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We investigate the quantum Hall regime in a graphene flake with different levels of disorder. Under high
magnetic field, an unexpected decrease in the Hall resistance occurs when only the zeroth-energy Landau level
is populated. The presence of disorder rules out the expected appearance of the �=0 quantum Hall plateau as
in the case of pristine graphene. Instead, we propose an alternative explanation based on the coexistence of two
types of carriers, electrons and holes, induced by high magnetic field, in the presence of disorder.
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Graphene, has generated extended experimental and the-
oretical works during the last few years in order to explore
the unique properties of massless Dirac fermions.1–4 In clean
graphene, at very high magnetic field, spin and valley degen-
eracy lifting has been unveiled with conductance plateaus at
filling factors corresponding to �=0, �1, �4.5,6 Such
broken-symmetry states are theoretically addressed in the
frame of quantum Hall ferromagnetism7 or the formation of
excitonic energy gaps.8 It is worth mentioning that, while the
�= �1 and �4 plateaus are experimentally visible in both
Hall resistance and conductance, the �=0 state responsible
for the divergence of the longitudinal resistivity remains
poorly investigated through Hall resistance measurements,
except in recent works.9–11 In addition to experimental issues
concerning the accurate measurement of the vanishing Hall
component combined with the divergent longitudinal resis-
tance, the presence of disorder, resulting in spatial inhomo-
geneity of carriers certainly plays a crucial role on the onset
of the zero-resistance Hall plateau.12 A long-range potential
disorder is already well known to alter the divergence of the
longitudinal magnetoresistance at the charge neutrality point
�CNP�.13

In the following, we experimentally address the impact of
disorder on the Hall quantization in a graphene flake, up to
60 T. We observe a large decrease in the absolute value of the
Hall resistivity from the �= �2 plateau to a value close to
zero. The onset of the Hall resistance decrease occurs at a
constant filing factor for a given level of disorder. A careful
analysis shows that this behavior cannot be supported by the
emergence of the �=0 quantum Hall plateau. We propose an
alternative explanation based on the coexistence of electrons
and holes as a consequence of the magnetic field induced
Fermi energy shift in a disordered electrostatic potential
landscape.

The graphene sample was obtained by the standard me-
chanical exfoliation method of bulk graphite on a 300-nm-
thick SiO2 layer grown on a doped Si substrate. The sample
has been etched into a Hall bar of size 3�1 �m2 �form
factor of 3�. The contacts of typical size 1�1 �m2 display
ohmic behavior with a resistance per contact estimated to
1 k�. The Fermi level was tuned by applying a backgate
voltage. The resistance of the device before and after anneal-
ing is shown in Fig. 1. The annealing procedure consists in a
12 h heating at 360K under vacuum �10−5 mbar�. For clarity,
the sample will be named S1 before annealing and S2 once

annealed. For sample S1, the gate voltage corresponding to
the CNP is 52 V and the field effect mobility deduced from
the R�Vg� curve is estimated to 0.13 m2 /V s;14 for sample
S2, the CNP is located at 3 V and the mobility is increased
up to 0.35 m2 /V s. These mobility values are consistent
with the Hall mobilities. The annealing process deeply modi-
fies the conduction properties, by removing part of doping
elements adsorbed at the sample surface or in its vicinity. At
low carrier density, close to the CNP, the remaining charged
impurities lead to an inhomogeneous electron/hole puddle
landscape.15 The residual carrier density at the minimum of
conductivity induced by charged impurities evolves from
n0=7.5�1015 m−2 for S1 to n0=1.7�1015 m−2 for S2. The
backgate voltage range ��Vg�, where electrons and holes co-
exist scales with the shift of the CNP from the zero backgate
value.16 Here, �Vg equals 20 V and 5 V for S1 and S2,
respectively. This is fully consistent with the theoretical pre-
dictions given by �Vg=2n0 /Cg, assuming the residual carrier
densities deduced from Fig. 1 and an electrostatic backgate
efficiency Cg=7.2�1010 cm−2 V−1.16 Note that other
sources of disorder, such as vacancies, charged impurities
trapped into the silicon oxide or ripples, are much more ro-
bust and cannot be removed by this method. Hall and longi-
tudinal resistances are simultaneously measured under a

FIG. 1. �Color online� Four-probe longitudinal resistance versus
backgate voltage, before and after annealing �S1 and S2, respec-
tively�, measured at 1.6 K. Solid lines are the theoretical fits �Ref.
14� from which we extract the mobility and the residual carrier
concentrations at the CNP.
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transverse magnetic field at 1.6 K and over a wide range of
backgate voltage.

