insulator gap of the bottom
moiré while the top BLG is depleted of electron-type
carriers. Additionally, substantial nonlocal resistance is
observed at CNP at D > 0, arising from Berry curvature hot
spot near displacement-field-induced BLG bandgap [30,31],
when all three BLG layers are depleted of charge carriers.
The absence of an expected nonlocal resistance peak near v3
= —4, and CNP at D < 0 can be explained by (1) broken
electron-hole symmetry in tTBLG; (2) top BLG is not in-gap

for D < 0 (consistent with a smaller measured R,,) making
such states less insulating or out of the measurement range.

These resistance peaks arise from the ballistic valley
current driven by the Berry curvature, instead of stray
currents due to diffusive Ohmic transport, supported by
several separate experimental observations. First, the
longitudinal resistance peaks [Fig. 1(e)] corresponding to the
correlated insulator states are completely absent in the
nonlocal measurement [Fig. 2(b)], confirming the origin of
nonlocal resistance peaks as curved ballistic transport due to
the Berry curvature, instead of a simple diffusive transport at
resistive insulating states. Moreover, following previously-
established methods [30-32,34,35,38], we measure the
nonlocal signal Ryt at voltage probes with varying distance
L to the applied current (see Supplemental Material [26]:
Section S7). The Ryt as a function of L is fitted by exp(—L/¢),
giving a decay length ¢ = 442 pm, a change much slower
than the decay due to diffusive Ohmic transport, and
consistent with the inter-valley scattering length.

In addition, the trivial Ohmic contribution (RxLo) from
the stray currents can be estimated from the measured local
(RL = Ryy) resistance by Rnro = Ru(w/L)exp(-L/A), where
A=w/m; w=0.9 um, L = 1.6 pm are the width and length of
the channel. Following previously well-established
methods [30-32,34,35,38],  the  estimated  Ohmic
contribution can then be compared to the measured nonlocal
resistance to understand the origin of measured Rni. As an
example [Fig. 2(c)], at vr = —4 and D/& = +0.45 V/nm, the
measured nonlocal resistance Rni [scanned across white line
denoted in Fig. 2(b)] is over 100 times larger than expected
contribution from the diffusive Ohmic transport Rnio (see
Supplemental Material [26]: Section S3 for other band
insulator states). The Ohmic contribution is therefore
marginal, and the nonlocal resistance is primarily attributed
to the Berry curvature.

Last but not least, the power law scaling between the
measured local and nonlocal resistances Rn. ~R] have
been previously used to determine the nature of the nonlocal
signal [30-35,37,38,41,42]. Ohmic behavior is linear in
nature (y = 1), while nonlocal signal caused by the Berry
curvature is expected to be nonlinear, with either y > 1 or y <
1 depending on the saturation of ballistic valley current
channel [42]. In contrast to the previously reported Berry
curvature hot spot in BLG, tBLG and tDBLG [30-34,38],
the moiré Berry curvature hot spot in tTBLG shows an
abrupt change across the band insulator gap. To show this,
the measured nonlocal resistance near vr = —4 [Fig. 2(¢)] is
categorized into electron-type (blue) and hole-type (red).
The Rni versus Ry [Fig. 2(d)] is then separately plotted for
each category of carrier type, and individually fitted against
Rne ~R]}: . Both show a good fit to a nonlinear power law
dependence, suggesting a Berry curvature hot spot as the
underlying mechanism. The quantitative difference in the
extracted power y suggests that the Berry curvature hot spot
shows a strong electron-hole asymmetry near vr = —4, with



the Berry curvature hot spot being stronger near the electron-
type band edges of the vr = —4, leading to a stronger valley
Hall current [Fig. 2(e), solid arrows] saturating the maximum
current capacity of ballistic conductance channels with y < 1.
The reverse effect, weaker Berry curvature hot spot and
valley Hall current, correspond to hole-type band edges, with
y> 1 [see Fig. 2(e), hollow black arrows] [42].

