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Generation and control of nonlocal chiral currents in graphene superlattices by orbital Hall effect
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Graphene-based superlattices offer a unique materials playground to exploit and control a higher number
of electronic degrees of freedom, such as charge, spin, or valley for disruptive technologies. Recently, orbital
effects, emerging in multivalley band structures lacking inversion symmetry, have been discussed as possi-
ble mechanisms for developing orbitronics. Here, we report nonlocal transport measurements in small gap
hBN/graphene/hBN moiré superlattices which reveal very strong magnetic field-induced chiral response which
is stable up to sizable temperatures. The measured sign dependence of the nonlocal signal with respect to
the magnetic field orientation clearly indicates the manifestation of emerging orbital magnetic moments. The
interpretation of experimental data is well supported by numerical simulations, and the reported phenomenon
stands as a formidable way of in situ manipulation of the transverse flow of orbital information that could enable

the design of orbitronic devices.

DOI: 10.1103/PhysRevResearch.6.023212

I. INTRODUCTION

The electronic properties of graphene and other two-
dimensional (2D) materials with a honeycomb lattice are
dictated by the low-energy physics at two inequivalent K and
K’ valleys of the reciprocal space [1]. The large momen-
tum separation between these valleys allows distinguishing
valley quantum numbers that, likewise the spin degree of
freedom, can be used to store and process information [2].
Moreover, the valleys in graphene possess opposite orbital
magnetic moments of topological origin [3], that at K and K’
are proportional to the inverse of the band gap. This results in
giant Zeeman splittings upon interaction with weak external
magnetic fields, lifting valley degeneracy [4,5].
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In gapped graphene, the application of an electric field
has been predicted to induce a flow of electrons, moving in
opposite directions for different valleys, and thus giving rise
to a valley Hall effect (VHE) [6,7] that could be detected
by nonlocal transport measurements [6—11]. However, this is
also accompanied by a transverse flow of magnetic moments.
Consequently, the VHE can also be depicted as an orbital Hall
effect (OHE) [12]. In this latter interpretation, the orbital mag-
netic moments are physical quantities equally well-defined
in the entire momentum space and in real space [13]. They
replace the valley quantum numbers, which depend on the ex-
istence of well-defined pockets [12]. It is common knowledge
that there is a flow of magnetic moments in the VHE but the
observable is not calculated. The OHE formulation resolves
this issue and also treats, on the same footing, situations where
k might be not a good quantum number or situations where the
electron lives in an arbitrary point of the Brillouin zone.

In the case of twisted structures, for instance, one might
have the situation where, because of the formation of mini-
bands, the orbital magnetic moment can present considerable
variation around the mini Brillouin zone, which can be ac-
cessible by small changes of the Fermi energy. In that case,
the whole mini Brillouin zone needs to be taken into account

Published by the American Physical Society
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FIG. 1. (a) Optical image and schematics of a complete device, consisting of a heterostructure based on a graphite back gate (15nm) and
monolayer graphene encapsulated between two layers of hBN with thicknesses 10 nm (top) and 50 nm (bottom). (b) Art view schematic of a
graphene/hBN heterostucture with a layer alignment set to & &~ 30°. A moiré wavelength of A ~ 0.47 nm can be extracted from the relation
found in Refs. [11,26], in stark contrast with the usual A ~ 14 nm present in fully aligned samples where 6 ~ 0°. (c) Local and nonlocal
resistances for the terminals indicated in the schematic representation of the final device, where the solid arrow serves as the direction of the
driving (local) current as a function of the back-gate voltage in absence of external magnetic field. The two pairs of contacts are separated 2.5

and 5.0 um from the local signal.

for an accurate OHE calculation. From the bulk theory of the
VHE in graphene, there is not a simple route to calculate,
for example, the magnetic moment accumulation at the edges
or even the possibility of having magnetic moments gener-
ated by band bending that can occur in real devices. Still,
dispersive edge states can also give rise to orbital magnetic
moments. This phenomenon was also reported for nanorib-
bons of kagome lattices, where the dispersive edge states of
the systems are polarized in orbital momentum [14]. Thus,
in sharp contrast with the VHE, the OHE refers to a trans-
verse current of a physical observable that is naturally more
general and also physically manipulable (i.e., magnetic field).
Additionally, the OHE can also occur in disordered and finite
systems, and can be used to analyze the interaction with mag-
netic and electric fields in the same framework.

