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Edge magnetoplasmon transport in gated and ungated quantum Hall systems
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Edge magnetoplasmon (EMP) transport in gated and ungated quantum Hall systems is investigated by time-of-
flight measurements. We measured the velocity, the amplitude, and the broadening of the EMP pulse injected by
applying a voltage pulse to an Ohmic contact. We show that the transverse width of EMPs in the ungated sample
is determined by the potential profile in the edge region, independent of the filling factor. In the gated sample,
on the other hand, EMPs are confined by the innermost incompressible strip and their transverse width depends
on the filling factor and the bulk electron density. We also find that scattering of EMPs by the bulk electrons is
modified by the presence of the gate.
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I. INTRODUCTION

In a quantum Hall (QH) system, the Fermi energy lies
between Landau levels and charged excitations have a gap in
the interior of the two-dimensional electron system (2DES).
Near the physical edge of the sample, the Landau levels move
up by the confining potential and cross the Fermi energy,
leading to compressible edge channels with gapless excitations
separated by incompressible strips.1 Since the chiral current in
the edge channels is immune to back scattering, edge channels
can be exploited as a tool to demonstrate electronic analogs of
quantum optics experiments.2,3 Recently, decoherence4–9 and
energy relaxation10–13 in edge channels have been extensively
investigated. The coherence and energy relaxation length
depends on various parameters including Landau level filling
factor ν, dc bias, interactions between edge channels and with
their environment, and the edge-state velocity.

The structure and charge velocity in edge channels
can be measured through the transport of collective
plasma oscillations called edge magnetoplasmons (EMPs).14

EMPs have been investigated both theoretically14–16 and
experimentally.17–24 Ashoori et al. performed time-of-flight
measurements using an ungated sample with the edge defined
by chemical etching and showed that the velocity of EMPs
increases linearly with the Hall conductance σxy .19 On the
other hand, Zhitenev et al. showed that, in a sample covered
with a gate, the velocity is smaller because of the screening
of the electric field in EMPs and oscillates as a function of
ν.21 The oscillation of the velocity has been explained by the
oscillations of the width of the edge channels. Furthermore,
recently, the velocity control at the fixed filling factor ν = 2
was demonstrated by changing the degree of screening by a
gate.24 These results suggest that the presence of a gate strongly
affects the EMP transport. However, a systematic study of the
gate effects on the EMP transport over a wide range of ν is
still lacking.

In this work, we carried out detailed time-of-flight measure-
ments in samples with and without a front gate processed from
the same wafer. This enables us to evaluate effects of the gate
precisely. We injected EMPs in a pulse form and measured
the velocity, the amplitude, and the broadening of the EMP
pulse. The observed ν dependence of the velocity is consistent
with previous work:19,21 in the ungated sample, the velocity

is proportional to ν, while in the gated sample it oscillates
with ν. This clearly demonstrates that just the presence of the
gate strongly alters EMP properties. An analysis of the results
indicates that, in the ungated sample, the transverse width of
EMPs is determined by the potential profile in the edge region
almost independently of ν. In the gated sample, on the other
hand, EMPs are confined by the innermost incompressible strip
and their width oscillates over 1 order of magnitude with ν. At
fixed ν, the width increases with decreasing bulk 2DES density,
reflecting the density dependence of the potential profile in the
edge region. From the ν dependence of the amplitude and the
broadening of the EMP pulse, we find that scattering of EMPs
by the bulk 2DES is also modified by the gate: EMPs are
hardly scattered in the ungated sample, while the scattering
rate oscillates with ν in the gated sample.

This paper is organized as follows. Section II describes the
sample structure, the experimental setup, and results of the dc
measurement. In Secs. III A and III B, we present results of the
time-of-flight measurement in the ungated and gated samples,
respectively. In Sec. IV, we analyze the data and discuss EMP
properties in both samples. The potential profile in the edge
state is also discussed.

