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We consider graphene superlattice miniband fermions probed by electronic interferometry in magneto-
transport experiments. By decoding the observed Fabry-Pérot interference patterns together with our
corresponding quantum transport simulations, we find that the Dirac quasiparticles originating from the
superlattice minibands do not undergo conventional cyclotron motion but follow more subtle trajectories.
In particular, dynamics at low magnetic fields is characterized by peculiar, straight trajectory segments. Our
results provide new insights into superlattice miniband fermions and open up novel possibilities to use

periodic potentials in electron optics experiments.
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The presence of a superlattice potential modulates the
intrinsic electronic band structure of a material [1],
allowing the observation of various physical phenomena
such as Wannier-Stark ladders [2] or Weiss and Bloch
oscillations [3,4]. In graphene, superimposed long-range
periodic potentials are predicted to alter the electronic
dispersion with the emergence of extra singularities and
new effective Dirac fermions [5—7]. Thanks to the rapid
development of artificial two-dimensional van der Waals
(vdW) heterostructures, studying superlattice effects in
graphene is nowadays possible [8—11]. For instance, when
a graphene sheet is placed onto a hexagonal boron nitride
(hBN) crystallite, interference due to the small lattice
constant mismatch of about 1.8% gives rise to a moiré
pattern with a superstructure lattice parameter inversely
proportional to the rotational misalignment between the
layers. Strikingly, while secondary Dirac points appear in
the modulated electronic band structure [12], magnetotran-
sport measurements revealed the Hofstadter butterfly
[13—15] as well as magnetic Bloch states via the observa-
tion of Brown-Zak oscillations [13,16,17]. The latter high-
lights a particular metallic behavior with straight
trajectories of the quasiparticles at relatively high magnetic
field, i.e., at values of the magnetic flux per superlattice unit
cell area commensurate with the magnetic flux quantum. At
low magnetic field the impact of the superlattice on
the quasiparticles has been studied by transverse electron
focusing experiments showing that cyclotron motions
break down near the secondary Dirac points [18].
However, studying and distinguishing the transport behav-
iors of charge carriers due to superlattice minibands from

0031-9007/20/125(21)/217701(6)

217701-1

those arising from the normal Dirac spectrum in the
absence of magnetic field, as well as the crossover to
the intermediate field regime, remains very challenging.

Here, we report a study of superlattice Dirac fermion
transport in a hBN/graphene/hBN heterostructure through
an electrostatically defined cavity formed by a local top
gate (TG) and an overall back gate (BG) [see Fig. 1(a) and
Supplemental Material Sec. I for more details [19] ]. The
combination of the two gates allows independent control
over the charge carrier densities n;, and n,, in inner and
outer regions of the device, respectively. Because of
semitransparent boundaries in a bipolar configuration
(i.e., transitions across the charge neutrality point between
inner and outer regions) a Fabry-Pérot (FP) cavity forms,
where the interference of partially reflected and transmitted
ballistic charge carrier trajectories gives rise to conductance
oscillations [32-35]. In the case of a moiré superlattice the
transitions across secondary Dirac points result in the
formation of extra cavities [36] (see Supplemental
Material, Secs. II-IV for more details on the basic proper-
ties of the device and the cavities [19]). By investigating the
unusual cavity properties and probing the arising interfer-
ences via magnetotransport measurements, as well as
quantum transport simulations, we are able to study the
moiré miniband conduction associated with unconventional
Dirac quasiparticle dynamics. Figures 1(b), 1(c) display a
schematic of the simulated device geometry with super-
imposed periodic long-range potential as the scattering
region [37,38], and the corresponding electronic band
structure obtained from the continuum model, respectively
(details given in Ref. [38]).
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FIG. 1. (a) False-color AFM image of the device (scale bar
1 um). The local top gate (TG, yellow) in the center forms in
combination with the overall back gate (BG, green) a Fabry-Pérot
cavity. Partially reflected and transmitted ballistic trajectories in
this electronic interferometer are indicated by small arrows. The
magnified region of the contact interface depicts a schematic of
the edge-connected hBN/graphene/hBN vdW heterostructure.
(b) Schematic of the modeled device, showing the (scaled)
graphene lattice as the scattering region with a superimposed
periodic long-range potential. (c) Corresponding electronic band
structure of a single-layer graphene with electrostatic superlattice
based on the continuum model. Close-ups of the minibands at
special points M and K of the superlattice mini-Brillouin zone are
shown on the right.