The electronic structure of graphene-based van der
Waals (vdW2Ds) heterostructures can be remarkably tai-
lored by varying the twist angle between weakly interacting
atomic layers to generate graphene moiré superlattices
[6-8,10,11,15-17]. In this context, single or doubly aligned
graphene/hexagonal boron nitride (hBN) heterojunctions are
very interesting for the study of inversion symmetry breaking
in graphene. Indeed, such systems present considerable nonlo-
cality effect [8,10,18-20], whose origin, although frequently
associated with the VHE, is strongly questioned [21-24]. Be-
sides, it has been shown that doubly aligned hBN/graphene
stacks might generate a supermoiré pattern [25], leading to
the presence of small and nonuniform band gaps [23,24].
vdW2Ds are, henceforth, a perfect platform for the study of
inversion symmetry breaking in graphene. Since the induced
gaps are rather small, of the order of few meV, the valley
orbital magnetic moments are large and can be manipulated
with magnetic and electric fields.

In this paper, we report the unambiguous formation of chi-
ral nonlocal currents in hBN/graphene/hBN heterostructures,
presenting direct evidence of their orbital magnetic origin.
Our alignment design between layers minimizes the band

gap, resulting in orbital magnetic moments of the order of
10?1up. The interaction with weak magnetic fields lifts their
degeneracy, generating nonlocal chiral currents. Our quantum
transport simulations in graphene nanoribbons with dispersive
edge states and linear response theory calculations support
our interpretation of the experimental findings regarding the
origin of the chiral nonlocal resistance in graphene.

II. RESULTS

Figure 1(a) displays an optical image of the heterostruc-
ture consisting of a graphite back gate (15nm thick) and
monolayer graphene encapsulated between a top and bottom
layer of hBN with a thickness of 10 and 50 nm, respectively.
The crystals were aligned following their exfoliated straight
edges using a micromechanical rotator and, for that reason,
the relative twisting angles along the vertical heterostructure,
if perfectly aligned, are expected to obey m x 30°, being m =
0,+£1,+2.... From our electrical data displayed in Fig. S5
of the Supplemental Material [27], we can reasonably discard
twisting angles between graphene and hBN that are fully
aligned to 0° or a multiple of 60°. On the one side, the
charge neutrality point (CNP) appears as a stand-alone main
Dirac peak with no traces of secondary satellite peaks in the
measured carrier density range |n| < 3 x 10'2 cm™? that arise
from the existence of electron-hole pockets at both sides of the
main peak at such twisting angles [10,11,15,17,18,20,28,29].
On the other side, CNP resistivity of heterostructures where
graphene is aligned to 0° or 60° with the hBN exhibits a strong
thermally activated behavior with values exceeding hundreds
of k2 at low temperature, indicating a moiré coupling-
induced band gap of the order of 30 meV [11,17,18,28,30].
In our case, we observe a thermally activated behavior at low
temperature but a CNP resistivity of only ~7 k2 at room tem-
perature. These characteristics are consistent with band gaps
smaller than 10meV. Charge mobility extracted from

023212-2



GENERATION AND CONTROL OF NONLOCAL CHIRAL ...

PHYSICAL REVIEW RESEARCH 6, 023212 (2024)

magnetotransport Hall measurements rises to 220.000 cm?
Vs, as shown in Fig. S5 of the Supplemental Material [27].

From a careful Raman analysis, we underpin the relative
orientation of the flakes from the evolution of full width at
half maximum of the 2D peak (FWHM2D) as a function of
the twisting angle. Finney et al. [29] kept the bottom hBN
aligned with graphene at 0° and varied the relative angle of
the top layer from 0° to 60°. They showed that the vertical
structure exhibits a noticeably high value of the FWHM?2D,
exceeding the standard one found in isolated graphene by
20 (40) cm~! if one (both) hBN layer(s) is (are) aligned to
the graphene at the commensurate angles of 0° or 60° [29].
Such broadening results from the moiré-scale relaxation of the
graphene lattice, which strongly modifies the band structure
[31]. We found a value of ~20cm™! for the FWHM2D (see
Fig. S4 in the Supplemental Material [27]), in good agreement
with stand-alone graphene that would correspond to a twisting
angle that is not aligned to neither 0° nor 60° [29]. The ratio
between the 2D and G peaks 1(2D)/I(G) > 9 also strength-
ens the assumption of far-from-fully aligned layers with the
most plausible scenario of twisting angles of £30° between
graphene and hBN as presented in Fig. 1(b). In both cases,
the system is expected to have a very small band gap as a
consequence of the desired 30° desired misalignemnt between
hBN and graphene, which will be of fundamental importance
for the present paper.

