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Visualization of charge transport through Landau

levels in graphene

G. Nazin', Y. Zhang?, L. Zhang?, E. Sutter' and P. Sutter'™

Band bending and the associated spatially inhomogeneous
population of Landau levels play a central role in the physics of
the quantum Hall effect (QHE) by constraining the pathways
for charge-carrier transport and scattering'. Recent progress
in understanding such effects in low-dimensional carrier gases
in conventional semiconductors has been achieved by real-
space mapping using local probes®3. Here, we use spatially
resolved photocurrent measurements in the QHE regime to
study the correlation between the distribution of Landau levels
and the macroscopic transport characteristics in graphene.
Spatial maps show that the net photocurrent is determined
by hot carriers transported to the periphery of the graphene
channel, where QHE edge states provide efficient pathways for
their extraction to the contacts. The photocurrent is sensitive
to the local filling factor, which allows us to reconstruct
the local charge density in the entire conducting channel
of a graphene device.

Since the demonstration of the unusual half-integer QHE in
graphene®®, many related QHE experiments have been interpreted
within the framework of edge-state transport®?®, that is, the
backscattering-free flow of charge through edge states’ bounded
by insulating barriers with incompressible electron densities'.
Although compressible and incompressible electron densities have
recently been observed in graphene'!, their role in shaping the QHE
in graphene remains to be explained. Spatially inhomogeneous
charge distributions owing to adsorbate-induced surface doping'
are expected to be particularly pronounced in graphene and
could cause deviations from pure edge-state transport. Here, we
use scanning photocurrent microscopy to explore these effects
by mapping carrier propagation through graphene Landau levels
in the QHE regime.

The experiments were carried out on two-terminal monolayer
graphene field-effect devices at 4.2 K and in magnetic fields B up
to £9T (Fig. 1a,b). In these conditions, the conductance of our
devices (Fig. 1c) shows series of local extrema®®!"1314 associated
with individual Landau levels'*'®, with maxima predicted to occur
at quantized Hall conductances of 2,4, 6, 10 and 14 ¢*/h (refs 13,15).
The observed maxima are higher owing to an inhomogeneous
filling-factor distribution across the device, as shown below.

Photocurrent maps were obtained by scanning a focused laser
across the graphene channel, and recording the two-terminal
photocurrent signal as a function of beam position. Previously, a
similar approach has been used to investigate contact-induced band
bending'®"® and the photo-thermoelectric effect?® in graphene at
B =0, as well as the electrostatics of the QHE in conventional
semiconductor devices?'>*. We observe that the gate-voltage-
dependent photocurrent at fixed locations is oscillatory, with
polarity determined by the direction of the magnetic field (Fig. 1d).
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Figure 1| Photocurrent measurements on graphene devices. a, Optical
image of the device. The dashed outlines mark the channel and the two
connected electrodes. The four side electrodes are not in contact with the
device. b, Schematic of the photocurrent measurement. ¢, Conventional
two-terminal conductivity, G, as a function of gate voltage, V. The blue
and red lines mark local conductivity minima and maxima. d, Photocurrent
measured with the laser spot at the centre of the graphene channel (cross
ina) for B==+9 T. The shaded regions denoted 2a-2c mark the different Vg
ranges in the sequence of photocurrent maps of Fig. 2.

Such local oscillations are due to a recurring global photocurrent
distribution across the device, synchronous with the filling of
consecutive Landau levels (Fig. 2). Although the patterns for n-
and p-type doping and near the neutrality point differ, pairs
of maps in the same columns of Fig. 2a,c show nearly identical
spatial photocurrent distributions. For specific carrier densities,
such as Vg = —45V, =375V, —33V, —25.5V and so on, we
observe, for instance, extended, sharply delineated areas with
photocurrent response of the same polarity aligned roughly along
the channel axis.

To further analyse these periodically recurring photocurrent
distributions, we consider the photocurrent as a function of gate
voltage along a line across the graphene channel (Fig. 3a). In a
perpendicular magnetic field, the energy-level spectrum of Dirac
fermions in graphene comprises n- and p-type Landau levels, as well
as a degenerate level n =0 at the neutrality point® (Fig. 3b). In the
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Figure 2 | Spatial photocurrent maps for different gate voltages at B=9 T. a, Photocurrent maps of p-type Landau levels. b, Photocurrent maps near the
n=0 Landau level. ¢, Photocurrent maps of n-type Landau levels. Positive current corresponds to hole collection into the bottom contact of the device

(Fig. 1a). The arrows in maps with Vg =—33V and +22.5V show the prevalent directions of hot charge-carrier transport in a and ¢, respectively. The maps
with blue (red) borders correspond to conductance minima (maxima) in Fig. 1b. In the top row of a and the bottom row of ¢, the predominant type of hot
charge carrier for different regions is shown, where e and h denote electron and hole transport, and the plus and minus signs stand for Landau levels (n+1)
and (n—1). The outline of the maximum spatial extent of the photocurrent signal is shown as a dashed contour in each panel. Spatial resolution: ~500 nm.

