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VALLEYTRONICS

Detecting topological currents in
graphene superlattices

R. V. Gorbachev,?* J. C. W. Song,>** G. L. Yu,' A. V. Kretinin,”? F. Withers,? Y. Cao,!
A. Mishchenko, I. V. Grigorieva,” K. S. Novoselov,” L. S. Levitov,>* A. K. Geim">t

Topological materials may exhibit Hall-like currents flowing transversely to the applied
electric field even in the absence of a magnetic field. In graphene superlattices, which have
broken inversion symmetry, topological currents originating from graphene’s two valleys
are predicted to flow in opposite directions and combine to produce long-range charge
neutral flow. We observed this effect as a nonlocal voltage at zero magnetic field in a
narrow energy range near Dirac points at distances as large as several micrometers away
from the nominal current path. Locally, topological currents are comparable in strength
with the applied current, indicating large valley-Hall angles. The long-range character of
topological currents and their transistor-like control by means of gate voltage can be
exploited for information processing based on valley degrees of freedom.

erry curvature is a physical field intrinsic
to some crystal lattices, which can dramat-
ically affect the transport properties of ma-
terials (I-6). Topological effects, although
known for some time (7), have gained at-

tention recently in connection with the discovery
of topological insulators (8-1I). In these mate-
rials, topological bands lead to new phenomena
such as topologically protected edge-state transport
in zero magnetic field (72-14). No less striking,
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however, is the expected impact of Berry cur-
vature on bulk transport, leading to topological
currents flowing perpendicular to the applied
electric field E (5, 6). The nondissipative nature
of these currents, ensured by their transverse
character, resembles that of Hall currents. How-
ever, topological currents can arise in the absence
of magnetic field B and even without breaking
time-reversal symmetry (TRS). In contrast to cy-
clotron orbits in a magnetic field drifting per-
pendicular to E, topological currents originate
from perfectly straight trajectories that skew left
or right relative to E (Fig. 1A). In materials whose
electronic structure has more than one valley
(4, 15, 16), topological currents in different valleys
have opposite signs and, if intervalley scattering
is weak, can add up to produce long-range topo-
logical charge-neutral currents.

Graphene placed on top of hexagonal boron
nitride (G/hBN) (Fig. 1) affords an exceptional
venue for inducing and manipulating topolo-
gical bulk currents at B = 0 for the following
reasons. First, graphene’s band structure pos-
sesses a nonzero Berry’s phase (17), which is a
prerequisite for the existence of Berry curvature.
Second, if crystallographic axes of graphene and
hBN are aligned, global A/B sublattice asymme-
try is introduced (78-20). This gives rise to broken
inversion symmetry and a finite Berry curvature.
Third, the high electronic quality of graphene
protects topological currents against interval-
ley scattering, allowing them to propagate away
from the applied current path. The valley-Hall
effect (VHE) creates an electrical response in re-
mote regions, which can be exploited to detect
the presence of topological currents experimen-
tally. The nonlocal response is expected when-
ever the Fermi level in graphene is tuned into
one of the Berry curvature hot spots (Fig. 1B).
This approach, besides offering a direct probe of
topological currents, provides a precision tool
for mapping out the Berry curvature in G/hBN
Bloch bands. So far, it has proven challenging to
probe bulk topological currents without applying
B. In particular, this was the case for the anom-
alous Hall effect in magnetic metals, which was
previously perhaps the cleanest system available
by which to study topological bands (6).

Experimentally, we studied G/hBN superlatti-
ces (in which the graphene and hBN lattices were
aligned) fabricated following the procedures de-
scribed in (21). Fifteen superlattice devices similar
to the one shown in the inset of Fig. 1B were in-
vestigated. The charge carrier mobilities p varied
from 40,000 to 80,000 cm> V! s7, and the long-
itudinal and Hall resistivities (p,, and p,,, respec-
tively) exhibited essentially the same behavior
as reported previously (18, 19, 21, 22). Namely,
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pronounced peaks in py, were observed at the
main neutrality point (NP) and at carrier density
n = +3 x 10" ecm ™2 (Fig. 1B and fig. S1). The peaks
in p,,, were accompanied by a sign reversal of p,,
indicating the emergence of new NPs in the
valence and conduction bands of graphene (18-22).
Both encapsulated and nonencapsulated struc-
tures were investigated, with the former having
an additional hBN crystal placed on top of a G/hBN
superlattice to protect it from the environment
(20, 21). Some of the latter showed activation be-
havior at the main NP (fig. S2), yielding a band-
gap 2A of 350 + 40 K (20), which is in agreement
with earlier transport (I8, 19) and spectroscopy
(23) measurements. Our encapsulated devices,
despite higher electronic quality, exhibited no
activation behavior at the main NP, with the p,.,
value saturating at <10 kilohm for temperatures
T below 50 K (19, 21). Although this behavior
remains to be understood, it is likely that devices
that do not show activation behavior in transport
properties still have a bandgap (20). In this regard,
observing the activation behavior usually relies on
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midgap impurity states that pin the Fermi level
inside the gap (20). However, few midgap states
are expected in high-quality G/hBN devices. Alter-
natively, spatial charge inhomogeneity can “short-
circuit” the activation behavior by allowing current
to circumnavigate the insulating regions. This
would also obscure the activation behavior, leading
to metallic-like transport in p,,. However, charge
inhomogeneity is expected to have relatively little
effect on the VHE; being a non-sign-changing func-
tion of density (Fig. 1B, inset), it should not average
out. Therefore, the activation behavior is not essential
for observing topological currents (20). Indeed, both
encapsulated and nonencapsulated graphene were
found to exhibit very similar nonlocal response.