Figure 1(c) shows the local (R;) and nonlocal resistances
(Ry) for the pair of contacts indicated in the schematic
view at 1.5K. This allows us to infer the decay of the
non-local signal as a function of the distance Ax; be-
tween the injection (local, marked with a black arrow) and
collection (nonlocal) terminals. For Ax; = 2.5 um (nearest
nonlocal contacts), R, takes a maximum value of ~1600 Q
which is consistent with other nonlocal measurements in
graphene/hBN heterostructures [8,11,18]. Moreover, the non-
local signal gets weaker for increasing distances, reaching
Ry ~470Q for Ax, = 5um (farthest non-local contacts).
In the absence of external magnetic field, the position of
the non-local peaks are aligned around the CNP and are
symmetric with respect to electron/hole regions. The rela-
tion Ry(Ax) = Viu/Iy ~ 7 ppe ™12/W  where W = 1.5um
is the bar width, displays an exponential decay of the
ohmic contribution to Ry as a function of distance between
the driving current and the nonlocal pair of contacts. This
relation, already seen in graphene-based devices [18-20],
serves to rule out the ohmic contribution to R, as its
prevailing mechanism. We extracted the ratio between the
measured nonlocal resistances at different distances, obtaining
R (Ax2) /R (AX1)|Measured = 0-29, while the purely ohmic
expression gives us Ry (Axz)/Ru(Ax1)|ghmic ~ 0.005. From
this analysis, one can see that the nonlocal signal is orders of
magnitude higher than the expected ohmic contribution (see
Fig. S7 in the Supplemental Material [27]).

III. CHIRAL NONLOCAL SIGNAL

To explore the relation between the nonlocal currents and
orbital magnetic moments, we apply positive and negative
perpendicular magnetic fields and analyze the nonlocal sig-
nals for different injection-collection configurations. Unless

stated otherwise, all measurements were performed at a fixed
electronic temperature of 1.5 K and with an excitation current
set to 10 — 20 nA. This low current amplitude was chosen to
minimize thermal contributions to the nonlocal transport due
to Joule heating and Ettingshausen effects [22] while simulta-
neously maximizing the signal-to-noise ratio of the measured
voltages. A summary of our results is shown in Fig. 2, which
contains nine different panels divided in three columns. Each
column presents a different configuration of the external mag-
netic field, i.e., —0.5T, 0T, and 0.5 T. Each of the three rows
presents a different injection-collection setup, sketched in the
diagram on the left. Each pair of contacts on the diagram
has a specific color, while the arrows show the direction of
the current for the pair of contacts of a particular injection-
collection configuration. Each panel displays the local and
nonlocal resistances as a function of the voltage applied to the
graphite back gate. Their color palette matches the ones of the
corresponding contacts, irrespective of the specific injection-
collection setup.

Let us first comment on the effect of the magnetic field
on the local resistances. The CNP is located at V, ~ 0.6V,
as extracted from the Lorentzian fit of the local resistance,
and does not present a noticeable shift when the magnetic
field is applied. Still, there is a sharp increase of the local
resistance with the magnetic field, which is very pronounced
at the CNP. Figure 2(b1) displays the evolution of the nonlocal
signal as a function of the distance without external magnetic
field. Figure 2(b2) represents a configuration of the nonlocal
pairs of contacts that are placed symmetrically to the current
flow but at opposite directions. In this case, the homogeneity
of the sample is demonstrated because the nonlocal signals
at both sides of the current flow have an expected matching
value, as the magnitude of the nonlocal signal decays with
the absolute value of the distance to the injection current.
This characteristic, discussed previously, can also be seen in
Figs. 2(a2) and 2(c2).