Laser wavelength/power: 650 nm/160 nW.

photocurrent section of Fig. 3a, every Landau level except n =0 is
associated with a distinct ‘butterfly’ pattern comprising four lobes of
alternating polarity. The sign of the photocurrent response changes
abruptly on crossing the channel centreline, and on either side
alternates with varying V. The patterns suggest that the energies
of Landau levels are higher in the centre than at the edges. This type
of band bending has been observed in all tested devices, and similar
band bending is probably present to some degree in all graphene
devices used in conventional transport experiments.

The butterfly patterns of Fig.3a can be understood by
considering photocurrent generation and collection in graphene
in the QHE regime (Fig. 3¢,d). At our photon energy, local light
absorption excites an electron—hole pair to high-order Landau
levels, followed by rapid relaxation and either recombination or
charge transport. Owing to screening of the electrical fields in
the interior of the channel, the sensitivity of the photocurrent to
the magnetic field (Fig. 1d) implies that carriers generated in the
interior can reach the edges to be extracted to the contacts by edge-
state transport (see Supplementary Information). For the same
carrier type, the currents carried at opposing edges are anti-parallel,
with directions given by the vector product of the B field and the
gradient of the Landau-level edge-state band bending. Carriers that
relax to the partially filled Landau level at the Fermi energy, Eg, can
propagate over long distances through the percolating conducting
network formed by this Landau level in the presence of disorder,
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that is, are extracted symmetrically at both edges and give zero net
contribution to the photocurrent. In contrast, intralevel relaxation
of ‘hot’ electrons (holes) in Landau levels not aligned with Er leads
to transport involving states at the bottom (top) of the disorder-
broadened levels, where localization effects are stronger compared
with the Landau level at Er (ref. 11). The net photocurrent owing
to these carriers is dominated by the edge closest to the point of
illumination. This physical picture is analogous to the microscopy
of photo- and electron-beam-induced current in semiconductor
devices*»**, where the net induced current reflects the transport of
minority carriers. In the present case, both hot electrons and hot
holes simultaneously act as ‘minority’ carriers. The polarity of the
net photocurrent is determined by the type of hot carriers reaching
the edges in larger numbers, which in turn depends on the local
filling factor v controlling the phase space available for relaxation
to Er. Indeed, for a nearly empty Landau level at Ey, the relaxation
of hot electrons to this Landau level must be more efficient than
that of holes, so that the latter prevail in the hot-carrier transport.
Conversely, for a nearly full Landau level at Er hot electrons will
dominate the net photocurrent. For high-order Landau levels, the
transitions between ‘mostly hot-electron’ and ‘mostly hot-hole’
transport should occur roughly at zero- and at half-filling of the
individual Landau levels.

Using this picture of photocurrent generation, we can explain the
observed characteristic butterfly patterns. The schematics of Fig. 4
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Figure 3 | Vs dependence of photocurrent across the device, and photocurrent-generation mechanism. a, Photocurrent as a function of gate voltage
along the arrow shown in Fig. 1a, extracted from 240 individual scans across the graphene channel for Vg from —45V to +45V (B=9T). The dashed blue
and red lines correspond to conductivity minima and maxima in Fig. 1b. The braces indicate the V ranges corresponding to individual Landau levels,
numbered sequentially n=0, 1, &2 and so on. b, Landau levels in graphene. At the edges, the magnetic field bends levels with n > 0 (n < 0) upward
(downward); the degenerate n =0 level splits into two branches. ¢,d, lllustration of photocurrent generation and collection, assuming a partially occupied
n=2 Landau level. The level with n=11is fully occupied except at the edges where it forms a set of edge states. ¢, Light absorption and electron-hole pair
excitation. d, Collection of hot carriers involving initial slow transport across the channel (X direction) and subsequent fast transport through edge states
(Y direction). The arrow thicknesses indicate variations in current owing to carrier relaxation to the Fermi level.

illustrate the spatial photocurrent distribution for two situations
(at different V;): one Landau level close to half-filling in the
interior of the channel (Fig. 4a—n-type Landau level; Fig. 4e—
p-type Landau level); and two Landau levels close to half-filling
(Fig. 4b—n-type Landau levels; Fig. 4f—p-type Landaulevels). This
picture is analogous to the one developed in ref. 26. If, for instance,
the n =2 level forms a compressible, partially filled state spanning
nearly the entire width of the channel, the charge density would
rearrange itself to screen external potentials and disorder, leading to
a non-uniform population of this Landau level across the device''
(Fig. 4a). According to the discussion in the previous paragraph,
electrons dominate the photocurrent when v, > v,% holes prevail
in areas with v, < 1,°, where 1,° corresponds to the filling factor
for which electron and hole hot-carrier currents exactly compensate
each other. This scenario indeed gives rise to a four-lobe pattern
similar to that of Fig. 3a. One can readily generalize to a situation in
which two n-type Landau levels intersect Ey in the interior (Fig. 4b),
and to p-type Landau levels with downward edge band bending
(Fig. 4e,f), all of which will give rise to similar butterfly patterns in
the photocurrent collection. The n=0 Landau level at the neutrality
point is an interesting special case. Here, Fig. 3 shows only two lobes
in the photocurrent signal. In this regime, both the carrier type and
band bending invert as the filling factor changes from v <0 to v > 0;
that is, sweeping Vi through the neutrality point does not alter
the photocurrent polarity (Fig. 4d,h). The net hot-carrier current
is always given by extraction to the nearest edge channel, producing
atwo-lobe pattern around the centreline of the device.

