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Contacts and upstream modes explain the electron-hole asymmetry in
the graphene quantum Hall regime
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Observations of electron-hole asymmetry in transport through graphene devices at high magnetic field chal-
lenge prevalent models of the graphene quantum Hall effect. Here we study this asymmetry both in conventional
magnetotransport and in scanning gate microscopy maps measured in an encapsulated graphene constriction.
We reveal that the presence of upstream modes and local doping in the vicinity of electrical contacts leads to a
totally different picture of topological breakdown for electrons and holes, explaining the observed asymmetry.
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Injecting and collecting charges in two-dimensional elec-
tronic systems (2DESs) through ohmic contacts look like
easy tasks, with most models describing contacts as smooth
extensions of the 2DES. However, in the quantum Hall (QH)
regime, the topic is far from trivial as charge carriers flow in
different topologically protected QH edge channels (QHECs).
Indeed, good coupling of these channels with the contacts
involves no backscattering of incoming QHECs and perfect
equilibration in the injection of carriers in the different out-
going QHECs. Fulfilling these two criteria proves difficult
because of the complex interface between the metallic con-
tacts and the 2DES [1–3].

In the graphene QH regime, the situation is even more
cumbersome for two reasons at the least. First, state-of-the-
art QH devices rely on graphene encapsulation in hexagonal
boron nitride (hBN) and on 1D line-contacts obtained by
depositing metal on the flanks of the device [4]. Such abrupt
metal-graphene contact was shown to potentially destroy
electron-hole symmetry [5]. Second, different experimen-
tal results indicate that upstream (i.e., counterpropagating)
QHECs can flow along device edges [6–11]. The origin of up-
stream modes is ascribed to a peculiar shape of the confining
potential at the edges, leading to Landau levels (LLs) being
crossed twice by the Fermi energy [12].

Two explanations were invoked for the latter potential
profile: Either an inhomogeneous screening of the back gate
potential, related to fringing fields [12–14], or impurities at
device edges [8,11]. Both hypotheses lead to charge accumu-
lation at device borders [15]. However, charge accumulation
does not seem to be ubiquitous; recent spatially resolved
investigations of QHECs in graphene devices equipped with
graphite back-gate did not show any sign of upstream QHECs
[16]. The conditions for the emergence of upstream modes are
therefore still to be clarified.

Thanks to scanning gate microscopy (SGM), topological
breakdown of the QH effect has recently been shown to

originate from the coupling of up- and downstream QHECs
along the very same edge in this material [8,10]. In particular,
we showed that the coupling is achieved through the localized
states of antidots located along the edges [10]. Importantly, the
latter SGM experiments have essentially focused on hole-type
charge carriers and evidence for the same mechanisms for
electron-type charge carriers remains elusive.

In this Letter, we combine transport and SGM with tight-
binding simulations to study the topological breakdown of
graphene QHECs in the case of electrons and holes. Our
results reveal that contacts lead to a different spatial config-
uration of upstream QHECs for both types of charge carriers.
This asymmetry is at the origin of distinct mechanisms caus-
ing a topological breakdown on the electron and hole sides.

The studied sample, depicted in Fig. 1(a), consists in a
monolayer of graphene encapsulated between two hBN flakes
[17] (see Supplemental Material [18], section S1). The lon-
gitudinal resistance Rxx is measured via line contacts made
of gold deposited on a thin adhesion layer of chromium [4].
Inherently to this contact layout, they overlap the heterostruc-
ture. Charge-carrier density is varied using a back gate voltage
Vbg and a magnetic field B is applied perpendicularly to the
graphene plane. We furthermore use a sharp metallic SGM
tip, biased at a voltage Vtip to change locally the charge-carrier
density.

A fan diagram is presented in Fig. 1(b). The white stripes
correspond to vanishing Rxx and indicate that QHECs are
topologically protected, so that charge carriers backscatter-
ing is forbidden. Interestingly, the filling factors positions
obtained by fitting these regions (blue dashed lines) do not
correspond to the theoretical values obtained from a capac-
itance model (white dashed lines). It suggests a discrepancy
between the bulk and the edge filling factor (see Supplemental
Material [18], section S2). Furthermore, at low positive Vbg

and above B = 4 T, Rxx exhibits extremely large and irregular
fluctuations. Such an asymmetric and perturbed behavior has
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FIG. 1. (a) Artist view of the experimental setup. (b) Rxx map
as a function of Vbg and B. The blue lines indicate the positions of
the filling factors ν = ±(4n + 2) obtained by a fit of the Rxx = 0
regions, and the white lines indicate the filling factors obtained using
a theoretical capacitance model.

already been reported in Ref. [19] and is relatively common
in the case of encapsulated graphene devices. In order to
stand at the verge of this regime, we limit our measurements
to B = 4 T (see Supplemental Material [18], section S3, and
Refs. [20,21] therein) for the remainder of this paper. Rxx as a
function of Vbg is shown in Fig. 2(a) for this value of magnetic
field.

