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Abstract

Twist-controlled moiré superlattices (MS) have emerged as a versatile platform for
realizing artificial systems with complex electronic spectra. The combination of Bernal-
stacked bilayer graphene (BLG) and hexagonal boron nitride (hBN) can give rise to an
interesting MS, that has recently featured a set of unexpected behaviors, such as uncon-
ventional ferroelectricity and the electronic ratchet effect. Yet, the understanding of the
electronic properties of BLG/hBN MS has, at present, remained fairly limited. Here,
we combine magneto-transport and low-energy sub-THz excitation to gain insights into
the properties of this MS. We demonstrate that the alignment between BLG and hBN
crystal lattices results in the emergence of compensated semimetals at some integer
fillings of the moiré bands, separated by van Hove singularities where Lifshitz transi-
tion occurs. A particularly pronounced semimetal develops when eight holes reside in
the moiré unit cell, where coexisting high-mobility electron and hole systems feature
strong magnetoresistance reaching 2350% already at B = 0.25 T. Next, by measuring
the THz-driven Nernst effect in remote bands, we observe valley splitting, indicating an
orbital magnetization characterized by a strongly enhanced effective g,-factor of 340.
Finally, using THz photoresistance measurements, we show that the high-temperature
conductivity of the BLG/hBN MS is limited by electron-electron umklapp processes.
Our multi-faceted analysis introduces THz-driven magnetotransport as a convenient
tool to probe the band structure and interaction effects in van der Waals materials and
provides a comprehensive understanding of the BLG/hBN MS.

KEYWORDS: Moiré superlattices, bilayer graphene, orbital magnetization, compen-
sated semimetals, umklapp scattering, terahertz.
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When atomically flat low-dimensional mate-
rials are brought into van der Waals (vdW)
proximity with one another, they form a long-
wavelength moiré superlattice if their crystal
lattices are similar and properly aligned. The
periodicity of the superlattice, together with
interlayer hybridization, may lead to a signif-
icant alteration in the band structure of the
parent materials, giving rise to a plethora of
interesting phenomena.'? Graphene-based su-
perlattices represent a particularly important
class, serving as a versatile platform for the de-
sign and exploration of electronic systems char-
acterized by intriguing physical properties.!™
The most extensively studied case within this
category is the MS that forms when mono-
layer graphene (MLG) is deposited atop hBN,
an atomically flat insulator with a hexagonal
lattice nearly identical to that of graphene yet
with a slightly larger crystal constant.*% At
the same time, its equally interesting counter-
part based on BLG/hBN structure has received
considerably less attention, even though it was
this structure that initially unveiled the exis-
tence of magnetic minibands in the energy spec-
trum of moiré superlattices.® Recently, this sys-
tem enabled the observation of fractional quan-
tization within these minibands”® and featured
spontaneous polarization, giving rise to uncon-
ventional ferroelectricity®!? and the electronic
ratchet effect!’ with mysterious origin. Fur-
thermore, this system formed the foundation for
the moiré synaptic transistor'? highlighting the
BLG-based MS as a peculiar platform drasti-
cally distinct from those made of MLG. Sur-
prisingly, despite these experiments and the-
oretical analysis,'®1® a comprehensive under-
standing of the BLG/hBN superlattice’s elec-
tronic properties, especially of its remote energy
bands, has been missing. The scarcity of experi-
mental data highlights the challenges associated
with fabricating perfectly aligned, low-disorder
BLG/hBN moiré structures,'® which are neces-
sary to address this inquiry.

In this work, we produced such a high-quality
perfectly aligned heterostructure and applied
low-temperature magneto-transport measure-
ments in combination with sub-THz excita-
tion to get insights into the properties of this

MS. We found that BLG/hBN alignment re-
sults in a series of compensated semimetals at
some integer fillings of the moiré bands sepa-
rated by van Hove singularities where Lifshitz
transition converts electron Fermi pockets to
those of hole type. A particularly pronounced
semimetal emerges when 8 holes reside in the
moiré unit cell, where coexisting electron and
hole Fermi surfaces feature a giant magnetore-
sistance reaching 2350% at low magnetic field
B = 0.25 T owing to intrinsically high car-
rier mobility. Next, by measuring the THz-
driven Nernst effect in the remote bands, we
observe giant valley splitting at n/ny = —6,
pointing to a topological orbital magnetic mo-
ment characterized by an enhanced effective g, -
factor of 340. Last, using THz photoresistance
measurements, we show that electron-electron
umklapp processes are the dominant source of
resistance in this system. Our results reveal
the BLG/hBN MS as an interesting system in
which to search for effects driven by interactions
and topology.