We show that the observed strong Berry curvature hot
spot at vr = —4 of the top moiré pattern is enhanced by the
atomic reconstruction and electronic modification with the
bottom moiré pattern, which further breaks the inversion
symmetry and alters the band curvature. This can be
demonstrated by measuring the power law y [Fig. 2(f)], while
tuning the strength of inter-moir¢ interaction with D [19]. As
the D field increases, the electron-type carrier is less
localized in the top moiré pattern while its interaction with
bottom moiré is enhanced leading to vr = —4 band insulator
gaps whose Berry curvature is strongly reinforced by the
presence of the bottom moiré pattern (the reverse effect
corresponds to decreasing D field, with more localized
carriers in the top moiré pattern and suppressed interaction
with the bottom moiré pattern). As a result, the power law y
is observed to be continuously tunable by the field value (D)
over one order of magnitude. At small D, when the inter-
moiré interaction is weakest, the power law y = 3 is similar
to the previously reported valley Hall effect without an
atomic reconstruction from aligned hBN [33,35,37,38]. At
large D, when the inter-moiré enhancement is strongest, the
record-low y = 0.5 suggests an unusually large valley Hall
current driven by an extraordinarily-strong Berry curvature,
oversaturating the available ballistic channels, more so than
atomically-enhanced valley Hall effect previously reported
in hBN-aligned systems [35,37,38]. The displacement field
dependence is also consistent with the Berry curvature
hotspot belonging to band insulator states of top moiré
superlattice instead of the bottom bilayer graphene, with the
latter characterized to yield weaker valley Hall signal at
charge neutrality point n=0.

In contrast, y = 3 is observed for the hole-type carriers
near vr=—4, largely regardless of the D field applied. This
suggests that the inter-moiré atomic reconstruction has much
weaker implication to the hole-like band edges, possibly due
to a large electron-hole asymmetry in band dispersion or
different ground state atomic orbitals for electrons and holes.

To extract the characteristic energy scale of the moiré
Berry curvature hot spot and to further confirm their
microscopic physics pictures, we measure the temperature
dependence (Figure 3) of the non-local transport. Figure 3(a)
plots the measured local resistance at the peak (black) and
half peak (red: hole-like carriers; blue: electron-like carriers)
as a function of temperature. At temperatures 7> 10 K, the
charge carriers across the vr = —4 band insulator gap are
thermally activated, resulting in a measured local resistance
that decreases with increasing temperature. By fitting the
temperature dependence at 7> 10 K with the Arrhenius law:

R, ~ exp (zi]“ ) [Fig. 3(b), dashed], the size of band-
BT

insulator gap is extracted to be on the order of meV [Fig.
4(b), diamonds], consistent with calculated band structure.
The temperature dependences of the peak (black) and half-
peak (red, blue) local resistance [Figs. 3(a)-3(b)] give
similar band gap sizes [Fig. 4(b), diamonds with the
respective colors], indicating thermal activation of carriers at
partial filling of the conductance and valence band edges
near vr=—4.

The nonlocal resistance Rni near Berry curvature hot
spot at vr=—4 is also measured at varying temperature [Fig.
3(c)], from 10 mK to 20 K with an equal step size of AT ~2
K. The resistance peak shows a weak temperature
dependence below 10 K (with the curves for 7< 10 K largely
overlapping with each other), while drastically diminishes as
T rises above 10 K. The change in temperature dependence
can be seen more evidently when plotting Ryi. as a function
of temperature [Fig. 3(d)], measured at the peak (black) and
half-height on the hole-like (red) and electron-like (blue).
The three sets of data all exhibit a strong (weak) 7-

dependence above (below) T ~ 10 K, with fitting to

exp (ZAkNLT) above 10 K yielding a similar thermal activation
B

gap Anc. This is consistent with the nonlocal signal (peak or
half-height) being expected only when the Fermi level is
near mid gap or at the band edges of the band insulator states.
The displacement field dependence of the extracted Ant [Fig.
4(b), triangles] is also consistent with that of y [Fig. 2(f)],
with a larger An. being observed at higher D fields when
stronger inter-moiré interaction further enhances the Berry
curvature hot spot.

At all values of the D field, At is consistently larger
than the thermal activation gaps Ar at v = —4 [Fig. 4(b)].
The two energy scales near the band insulator states are
illustrated in Fig. 4(a), each determining different aspects of
the transport behavior near the Berry curvature hot spot: (1)
the band insulator gap Ar = E. — Ey, defined as the difference
between electron-like band minima E. and hole-like band
maxima FEj, the conventional definition of a band gap; this
gap determines the conventional transport such as Ry (2)
The nonlocal gap An. = E." — Ey", defined as the difference
between the E." and Ey,", the energy in electron-like and hole-
like bands, beyond which (E > E." and E < Ey") the Berry
curvature becomes zero. This gap affects the anomalous
transport aided by Berry curvature, such as Rnr.