A striking behavior of the nonlocal signal arises in the
presence of an external magnetic field. We first focus on
the case where the current is injected between two nonlocal
contacts. Figure 2(a2) shows the nonlocal resistances for the
B = —0.5T, where one can see a clear separation between
the peaks of opposite contacts. Moreover, they are mostly
located either in the electron or hole sectors. Surprisingly,
the position of the two peaks is swapped upon magnetic field
reversal, which is a clear indication of a chiral behavior of
the electronic response. If the two collectors are located at
the same side of the injector, as shown in the first and last
row of Fig. 2, the situation is different. In these two cases, the
two nonlocal resistance peaks are aligned and located either at
the electron or hole sector and switch positions with the sign
of the magnetic field and the relative orientation with respect
to the collector. While both peaks appear at the hole sector
in Fig. 2(al), when the sign of B is reversed, they appear
at the electron sector [see Fig. 2(cl)]. If instead we switch
the position for positive B, as in Fig. 2(a3), the peaks also
appear at the electron sector, changing to the hole sector if
the field is reversed [see Fig. 2(c3)]. It is worth mentioning
the presence of reduced spurious peaks in Fig. 2, labeled as *,
and might arise from nonperfect carrier-valley locking in our
results. These reduced nonlocal spurious peaks appear exactly
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FIG. 2. Local and nonlocal resistances for three different (1-3) configurations of the injection-collection terminals in the transversal
direction as a function of the back-gate voltage. The left column includes schematic top view of the corresponding configuration for each row
of graphs where the local resistance will be measured across the pair of contacts connected by the driving current marked by the solid arrow.
Each column corresponds to a different value of the magnetic field in the out-of-plane direction. The similarity of the nonlocal resistivity values
in the absence of applied magnetic field shown in (b2) evidences the homogeneity and, in general, the good quality of the sample. Moreover,
similar values arise for opposing configurations (as in rows 1 and 3) for opposite directions of the applied magnetic field, as can be observed
comparing (al) and (c3) with (a3) and (c1), for example. Peaks labeled by * are ascribed to nonperfect carrier-valley locking within the whole
sample, which can be attributed to a slight inhomogeneity in it. These peaks are nondominant and do not rule out the main findings presented

in this paper.

at densities matching their dominant chiral counterparts and,
while relevant, do not contradict our interpretation since they
can be ascribed to nondominant imperfections in the final
device arising from nonperfect valley-carrier locking within
the whole sample. Furthermore, it is important to mention
that in resemblance to similar experiments, the nonlocality is
strongly enhanced with the magnetic field in all configurations
[15,18,20].

The nine panels in Fig. 2 provide full demonstration of a
chiral behavior of the nonlocal signal at low magnetic fields,
which has not been reported in similar graphene-based
heterostructures with twisting angles set to different
commensurate angles [11,18,20]. In contrast to these works,
the chiral response for the nonlocal signal cannot be attributed
to electron-hole puddles or charge accumulation at the edges,

which should be symmetrical upon the application of external
magnetic fields. Moreover, while band-bending mechanisms
could provoke measurable nonlocal signals in these structures,
it has already been demonstrated to be inhomogeneous [32],
i.e., measurable for one kind of carrier and depleted for the
other one and, therefore, it does not align to our findings
either. To clarify the underlying mechanism, we use the
modern theory of magnetism to address the effect of the
fields in bulk calculations. Although the orbital magnetic
moments of electrons in moiré heterostructures remain to be
understood, their phenomenology can be tentativelly related
to the effective g factor of semiconductors, where the orbital
motion of electrons can lead to enhanced magnetic responses
[33]. The theoretical description [3,34,35] derives from
treating Bloch electrons as self-rotating wave packets and
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FIG. 3. (a) Comparison between the energy bands of gaped graphene systems with and without out-of-plane magnetic fields with B = 0.2 T
and a gap A = 14 meV. Comparison between the energy bands of zigzag graphene nanoribbons for B =0and B = —-30T (b)and B=+30T
(c) with a sublattice staggered potential V,, = 5 meV. (d)—(f) Nonlocal resistance signals for lateral (d) and central (e), (f) current injection
computed using 60 Anderson disorder realizations with U = V,,,, /128 and V,,,, = —3.26 €V, and sublattice staggered potential V,, = 5meV,
as a function of the energy for B=0 T,B = —30 T and B = 30 T, respectively. (g) Schematic representation of the device used in the
simulations, with L., = 512 nm, W = 13 nm, A,y = Ly;/3 —Wand Ay, =2L,/3 —W.