II. EXPERIMENTAL SETUP AND DC MEASUREMENT

We used gated and ungated GaAs/Al0.3Ga0.7As samples.
The 2DES is formed in a 20-nm-wide GaAs quantum well
located d = 160 nm below the surface. The low-temperature
mobility is 2.1 × 106 cm2/V s at an as-grown density of the
2DES n0 = 1.2 × 1011 cm−2. A schematic view of the sample
structure and experimental setup is shown in the inset of Fig. 1.
In the ungated sample, the sample edge is defined by chemical
etching. In the gated sample, a Ti/Au (20/180 nm) front gate
was deposited between the source S and drain D1 contacts
after the chemical etching. The thickness of the gate metal is
comparable to the etching depth and thus the side of the mesa
is also covered with the metal. A quantum point contact (QPC)
was fabricated close to the D1 contact. For the time-of-flight
measurement, the QPC is set close to the pinch-off condition
by applying a negative bias to the split gates. EMPs are injected
by applying a square voltage pulse to the S contact; the width
of the pulse is 5 ns and the amplitude is set at 5 mV within
the linear conductance regime.22,25 To detect EMPs, another
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FIG. 1. (Color online) Results of the dc measurement for the
ungated sample. A constant bias of 1.0 mV is applied to the S contact
and the current through the D1 contact is plotted as a function of B.
The split gate bias is set at 0 V. For the solid and dotted traces, B is
applied from the front and back of the sample, respectively. Vertical
dotted lines represent B for integer filling factors. The inset shows a
schematic illustration (not to scale) of the sample structure and the
experimental setup for the time-of-flight measurement.

voltage pulse with 1 ns in width and 100 mV in amplitude is
superimposed on the dc bias for one of the split gates, by which
the conductance of the QPC is temporally controlled. If the
EMPs arrive at the QPC while it is open, they are transmitted
through the QPC and detected as a current through the D1
contact; otherwise, they are reflected by the split gates and
collected by the other drain contact D2. By controlling the
time interval t between the injection and detection pulses, a
profile of the EMP pulse is obtained.24 The typical rise time
of the pulses is 20 ps at the output of the pulse generator
and is degraded to 50 ps at the sample; in the sample, the
rise time is further degraded by various mechanisms including
high Ohmic resistance and nonlinear dispersion of EMPs. The
repetition time is 60 ns. All measurements were performed
at 1.5 K.

The chirality of the edge current is examined by a three-
terminal dc measurement. Figure 1 shows the current through
the D1 contact in the ungated sample as a function of the
magnetic field B. A constant bias of 1 mV is applied to the S
contact. When B is applied from the front of the sample, the
chirality is counterclockwise and the current takes peaks in the
QH effect regime. On the other hand, when B is in the opposite
direction, the chirality is clockwise and the current takes
minima in the QH effect regime. Similar B dependence of the
current was observed in the gated sample. For the time-of-flight
measurements, the chirality is fixed to be counterclockwise,
so that EMPs injected from the S contact propagate along the
lower boundary to the QPC. In the ungated sample, the length
of the edge channel between the S contact and the QPC is
1625 μm. In the gated sample, the lengths in the regions with
and without the front gate are 480 and 937 μm, respectively.

III. RESULTS OF TIME-OF-FLIGHT MEASUREMENT

A. Ungated sample

We first present results for the ungated sample. The
color-scale plot in Fig. 2(a) is obtained by measuring the
current through the D1 contact while sweeping t for each B.
The t independent background is subtracted. Since the exact
pulse delay caused by the cables is unknown, we here define
t = 0 as the time at the onset of the current at B = 0 T; at
B = 0 T the injected electrons propagate as two-dimensional
plasmons, which have a velocity much higher than that of
EMPs (Ref. 14) and thus propagate without detectable delay.
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FIG. 2. (Color online) Results of the time-of-flight measurement
for the ungated sample. (a) Current through the D1 contact is
plotted as a function of the time interval t between the injection
and detection pulses and B. The solid vertical line represents t = 0.
Dashed horizontal lines represent B for the integer filling factors.
(b) Delay time; (c) the peak current and the full width at half maximum
of the EMP pulse as a function of B.
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In the magnetic field, EMPs appear as the current pulse with
a time delay. Note that we observed only a single EMP
mode; acoustic EMP modes with nodes in the electron density
in the transverse direction15,26 would be damped during the
long-distance (1625 μm) propagation.