The observed temperature dependence is consistent in
each case with the Berry curvature hot spot at vr = —4, with
a Ar = 3 meV and Axp = 10-15 meV. At temperature below
10 K (or Ani/10), additional carriers may be thermally
excited across Ar, but they reside at band edges well within
the Berry curvature hot spot (between E.* and Ey"), equally
capable of carrying valley Hall current that saturates the
ballistic conductance channel. At temperature above 10 K
(or ~ Ani/10), a significant portion of the carriers in the
applied current start to fall energetically outside the Berry



curvature hot spot, and thus stop experiencing the anomalous
velocity, no longer contributing to the nonlocal signal, hence
the change of temperature dependence [Figs. 3(c)-3(d)] of
Rniat T~ 10K, and a significantly larger Any [Fig. 4(b)] that
more sensitively depends on the D field applied compared to
Avr. This implies that the enhancement of the Berry curvature
hot spot (characterized by Ani) is more attributed to the inter-
moiré interaction than the evolution of the band structure
itself (characterized by Ap).

Figure 4(c) presents a log-log plot of Rni vs R. where
each data point is taken at a different temperature 7.
Following the previously-established approaches [31-34],
we observe distinct power law behaviors at temperature
range above and below 7'~ 10 K, consistent with our physics
picture [Fig 4(a)]. At low temperature range below 7 ~10 K
[top left part of Fig. 4(c), RnL remains constant while Ry is
rapidly decreasing with 7' (with power law y < 0.5)]. In this
regime, the ballistic valley conduction channel is saturated,
and thermally activated additional carriers are capable of
contributing to local transport only. This behavior persists up
to critical temperatures of 7o ~ 5 K (7o~ 8 K) for the hole-
(electron-) like carriers and up to 7y ~ 7 K for the resistance
peak, consistent with the larger Berry curvature hot spot at
electron side. At higher temperature (7 > 10 K), charge
carriers are thermally excited away from the Berry curvature
hot spot near band edges. The weaker Berry curvature they
experience makes the ballistic valley conducting channel
unsaturated, resulting in an observed power law of y ~ 3-4
for both charge carrier types [Fig. 4(c)]. This is consistent
with the ratio of the previously extracted characteristic
energy scales Axt, Av [Fig. 4(b)] and the theoretical
values [42] of y for an unsaturated valley conductance
channel.

In conclusion, we studied a twisted triple bilayer
graphene device with consecutive twist angles of 1.49° and
1.68°, in which atomic and electronic reconstruction
between two coexisting moiré superlattices gives rise to
significantly enhanced moiré Berry curvature hot spots. The
latter result in amplified valley currents near moiré band
insulator states, characterized by measured strong nonlocal
valley Hall effect, which depends sensitively on
electrostatically tuned inter-moiré competition strength,
supporting several orthogonal sets of experimental
observations. Our study sheds new light on the microscopic
nature of atomic and electronic properties stemming from the
interplay and competition of moiré superlattices, providing
an approach toward engineering the band structure and its
topology for a novel quantum material platform with
designer electrical and optical properties.
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FIG. 1. Gate-tunable insulating states of competing moiré superlattices in tTBLG. (a) Schematic
architecture of the dual gated (with applied top, V16, and back, Vs, gate voltages) tTBLG stack with
the two consecutive twist angles of 1.49° and 1.68° measured under applied current bias. (b) Upper:
optical micrograph of the Hall bar shaped tTBLG device with L and w being the length and width of
the channel. Lower: schematic images of the coexisting top (bottom) moiré superlattices, with the
yellow (purple) arrows indicating the corresponding unequal superlattice vectors. (¢) Top: the relative
position of the Brillouin zones of each of the three BLGs. Bottom: the alignment of the two mini-
Brillouin zones of different sizes corresponding to the top and bottom moirés. (d) Calculated band
structure of tTBLG at the twist angles of 1.49° and 1.68° along high symmetry points of the mini-
Brillouin zones. Colors indicate the projected weight of each BLG layer. Top layer: green; middle
layer: blue; bottom layer: red. (e) The measured four-probe longitudinal resistance Rxx as a function of
the top (bottom) moiré filling factors and displacement field, D. Displacement field asymmetric
insulating states are observed at full (solid lines) and half (dashed lines) fillings of the two moiré
superlattices.
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FIG. 2. Atomic lattice reconstruction enhanced moiré Berry curvature hot spot. (a) Nonlocal signal
measurement configuration with currents from the different valleys bending in the opposite directions
resulting in a transverse valley current. (b) Measured nonlocal resistance RNL = Vea/I73 (ratio between
the measured nonlocal voltage and driven current) as a function of D and n. Five peaks are visible
corresponding to different Berry curvature hot spots. The white bar represents the horizontal range of
the resistance cuts in Fig. 2(c). (c) Nonlocal (RnL), local (RL), and nonlocal Ohmic (RnLo) resistances
due to the stray charge currents near vr=—4 and at D/eo=+0.45 V/nm. (d) RnL versus R for hole-like
(red) and electron-like (blue) carriers near vr=—4 at D/ev = +0.45 V/nm. The solid and dashed lines
correspond to power law fits for the hole- and electron-like carriers. (e) Qualitative evolution of the
power law dependence RNL~R}: as a function of magnitude of the integrated Berry curvature. The
inset shows the change in the relative magnitudes of the charge (/) and the corresponding valley
currents (/x, k) as the Berry curvature (and thus, the ratio between the valley Hall and charge
conductance) increases. (f) Displacement field dependence of the powers of the RNL~R}:h (RNL~R{‘*)