The effect of the superlattice in graphene is directly
observed in transport experiments and a moiré wavelength
A= 10.9 nm is extracted from the analysis of the Brown-
Zak oscillations (see Supplemental Material, Secs. IV and
V for more details [19]). As overview on the density-
dependent device characteristics, Figs. 2(a), 2(b) show
maps of the conductance as a function of ny, and ngy
obtained from experimental measurement and quantum
transport simulation, respectively. The conductance profile
is structured by the appearance of the main Dirac point at
vanishing densities [highlighted by black dashed lines in
Fig. 2(b)] and satellite Dirac points on electron-side and
hole-side [highlighted by cyan and magenta dashed lines in
Fig. 2(b)], resulting in a map composed of 16 regions of
unique doping configurations. To facilitate the following
discussions, we introduce a notation with small letters p
and n describing charge carriers within the linear valence
band V| and conduction band C; of the original primary
Dirac cone, while capital letters P and N denote charge
carriers in the backfolded superlattice minibands (V,, V3,
and C,, C3) below and above the secondary Dirac points,

respectively. The labeling of each junction configuration is
shown in Fig. 2(b). We note that in the experimental map
the two regions on the upper left corner (NPN) and lower
right corner (PNP) are missing, corresponding to the most
extreme opposite doping between inner and outer regions
where applied TG and BG voltages counteract in the dual-
gated part of the device.

In both maps we observe multiple sets of FP interfer-
ences originating from the different cavity combinations.
Notably, in addition to the well-known resonances in the
bipolar regions npn and pnp [32-35], interference patterns
are visible in the nominal unipolar quadrants of an ordinary
graphene p-n junction device. Here, cavities can be formed
where the interfaces between regions of charge carriers
from the normal Dirac spectrum and superlattice minibands
play the role of semitransparent boundaries rather than p-n
interfaces (cf. Ref. [36]). Indeed, the coexistence of both
junction types can be strikingly observed in Fig. 2(a) with
two superimposed but distinct sets of FP interferences in
nPn (pNp). For these configurations, the spatial density
profile from inner to outer regions features transitions first
across the satellite Dirac point and then across the primary
Dirac point [see Fig. 2(c)]. Hence, the inner most cavity is
formed in the same fashion as in pPp (nNn) and, con-
sequently, oscillation fringes originating in pPp (nNn)
remain visible across the main Dirac peak of the outer
charge carrier density axis. We note that in the simulated
map [Fig. 2(b)] the continuation of the fringes is only
faintly visible in pNp.

We now compare the behavior of a “common” p-n-p
junction with a cavity formed by the satellite Dirac points,
focusing on configurations npn, pnp, and pPp, nNn [see
Fig. 2(c) for corresponding spatial density profiles]. Though
it should be mentioned that the moiré superlattice potential is
always present in both inner and outer regions, only the Fermi
level is spatially tuned by the BG and TG to reside within the
different bands of the reconstructed band structure (unlike the
transition from a nonsuperlattice to superlattice region as,
e.g., proposed in Ref. [39]). It is already visible from the
maps [Figs. 2(a), 2(b)] that the spacing of the resonances in
pPp and nNn appears notably increased in comparison to
cavities npn and pnp. In Fig. 2(d) the extracted density
spacing is plotted as a function of n;, for exemplary linecuts
at constant ng,,. The enlarged oscillation period can be
attributed to a suddenly reduced cavity size due to the newly
defined boundaries by the satellite Dirac points. Figure 2(e)
shows the observed drop in the experimentally extracted
cavity size L = n/Akp, where Aky = |k ;1 — kp ;| with
kr = \/7n and j the interference maximum index, following
in good agreement the trend of a numerical determination
of the cavity size from electrostatic simulations (black
dashed lines).

To further explore the charge carrier behavior in the
superlattice minibands, we have studied the four different
cavities with applied B (as well as by source-drain bias
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(a), (b) Measured and simulated map of the conductance with subtracted smooth background, respectively, as a function of n;,

and n,,,. Labels denote the charge carrier configurations in all 16 quadrants, which are defined by the main Dirac point (black dashed
lines) and hole or electron satellite Dirac point (magenta or cyan dashed lines). (c) Spatial density profiles across the device for different
doping scenarios. (d) Density spacing between resonances as a function of n;, for the cavities pPp (blue), npn (orange), pnp (green), and
nNn (red) at constant outer charge carrier densities n,, = —1.4 x 1012, 2.0 x 10'2, =2.0 x 10'2, and 1.4 x 10'2> cm™2, respectively, as
marked by the colored dashed lines in panel (a). (e) Corresponding cavity size L as a function of Fermi wave vector k. The black dashed
lines show a numerical determination of the cavity size obtained from electrostatic simulations.

spectroscopy, shown in the Supplemental Material, Sec. VI
[19]). Figures 3(a), 3(b) show maps of the measured and
simulated FP interference patterns as a function of n;, and
magnetic field B at constant n,, (see Supplemental
Material Sec. VII for additional patterns at different 7,
[19]). The resulting patterns in npn and pnp of both
simulation and experiment show fringes with typical
dispersing behavior towards higher densities with increas-
ing B due to the competition of the Aharonov-Bohm phase
and Wentzel-Kramer-Brillouin kinetic phase, as well as the
appearance of a z shift as the hallmark of Klein tunneling in
monolayer graphene [32,40-42]. However, strikingly dif-
ferent patterns are observed in the case of pPp and nNn.
Here, no z shift is visible and fringes do not or only weakly
disperse under the influence of B, which implies a lacking
of a magnetic-field-dependent phase. Moreover, the reso-
nances in nNn vanish abruptly at B, ~ 300 mT, while in
pPp the oscillation fringes remain visible, yet less pro-
nounced. Nevertheless, the nondispersing fringes are moni-
tored in both cases.