The central result of our study is shown in
Fig. 1B. The nonlocal resistance Ryy, was deter-
mined by applying current between, contacts 4
and 8 and measuring voltage between contacts
3 and 9 (Fig. 1B, micrograph). Ry, exhibits large
sharp peaks at the main and hole-side NPs (un-
less stated otherwise, all the presented data
refer to zero B). A striking feature of the observed

valley
K’

B=0 , E4

10+ Berry

curvature

:3“’

10 20

Vg (V)

Fig. 1. Detection of long-range valley transport due to topological currents. (A) Nontopological and
topological Hall currents. (Left) Drifting cyclotron orbits give rise to Hall currents of the same sign for
valleys K and K'. (Right) Skewed motion induced by Berry curvature. Trajectories are straight lines
directed at nonzero angles to the longitudinal field, having opposite signs for valleys K and K'. The net
transverse current, which is charge-neutral, creates a nonlocal charge response via a reverse VHE. (B)
Nonlocal resistance in graphene superlattices (red curve) and longitudinal resistance (black curve)
measured in G/hBN superlattices [graphene aligned on hBN (18-23)]. The back gate voltage V; was
applied through a =130-nm-thick dielectric (SiO, plus hBN); T = 20 K. (Top right inset) Optical micro-
graph of our typical G/hBN device and the nonlocal measurement geometry; L = 3.5 um, w = 1 um.
Shown schematically are valley K and K’ currents and the long-range response mechanism. (Left inset)
Schematic band structure of graphene superlattices, with Berry curvature hot spots arising near the gap
opening and avoided band crossing regions (20, 25). (Bottom right inset) Valley Hall conductivity
modeled for gapped Dirac fermions as a function of carrier density.
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nonlocality is its narrow range in n (Figs. 1B
and 2A). Unlike p,,, which follows the 1/n de-
pendence typical for graphene and remains
sizeable (>100 ohm) over the entire range of ac-
cessible 7 (Figs. 1 and 2 and fig. S1), Ry, decays
rapidly with n and completely disappears under
noise for densities >10" cm™ away from the NPs.
The dependence can be approximately described
by Rn,o<1/|n|%, with a ~ 2.5 to 3 (Fig. 2B). A
nonlocal voltage can also appear because of stray
charge currents, described by the van der Pauw
relation Ry, ~ . €Xp(-nL/w), where L is the dis-
tance between the current path and voltage probes
and w is the device width (Fig. 1B, micrograph)
(24). For typical aspect ratios L/w = 4, the for-
mula yields ~0.01 ohm. The magnitude of this con-
tribution and its 7 dependence, which follows
p{M), are clearly incompatible with the observed
nonlocal response.

We have also investigated how Ry, depends on
L and found an exponential dependence exp(-L/&)
with & =1.0 um (Fig. 2C). This & value is close to w
and much larger than the elastic mean free path
of 0.1 um estimated from p for the range of n
where Ry, appears. Furthermore, Ry, exponentially
decreases with increasing temperature 7'so that
no nonlocal signal is detected above 150 K, where-
as p,, remains large at this 7°at the main NP (figs.
S2 and S3). Nonencapsulated devices exhibited
practically the same behavior of Ryy, as a func-
tion of » and T (fig. S4), but the absolute value of
Ry, was somewhat smaller than that in encap-
sulated devices (20). In addition, we investigated
the effect of charge inhomogeneity 67 on Ry,
which was controlled by sweeping to progres-
sively larger gate voltages 7, beyond the hole-
side NP (20). When én was increased by a factor
of =2, Ry, could sometimes change by more than
an order of magnitude (20). The inhomogeneity
enhanced Ry, at the main NP and suppressed it
at the hole-side NP (fig. S5). The difference is
attributed to a narrow energy width of the sec-
ondary Dirac spectrum (20).

—R,, aligned
— R, nonaligned

—

n (10"em?)

Fig. 2. Density and distance dependences for nonlocal valley currents. (A)
Behavior of p,, and Ry near the main NP in superlattice devices (green and red,
respectively). The blue curve is for a nonaligned, reference device (=10° mis-
alignment between graphene and hBN crystal axes). L = 35 um; w=1um; T=20K.
(B) The same data as (A) on a logarithmic scale. Away from the NP, p,, exhibits the
conventional 1/n dependence (green symbols) and can be described by p,(n) o<
1/(n? + 8n?)Y?, where 8n = 1.5 x 10" cm™ accounts for charge inhomogeneity
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To confirm the key role played by Berry cur-
vature, we verified that the nonlocal response
was absent in G/hBN systems without alignment
and, accordingly, with no detectable superlattice
effects (18-22). This is illustrated in Fig. 2A, which
shows Ry, for aligned and nonaligned devices
with the same p and in the same geometry. In the
nonaligned devices (>20 measured), no nonlocal
signal could be observed even at our maximum
resolution of ~0.1 ohm (Fig. 2A, blue curve).
Therefore, the observed Ry, cannot be explained
by charge-neutral flow of spin and/or energy,
which are indifferent to crystal alignment. The
latter flows also require broken TRS and com-
pletely disappear in zero B, as reported previ-
ously (24-26). In our superlattice devices, a
contribution of spin/energy flows becomes ap-
preciable only for B > 0.1 T (fig. S6), leading to
rapid broadening of the Ry, peaks, which is in
agreement with (24).