In Figs. 2(b) and 2(c), the delay time, the peak current,
and the full width at half maximum of the EMP pulse are
plotted as a function of B. The delay time increases almost
linearly with B, consistent with previous work using ungated
samples.19,26 The peak current decreases with steps at integer
ν. Note that the absolute value of the peak current has little
meaning because it is changed by the condition of the QPC
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FIG. 3. (Color online) Results of the time-of-flight measurement
for the gated sample for Vf = 0 V. (a) Current through the D1 contact
is plotted as a function of t and B. (b) Delay time; (c) the peak
current and the full width at half maximum of the EMP pulse as a
function of B.

detection. The width of the EMP pulse is as small as that of
the injection pulse (5 ns) over the whole experimental range.

B. Gated sample

Figure 3 presents results for the gated sample. The front
gate bias is fixed at Vf = 0 V. The density in the gated region
is n0 = 1.08 × 1011 cm−2. The data clearly demonstrate that
the transport properties of EMPs are strongly altered by the
presence of the front gate. The delay time generally increases
with B and asymmetric oscillations with maxima at integer
ν are superimposed on the trend [Fig. 3(b)], consistent with
previous work using gated samples.21,23 Furthermore, the peak
current and the width of the EMP pulse also oscillate as a
function of B [Fig. 3(c)]. For B � 0.5 T, the pulse is slightly
broader than that in the ungated sample because of the presence
of the parallel capacitance between EMPs or two-dimensional
plasmons and the front gate. As B is increased across B for
an integer ν, the EMP pulse becomes low and broad abruptly.
In particular, for 3.4 > B > 2.4 T and B > 4.7 T, the pulse
width is larger than the repetition time (60 ns) and the current
peak was not observed. Note that the B dependence of the
peak current is similar to that of the dc current (Fig. 1).

IV. ANALYSES AND DISCUSSION

In Fig. 4(a), the velocity of EMPs calculated from the delay
time and the length of the edge channels is plotted as a function
of ν; to obtain the velocity in the gated region, the contribution
of the ungated region in the gated sample is subtracted by
using the velocity in the ungated sample. The plot includes
the velocity in the gated region for lower electron densities
n0 = 0.89 and 0.7 × 1011 cm−2 obtained by applying negative
biases Vf = −0.05 and −0.1 V, respectively. In the ungated
region, the velocity is on the order of 1000 km/s and increases
linearly with ν. In the gated region, the velocity is about 1
order of magnitude smaller and oscillates with ν. At fixed ν,
the velocity decreases with decreasing n0.

A. Ungated sample

The velocity of EMPs has been theoretically investigated.
In the ungated 2DES with the density profile,

n(x) = 2n0

π
arctan

√
x

a
, x � 0, (1)

where x is the transverse coordinate, the velocity at a wave
number k is given by14,15

v = dω(k)

dk
= [ln(e−γ /2ka) − 1]σxy

ε
, (2)

where γ is the Euler constant, and ε is the dielectric constant.
In this model, EMPs are localized within a strip of width a,
where dn/dx is large. The observed linear ν dependence of the
velocity (Fig. 4) can be explained by the ν dependence of σxy .
As shown in the inset of Fig. 4(a), the experimental result is
well reproduced by the fitting with ka = 8.1 × 10−3 ± 0.4 ×
10−3; for the fitting, we used the linear relation σxy = νe2/h

because plateaux in σxy are small at 1.5 K. Although k is not
unique in the square pulse, if we assume the wave length to
be the length of the edge (1625 μm), a is estimated to be
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FIG. 4. (Color online) (a) Log-scale plot of the velocity of EMPs
in the ungated (solid symbols) and gated (open symbols) regions as a
function of ν. Inset shows the linear-scale plot of the velocity in the
ungated region. The line is the result of the fitting. (b) Illustration of
the density profile n(x) in the edge state and the transverse extent of
EMPs in the ungated and gated regions represented by arrows for the
bulk filling factors ν = 2.5 and 2.