Results

Device and measurement technique. Our
sample is a BLG encapsulated between two
slabs of hBN one of which was crystallographi-
cally aligned with BLG (Fig. 1a). The sample
was patterned in the shape of a multi-terminal
dual-gated field effect transistor (Fig. 1b) us-
ing standard nanofabrication techniques (See
Methods). The top gate and source electrodes
of this transistor were connected to a broad-
band antenna enabling incident THz radiation
to funnel into the sample (Fig. 1b,c) akin to
previous studies.!”!® The sample was mounted
in the chamber of the magneto-optical variable
temperature (1.8-300 K, 7 T) cryostat (Quan-
tum Design Opticool) and exposed to inci-
dent sub-terahertz radiation ( fry, = 0.14 THz)
through the system of lenses and mirrors.

To explore the electronic properties of our
device, we simultaneously recorded longitudi-
nal and transverse resistances: py and pyy, as

well as measured THz photoresistance Apli# =

xx

P2 — p°f (here on and off denote signals
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Figure 1. BLG/hBN moiré superlattice. a, Schematic of the moiré pattern formed between
BLG and hBN. b, Optic image of the sample. The terahertz radiation is coupled to the structure
via the top gate and the drain contacts. ¢, Schematic of the sample: BLG is encapsulated between
two slabs of hBN only one of which was aligned with the BLG lattice. ApIH# is measured in a four-
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terminal configuration using a low-noise double-modulation technique (Supporting Information). d,
Comparison of pg(n) and ApIl(n) at B = 0.7 T. Gray dashed lines indicate the positions of the
main and secondary NPs. e, ApIH? as a function of magnetic field and carrier density, measured at
T = 2 K. The notation 4ny = 2.33-10'2cm~2 refers to the single miniband’s filling. f-g, Theoretical
band structure and the DOS of the BLG/hBN superlattice calculated for the K high symmetry

point of the original BLG BZ. Purple, red, and orange dashed lines mark the hole-side 15* sNP, 3¢

VHs, and the semimetallic state respectively.

recorded in the dark and upon THz exposure),
and the photovoltage, V,y, built-up across the
sample in response to incident radiation. While
the photoresistance is a convenient probe for ex-
ploring quantization and scattering effects, as
it isolates and highlights the contributions that
are susceptible to changes in the electronic tem-
perature, THz-induced V., mainly governed
by the thermoelectric response, 1920 is highly
sensitive to the changes of the Fermi surface
topology, and thus can be used to probe ef-

fects occurring close to the Lifshitz transitions?!
making our method a convenient tool to probe
various material properties on equal footing.
See Supporting Information for details.
Sample characterization and Landau
fan. Figure 1d shows the p., dependence on
the gate-induced carrier density, n, measured at
B = 0.7 T and reveals a standard superlattice
behaviour. Namely, in addition to the central
resistivity peak that appears at the main neu-
trality point (NP), two satellite peaks emerge
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Figure 2. Low-field magnetotransport and compensated semimetals. a, Profiles of Hall
pxy Vs n/ng for B-fields ranging from 50 mT (orange) to 350 mT (blue). b, Hall resistance pyy
mapped against B-field and the carrier densities ¢, Longitudinal resistance py for B-fields ranging
from 50 mT (orange) to 350 mT (blue). d, Non-local resistance map in a TMF configuration.
Traces within the range of —4 < n/ng < 4 correspond to semi-classical orbits of carriers in the
first pair of minibands. At higher negative fillings, traces marked as V2e and V3h reveal coexisting
electron-like and hole-like Fermi surfaces. Results, presented in (a-d), were obtained at 7' = 2 K. e-f,
Experimentally recorded py,(B) and p«(B) curves along with corresponding two-band conduction
simulations near the compensation point. Carriers mobility of u ~ 20 m?/Vs was obtained from
fitting the experimental data. g-h, Hole-like (red) and electron-like (blue) Fermi-pockets in the
mini-BZ of the compensated semimetallic states at n/ng = —8 and n/ng = —4, respectively.