We have also considered the possibility that
the observed nonlocality at B = 0 may originate
from an edge transport mechanism. For exam-
ple, topological materials can support gapless
edge modes that coexist with the gapped bulk.
Such modes could in principle mediate nonlocal
charge transport. However, our experiments pro-
vide no evidence for metallic conductivity along
the device edges. First, the measured nonlocal
response was similar for all our devices, inde-
pendent of whether they exhibited metallic or
insulating behavior in p,,. Second, atomic force
microscopy studies show that the moiré pattern
associated with the alignment extends all the
way to the device edges, and there are no distinct
edge regions (19). Third, extrapolating the de-
pendence in Fig. 2C to small L, we found that the
edge transport scenario would require metallic
conductivity along edges of ~2¢?/h over distances
of L > 1 pum. This would imply perfect edge-state
transport, which is unlikely at such length scales
in the presence of strong intervalley scattering
expected at microscopically rough edges.
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Proceeding with the analysis, the aligned super-
lattices are comprised of hexagonal unit cells, each
representing a commensurate graphene/hBN re-
gion of ~10 nm in size, which is surrounded by a
strained boundary (79). All unit cells are character-
ized by A/B sublattice asymmetry of the same sign,
giving a preferred chirality over the entire structure
(19, 20, 25). For our typical 72 < 10™ cm™ Fermi wave-
lengths are larger than 100 nm, which exceeds the
superlattice periodicity by a factor of ~10. This
large wavelength/period ratio renders contributions
from spatially varying couplings insubstantial.

We will show below that the observed non-
locality features are consistent with bulk topo-
logical currents expected for a gapped Dirac
spectrum. The mechanism by which Berry curva-
ture generates topological currents can be eluci-
dated by the semiclassical equations of motion (5)

hk = eE + ev(k) x B,

_ 10e(k)
T hook

where Q is the Berry curvature density and v(k) is
the group velocity of Bloch electrons. The Lorentz
force term ev x B describes the conventional Hall
effect. Berry curvature gives rise to an “anomalous
velocity,” k x Q(k), which is of the same structure
as the Lorentz term but in momentum space and
leads to transverse currents (Fig. 1A). Such currents
may appear in zero B [without breaking TRS that
requires Q(k) = —Q(—k)] as long as inversion sym-
metry is broken, Q(k) = Q(-k), as is the case of our
aligned devices with globally broken A/B sub-
lattice symmetry (19). For B = 0, transverse cur-
rents arise solely from Q(k), yielding Hall-like
conductivity c,, given by the sum of Berry fluxes
for all occupied states in the Fermi sea (3)

o(k) + k& x Q(k) (1)
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with f{k) being the Fermi function and the factor
of 2 accounting for spin degeneracy. Because Berry
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(light purple line). Measured Ry (red symbols) and the Berry curvature model (black
curve, Eq. 3). Model uses the above 8n and bandgap 2 A = 360 K found from local
measurements (18-20). (C) Nonlocal signal decays exponentially with increasing
L. Color refers to similar devices with the same L or the same device with two
different L; w = 1 um, 20 K; 10 devices in total. The black star is the anomalous
contribution to p,, observed in the bend geometry, which is consistent with strong
topological currents induced locally (20). (Inset) Ry remains sizeable at L = 7 um.
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curvature is odd in energy (20), 6,, has the same
sign for both electrons and holes. This contrasts
with the conventional Hall conductivity that is
sign-changing under carrier-type reversal. As a re-
sult, 6, given by Eq. 2 is less susceptible to smear-
ing by inhomogeneity. This mechanism yields a
nonzero Ryy, whenever the Fermi level is tuned
through Berry curvature hot spots. Their extent
in energy is given by half the bandgap A = 180 K,
which translates into 7 = 2 x 10'° em™ and
agrees well with the ultranarrow width of our
Ry, peaks.

Because of TRS, the electric field generates
topological currents (Eq. 1) with opposite trans-
verse components in graphene’s two valleys, K
and K' (Fig. 1A), to create the charge-neutral VHE,
Jy=Jg - Jx = GzyE, where Gz,y = 20,y. Asillus-
trated in the inset to Fig. 1B, topological currents
can result in a VHE conductivity of ~2¢>/A. In the
absence of intervalley scattering, the charge-neutral
currents can persist over extended distances and
mediate nonlocal electrical signals (24-28). The
resulting nonlocal resistance Ryy, can be under-
stood as originating from the VHE and a reverse
VHE (20), by analogy with nonlocal transport
mediated by charge-neutral spin or energy flow
(24-28). Yet unlike the latter, the VHE-induced
nonlocality appears without TRS breaking—that
is, at zero B. This behavior, as well as the narrow
range of n over which Ry, is observed, is a telltale
sign of bulk topological currents. The analysis out-
lined above yields the model expression (20)

R = (0/28)(c},)*pexp(-L/8)  (3)

The peak in Ryp(n) can be described by Eq. 3
with no fitting parameters (Fig. 2B).

The measured spatial decay with & = 1.0 um
is consistent with intervalley scattering occur-
ring at graphene edges and/or at atomic-scale
defects (20). The large values of Ryy, at L of sev-
eral micrometers also imply extremely strong
topological currents locally, within the path of the
applied current. By extrapolating the observed
L dependence to L < 1 um, Fig. 2C yields Ry,
~10 kilohm. According to Eq. 3, this translates
into ogy ~ 2¢%/h and order-one Hall angles,
which is in agreement with the VHE expected
for weak intervalley scattering. Furthermore,
similar to classical magnetotransport, changes
in the direction of current flow can lead to ad-
ditional resistivity. For 6,,p .. ~ 1, the classical mag-
netoresistance reaches a value of ~p,, when
carriers of opposite sign are involved. A valley an-
alog of this extra resistance may explain anom-
alous contributions of ~10 kilohm in p,,, which
are observed at short distances L ~ w by using
the bend geometry (fig. S7). Parenthetically, the
intrinsic VHE mechanism discussed above, which
provides excellent agreement with our experi-
mental results, may coexist with extrinsic VHE
mechanisms such as skew scattering and side
jumps (6). Although their role in graphene super-
lattices remains to be examined, such mecha-
nisms also originate from Berry curvature and
arise under the same symmetry conditions as the
intrinsic contribution.
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Last, sharp changes in Ry, with V, (130-nm-thick
dielectric) (Figs. 1 and 2) amount to a transistor-
like response with a slope of 100 mV/dec—that is,
the detected voltage changes by a factor of 10 by
varying V, by =100 mV. Although the peaks in
Ry, broaden with increasing 7" and disappear
above 100 K (because of the relatively small A),
one can envision electronic devices based on the
valley degrees of freedom (29), which would be-
come practical if larger bandgap values are achieved.
To explore this further, we fabricated a superlat-
tice device with a short top gate (15-nm dielectric)
placed between the current and voltage contacts
used for nonlocal measurements (fig. S8). Valley
currents in this case could be switched on and off,
similar to the case of a field effect transistor, by a
gate voltage of =10 mV at 20 K (20). It is feasible
to further reduce the thickness of the top gate hBN
dielectric down to 2 nm, which would translate
into a gate response down to <2 mV/dec at this 7.
Although further analysis is necessary, these results
may indicate that subthreshold slopes better than
those achievable for conventional charge-based
processing devices (30) are possible.
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#1 Fabrication, measurement procedures and statistics