Figure 2 reports on magnetotransport measurements for
S1 and S2 at 1.6 K in the electrostatically doped states �Fig.
2�a�� and at the CNP �Fig. 2�b��. The main panel of Fig. 2�a�
shows the Hall resistivity �xy�B� and the longitudinal magne-
toresistance Rxx�B�, of sample S1 at different carrier densities
in both electron and hole regimes as well as for sample S2 in
the hole regime. Under these strong doping conditions, only
one type of carriers participates to the conduction, as con-
firmed by the linear Hall voltage at low magnetic field. In the
high magnetic field regime, we observe for each doping the
expected quantized Hall plateau, corresponding to the filling
factor �= �2. However, the plateau is stable up to a mag-
netic field marked by the arrows in Fig. 2, above which the
absolute value of the Hall resistance starts to decrease
slowly. Meanwhile, the longitudinal resistance of the sample
S2 is drastically increased by the applied magnetic field
�black curve, Fig. 2�a��. Conversely, for S1, Rxx�B� remains
nearly constant all over the explored magnetic field range.
The lower right inset of Fig. 2�a� is a zoom ��3� of Rxx�B�
obtained for S1 between 40 and 55 T. One notes that despite
the larger increase in Rxx�B� at Vg=40 V compared to
Vg=60 V, the Hall resistance decrease takes place at a
higher magnetic field for Vg=40 V. In the upper left inset
of Fig. 2�a�, �xy is plotted as a function of the filling factor

�=nh / �eB� for different carrier concentrations. The values of
�, where the Hall resistance starts to deviate from the quan-
tized plateau are clearly visible due to a large variation in the
Rxy��� slope. We easily extract a threshold filling factor �c,
below which the Hall resistance decreases. The extracted
values of �c for S1 range between 1.00 and 1.03 while it
reads 0.71 for S2. Thus, for sample S1, the departures of the
Hall resistance from the plateau value start at similar values
of Fermi energy with respect to the Landau levels �LLs�. On
the other hand, �c seems to be related to the disorder strength
in a direct way: a stronger disorder induces a decrease in the
Hall resistance plateau at lower magnetic field.

Figure 2�b� reports on the magnetotransport measure-
ments at the CNP. The two Hall curves for S1 and S2 exhibit
qualitatively the same behavior: �i� a nonlinear increase at
low magnetic field, which is the signature of a two carriers
driven conduction, holes being slightly majority, �ii� after
reaching a maximum, the Hall resistivity decreases and
shows a sign reversal between 36 and 40 T for the two
samples. On the other hand, the longitudinal magnetoresis-
tance curves are drastically different with a strong increase in
the resistance for S2 and an almost field independent behav-
ior for S1. One can note that large fluctuations are present up
to moderate magnetic field on the �xy�B� curves. These fluc-
tuations have already been seen and explained in term of a
percolation process across an electron and hole puddle
landscape.17,18

Some comments can be mentioned from the above de-
scription: first, the lower value of �c on the cleanest sample
is inconsistent with the onset of the degeneracy lifting of the
n=0 LL. Indeed, the broadening of the LLs due to a higher
disorder rate should shift the degeneracy lifting onset toward
stronger magnetic fields. Second, we do not observe any cor-
relation between the decrease in the Hall resistivity and the
strong increase in Rxx�B�.12 Besides, the Hall resistivity does
not unveil a plateau at zero ohm but a sign reversal that
demonstrates a change in majority carriers. Again, these ex-
perimental facts rule out the degeneracy lifting of the n=0
LL contribution and call for an alternative explanation based
on the magnetic dependence of the relative electron and hole
densities.