In order to understand why the miniband charge carriers
do not pick up a magnetic phase, we have investigated their
trajectories by performing quantum transport simulations
using a narrow beam injector into a wider 2D sample (see
Supplemental Material Sec. VIII for details [19]). The left
panel of Fig. 3(c) depicts the energy band dispersions along
symmetry points, where the red shaded region marks the
energy window corresponding to nondispersing fringes in
nNn of Fig. 3(b). The resulting trajectory beams for two
distinct Fermi levels [red and green horizontal dashed lines
on the band diagram of Fig. 3(c)] are shown on the
right-hand side at various B. In the case of normal Dirac
fermions originating from the primary Dirac cone [C; band
of Fig. 1(c)], the simulated beams [lower row of
Fig. 3(c)] follow the expected cyclotron motion of moving
charge carriers in a magnetic field (the purple dashed
lines correspond to the calculated cyclotron radius
r. = hky/eB). In the other case [upper row of Fig. 3(c)],
where miniband Dirac fermions originate from C, and Cj
bands, the simulated beams persist on a quasistraight
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Low magnetic field measurements of the four different cavities pPp, npn, pnp, and nNn in column-wise order at constant outer
—1.4 x 10'2, 2.0 x 10'2, =2.0 x 10'2, and 1.4 x 10" cm

=2, respectively. (a), (b) Experimental and

simulated patterns of the conductance oscillations, respectively, as a function of charge carrier density n;, and B. (c) Band structure of
our superlattice model, with the red shaded region denoting the energy window of nondispersing fringes in nNn. The inset depicts the
Fermi surface slightly above the K point of the mini-Brillouin zone marked by the red dashed line. Right-hand side panels: charge carrier
beams are shown from simulations for varying B at two different Fermi levels at distinctly different band structure regions. Upper row:
C, and C; minibands (red dashed line) Lower row: C; band of the primary Dirac cone (green dashed line).

trajectory on the length scale of the cavity for small B,
which explains the absence of the magnetic field dependent
phase in the FP interference patterns.

The observed unusual B independence of the beam can
be understood as the consequence of a reshaped Fermi
surface of the superlattice minibands, shown as inset in the
left panel of Fig. 3(c) for the two scenarios discussed above
(green and red indicated Fermi levels, respectively).
Following from the semiclassical equation of motion
hk = g(E + 1 x B) (for a full description, see Chap. 12
of Ref. [43]) the cyclotron orbit in real space is given by the
orbit in momentum space rotated by 90°. Indeed, in the red
scenario (miniband Dirac fermions) of Fig. 3(c) with
increasing B, the hexagonal bending of the trajectories
in the opposite rotation direction compared to the green
scenario (normal Dirac fermions), directly reflects the hole-
type hexagonal Fermi contour of C,. In fact, the half length
of the side of the hexagonlike trajectory is found to reduce
to the size of the top-gate-defined cavity at around
B ~ 0.3 T, within which the incident angle of the miniband
Dirac fermion remains nearly perpendicular to the cavity
interface, leading to B independent FP interference fringes.
At B 2 0.3 T, the incident angle significantly increases,

leading to the disappearance of the FP interference (see
Supplemental Material, Fig. S12 [19]).

Finally, we observed different B dependence of FP
interferences in NpN and NnN, where normal Dirac
fermions are confined to the cavity. Yet, the same argument
of the reshaped Fermi surface holds to explain the distinct
behaviors. In the case of NnN, the almost normal incident
angle of superlattice quasiparticles from the outer reservoirs
onto the cavity interfaces prevents the confined electrons to
form closed loops inside the cavity. At a given B, where
the hexagonal orbital bending of the outside miniband
fermions occurs on a length scale shorter than the outer
reservoirs, the resonances vanish similar to the reversed
configuration nNn. On the other hand, NpN features
transitions across both primary and secondary Dirac points
[see Fig. 2(c)]. Since the innermost cavity resembles npn, a
continuation of interference fringes from npn to NpN in the
maps of Figs. 2(a), 2(b) can be observed, and the magnetic
field behavior of the conductance resonances conforms
with ordinary n-p-n junctions.

To conclude, we have probed the transport properties of
charge carriers in a graphene/hBN moiré superlattice device
by electronic interferometry. The nondispersing fringes of
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FP interferences at low magnetic field combined with our
quantum transport simulations revealed unconventional
cyclotron motion on the length scale of the cavity, which
reflect the reshaped hexagonal Fermi surface. The subtle
transport properties of these quasiparticles provide a new
versatile platform for new types of devices in electron
optics experiments, which could be used to probe, for
example, correlated states in twisted bilayers [44-48].
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