Our graphene superlattice devices were fabricated as follows. First, we mechanically exfoliated
an hBN crystal (up to 100 nm thick) and deposited it on top of an oxidized Si wafer (90 or 300
nm of Si0,). We made graphene by cleavage on another substrate and positioned it on top of
the hBN crystal (with micrometer accuracy) by using dry or dry-peel transfer procedures
detailed in refs. 31-33. Because both hBN and graphene cleave preferentially along their main
crystallographic directions, we exploited their long straight edges to align the crystals using a
rotating positioning stage under an optical microscope. We estimate our alignment accuracy to
be better than 1.5°. We further crosschecked the alignment using atomic force microscopy,
allowing us to visualize the moiré pattern and its periodicity in friction and pica-force modes
(19). For encapsulated devices, a second hBN crystal (typically, ~20 nm thick) was placed on top
of the G/hBN stack. The top hBN was intentionally misaligned with respect to graphene by ~10°
to avoid extra superlattice effects being induced by the top crystal. A portion of the graphene
crystal was left without encapsulation to allow the deposition of metal (Au/Ti) contacts. These
contacts were defined by electron beam lithography and deposited by the standard thin film
evaporation. Finally, electron beam lithography was used again to make a resist mask defining
graphene Hall bars that had 6 to 10 contacts. Oxygen plasma etching was employed to make the
final device such as shown in Fig. 1B (inset) of the main text. Prior to measurements, we
annealed our structures at 300°C in an argon-hydrogen atmosphere to remove remnant
contamination (34).
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Figure S1. Resistivity p,, and nonlocal resistance Ry, in zero magnetic field. The data are for non-
encapsulated superlattice device with w =1 um. Ry, was measured at separation L ~5 um (see
the device geometry in Fig. 1 of the main text).

The measurements were carried out using both DC and low-frequency lock-in techniques
(<30Hz) in a variable temperature cryostat. Examples of our raw data are shown in Fig. 1B and
fig. 1. Notably, the observed peaks in Ry, are extremely sharp, much sharper than those in p,,.
The local resistivity signal decreases relatively slowly (as approximately 1/V,) and, depending on
mobility u, its minimum values between the main and secondary NPs remain large (typically,
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>300 Ohms for the entire range shown in fig. S1). This behavior is standard and was previously
reported for graphene superlattices (18,21,22). In contrast, the nonlocal signal rapidly vanishes
as V, is tuned away from the main and hole-side NPs. Within our experimental accuracy of ~0.1
Ohm, Ry, is zero everywhere, except in the immediate vicinity of the two NPs.

In total, we measured nonlocal response in 15 aligned devices, 8 of which were encapsulated.
All the encapsulated superlattice devices exhibited metallic-like behavior of p,, with resistivity
saturating at low T to values of <10 kOhms (19,21). Examples of p,(T) for encapsulated
superlattices can be found in refs. 19,21.The activation behavior of conductivity with a low-T
insulating state was observed in 4 non-encapsulated devices (fig. S2), yielding the same bandgap
of ~350 K for all of them, in agreement with the values reported in refs. 18,19,23. On the other
hand, the nonlocal response was essentially identical for all our superlattice devices,
independently of whether they were encapsulated or not.
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0! 1 1 L L \ \‘.-\ 4
-2 -1 0 1 2 200" 100" p 30"
n (10"'em?) VT (K)

Figure S2. Non-encapsulated devices often showed the activation behavior. (A) p. reaches ~100
kOhm at 5 K and continues growing with decreasing T. (B) Arrhenius-type plots of p,, measured
at the main NP for 3 non-encapsulated superlattice devices. Symbols are the experimental data;
lines — best fits to the exponential behavior. Within 5% accuracy, the fits yield the same bandgap
2A = 350K for the three devices. Similar data for another device can be found in ref. 19.

It is important to note that the absence of an activation behavior in p,, does not necessarily
imply the absence of a bandgap. In fact, we believe that both encapsulated and non-
encapsulated structures are gapped but the gap is obscured in many of them. This can be due
to, for example, charge inhomogeneity which would allow current to circumnavigate insulating
regions so that, globally, electron transport appears to be non-activated. Alternatively, the
metallic-like behavior may appear due to scarcity of midgap impurity states. Such states, if
present, pin the Fermi level inside the gap, which is critical for inducing the insulating state and
the observation of activated transport. In the absence of midgap states, no activation behavior
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in p,,x can be expected because the Fermi level is free to jump between the top of the valence
band and the bottom of the conduction band. The difference between the superlattice devices
exhibiting activation and non-activation behavior (18,19,21) still remains to be clarified in
further studies. Nonetheless, we note that the 4 non-encapsulated devices that exhibited the
activation behavior were somewhat lower in electronic quality than those that did not show the
transport bandgap. Also, our encapsulated devices were generally higher in quality than non-
encapsulated ones. This correlation perhaps points at the scarcity of midgap states as the
mechanism that disguises the bandgap. Recent magneto-optical measurements (23), which are
less sensitive to charge inhomogeneity and do not require midgap states for detecting the
bandgap, provide an alternative way to probe the bandgap and unambiguously prove its
presence in graphene superlattices.