To explore deeper the magnetic field influence on the car-
rier concentration, we perform Hall measurements at various
backgate voltages close to the CNP, into the electrons and
holes coexistence region, for S1 �Fig. 3�a��. The decrease in
the absolute value of the Hall resistance at high magnetic
field is observed for any backgate voltage and is almost sym-
metrical for holes and electrons. The two-dimensional �2D�
color map of Fig. 3�b� summarizes all the data obtained on
S1 and represents the variations in the Hall resistivity versus
the gate voltage and the magnetic field. The red and blue
areas �both dark gray areas� correspond to the Hall plateaus
at �=2 and �=−2, respectively. The green �light gray� zone
is related to the coexistence zone of both electrons and holes
with an Hall resistance lower than �h /2e2. We clearly ob-
serve a significant increase in the coexistence zone above 26
T, delimited by dashed lines. To quantitatively describe the
magnetic field dependence of the relative electrons and holes
density, we define 	= �nh−ne� / �nh+ne�, where ne�nh� is the
concentration of electrons �holes�. In Fig. 3�c� are plotted the

FIG. 2. �Color online� �a� �xy�B� and Rxx�B� of S1 and S2 for
different electrostatically doped states. The black plain curves stand
for S2 at Vg=0 V and n=3.1�1015 m−2. The plain red �dark gray�
curves stand for S1 at Vg=40 V and n=1.05�1016 m−2 while the
dash red �dark gray� curves stand for S1 at Vg=60 V and n=9.09
�1015 m−2. Lower right inset: zoom of Rxx�B� ��3� between 40
and 55 T for S1. Upper left inset: the same �xy curves plotted as a
function of the filling factor 
 / �eB�, with an additional doping level
at Vg=65 V and n=1.1�1016 m−2 for S1 represented by the dot
red �dark gray� curve. �b� �xy�B� and Rxx�B� at the CNP for S1 and
S2, red �dark gray� and black curves, respectively.
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	�Vg� curves obtained at 0, 20, and 55 T. At zero field, 	�Vg�
is deduced from the low-field part of the �xy�B� curves using
the standard two fluid model.19,20 The 	�Vg� curves at 20 and
55 T are determined by considering that at such fields, all the
carriers are distributed in the n=0 Landau state and no de-
generacy lifting has occurred yet. So, the ratio 	 can simply
be expressed by 	�Vg ,B�=2�xy�Vg ,B�e2 /h. Across the CNP,
we remark a smoother transition from holes to electrons in
high-field regime as well as a small decrease in the backgate
voltage corresponding to the CNP, from 52 V at zero field to
49 V at 55 T. For this sample, these features highlight a
noticeable change in the electron-hole ratio induced by a
magnetic field higher than 30 T

We interpret the Hall resistivity behavior as fingerprint of
an inhomogeneous system composed by electron and hole
puddles under a strong magnetic field. The upper part of Fig.
4�a� is a schematic view of the sample surface with blue and
red dots �dark-gray dots� representing the long-range poten-
tial scatterers due to charged impurities of opposite signs.
The lower part of Fig. 4�a� illustrates the spatial modulation
of the zero-energy level in presence of these impurities.21

When a magnetic field is applied perpendicular to the dis-
ordered graphene flake, the quantization of the cyclotron or-

bits goes along with the onset of spatially segregated Landau
states, with different zero energies �E0�, following the CNP
landscape.12