at 4ng = £2.33 x 102 cm~2 that is the density
needed to fill the first superlattice miniband.
Using this value, we estimate the superlattice
period of A = 14.08 nm and alignment angle of
0 ~ 0°. Figure 1d also plots the corresponding
ApIHz(p) dependence and reveales that while
Pxx captures only dominant transport features
at such a relatively small B, ApIH resolves pro-
nounced quantum oscillations (See Supporting
Information for details). For this reason, we
proceed with the presentation of the Landau fan
measured using the photoresistance technique.

Figure le maps the Apll? dependence on
B and n/ng. The Landau fan in Fig. le ob-
served through Aplf# reveals Landau quanti-

zation of the first miniband with filling fac-

tors v = 4m,m = 1,2,..., characteristic of
the BLG bands, and resembles familiar Hof-
stader’s butterfly at higher n.® In particu-
lar, close to both secondary NPs labeled as
sNP~! and sNP!, the fan features the emer-
gence of pronounced horizontal Hofstadter pat-
terns upon increasing B. At n/nyg > 4 and B >
1.5 T, we observe the continuation of the Lan-
dau quantization from the main band indicat-
ing the recovery of the unperturbed BLG elec-
tronic spectrum. At smaller B, we observe un-
usual low-frequency magnetooscillations with
extrema that cannot be extrapolated to a sin-
gle band filling at B = 0 T. These oscilla-
tions give rise to non-linear features on the
Landau fan diagram. The origin of the latter



is unknown but recently similar features were
attributed to the manifestation of the mag-
netic breakdown in MLG/hBN MS.?? Alterna-
tive scenarios involve cyclotron gap closure due
to inter-subband LL crossing in a multiband
magnetotransport regime? and inter-subband
scattering oscillations.??® At n/ng < —4, the
ApH2(n B) pattern is much richer: in addi-
tion to the original structure of the BLG quan-
tized spectrum, a mixed oscillation pattern is
observed across the whole range —12 < n/ny <
—4. Fast Fourier Transform (FFT) analysis re-
veals the presence of multiple fundamental fre-
quencies with sophisticated dependencies on n,
pointing to multi-band conduction (Supporting
Information). However, this complexity makes
it difficult to decipher the structure of the re-
mote bands solely from the Landau fan diagram
in Fig. le.

Nevertheless, low-field ApIH” data can pro-
vide some hints, because the positive sign of
ApIHz can serve as an indicator of van Hove sin-
gularities (vHS). For example, at n/ng = 3.2
THz-enhanced electron-hole scattering gives
rise to increased resistance (see below) resulting
in ApIH2 > (. This interpretation is also sup-
ported by standard Hall effect measurements,
which show sign reversals in py, at this band
filling (Fig. 2a,b and Supporting Figure S4).
ApIfz however, can provide some additional
diagnostics as it reveals vHS (labeled as vHS®!)
close to the main gap edge at n/ng = £0.2
that is obscured by large Hall coefficient in
the py(B) traces (Fig. 2a). Moreover, posi-
tive ApiH? (marked as X in Fig. le) and the
sign change of py, are also observed close to
n/ny = —6 that point yet to another vHS™3.
The described sequence of vHS is in perfect
agreement with the theoretical density of states
(DOS) of the BLG/hBN MS band structure
presented in Fig. 1f,g.

High-mobility compensated semimet-
als. For further analysis, we focus on the low-
field magnetotransport measured in the dark.
Figure 2c shows p,, dependencies on n/ny and
reveals familiar peaks at the main and sec-
ondary NPs. In addition, an unexpectedly
prominent peak in p,, emerges at n/ny = —8
when a small (~ 200 mT) magnetic field is ap-

plied. While this feature can be interpreted
as the tertiary Dirac point,?® our data refute
this interpretation. Indeed, in the vicinity of
n/ng = —8 there exists a wide range of n where
Pxy is nearly zero for small B and increases non-
linearly when B is increased (dashed domain in
Fig. 2b). Furthermore, the sign change of pyy
at n/ng = —8 is characterized by a relatively
smooth transition with a finite slope, in con-
trast to the abrupt change observed at the main
NP.