Neither charge inhomogeneity nor midgap states are expected to have impact on the VHE and
nonlocal response. In the former case (charge inhomogeneity), the nonlocal behavior is
preserved upon averaging over density modulation caused by random potential fluctuations.
This is seen from Fig. 1 of the main text, which shows that the VHE is given by a non-sign-
changing function of density. In the absence of midgap states, we essentially have an ideal
semiconductor with no localized states. In the latter case, transport properties are fully
controlled by the band states, all of which contribute to the VHE. We therefore expect the VHE
to be similar in encapsulated and non-encapsulated graphene superlattices, independent of
their temperature dependence in py,.

Lastly, we emphasize high reproducibility of our nonlocal measurements. This can be judged
from Fig. 2C of the main text, which shows all the available data for different devices for the
given temperature. Nominally similar devices are shown in the same color. The relatively small
scatter indicates the highly reproducible nature of Ry,. Moreover, this scatter can be attributed
in part to remaining differences in charge inhomogeneity, which can enhance Ry, (see Section 6
below). With regard to nonaligned devices, we have investigated several tens of them, and none
showed any nonlocality in zero B (several such devices were presented in ref. 24).

#2 Global gap and optimal conditions for observing the topological currents

The electronic states responsible for topological currents have a very different character in
topological insulators and topological conductors. Let us briefly discuss how these differences
impact transport measurements. In topological insulators, the electronic states relevant for
electron transport arise due to topologically-protected edge modes. These states lie within the
bulk bandgap and determine transport properties if the chemical potential is positioned within
the bandgap. States in topological insulator’s bulk which may be present due to, e.g., impurities
can hamper topological transport by generating currents that short-circuit and obscure the edge
state contribution.

In contrast, bulk states play the key role in topological conductors. In this case, currents arising
due to Berry curvature can be observed if the chemical potential is positioned within the



conduction or valence band, producing a Fermi surface for Bloch states and giving rise to
metallic transport in the bulk. The contribution from bulk states in topological conductors is
sometimes referred to as the Fermi surface contribution (3). The key manifestations are
distinctly different for the two cases: edge transport and quantized Hall conductivity for
topological insulators vs bulk transport and non-quantized Hall conductivity for topological
conductors. The Hall conductivity in topological conductors can be nonzero even in zero
magnetic field, providing the key experimental signature for transport experiments.

The above general observations translate into important differences in the role of the energy
gap for the two kinds of systems. Bandgaps in topological insulators can be thought of as
"peepholes" for observing topological transport which is accessed if the Fermi level is positioned
within the gap. For topological conductors, on the other hand, a gap opening at an avoided
crossing of Bloch bands induces Berry curvature in the bands directly above and below the
bandgap, as illustrated in Fig. 1 of the main text. In this case, the optimal condition for observing
topological transport is different and involves such doping of the system that the Fermi level is
positioned within one of Berry curvature hot spots, above or below the bandgap. Positioning the
Fermi level within the gap completely suppresses the contribution of bulk topological currents.
Therefore, not only the global gap is inessential for observing valley currents in topological
conductors but in fact the transport phenomena due to Berry curvature are best sensed if the
Fermi level is positioned slightly away from the gapped region.

Related to this, the role of disorder and charge inhomogeneity is also different in the two cases.
For topological insulators, weak disorder helps to pin the Fermi level within the gap, creating
optimal conditions for observing edge transport. Strong disorder or inhomogeneity can induce
carriers in the bulk, triggering transport mechanisms that obscure edge state transport. In
contrast, weak disorder in topological conductors merely adds extra scattering for bulk states
but has little effect on the Fermi level position. Additional scattering may change the Hall
conductivity value by adding the so-called side-jump and skew-scattering contributions to the
intrinsic Hall conductivity arising directly from Berry curvature. Strong inhomogeneity in
topological conductors may also create spatial variations in local carrier density, producing
locally gapped regions where the carrier density vanishes. However, as long as these regions
remain isolated, their presence has little impact on topological currents. At the same time,
charge inhomogeneity can strongly obscure the activation behavior in p,,.

Summing up, the global gap is not required for observing valley currents in topological
conductors. Charge inhomogeneity, which often hampers the observation of edge state
transport in topological insulators, is expected to have little effect in topological conductors:
bulk currents are expected to dominate at moderate inhomogeneities because isolated
insulating regions cannot short-circuit the bulk transport. Valley currents in topological
conductors are therefore less susceptible to the presence of charge inhomogeneity than those
in topological insulators. These points are in agreement with our experimental observations:
while the global transport gap has not observed for every superlattice device, all of them
featured strong nonlocal response, which is a signature of bulk topological currents.



#3 Berry curvature and valley Hall effect in graphene superlattices

Several contributions to the anomalous Hall effect (valley or spin) have been identified and
discussed in literature. The intrinsic contribution, also known as the Fermi sea contribution,
essentially counts the Berry flux for the occupied states. In addition, two extrinsic contributions
are known, arising due to side-jump and skew-scattering effects (6). The extrinsic contributions
originate from transport and scattering at the Fermi energy. All the contributions, intrinsic and
extrinsic, are known to be of a similar magnitude for the well-studied case of the spin Hall effect.
We suggest this may also be the case for graphene’s VHE. However, it should be noted that the
extrinsic mechanisms are in fact also related to Berry curvature and, from a broad symmetry
viewpoint, they arise under exactly the same conditions as the Fermi sea contribution. At
present, we do not have strong evidence either for or against extrinsic contributions and,
because the intrinsic contribution provides good agreement with the experimental results
(including their absolute value) we have chosen to concentrate on this mechanism and
postpone discussion of possible extrinsic contributions to elsewhere.