through the incorporation of the Berry phase theory to express
the magnetic moment purely in terms of bulk quantities.
Following Ref. [36], for gapped Dirac materials the orbital
magnetic moment m(k) = (teh/2m*)(1 + I’zzv%lc2/A2)’1 VA
where T = %1 is the valley quantum number, m* = A/v? is
the effective mass at the Dirac point (DP), A is the system gap
and vr is the Fermi velocity. At the Dirac points, the orbital
magnetic moment is inversely proportional to the gap width,
while it can generally be seen as inversely proportional to the
effective mass as well. Similarly to spins, this orbital moment

can couple directly with weak magnetic fields. This gives rise
to a k-dependent Zeeman splitting that, in first-order pertur-
bation theory, renormalizes the energy spectrum close to the
Dirac points [36,37], as depicted in Fig. 3(a). As the valleys
have opposite magnetic moments, the Zeeman effect produces
arelative shift between the valleys. For small gaps, it can even
lead to situations where the Fermi energy lies inside the gap
for one valley while it is located in the electron (hole) sector
for the other, as illustrated in Fig. 3(a). Given the coupling
with the external fields, one can argue that the chiral behavior
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observed in the nonlocal resistance appears as a manifestation
of the Zeeman effect but with enhanced g factor of the order
of 100, allowed by the formation of a small gap in the doubly
encapsulated hBN/graphene/hBN heterostructure. The OHE
interpretation is in fully agreement with the chiral behavior
observed experimentally, shown in Fig. 2 (see details in the
Supplemental Material [27]). The magnetic moments of each
valley flow in opposite directions. Because of the sign of the
Berry curvature, the flows invert directions when switching
from hole to electron sectors. At the same time, the Zeeman
shift between the valleys leads to a relative shift between
the nonlocal peaks that should invert with the change in the
magnetic field orientation and collector’s locations. Using this
reasoning, we can estimate the band gap from nonlocal peaks
of Fig. 2(a2), obtaining A ~ 5 — 8§ meV. One should mention
that for this formulation, in general, the orbital angular
momentum current is not conserved. Other approaches,
useful for for spin currents, allow alternative formulation of
conserved currents of nonconserved quantities [38,39].

To validate our scenario, we further performed quantum
transport simulations using the Landauer-Biittiker formalism
implemented in KWANT [40]. In our calculations, we consid-
ered a multiterminal device containing a graphene nanoribbon
geometry with contacts [Fig. 3(g)] in the presence of an ex-
ternal magnetic field. The advantage of this approach is that
it does not rely on any assumption about the orbital Zeeman
effect, as the magnetic field is included through the Peierls’
substitution. Moreover, this geometry can connect directly
with the experiments, as it considers contributions from the
bulk and edge states and allows the calculation of nonlocal
resistances. Still, here we are not particularly interested in the
specific channels carrying the orbital currents. As will become
clear below, the orbital Zeeman effect is present in bulk and
edge states and either of them can, in principle, convey chiral
nonlocal currents.

Previous numerical simulations showed the need for dis-
persive edge states near the Dirac point for nonlocal transport
in gapped graphene [21]. They are absent in theories based
on the simplistic Hamiltonian considering a single p, orbital.
Here, with full generality, we used a six-band tight-binding
model that also takes into account the d orbitals [41] and a
staggered sublattice potential to break the inversion symmetry
of the system. It is important to note that other effects such
as nonuniform potential and coupling to hBN layers can also
lead to dispersive edge states and a similar nonlocal response
(see details in the Supplemental Material [27]).

Figures 3(b) and 3(c) depicts the comparison between
the energy bands of the nanoribbon with negative (positive)
magnetic field and the energy states of the nanoribbon in
the absence of magnetic field. The energy bands from this
multiorbital model exhibit a dispersive behavior similar to the
ones observed from ab initio calculations of Ref. [21]. It does
not present a band gap, although there is a clear valence-
conduction band separation due to the inversion symmetry
breaking and very well-defined electron pockets at opposite
sides of the nanoribbon Brillouin zone. The most relevant
feature displayed by the two panels is the stark k-dependent
coupling with the magnetic field, which is similar to the one
observed in the bulk bands. Although the modern theory of
magnetism is well developed only for bulk systems, it is clear,

from the results in panels 3(b) and 3(c), that the behavior dis-
played by the energy bands of the nanoribbon is in qualitative
agreement with this theory.