To understand these anomalies, we performed
transverse magnetic focusing®”?° (TMF) mea-
surements (See Fig. 2d and Supporting In-
formation) and revealed coexisting electron-
type and hole-type resonances in the vicinity
of n/ng = —8 (corresponding traces are la-
beled as V2e and V3h respectively, see Fig. 2d).
The simultaneous appearance of electron-like
and hole-like carriers implies the overlap of the
minibands and the semimetallic nature of the
observed state while the sign reversal of p,,
marks n/ng = —8 as its compensation point.
Our conclusion is also corroborated by the two-
band conduction model (Supporting Informa-
tion) that captures both the p,,(B) evolution
and the rapid growth of p,,(B) when passing
through the compensation point (Fig. 2e,f).

Interestingly, at the compensation point,
we observed large magnetoresistance (MR =
[pxx(B) — pxx(0)]/pxx(0)) reaching 2350 % al-
ready at 0.25 T somewhat larger than MR re-
ported in some TMDC materials3*32 at the
same B and competitive to the M R recently
observed in Dirac plasma.?® Applying the two-
band conduction model to the compensation
point, where MR = (uB)?, we obtain that
such a large M R is enabled by intrinsically high
carrier mobility of u = 2 x 10° em?/Vs mak-
ing BLG/hBN MS a promising candidate for
searching effects driven by electron-hole inter-
actions.

Last we note that the emergence of the
semimetallic state at n/ng = —8 is in line
with the theoretically calculated band structure
that predicts the coexistence of large electron-
like and hole-like Fermi pockets at this fill-
ing (Fig. 2g). Moreover, our calculations also
suggest the presence of another compensated
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Figure 3. THz-driven Nernst effect and topological orbital magnetic moment. a,
Components of V,p,, symmetric (orange dashed line) and antisymmetric (black solid line) with
respect to the B—field, plotted atop longitudinal conductivity o (red), and Hall conductivity oy
(blue). B = —0.5 T. The green line shows the expected Nernst photovoltage normalized to the
DOS and calculated using eq. (1). b, Antisymmetric part of V}, mapped against the B—field and
n. A splitting of the vHs is observed at n/ng = —6, corresponding to the orbital magnetic moment
of ~ 170up. c, Theoretically calculated Berry curvature Q(k) distribution at the K-valley of the
original BLG’s BZ in the main and first remote hole-sided moiré bands showing the emergence
of Q(k) hot spots. d, Band structure and Berry curvature in the vicinity of the k! -point of the
mini-BZ around n/ny = —6. e, Topological orbital magnetic moment in the vicinity of &/ -point
for the first remote band.

semimetallic state at n/ng = —4 yet with  effect®*! in which
a smaller overlap between electron and hole do do
bands (Fig. 2h). Var/D(E) pXXd—Xy pxyd—xx, (1)
Topological orbital magnetic moment. "
Thermoelectric response can provide additional where D(E) is the DOS, o, and o, are the
information about the electronic properties of longitudinal and transverse elements of the con-
MS as it contains information on interaction ducthlty tensor, respectively. Figure 3a shows
effects or phenomena that emerge close to Lif- that, indeed, the measured Vj;, and Vg, cal-
shitz transitions.3*37 The introduced THz tech- culated by eq. (1) using independently mea-
nique allowed us to study the thermoelectric sured oy, and o,y, are in good agreement with
response of the BLG/hBN MS on equal foot- each other, signaling the dominance of the THz-
ing with magnetotransport. To this end, we re- driven Nernst effect in our experiments (Sup-
lied on the presence of thermoelectric contribu- porting Information).
tions to the THz photovoltage. '":20:3%39 When Figure 3b shows the complete map of the
the magnetic field is applied, the thermoelec- antisymmetric-in-B part of V,;, across various

tric photovoltage is dominated by the Nernst fillings and magnetic fields. Among multiple
peaks and dips in this plot, the feature near the