SGM maps, obtained by recording Rxx as a function of the
tip position, reveal precious information on the origin of the
coupling between QHECs. The tip perturbation locally tunes
the coupling and, hence, the backscattering between QHECs
[8,10,21–24]. In turn, this leads to concentric fringes of Rxx

(local maxima or minima) in the SGM map, centered on the
spot where the coupling occurs. As shown in Fig. 2(b), SGM
contrasts are located along edges for holes. It is coherent with
former studies that ascribed these signatures to the presence
of upstream QHECs along the same edge, coupled with the
downstream modes flowing closer to the edge [8,10]. As
detailed in Ref. [10] and in the Supplemental Material [18],
section S4, there is no qualitative difference in SGM contrast
between images recorded close to and far from the integer fill-
ing factor, except in the number of sets of concentric circles.
The reason for this absence of difference lies in the presence
of counterpropagating edge states. When such states govern
transport, it is not the bulk filling factor that plays the main
role, but rather the filling factor of the edge region between
counterpropagating states, as detailed hereafter.
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FIG. 2. (a) Rxx as a function of Vbg at B = 4 T [white dotted
line in Fig. 1(b)]. The blue dashed lines indicate the positions of
the filling factors ν = ±(4n + 2). (b–d) SGM maps obtained in the
vicinity of the constriction for holes (b) and electrons (c, d) (see
also Supplemental Material, section S4). The scan area is depicted
in Fig. 1(a) with a red rectangle for (b) and (c) and with a dark
blue one for (d). The Vbg values are indicated with arrows in (a) and
Vtip = 0.5 V in (b) and (c) and 1.5 V in (d). For holes, SGM contrast
appears centered on the sample edge (purple arrow) as well as in
the center of the constriction, whereas it is located exclusively at the
center of the constriction for electrons (green arrows).

For electrons, however, SGM contrast is centered only in
the constriction region, as indicated with SGM fringes with
higher Rxx in Fig. 2(c) and with spots of lower Rxx in Fig. 2(d).
Contrary to the hole case, no contrast is found centered on
the edges of the device. It is noteworthy that similar sig-
natures have been found in SGM experiments on classical
semiconductor-based 2DESs [22,23], where there is no up-
stream QHEC. In these systems, topological breakdown was
assigned to the presence of an antidot located in the vicinity
of the constriction and coupling the QHECs running at the
opposite device edges.

As a first hypothesis to account for electron-hole asym-
metry, one could speculate that upstream QHECs only exist
for holes. Impurities and defects along the borders could in
this case favor hole accumulation and induce such charge
asymmetry, as proposed in Refs. [8,11] (referred to hereafter
as the “impurity model”). While our data cannot undoubtedly
discard this scenario, the impurity model alone fails to yield a
full picture of QHECs in graphene in regard to other experi-
mental results reported in the literature [6] (see Supplemental
Material [18], section S5). On the other hand, the mainstream
theory, namely, the inhomogeneous screening of the backgate
potential (the fringing field model), predicts the emergence
of upstream QHECs both for holes and for electrons and
consequently an apparent charge symmetry. In the following,
we show that electron-hole asymmetry can also be explained
in the fringing field model framework.

In the model that we develop hereafter, we assume that
charge carriers accumulate along the edges in the same way
on the electron and hole sides. The bending of energy bands
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FIG. 3. (a) Side view of the device (schematic) in the vicinity
of one of the contacts. (b, c) Top view of one of the sample corner,
around the contact. Due to the increase of charge-carrier density at
the device borders, upstream QHECs run along the edges (clockwise
in blue and counterclockwise in red). If the contacts dope graphene
with holes, the inner (clockwise) QHEC for holes circumvent the
contact area (b), whereas the inner (counterclockwise) QHEC for
electrons is merged with the nearest external (clockwise) QHEC (c).
(d–g) Evolution of the potential (thick line) and the three first LLs
along the black dashed lines in (b) and (c). QHECs appear where LLs
cross the Fermi energy (red dashed line). (h, i) Absolute value of the
onsite potential landscape |U | used for the tight-binding simulations
for holes with Vbg = −2.4 V (h) and electrons with Vbg = 2.4 V (i).
The semi-infinite leads in the simulated system are depicted in red.
(j, k) Current density maps obtained from tight-binding calculations
for holes (j) and electrons (k).

leads in both cases to the presence of upstream QHECs.
In this scenario, electron-hole asymmetry originates from
the contacts. In particular, the difference of work function
between graphene and chromium, forming the adhesion layer
of contacts, yields a hole-type doping below the metallic re-
gions overlapping the stack illustrated in Fig. 3(a). The work
function-induced difference of the potential can be approxi-
mated by [25,26]