The intrinsic contribution arises from a non-zero Berry curvature, Q(k). In graphene, Q(k) can
emerge when inversion symmetry is broken (4,5). This is because both time reversal symmetry
(TRS) and inversion symmetry place separate constraints on Q(k). TRS requires that Q(k) =
-0Q(-k), and inversion symmetry requires Q(k) = Q(-k). When both symmetries are respected,
Q(k) = 0. As a result, breaking inversion symmetry is key to creating Berry curvature in the
presence of TRS (5), the case of graphene in zero magnetic field.

Experimentally, we induce sublattice asymmetry (thereby breaking inversion symmetry) by
aligning graphene on hBN. In these aligned superlattice structures, ‘domains’ with
commensurate stacking between graphene and hBN are formed (19). The superlattice cells have
size of ~10 nm and are surrounded by strained boundaries (19). There are a number of
possibilities for commensurate stacking. For example,

(i) site Ain hBN aligned with site A in graphene and site B in hBN with site B in graphene, or

(i) site A'in hBN aligned with site B in graphene and site B in hBN with C in graphene, or

(i) site A in hBN aligned with site C in graphene and site B in hBN with site A in graphene,

and so on.

Here C denotes the empty position at the center of graphene’s hexagonal lattice. The lowest
energy configuration out of these commensurate stackings determines the stacking
arrangement in all the superlattice cells. Therefore, each of the stacking domains should adopt
the same lowest energy configuration. As a result, the uniform A/B sublattice asymmetry across
all the domains results in a global inversion symmetry breaking and a global electronic energy
gap at the main Dirac point (DP).

It is instructive to consider if stacking frustration of configurations with the same energy can
occur. In particular, we note that the following two configurations have the same energy:

(a) site A in hBN aligned with site A in graphene and site B in hBN with site B in graphene

and (b) site A in hBN aligned with site B in graphene whereas site B in hBN aligned with site A in
graphene.



Since they cost the same energy, one can imagine a situation where (a) and (b) stackings occur
in adjacent domains. However, geometrical constraints do not allow both configurations to
occur in adjacent cells in a continuous G/hBN superlattice. This is because while lateral sliding of
a graphene sheet from a superlattice cell in configuration (a) can generate neighboring cells in
configuration (ii) or (iii), it can never generate configuration (b). The latter would require lattice
rotation.

As we now show, global asymmetry between A and B sublattices of the graphene lattice creates
hot spots of Berry curvature near the DP, as shown in Fig. 1B inset. We concentrate on the
region close to the DP around a single valley which can be described by a gapped Dirac
Hamiltonian, H = vpo - k — Ao,, where k is the wavevector, vy is the Fermi velocity and ¢ are
Pauli matrices. The gap 4 reflects the magnitude of global A/B sublattice asymmetry. In G/hBN
superlattices, it has been found experimentally (18,19,23) that an energy gap 24 ~350 K opens
at the main DP. For this gapped Dirac spectrum, Berry curvature density, Q, has opposite signs
above and below the gap and is given by (4,5)

2
200 = 755, €() = +vEk? + 4 (5-1)

where € is the gapped Dirac fermion energy, and the sign of 2(k) depends on the sign of A. The
equation shows that (k) decays rapidly with increasing energy, yielding hot spots of Berry
curvature near the DP as illustrated in Fig. 1B (inset) of the main text. Interestingly, the odd
function 2(k) means that Oxy (Eq. 2 of the main text) has the same sign for both electrons and
holes making it less susceptible to smearing by charge inhomogeneity. Because of TRS, both
(k) and dyxy in valley K have opposite signs to those in valley K” leading to an aggregate valley

Hall conductivity of ay), = 20y,

Integrating Eq. 2 of the main text, using the Berry curvature of Eq. S-1 and taking T =0, we obtain
a,}’y = 2e?/h if the chemical potential lies within the gap. This agrees with our estimate for the
observed VHE conductivity, which is obtained by extrapolating the results of our nonlocal
resistance measurements to small L (see the main text and below).

Similar hot spots of Berry curvature also appear at the edge of the superlattice Brillouin zone
(25), as illustrated in Fig. 1B (inset) of the main text. These occur because of pseudo-spin texture
mixing via Bragg scattering off the superlattice potential in G/hBN. In the same way as detailed
above, these also produce VHE conductivity and nonlocality.

#4 Modeling nonlocal resistance and its density dependence

Charge-neutral topological currents are detected using nonlocal measurements (Fig. 1 of main
text). One can understand the nonlocal signal as a result of the combination of the VHE and a
reverse VHE. Indeed, the current applied, J, between for example contacts 4 and 8 (Fig. 1 of the
main text), induces a valley current J,. This valley current flows perpendicular to J and can
create an imbalance in valley populations, u = pg — pgr, between distant contacts 2 and 10



(ug , are the chemical potentials in the valleys K and K’). In turn, §u leads to a voltage response
via the reverse VHE. The VHE and the reverse VHE can be described as

0%y Pxx
Jo = otyE, E = 32'—6 Véu (s-2)

Accounting for the diffusive dynamics of the valley populations as outlined in the analysis of ref.
28, we obtain Ry, described by Eq. 3 in the main text.