Except for the zero-energy LL, the higher energy Landau
states are upshifted by the magnetic field and lie above the
Fermi level. At �=2, only the n=0 LL remains below EF.
Figure 4�b� proposes an illustration of the magnetic field
dependence of the density of states �DoS� for three arbitrary
zones of the sample, which are electron doped �3�, hole
doped �2�, and neutral �1�, according to the charge impurities
Coulomb potential depicted in Fig. 4�a�. The Fermi energy is
fixed in such a way that, at zero field, only electrons are
present in the system.22 The magnetic field B1 is assumed
high enough to ensure that all the charge carriers are distrib-
uted into the n=0 LL for the three areas. This sketch is
obtained following the three basic assumptions: �i� the ener-
gies of the n=0 LLs, referred to as E0, are insensitive to the
magnetic field and are only determined by the local electrical
potential of the sample, �ii� the DoS of the spatially segre-
gated n=0 LLs increases with the magnetic field, and �iii� the
Fermi level is uniform in the sample. When the magnetic
field is increased from B1 to B2 �Fig. 4�b� and 4�c��, the
Fermi energy is downshifted to accommodate the increase in
the DoS at E0 for the three zones. For a large magnetic field
�B2�, the Fermi energy lies below E0 for the two first zones
�1� and �2�, and converges to the lowest zero-energy level of
the third zone that provides enough available electronic
states to accommodate all the electrons. The straightforward
consequence is the appearance of hole states above the Fermi
level into the zones �1� and �2�. These populated hole states
have a direct impact on the Hall effect: the two types of

FIG. 3. �Color online� �a�Rxy�B� measured in the vicinity of the
CNP for S1, Vg varying from 45 to 56 V by step of 1 V. �b� The
corresponding color �grayscale� map of Rxy�B ,Vg�. The dashed lines
are guide to the eyes that delimit the electrons and holes coexist-
ence zone in the quantum regime. �c� 	�Vg� curves at 0, 20 and
55 T.

FIG. 4. �Color online� �a� Upper part: a 2D color scheme repre-
senting the electric potential of the sample. The green color �light
gray� is for neutral zone whereas the charged impurities are re-
vealed by blue or red dots �dark-gray dots� depending on their sign.
Lower part: the spatial modulation of the zero energy due to the
Coulomb potential induced by the charge impurities. The red �dark
gray� line indicates an arbitrary Fermi level in case of an electron-
doped sample. The black dot line is the zero-energy level for a
pristine graphene flake. The annotations �1�, �2�, and �3� pinpoint
selected zones which are electron doped, hole doped, and neutral,
respectively. �b� DoS at zero energy for the three selected zones
under increasing magnetic fields. The Fermi energy level is marked
by the red �dark-gray� line and is downshifted when increasing the
magnetic field.
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carriers are now present in the system, which is revealed by
a decrease in the Hall resistance in the very high magnetic
field regime �see Fig. 2�a��. In this scheme, the magnetic
field induced holes and electrons coexistence is directly re-
lated to the disorder characteristics of the sample. This ex-
plains the unique threshold filling factor �c we experimen-
tally observe whatever the carriers concentration at zero field
for a given disorder �upper inset Fig. 2�a��. This scenario also
validates the lower �c value once the strength of the disorder
is significantly reduced. In the vicinity of the CNP, when
electrons and holes coexist at zero field, the proposed expla-
nation remains valid and the magnetic field tends to equili-
brate the two carriers densities.

One notes that the small shift of the CNP with the mag-
netic field �Fig. 3�c�� is unexpected. This unveils a weak
asymmetry between holes and electrons at low energies. One
may invoke the local doping at the contacts, where the effect
of the magnetic field is certainly less efficient. Complemen-
tary experiments are required to understand the charge neu-
trality shift under large magnetic field.

In conclusion, we report a nonconventional behavior of
the quantum Hall effect in a graphene monolayer under very
high magnetic field. The Hall resistance decrease at �= �2

has been studied as function of the carrier concentration and
the disorder level for a same sample. We give evidence that
the disorder rate �more precisely its energy spreading� drives
the magnetic field induced modification of the relative elec-
tron and hole densities by providing occupied electronic
�hole� states below �above� the Fermi energy. These levels
originate from the local fluctuations of the electrical potential
across the sample. They become accessible thanks to the
shift of the Fermi energy which accommodates the strong
increase in the density of states of the n=0 LLs, under a
large magnetic field. This work demonstrates the emergence
of a different transport regime induced by disorder in
graphene under high magnetic field. In very clean graphene,
such a regime cannot be observed since the amplitude of the
electrical potential fluctuations across the sample is smaller
than the n=0 LL degeneracy lifting energy scales.
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