∼2 μm.27 This value is consistent with a typical width of
the edge region.28 The result that a is constant indicates that
detailed edge structure does not lead to a large modification
of EMPs. Although the EMP mode density should be zero
in incompressible strips, where charged excitation has a gap,
EMPs can extend across incompressible strips through long-
range interactions16 and a is simply determined by the potential
profile at zero magnetic field as illustrated in Fig. 4(b).

The step-like behavior of the peak current and the sharp
EMP pulse [Fig. 2(c)] indicate that EMPs are hardly scattered
during the 1625 μm propagation. This is consistent with a
photovoltage measurement29 for higher temperature (>4.2 K)
and lower field (<2 T) range, which shows that the mean
free path of EMPs is longer than 900 μm around 4.2 K.
However, this is not trivial because the dc current in the
same sample oscillates with ν (Fig. 1). In the dc transport,
a scanning force microscopy28 showed that the current is
confined in edge channels when the incompressible strip
separating edge channels and the bulk 2DES is wide, while
the current is scattered and spreads to the whole bulk when
the incompressible strip is narrow. Accordingly, the dc current
oscillates with ν, reflecting the width of the incompressible
strip and the longitudinal conductance of the bulk 2DES. The
change in the current distribution with the edge structure has
been explained by a calculation for a stationary nonequilibrium

situation, in which local equilibrium was assumed.30 We
suggest that the difference between the EMP and dc transport
comes from the short duration of the EMP pulse, which
corresponds to the sum of the time width of the injection pulse
(5 ns) and the traveling time of EMPs (<3 ns): for the EMP
transport, the duration is shorter than the scattering time, where
the local equilibrium condition is not satisfied, and then EMPs
can arrive at the detection QPC without scattering. It is worth
noting that, since EMPs spread across incompressible strips
[Fig. 4(b)], scattering mechanism for electrons in dc transport
and high-frequency EMPs would be different. For further
understanding of the scattering mechanism, experiments in
a sample with longer edge and thus longer traveling time are
necessary.

B. Gated sample

In the gated 2DES, long-range interactions across incom-
pressible strips are screened and EMPs are confined by an
incompressible strip when the distance d between the gate and
the 2DES is smaller than the width of the incompressible strip.
According to Refs. 21 and 31, d = 160 nm in our sample is
larger than the width of outer incompressible strips, while can
be smaller than that of the innermost incompressible strip. As
a result, EMPs are expected to be confined by the innermost
incompressible strip and then transverse width of EMPs in the
gated sample w becomes qualitatively different from that in the
ungated sample a. The gate also screens the in-plane electric
field in EMPs, by which the velocity of EMPs is reduced. For
d � w, the degree of the screening is evaluated by d/w and
the velocity is given by16,22

v = σxyd

εw
. (3)

The observed smaller velocity in the gated region is due
to the screening of EMPs. For the ν dependence of the
velocity, σxy only explains its increasing tendency; therefore,
the oscillations of the velocity are ascribed to the ν dependence
of w. In addition, the change in the velocity with n0 at fixed ν

indicates that w depends also on n0.
In Fig. 5(a), w calculated by using Eq. (3) with σxy of

the innermost incompressible strip is plotted as a function of
ν. w oscillates between ∼0.3 and ∼3 μm and takes maxima
at integer ν. The oscillations of w as a function of ν have
been explained by the oscillations of the position of the
incompressible strip.21 To explain the scenario, we start from
the case of ν = 2.5, where the filling factor of the innermost
incompressible strip is νin = 2 [Fig. 4(b)]. As the bulk filling
factor is decreased to ν = 2, the νin = 2 incompressible strip
moves toward the interior of the 2DES and, hence, w increases.
As ν is decreased below 2, the νin = 2 incompressible strip
vanishes and then the νin = 1 incompressible strip becomes
the boundary between the edge and the bulk, resulting in an
abrupt decrease in w. The same argument applies for larger ν,
reproducing the asymmetric oscillations of w with respect to
integer ν.