By tracing the evolution of the photocurrent signal with Vg
in Fig. 3a, we can now identify the type of hot carriers giving
rise to the net photocurrent response in every part of the device.
We find that photocurrent maps in Fig. 2a,c corresponding to
conductance minima involve a single Landau level close to half-
filling over most of the device (Fig. 4a,e). Maps at the maxima
show two different Landau levels at E; in the centre and at the
periphery (Fig. 4b,f); the dividing boundaries, traced in the zoomed
experimental maps of Fig. 4c,g, are expected to be incompressible'!,
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that is, form insulating barriers that profoundly affect the
electrostatic landscape and current pathways in the device. In
the conventional QHE, incompressible boundaries isolate counter-
propagating currents in edge states®’, reduce backscattering?’, and
hence give rise to conductance quantization. Similarly, they affect
the magnetoconductance in graphene channels with non-uniform
potential. For n-type Landau levels (Fig. 4a—c), the conductance
in a graphene channel with inhomogeneous charge distribution
not only comprises contributions of edge states, but also includes
the bulk conductance of a Landau level near the periphery (areas
marked h in Fig. 4c), which also couples to the contacts. This bulk
contribution causes the overall conductance to exceed the expected
quantized values. For p-type Landau levels, Fig. 3a shows that the
induced positive charge density is always highest in the centre of
the device. The Landau-level crossing Ep inside the channel does
not form edge states (Fig. 4e—g), but it can suppress backscattering
between edge states at opposite sides of the channel. The reduced
backscattering together with the bulk conductance of this Landau
level (through areas marked e in Fig. 4g) again causes G maxima
higher than the expected quantized conductance values for this
branch of the conductance curve.

The unique geometry of a two-dimensional carrier gas confined
close to the surface makes graphene particularly suitable for
scanning probe experiments. The advantage of the presented
photocurrent-based approach is the capability to map not only the
charge density, which could be determined by other scanning probe
methods, but also the carrier propagation in graphene in the QHE
regime. On the basis of the analysis of the photocurrent-collection
mechanism in graphene subjected to high magnetic fields, our
initial results demonstrate the formation of counter-propagating
edge states, with direction of propagation determined by the
unique Landau-level spectrum of graphene and the Landau-level
bending at the edges of the channel. Furthermore, we observe
the interplay between bulk and edge-state conduction owing to
inhomogeneously populated Landau levels, a situation commonly
found in graphene devices that gives rise to deviations from exact
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including electrostatics and current pathways in externally biased
devices and the effects of local disorder and contact-induced band
bending. Finally, our method could be used to probe carrier
transport and the QHE in high-mobility suspended graphene
devices®, giving access to phenomena that cannot be measured by
conventional two-probe magnetotransport experiments.

Methods

Sample preparation. Monolayer graphene flakes for device fabrication were
prepared on degenerately doped Si wafers with 300 nm thermal SiO, using the
‘Scotch-tape technique’ similar to refs 29,30. Electrical contacts to chosen graphene
flakes were defined using electron-beam lithography and deposition of 3 nm Ti and
30 nm Au. The devices were then vacuum-annealed at 120 °C below 107 mbar,
and transferred to the cryostat for phototransport measurements. Thus, prepared
devices typically showed the neutrality point at gate voltages below 10 V.

Photocurrent measurements. Electrical transport and phototransport
experiments were carried out at 4.2K in a *He bath cryostat with a
variable-temperature insert, equipped with a superconducting magnet and

an integrated confocal optical microscope used to project a focused laser beam onto
the graphene channel while measuring the electrical response between the source
and drain electrodes (top and bottom contacts in Fig. 1a) of the device; the side
electrodes shown in Fig. 1a were not in contact with the device channel. Owing to
the low resistance of graphene devices, measurements of photovoltage were more
appropriate than photocurrent for low-level signals. To avoid large signal-level
variations between photovoltage maps, we report photocurrent (PC) data converted
from photovoltage (PV) measurements using PC(V;) =PV(V;) x G(V). We have
also directly measured photocurrent and found similar results. Photovoltage and
photocurrent measurements were carried out using a lock-in amplifier, modulating
the laser intensity at 2 kHz with an optical chopper. The laser wavelength was
650 nm, and the laser power on the sample 160 nW. Four different devices were
measured, showing similar behaviour.
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