�φ =
√

1 + 2αe|WCr − WG| − 1

α
, (1)

where WCr = 4.5 eV [27] (note that WCr depends on crystal
orientations as discussed in the Supplemental Material [18],
section S7, and Refs. [27–29] therein) and WG = 4.48 eV
[25] are the work functions of chromium and graphene, re-
spectively, and α = 2e2thBN/(εhBNπ h̄2v2

F ) with thBN ∼ 20 nm
the vertical distance between graphene and the overlapping
metal, 2 < εhBN < 4 the hBN permittivity, and vF ∼ 106 m/s
the Fermi velocity of graphene. With these data, we find
6 < �φ < 8 meV. As a result, charge-carrier density is larger
below the overlapping metal, with respect to the bulk, when
the bulk is doped with holes, whereas it is smaller for an
electron-doped bulk.

In the QH regime, this modulation of charge-carrier density
has an important influence on the QHECs spatial configura-
tion in the vicinity of the contacts, which differs for holes
and electrons, as illustrated in Figs. 3(b) and 3(c). In this
schematic, upstream QHECs flow along the edges where
one of the bent LLs crosses twice the Fermi energy. This
is illustrated in Figs. 3(d) and 3(f) for holes and electrons,
respectively, using a schematic drawing of the potential profile
close to device edges. However, this picture is no longer
valid around and below the contacts pads, i.e., in the doped
orange-shaded region in Figs. 3(b) and 3(c). For holes, the
inner (clockwise) QHEC circumvent the contact zone, due to
the increase of holes density [Fig. 3(e)]. For electrons, the
lower charge density close to the contacts [Fig. 3(g)] leads to
the merging of the inner (counterclockwise) with the closest
clockwise QHECs [Fig. 3(c)]. These QHECs are therefore
perfectly equilibrated.

To go beyond the above-described qualitative model, we
performed tight-binding simulations using the KWANT pack-
age [30] (see Supplemental Material [18], section S8, and
Ref. [31] therein). Maps of the absolute value of the on-site
potential around the contacts are shown in Fig. 3(h) for holes
and in Fig. 3(i) for electrons. They feature an increase of
charge-carrier density along the edges, proportional to the
bulk density, in addition to a constant positive offset energy
�E = 7 meV [Eq. (1)] around the contacts. The resulting
current density maps are presented in Figs. 3(j) and 3(k). The
QHECs are visible in lighter tones and match the qualitative
picture of Figs. 3(b) and 3(c).

We now consider the entire sample to examine the conse-
quences of these different QHECs spatial configurations at the
contacts for holes and electrons and the relationship with the
experimental data of Fig. 2. For holes (left side of Fig. 4), it
appears that the inner QHEC (blue) forms a closed loop, as
illustrated in Fig. 4(a). In the absence of coupling with the
outer QHECs (red), this loop is topologically equivalent to
a localized state in QH theory since it is not directly coupled
with contacts and should not influence transport. The effective
filling factor of the system is, therefore, given by the region
outside the loop (here ν = −6 in light purple). To observe the
topological breakdown of QHECs, holes running along one
of the sample edges should be backscattered to the opposite
edge. This can only be achieved by coupling the upstream
QHEC loop both on the upper and on the lower sides of the
sample, for example, at locations pinpointed by concentric
black circles in Fig. 4(a). The SGM contrast highlighted along
the sample edge in Fig. 2(b) is therefore the signature of
one of the two coupling spots between upstream QHECs. In
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FIG. 4. (a) For holes, the inner QHEC describes a closed loop
so that the effective filling factor is given by the light purple area’s
order (here ν = −6). (b) For electrons, the inner (counterclockwise)
QHEC forms a closed loop as it connects with the nearest clockwise
QHEC so that the filling factor is given by the dark green area’s
order (here ν = 2). (c) For holes, SGM signatures along the edges
in Fig. 2(b) are caused by upstream QHECs coupling through an
antidot located close to the constriction. (d) For electrons, coupling
between opposite border QHECs via an antidot. (e, f) Potential
landscapes of the simulated systems, with colors corresponding to
the absolute value of the onsite potential landscape |U |, with the
same parameters as in Figs. 3(h) and 3(i). (g–j) Current density
maps obtained for holes with Vbg = −4.8 V (g), −3.8 V (i), and
electrons with Vbg = 6.4 V (h), 7.8 V (j) as indicated with arrows in
Fig. 5(a).