Since Berry curvature displays a strong dependence on charge carrier energy, the induced
topological currents and, therefore, Ry, are also sensitive to carrier density n in G/hBN
superlattice devices. To model the n dependence of Ry, we first evaluate the density
dependence of gy, that arises from Berry curvature in a gapped Dirac spectrum. Focusing on the
main DP and using Eq. (S-1) and Eq. 2 of the main text, we find

4e? d?k v24
Oxy = Tzif; O (Of (s —1), 040k = 2, (s-3)
where €, = +Vv2k? 4+ A2 and + denote the conduction and valence band contributions,
respectively. Taking T =0, transforming coordinates from k — € and using v2k dk = ede, yields

v _ 2e%4

ny - m , |H| =4 (5‘4)-

2
For u inside the gap, a,’jy = 2% Finally, to obtain the density dependence of a,‘c’y, we note that

for a gapped Dirac spectrum, the carrier density in the conduction band is given by

dzk Z—AZ
n= 4f@f(6k—li)=ithz (S-5).

Here the factor of 4 accounts for the spin/valley flavors in graphene. Using Eq. 3 of the main text
and approximating p.(n) o« 1/(n2+§n2)1/2, we obtain the density dependence of the nonlocal
resistance as

2 .3 No _ Az
Ry < 0'91c]y Pxx X 3 — , Np= ey (S-6).
(n2+68n2)2(|nl+ng)

As illustrated in Fig. 2B of the main text, Eq. (S-6) (black curve) reproduces well the measured
nonlocal resistance (red circles) without fitting parameters, by using én = 1.5 x 10'°%cm™ and
A = 180 K found from local measurements (18,19,23 and fig. S2).

#5 Temperature dependence of nonlocal signal

The observed nonlocality strongly depends on T as shown in figs. $3-S4. Above 50 K, Ry,
decreases exponentially with increasing T and, above 150 K, becomes less than 10 Ohm at the
main NP and <1 Ohm at the hole-side NP, even for the shortest L =3.5 um used in our
experiments. The T dependence can be described by the Arrhenius formula exp(-T*/T) over one
to two orders of magnitude. This yields the same T ~360 K for both main and hole-side NPs.
Both encapsulated and non-encapsulated devices exhibited the same T (cf. figs. S3 & S4). At T
below 50 K, Ry, tends to saturate to a finite value, presumably because of charge inhomogeneity
that, as usual, smears sharp features.
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Figure S3. Temperature dependence of nonlocal resistance Ry, at the main (A) and hole-side (B)
NPs. Encapsulated G/hBN device; w ~1 um and L ~3.5 um. The carrier density An in (B) is
counted from the position of the secondary NP. (C) Detailed T dependences for the peaks in (A)
and (B).
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Figure S4. The same as in Fig. S3 but for a non-encapsulated device with w =1 um and L =5 um.

#6 Influence of charge inhomogeneity

Nonlocal resistance is found to depend strongly on charge inhomogeneity on. This is shown in
fig. §5. To control on, we could sweep gate voltage to progressively larger negative V,, beyond
the hole-side NP. This technique exploits the fact that G/hBN has impurities capable of trapping
positive charges. The origin of these defects is unknown but we note that they are specific to
graphene superlattices. The traps broaden the peaks in p, by up to a factor of 2 but do not
significantly reduce p. Such traps can be neutralized by sweeping to large positive V,; (beyond
the electron-side NP) or annealing devices at T above 200°C.

The observed changes in Ry, with increasing on indicate that electron-hole puddles can strongly
suppress topological currents at the hole-side NP (fig. S5). This can be attributed to a limited
spectral width (=50 meV) of secondary Dirac spectra (35,36). Indeed, if the energy barrier
created by a p-n junction reaches in height this spectral width, the standard Klein tunneling
mechanism breaks down, which should result in additional backscattering and suppression of
both local and nonlocal transport for secondary Dirac fermions. This scattering at p-n junctions
is likely to be the reason for the absence of any detectable Ry, at the electron-side NP. Indeed,
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the secondary spectrum in graphene’s conduction band occupies only a narrow energy interval
(35,36) and, accordingly, the influence of on should be larger for electron-side Dirac fermions. As
for the effect of on near the main NP, energy barriers due to p-n junctions remain relatively low
with respect to the whole Dirac spectrum, and the observed enhancement of Ry, with increasing
on (fig. S5) may indicate that topological currents tend to propagate along p-n junctions.
Alternatively, one may invoke side jumps and skew-scattering at charge inhomogeneities, which
can also influence Ry,. However, large values of Ry, in the limit of short L (see the main text)
seem to indicate that intrinsic rather than extrinsic mechanisms dominate the observed

topological currents.
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Figure S5. Nonlocal transport in graphene superlattices as a function of charge inhomogeneity.
on is determined from broadening of the resistance peak at the main NP and quantified by fitting
it with the dependence peu(n) oc1/(n’+n°)"2. Left and right panels are for G/hBN devices with L ~
3.5 um (encapsulated) and 5 um (non-encapsulated), respectively.

#7 Dependence of nonlocal signal on magnetic field

In the case of broken TRS, nonlocal signals can appear due to charge-neutral currents involving
spin and energy flow (24-28). The latter nonlocality has been reported in graphene subjected to
strong magnetic fields (24,26). Therefore, it is essential to show that Ry, observed in graphene
superlattices is a zero-field phenomenon. To this end, fig. S6 plots Ry, as a function of B applied
perpendicular to graphene. One can see that Ry, increases with increasing B, in agreement with
the previously reported mechanisms involving spin/energy flow (24,26,27). Importantly, the
nonlocal signal does not disappear in small B - as had always been the case of the standard
graphene devices - but reaches a large finite value in zero B. Furthermore, we have observed
that the peak in Ry, rapidly broadens with increasing B above 0.1 T. This is expected because in
the case of spin/energy neutral currents, peaks in p,(n) and Ry, (n) exhibit approximately the
same width and shape (24-28). The broadening is further indication that the origin of the ultra-
narrow peaks in Ry, is different from that of the previously observed nonlocal signals that
required broken TRS.
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Figure S6. Nonlocal resistance in G/hBN superlattices does not disappear in zero B. w~1 um; L ~
3.5um.