Aiming to reproduce results from the middle columns in
Fig. 2, in Figs. 3(d)-3(f) we used the same injection-collection
scheme for our nonlocal resistance simulations. Figure 3(d)
portrays the case in which the injection occurs at one side of
the device in the absence of magnetic field. As in the mea-
surements, the simulation results show considerable decay of
the nonocal signal with the channel length. However, the most
striking behavior appears when we inject current in the middle
contact of the device and calculate the nonlocal resistance at
the two lateral contact pairs in the presence of an external
magnetic field. Comparing these figures with the measure-
ments shown in Fig. 2, we find convincing agreement between
the chiral behavior displayed by the nonlocal resistance sim-
ulations in Figs. 3(e) and 3(f) with the measurements from
Figs. 2(a2) and 2(c2), respectively. Moreover, the comparison
between numerical results and the renormalized energy bands
in Fig. 3 indicates that the mechanism at play in the genera-
tion of these nonlocal signals observed in the experiment is
the orbital valley Hall effect [12]. The chirality and energy
selectivity are directly related to the coupling between the
orbital magnetic moment and the external magnetic field. Still,
our analysis suggests that Fermi surface edge currents carry
the nonlocal signal once the absence of dispersive edge states
destroys the nonlocal signal.

Figures 4(b) and 4(c) display the contour plot of R, as a
function of both B and V, — Vpp for two symmetrical con-
figurations for the local and nonlocal contacts as sketched
in Fig. 4(a). The electronic temperature at which the curves
were recorded was 7 = 250 mK and the voltage has been
centered at the Dirac peak for B = 0. Panels 4(b) and 4(c)
show a clear chiral behavior and an apparent valley-carrier
locking in the nonlocal signal for low magnetic fields ranging
from —0.5 to 0.5T. In Fig. 4(b), we can observe a distinct
transition from an electron-mediated nonlocal transport for
negative magnetic fields towards a holelike one when the
magnetic field is reversed. Moreover, a strong asymmetry in
the nonlocal curves is clearly visible, with a sudden decay
while approaching the DP from the dominant carrier species
towards the prohibited one. Figure 4(c) displays the mirrored
configuration for the pairs of contacts, compared to Fig. 4(b)
as sketched in Fig. 4(a). Consequently, we can argue that
the valley-carrier locking, visible in the nonlocal signal, is
a quite robust phenomenon and implies a flow of carriers
characterized by different orbital magnetic moments. As the
nonlocal signal should originate from the flow of orbital mag-
netic moments from a single valley, we compare R,; with the
valley-filtered OHE, calculated according to Ref. [12], shown
in the Figs. 4(d) and 4(e). To confirm this hypothesis, we also
compare the measured shift in the maximum of the nonlocal
resistance signals in neighboring contacts for various mag-
netic fields and opposite injection-detection configurations for
sample 1. The agreement between the OHE for gaps of 8 meV
and the measured shift up to 0.5 T, where the low-energy
theory remains valid, is very convincing (see details in the
Supplemental Material [27]). Consequently, the interpretation
of the experimental results is fully consistent with the changes
in the OHE resulting from the orbital Zeeman effect.
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FIG. 4. (a) Sketch for the two different injection and collection configurations for the experimental and theoretical results shown in (b) and
(c). (b), (c) Heat maps of the sample nonlocal resistance for two symmetrical configurations scanned in the space of back-gate voltage,
corrected by the position of the Dirac peak at B = 0 (Vg — Vpp), and magnetic field measured at 250 mK. (d), (e) Numerical results for the
OHE conductivity using Eq. (S8) in the Supplemental Material [27] for an energy gap A = 8 meV; the red markers correspond to the measured
peak in the nonlocal signal as a function of the parameters, showing extraordinary agreement with the experimental results.

Importantly, the origin of the nonlocal resistance signals
could also be related to some spin-dependent effect, which can
be typically probed by applying in-plane magnetic fields and
producing field-driven oscillations of non-local resistance. To
discard such effect, we performed local and nonlocal mea-
surements for a configuration where the excitation current
lies symmetrically between two different pairs of contacts
for Ry at a fixed perpendicular magnetic field of By = 0.5T
and for varying in-plane component (B)) measured at 1.5K
(see Fig. 5). B ranges from 0 to 12T and its evolution have
been marked with an arrow as a guide to the eye in the three
different panels (a)—(c). For B = 0, the charge carrier type is
effectively coupled to one of the valleys and the asymmetric
chiral behavior is clearly seen (see Fig. 5). In contrast, the
increase of By reduces the intensity of the nonlocal and local
signals, which additionally becomes symmetric. From these

data, it becomes clear that spin-dependent effect cannot ex-
plain the measured chiral nonlocal currents.