particular, the coupling is achieved through an antidot, as
depicted in Fig. 4(c) [10]. By introducing these antidots in the
simulated potential landscape, with Gaussian functions cen-
tered close to the edges [see the potential map in Fig. 4(e)], we
correctly capture the mechanism leading to holes backscatter-
ing. Figure 4(g) shows a simulated current density map where
propagating QHECs are not coupled through the antidots. This
is in stark contrast with Fig. 4(i) where coupling is achieved

FIG. 5. (a) Simulated Rxx (plain line) and Gxy (dotted line) as a
function of Vbg for a magnetic field B = 4 T. (b) Spatial configuration
of the QHECs at the origin of the fluctuations in (a). (c) Spatial
evolution of the potential (thick line) and of the three first LLs along
the black dashed lines in (b). (d) Current density maps obtained from
tight-binding calculations for Vbg = 4.8 V, as indicated with a red
line in (a).

at a slightly different value of Vbg (calculated from EF ), so
that holes flow through the inner QHEC loop, connecting both
edges.

For electrons (right side of Fig. 4), the equilibrated QHECs
form loops running along the edges, as illustrated in Fig. 4(b).
Contrary to holes, the effective filling factor of the system
is given by the bulk (here ν = 2, in dark green), as for
conventional semiconductor-based 2DEGs. The topological
breakdown of QHECs can only be achieved by coupling the
upstream QHECs of the upper and lower sides of the sample,
which can only happen in the vicinity of the constriction, as
illustrated with concentric black circles in Fig. 4(b). Elec-
trons running along one of the edges (in a QHEC loop) can
then be backscattered to the opposite side of the device.
The SGM contrast highlighted at the center of the constric-
tion in Figs. 2(c) and 2(d) is therefore the consequence of
the coupling between the opposite QHECs loops through an
antidot located at the center of the constriction, as depicted
in Fig. 4(d) [22]. Simulations support this picture when intro-
ducing an antidot at the center of the constriction [Fig. 4(f)].
Figure 4(h) depicts a current density map where QHECs loops
are visible along the edges, but the absence of coupling with
the opposite edge prevents backscattering. When coupling is
active [at different Vbg, as in Fig. 4(j)], electrons flow from
one edge to the other through the central antidot and can be
backscattered.

The simulated Rxx and Gxy curves as a function of Vbg

(derived from the Fermi energy EF ), obtained in this system,
are presented in Fig. 5(a) for holes (purple) and electrons
(green). When Rxx is zero, the Hall conductivity exhibits the
expected plateaus for graphene at Gxy = 4(n + 1/2)e2/h, with
n an integer. Nonzero Rxx, accompanied by the transition
between two Hall plateaus, indicates the coupling between
the opposite device edges due to the mechanisms discussed
in Fig. 4 and the nonzero probability for charge carriers to be
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backscattered. The width of the transition between plateaus
is governed by the latter coupling, so that in the experiment,
with a larger amount of potential fluctuations, the nonzero-
resistance transition region may obscure the signatures of the
QH effect at integer-filling factor in the low B range. Never-
theless, the edge state picture is still valid in this regime, as
shown in Figs. 4(i) and 4(j), corresponding to finite Rxx.

Another striking feature of the curve is the presence of
large Rxx fluctuations on the electron side, similarly to the
experimental data presented in Fig. 2(a). These fluctuations
originate from extra QHECs running below the contacts, in-
ducing a direct backscattering of charge carriers in the contact
area [Figs. 5(b) and 5(c)]. This mechanism prevents a proper
equilibration between the propagating QHECs and the con-
tacts. In addition, current injection is strongly hampered in this
situation, preventing proper determination of Rxx. Parasitic
doping below the contacts, therefore, explains measurements
artifacts such as the large variation of resistance even toward
negative values reported here [Fig. 2(a)] as well as in previous
experiments [19].

In summary, we have highlighted that line contacts, used
for state-of-the-art encapsulated graphene samples, can lead
to different spatial configurations of the upstream QHECs
on the electron and hole sides. This yields distinct mecha-
nisms at the origin of the QH topological breakdown for both
charge carriers types. For holes, the breakdown occurs by
coupling the upstream QHECs through antidots located at the
device edges, whereas for electrons, all the QHECs running
along the same edge are equilibrated and the breakdown oc-
curs through the bulk, similar to conventional semiconductor
2DEGs. This interpretation provides a convincing explanation

for microwave impedance microscopy results, where the QH
topological breakdown was shown to coincide either with
a conducting bulk, either with conducting edges, depending
on the charge carriers type [6]. However, to strengthen the
connection between theory and experiment, more extensive
investigations are required, involving, e.g., different types of
contact materials and a statistically significant number of
studied devices. Nevertheless, our conclusions pinpoint the
importance of considering the influence of contacts when de-
signing 2D materials-based samples, in particular when these
contacts are to be coupled with topologically protected edge
channels.
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