#8 Anomalous resistivity of graphene superlattices at short distances

We have measured p,, in both standard and bend geometries. The standard geometry refers to
the case where the electric current J is applied between contacts, for example, 1 and 6 and the
voltage drop V is measured between, for example, contacts 3 and 4 (see Fig. 1B of the main
text). Then, p, is given by V/J divided by the geometrical factor, L/w. The bend geometry
describes the case where information about electronic properties is collected from a small area
of rwxw (essentially, the Hall cross itself) by applying J through, for example, 4-6 and detecting
V at 3-8. In the latter case, p can be found using the van der Pauw formula, p, = (V/J)7t/In(2).
As long as electron transport is diffusive, both geometries yield the same p,,, independently of
the contacts used and independently of whether measurements are done in the bend or
standard geometry.

In principle, electron transport in micron-sized graphene devices can enter the ballistic regime
such that the mean free path / becomes comparable to w. In the latter regime, the van der Pauw
formula derived on the basis of the Poisson equation is no longer valid (31). However, for u
~50,000 cm?*V* s™ and n < 10" cm™, which are relevant to the reported nonlocality, / < 0.2um <<
w. Accordingly, both measurement geometries are expected to yield the same result. To
demonstrate that this is the case, figs. S7A-B show p,(n) for a G/hBN device without alignment.
There is good agreement between measurements in the bend and standard geometries with
only minor variations (10%), caused by imperfections in Hall bars’ geometry and/or charge
inhomogeneity on the scale of the device’s width, w.

We find that this conventional behavior breaks down for graphene superlattices as shown in
figs. S7C-D. At high T where the nonlocality is suppressed (figs S3-54), differences for p.(n)
measured in the two geometries are relatively small. In contrast, we find huge differences
between p, in the standard and bend geometries at low T (fig. S7C). These differences are
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difficult to accommodate, even assuming that the gap opening can be more pronounced in the
bend geometry. This behavior has been seen for all our superlattice devices, both encapsulated
and non-encapsulated. Accordingly, we attribute the additional p,, contribution detected in the
bend geometry to the principal difference between the conditions of fig. S7C and figs. S7A,B,D,
that is, to the presence of strong topological currents in the former case.

A standard B —— standard
bend bend
40K 1 200K

2 (kQ)
P (k)

standard
bend

standard
bend

- 2
—_ T=40K 200 K
c 10

2 o 2 2 0 2
n(10"em?) n(10"em?)

Figure S7. Anomalous behavior of p. in graphene superlattices at short distances. (A, B) —
Standard nonaligned G/hBN device. (C, D) — G/hBN superlattice under the same conditions. The
standard and bend measurements are expected to yield the same p,(n). This is the case of
nonaligned graphene devices for all T (A-B). At high T, graphene superlattices also exhibit basic
agreement between the two geometries (D). Large differences (factor of 3) are found for
superlattice devices at low T where valley currents are strong [for the conditions in (C), Ry,
reaches 800 Ohm at L =3.5 um].

The classical model of conductivity for two types of carriers with the same mobility but moving
in opposite directions yields magnetoresistance Ap o Gx_yz/pxx (this corresponds to the case of
magnetoresistance in compensated metals). In the case of the valley Hall effect, the same
derivation yields additional resistivity Ap = px;t (04,,) ™2 in zero B. By using dyy, ~ 2e’/h as found
by extrapolating Ry, to L <w (see Fig. 2C of the main text), one can estimate that the expected
Ap is ~ 10kOhm, similar in magnitude to the difference observed between the bend and
standard geometries in fig. S7C. Moreover, the additional contribution detected in the bend
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geometry (difference between the two curves in fig. S7C) can be fitted by the same dependence
(Eq. S-6) that describes Ry;(n) measured at L 3.5 um but multiplied by a factor of 100 to
reflect the fact that in the bend geometry L <w. The difference in the peak values in fig. S7C is
shown by the black star in Fig. 2B of the main text.

#9 Valley-based transistors

Spintronics is a well-established research area that attracts continuous intense interest. Its goal
is to exploit the spin degree of freedom for information processing. The basic requirement for
this is to be able to create and manipulate a flow of spins (37). Despite continuous efforts, it has
so far proven difficult to create devices with strong spin polarization and even more challenging
to find a way to switch spin currents by gate voltage. As discussed above and in the main text,
graphene superlattices allow a high degree of valley polarization with gy, values reaching the
theoretical maximum of 2e?/h. The valley currents can also be switched off by moving the Fermi
level away from regions of the electronic spectrum with high Berry curvature. These provide
essential elements for so-called ‘valleytronics’ (29). To emphasize the possibility to control the
valley degree of freedom, we have made a device shown in fig. S8. In this case, the top gate is
much closer (15 nm) to the graphene channel than the back gate. Accordingly, the figure shows
that by applying gate voltages of only 10 mV, it is possible to suppress valley currents by an
order of magnitude. Using thinner gate dielectrics, it should be possible to improve this so-called
sub-threshold swing by another order of magnitude.

-100 -50 0 50 100
V,, (mV)

Figure S8. Valley-based transistor. Nonlocal resistance as a function of top gate voltage V,,,. The
inset shows an electron micrograph in false color of the measured superlattice device. G/hBN is
in light blue, and the top gate is in gold. L ~4 um; w =1 um; T = 20 K. The thickness of the top
hBN dielectric is #15 nm. The back gate voltage is close to zero but is slightly tuned to reach the
main NP.
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