vHS at n/ng = —6 particularly stands out, as
it exhibits a surprisingly strong splitting upon
increasing magnetic field. To understand the
origin of this anomaly, we return to the band
structure (Fig. 3d) and notice a small gap be-
tween the main and the first remote bands at
the k] -point of the mini-Brillouin zone (BZ).
While the first remote band is passing through
a vHS at this point, the overlying main band
edge resembles a gapped Dirac dispersion. The
latter is intuitively expected to feature a strong
Berry curvature (k) hot spot and the associ-
ated orbital magnetic moment m(k) that was
indeed observed in our calculations shown in
Fig. 3c-e (See Supporting Information). As the
latter is opposite for the two parent valleys of
the BLG bands, it is thus natural to attribute
the splitting in Fig. 3b to the field-induced val-
ley splitting with a greatly enhanced g,-factor.

By tracking the splitting value upon increas-
ing B, one could estimate g,—factor through
AE = 2mB = g,ugB to be of the order
of 340 and the orbital magnetic moment of
m = gypup/2 = 170up, where up is the Bohr
magneton and AF is taken from Fig. 1g at cor-
responding fillings. In passing, we note that
the thermoelectric Nernst effect measurements
conducted in the remote band of the MLG/hBN
superlattice revealed analogous valley splitting,
corresponding to the g,-factor of ~ 130, sev-
eral times smaller than in our sample. % Further
comparison shows, that g,-factor, recorded in
our BLG/hBN MS, is also several times larger
than that observed at the main band edges of
moire-free BLG**%3 yet 3 times smaller than in
the case of ABA trilayer graphene measured us-
ing sublattice-resolved scanning tunneling spec-
troscopy. 44

High-T conductivity and umklapp scat-
tering. Last, to complete the analysis of the
electronic properties of the BLG/hBN MS, we
reveal the scattering mechanisms that are re-
sponsible for the resistivity of such a system
at elevated T'. To this end, we firstly present
the results of the conventional approach that re-
lies on px(7') measurements. Figure 4a shows
pxx(n) dependencies recorded at various sam-
ple temperatures. The data reveals an increase
in the sample resistivity as 7" rises from 2.5 K

to 200 K at all carrier densities except for the
main NP. We observed a rapid surge in py, at
—4 < n/ng < 4, contrasting a more gradual in-
crease of py, in the remote bands. Figure 4b
elaborates on this difference, showing the ex-
cess resistivity Ape(T) = pux(T) — pix(2.5 K)
dependencies for various fillings. As we ap-
proach the midpoint of the first hole-side moire
band, a clear T2 growth with temperature is ev-
ident. However, a quadratic trend of Apy, (T')
transitions to the linear behavior upon increas-
ing n/ny passing through the filling at which
Apex ~ T3/, At even higher negative fillings,
Apy(T) is relatively small and remains linearly
dependent on temperature across the whole T-
range (purple plot in Fig. 4b). In Supporting
Information we provide further details of the
Apy(T) temperature dependence and its anal-
ysis.

While the linear-in-7" contribution to py(T")
is commonly attributed to the electron-phonon
scattering above the Bloch—Griineisen temper-
ature,® a T? scaling usually implies velocity-
relaxing collisions among charge carriers.*® The
key difference in these contributions is that the
former depends on the lattice temperature 77,
whereas the latter on the electronic temper-
ature, T,. In the conventional transport ap-
proach, the temperature of the sample sets both
T1, and T, making it nearly impossible to disen-
tangle the dominant source of resistance from
simple p(T) fits especially when the T% de-
pendence with variable power « is observed.

THz photoresistance provides a convenient al-
ternative to transport measurements, as the
high-frequency radiation can selectively in-
crease T, while keeping the lattice cold (Sup-
plementary Information). Indeed, in graphene-
based MS this is possible because at cryogenic
T1, the electronic system, characterized by a
vanishing specific heat capacity, can be effi-
ciently decoupled from the lattice.*” In this con-
text, Apil” serves as a complementary mea-