On the other hand, in-plane magnetic fields can actually
be used as a tuning parameter to manipulate the orbital char-
acteristics of 2D multilayers and twisted bilayers and moiré
superlattices [42,43]. B) affects the quasimomentum of each
layer differently [44—47], modifying the effective coupling be-
tween the layers and thus the resulting band structure. Indeed,
B introduces a layer-dependent gauge field A; = By x z; that
modifies the electron momentum p — p + (e/c)A;, where [
indexes the layer. For graphene encapsulated by two hBN lay-
ers and located at z = 0, the magnetic field shifts the momenta
of electrons in each hBN layer along opposite directions. In
addition, since time-reversal symmetry is broken, the mo-
menta of the electrons of different valleys are shifted in the
same direction, altering the band structure and the resulting
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FIG. 5. Evolution of the nonlocal [(a), (c)] and local [(b)] resistances as a function of the external in-plane magnetic field for a fixed
out-of-plane field B, = 0.5T. Panel (d) sketches the sample, showing the direction of the driving current, the two pairs of contacts for
nonlocal measurements, and the two components for the external magnetic field. Solid arrows show the evolution of the in-plane component

for B ranging from 0 to 12 T.

orbital magnetic moments with a direct impact on local and
nonlocal signals.

In conclusion, we have presented nonlocal transport mea-
surements on hBN/graphene/hBN narrow gap heterostruc-
tures at low magnetic fields, which clearly indicate the
presence of chiral effects. Such chiral response is inferred
from the nonlocal resistance when reversing both the magnetic
field and the injection-collection configurations. The interac-
tion between large orbital magnetic moments arising in small
gap graphene-based superlattices and external magnetic field
produces a relative Zeeman shift between the two valleys in
both bulk and edge electron states. Furthermore, based on
our experimental and theoretical analysis, regardless of the
details about the location of the current flow, the manifes-
tation of a strong chiral effect originates from the interplay
between the Zeeman shift and the transverse flow of orbital
magnetic moments. Importantly, the analysis of the nonlocal
transport as a function of the magnetic field direction rules out
spin effects, whereas its dependence on the distance between
contacts clarifies that ohmic and thermal contributions are
marginal. Finally, our computational results show that the
orbital valley Hall effect displays fingerprints in both bulk and
edge transport, being of topological nature or not. All these
facts convincingly support the interpretation that the origin
of the giant nonlocality in the studied graphene superlattices
is linked to the OHE resulting from the valley magnetic mo-
ments. Beyond shining light on a fierce debate concerning the
formation of topological versus nontopological valley-driven
phenomena to explain previously reported nonlocal signals

[24,48], our findings pave the way towards future develop-
ments in graphene orbitronics.

IV. METHODS

The device fabrication of the superlattices follows the
standard dry transfer technique with a polycarbonate film
fabricated and deposited onto a polydimethylsiloxane stamp.
The relative rotation between the different layers, following
their natural edges, was controlled using a heated stage with
a micromenchanical rotator with an accuracy better than 0.5°.
The heterostructure rested atop a commercial Si/SiO, sub-
strate. The fabricated stack was patterned using electron beam
lithography followed by a dry-etching process in an ICP-RIE
to define the sample geometry. The sample was patterned
into a form of a multiterminal Hall bar (optical image in
Fig. 1) with the central horizontal bar of width W = 1.5 um,
total length of ~11um, and a distance between the centers
of the contacts of 2.5 um. Electrical contact to all devices
was made by Cr/Au (10 nm/50 nm) deposited by electron
beam evaporation (see Fig. S1 and S2 in the Supplemental
Material [27]). We extracted the all Raman spectra and their
associated FWHM2D from a Lorentzian fit (see details in
the Supplemental Material [27]). Transport measurements in
the multiterminal device were conducted in two- and four-
terminal geometries with ac current excitation of 10-20 nA
using the standard lock-in technique at 17.7Hz. The graphite
layer was gated by applying a direct bias to it in the range of
+I12V.
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All data needed to evaluate the findings of this study are
present in the paper and/or the Supplemental Material. Data
are available from the corresponding authors on reasonable
request.
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