The oscillation of the EMP velocity and of the position
of the incompressible strip contributes to the oscillations of
the peak current and the width of the EMP pulse [Fig. 3(c)].
As an example, we consider the behavior for 4 > ν � 2. For
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FIG. 5. (Color online) (a) Transverse width of EMPs in the gated
region calculated by using Eq. (2) as a function of ν. Inset shows an
illustration of the density profile in the edge region for the bulk filling
factor ν = 2.5. (b) Electron density of the innermost incompressible
strip n = n0νin/ν is plotted as a function of w for the three values
of n0. Circles, triangles, and squares are the results obtained when
the innermost incompressible strip is νin = 1, 2, and 4, respectively.
Lines are results of the fitting. The inset shows the normalized density
n/n0 as a function of w.

ν slightly smaller than 4, the ν = 2 incompressible strip is
close to the mesa edge, at which the edge potential is steep
and the incompressible strip is narrow. In this case, EMPs
are easily scattered by the bulk 2DES as discussed for the dc
transport28,30 and the EMP pulse becomes broad and small.
As ν is decreased to ∼3, the incompressible strip moves away
from the mesa edge and thus becomes wide, leading to the
sharp EMP pulse with large amplitude. On further decreasing
ν to 2, although the incompressible strip continues to be wider,
the traveling time of EMPs increases and the damping of
the EMP pulse during the travel slightly increases. Note that
also at the boundary between the gated and ungated regions,

where EMP properties changes discontinuously, EMPs would
be scattered.

The n0 dependence of w can be explained by the change
in the edge potential. Since we know the density n = n0νin/ν

of the innermost incompressible strip at a position w [inset of
Fig. 5(a)], the density profile in the edge potential is obtained
by compiling the dataset (w,n).23 Figure 5(b) shows n as a
function of w for the three values of n0. Data for the filling
factor range with the innermost incompressible strip νin = 1,
2, and 4 are plotted in different symbols. They follow a
single curve, indicating that the position of the incompressible
strip is determined by the electrostatic force and that the
many-body physics in the edge state does not affect w, at
least within our experimental resolution. Note that, for n0 =
1.08 × 1011 cm−2, the data for νin = 2 and 4 deviate from the
curve when w is small, which is probably due to the appearance
of weak ν = 3 and 5 QH states. The normalized density n/n0

as a function of w is plotted in the inset of Fig. 5(b). The
plot shows that the slope of the edge potential is gentler
for smaller n0. The density profiles are phenomenologically
reproduced by the form n(w) = n0[w/(w + 2l)]1/2 with the
depletion length l = 0.17, 0.33, and 0.55 μm for n0 = 1.08,
0.89, and 0.7 ×1011 cm−2, respectively. It should be noted
that since the theory1,32 for the fitting function is based on
the model for a gate defined edge without a gate on top of
the 2DES, which is different from our experimental condition,
the quantitative value of l obtained by the fitting has little
meaning. Nevertheless, the qualitative change in l provides an
intuitive interpretation for the n0 dependence of w. Namely,
the increase in l with decreasing n0 implies that, as n0 is
decreased, the overall edge state moves into the interior of
the sample, where the potential slope is gentle, leading to
larger w.

V. CONCLUSIONS

In conclusion, we carried out systematic time-of-flight
measurements of edge magnetoplasmons in ungated and gated
samples. In the ungated sample, the transverse width of EMPs
is determined by the profile of the edge potential, independent
of ν. EMPs are hardly scattered by the bulk 2DES during the
1625 μm propagation. In the gated sample, on the other hand,
EMPs are confined by the innermost incompressible strip. The
width oscillates as a function of ν, following the oscillation of
the position of the incompressible strip. The scattering rate of
EMPs also oscillates, reflecting the velocity of EMPs and the
width of the incompressible strip. These results demonstrate
that the presence of the gate strongly modifies the transport
properties in QH edge channels. We also showed that the edge
potential becomes gentler as the electron density in the bulk
2DES decreases. This explains the density dependence of the
width of EMPs.
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