laws for the hole- (electron-) like charge carriers.
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FIG. 3. Temperature dependences of local and nonlocal resistance near moiré Berry curvature hot spot.
(a) Thermal activation behavior of RL near vr = —4 at D/eo = +0.44 V/nm. The black dashed line
indicates the position of the peak resistance at 10 mK; the blue and red dashed lines trace Rr at half
the peak height at 10 mK for the electron- and hole-like charge carriers respectively. Each curve
corresponds to a selected temperature increasing from 10 mK to 20 K (indicated by the color) with an
increment of AT ~ 2 K. (b) Local resistance (black: peak; red: hole-like half-peak; blue: electron-like
half-peak) of the vr = —4 BI state as a function of inverse temperature 1/7 at D/ev = 0.44 V/nm. The
dashed lines indicate Arrhenius fits of the resistance with thermally activated behavior regime. (c)
Same as (a) but for RnLnear vr=—4 at D/eo=+0.44 V/nm. Similar to (a), the dashed lines indicate RnL
at the peak (black) and half-peak (red, blue matching the carrier type) of the resistance curve at 10 mK.
Each curve is taken at a different temperature rising from 10mK to 20K with a step of AT ~ 2 K. (d)
Temperature dependence of the peak (black) and half peak Rnv for the electron-like (blue) and hole-
like (red) carriers. The dashed lines represent Arrhenius fits at 7> 10 K.
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FIG. 4. Characteristic energies of moiré Berry curvature hot spot. (a) Illustration of different energy
scales of a moiré¢ Berry curvature hot spot. The local band gap AL matches the band insulator gap and
equals the difference between the conduction and valence band edges energies Ee, and En. The size of
the nonlocal band gap An. = E." — En" determined by the energies Ec (En") above (below) which the
Berry curvature labeled by blue (red) vanishes in the electron- (hole-) band. (b) The size of the local
(ArL) and nonlocal (Anr) band gaps found from the Arrhenius fits of the peak (black) and half peak
(blue and red, matching the carrier type) value of the resistance as a function of D. (¢) Log-log plot of
RNL (nonlocal resistance) dependence on R (local resistance) for electron-like (blue) doping, hole-like
(red) doping, and in-gap (black) near vr=—4 Bl at D/ey=+0.44 V/nm. Data points are taken at varying
temperatures. At low temperature range below 7 ~10 K, the ballistic valley conduction channel is
saturated, and thermally activated additional carriers are capable of contributing to local transport only.
RNL remains constant while RL is rapidly decreasing with 7, resulting in power law of y <0.5. At higher
temperature (7> 10 K), charge carriers are thermally excited away from Berry curvature hot spot. The
weaker Berry curvature makes the ballistic valley conducting channel unsaturated, resulting in an
observed power law of y > 3.