XX

sure, as it extracts contributions sensitive only

to the electronic temperature T,. If ApI* were

XX
to be positive and finite in the metallic regime
(i.e., where py, grows with T'), it would point to
the presence of velocity-relaxing processes aris-

ing from inter-carrier collisions.
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Figure 4. Umklapp scattering in the BLG/hBN moiré bands. a, Longitudinal resistivity
Pxx VS n/ng, measured at T' varying from 2.5 K (blue) to 200 K (orange). b, Excess resistivity
Apy as a function of T' at various fillings, featuring a set of different functional behaviors T with
a ranging from 1 to 2 depending on n/ng. Fitted curves are plotted in the same color as the
corresponding raw data. ¢, Apil? as a function of n/ng, measured upon varying incident THz
powers, P. The sample was kept at fixed T' = Ty, = 2 K. The inset illustrates the mechanism of
umklapp scattering: after collisions, electrons appear on the opposite side of the Fermi surface so

that the pair relaxes a reciprocal lattice unit vector g.

Figure 4c presents Apll?(n) curves at vari- Conclusions

ous incident 0.14 THz radiation powers P. For

—4 < n/ng < 4, we observed large positive To sum up, we showed that a multi-messenger
ApIH7 that grows with increasing P (and, con- approach that combines standard magneto-
sequently, increasing 7). Comparing it with ~ transport techniques with low-energy sub-THz
the transport Apy ~ T2 scaling, it is natu- excitation can get deep insights into the prop-
ral to assign this positive AptH” to the man- erties of BLG/hBN MS. We demonstrated that
ifestation of umklapp scattering recently pre- BLG/hBN alignment results in the emergence
dicted to emerge in BLG MS.*® Moreover, as of compensated semimetals at some integer fill-
ApIH7 s also strong and positive upon ap- ings of the moiré bands separated by van Hove
proaching the vHS where both o« = 1 and 2 singularities where Lifshitz transition converts
can be observed, we also conclude that in the  electron Fermi pockets to those of hole type.
main moiré band, the BLG/hBN MS is charac- A particularly pronounced semimetal develops
terized by the interaction-limited conductivity. at n/ng = —8, where coexisting high-mobility
Last, the AptH#(n) plots reveal that the im- electron and hole systems feature a giant mag-
pact of electron-electron scattering mechanisms ~ Detoresistance reaching 2350 % at a low mag-
is substantially suppressed for |n/ng| > 8, con-  netic field B = 0.25 T. Next, by measuring the
sistent with weak linear-in-T" Apy (T) depen- THz-driven Nernst effect in remote bands, we
dence measured at these fillings pointing to the ~ observed a strong valley splitting that we at-
dominance of phonon scattering akin to the case tribute to the presence of a topological mag-
of moiré-free MLG which has vanishing THz netic moment with a strongly enhanced effec-
photoresistance (Supporting Information). tive g,-factor of 340. Last, using THz photore-

sistance measurements, we show that the high-
temperature conductivity of the BLG/hBN MS
is limited by electron-electron umklapp pro-
cesses in the main moire band which are sup-
pressed in the remote bands. Our multi-faceted



analysis introduces THz-driven magnetotrans-
port as an important tool to probe the elec-
tronic properties and interaction effects in vdW
MS and uncovers BLG/hBN superlattices as an
interesting system in which to search for effects
governed by interactions and topology. It would
be interesting to expand such studies to small-
angle twisted bilayer graphene devices to get
further insight into their properties.

Methods

Our sample was fabricated from Bernal-stacked
BLG encapsulated by hBN slabs using a stan-
dard dry-transfer technique described else-
where.*® As an encapsulant, we used a large-
area hBN flake that was unintentionally cracked
into two pieces during exfoliation. One piece
was aligned with respect to the BLG straight
edge using an optical microscope equipped with
micromanipulators and a high-precision rota-
tion stage; this piece served as a top-gate di-
electric. The second piece was intentionally
misaligned by 30° with respect to the BLG and
served as a bottom-gate dielectric. The use
of a cracked hBN flake ensured that only one
of the pieces forms a moiré superlattice with
the BLG flake eliminating the possibility of a
double-moiré structure formation.*® We note,
in passing, that similar structures were reported
to exhibit unconventional ferroelectricity® - the
latter was notably absent in our devices. The
obtained heterostructure was released on a few-
layer graphite strip serving as a back gate. We
then used standard electron-beam lithography;,
selective reactive ion etching, and thin film
metal deposition to pattern top and bottom
gates and contact leads (Fig. 1b,c).
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