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We investigate the group velocity of edge magnetoplasmons �EMPs� in the quantum Hall regime by means
of time-of-flight measurement. The EMPs are injected from an Ohmic contact by applying a voltage pulse, and
detected at a quantum point contact by applying another voltage pulse to its gate. We find that the group
velocity of the EMPs traveling along the edge channel defined by a metallic gate electrode strongly depends on
the voltage applied to the gate. The observed variation of the velocity can be understood to reflect the degree
of screening caused by the metallic gate, which damps the in-plane electric field and, hence, reduces the
velocity. The degree of screening can be controlled by changing the distance between the gate and the edge
channel with the gate voltage.
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I. INTRODUCTION

When a strong magnetic field is applied perpendicular to
the two-dimensional electron gas �2DEG�, electrons propa-
gate in one-dimensional edge channels, which form along the
edge of the sample in the quantum Hall regime.1 Recently,
edge channels have attracted much attention as a coherent
one-dimensional channel without dissipation. For example,
electronic Hanbury Brown-Twiss,2 Mach-Zehnder,3 and
Fabry-Pérot4–6 interferometers have been realized experi-
mentally by employing edge channels together with quantum
point contacts �QPCs� to split and join them. These interfero-
metric experiments allow us to study coherent transport and
quantum statistics of electrons.7–9 On the other hand, a
single-electron source has been realized by tailoring the
time-dependent electrochemical potential of a quantum dot
connected to an edge channel.10 These experiments motivate
the study of electronic quantum channels, which carry quan-
tum states over a long distance extending over the whole
device. For such purposes, the electron velocity is one of the
important characteristics to control the timing of the
transmission.11

When nonequilibrium excess charge is induced in the
edge channel, for example, by applying a voltage pulse or
microwave, the charge propagates along the edge of the
sample in the form of an edge magnetoplasmon �EMP�.
EMPs have been widely investigated both theoretically12–15

and experimentally.16–18 For example, high-frequency mag-
netoconductivity measurements and time-of-flight experi-
ments have shown that the group velocity of the EMPs is
inversely proportional to the magnetic field B.16–18 The re-
ported velocity of the EMPs is 1000�1500 km /s at bulk
filling factor �=2 when the edge channel is formed along a
chemically etched mesa structure.16,17 On the other hand, a
much smaller velocity ��150 km /s at �=2� was observed
when the surface of the structure was covered by a metal.18

Although the difference is believed to be due to image
charge or screening by the surface metal,15 no systematic
study has been carried out in the intermediate region.

In this paper, we investigate the group velocity of EMPs
traveling along the edge channel defined by a semi-infinite

metallic gate. We find that the group velocity strongly de-
pends on the gate voltage �280–430 km/s at �=2�. The ob-
served gate voltage dependence can be qualitatively under-
stood by considering the degree of screening. The
electrically tunable group velocity is attractive for control-
ling the timing of EMP transport.

II. TIME-OF-FLIGHT MEASUREMENT WITH A
QUANTUM POINT CONTACT

In previous measurements of EMPs in the frequency or
time domains, EMPs were detected with relatively large
Ohmic contacts17,18 or gate electrodes.16 Here, we use a QPC
as a local probe of the charge or the associated potential
created by EMPs. This experimental technique was origi-
nally developed for evaluating time-dependent potentials in-
duced by external voltage pulses.19 In this paper, we utilize
this technique to study charge dynamics of EMPs.

Figure 1�a� schematically shows the device structure and
experimental setup. The structure, fabricated on an AlGaAs/
GaAs modulation-doped heterostructure, consists of a QPC
defined by a standard split-gate technique and four additional
metallic gates serving as “delay gates” to tune the path
length �used in Sec. III�. The 2DEG located 110 nm below
the surface has a density of 3.2�1015 m−2 and a low-
temperature mobility of 170 m2 /Vs. The following mea-
surements were performed in a dilution refrigerator at about
50 mK. A constant magnetic field of B=6.5 T was applied to
the 2DEG, which corresponds to a bulk filling factor �=2.

When a voltage pulse, VPS�t�, is applied to the source
Ohmic contact, a pulse of EMPs is generated and then travels
chirally along the edge channel as schematically shown in
Fig. 1�a�. The charge in the form of the EMP pulse occupies
the Landau Levels up to the electrochemical potential ��� , t�,
which depends on the distance ��� along the edge channel
from the source. Figure 2�a� schematically shows the poten-
tial ��� , t� around the QPC for a single Landau level, with
the formation of a compressible strip neglected. If the dis-
persion of the EMP pulse is approximated to be a linear
function with a constant velocity v, the dynamical potential
can be written in the simple form ��� , t�=���t−� /v�. Then,
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the potential arrives at the QPC �at a distance �Q� with a
delay time of �Q /v after the application of the voltage pulse
to the source. Another voltage pulse, VPG�t− td�, is applied to
the lower gate of the QPC in the tunneling regime to probe
the local potential. Here, td is the time interval between the
two voltage pulses, which can be experimentally controlled
with a mechanical delay line and a pulse pattern generator as
shown in Fig. 2�b�. The pulse applied to the QPC changes
the barrier potential of the QPC, U�t�, and hence the conduc-
tance, GQ�t�, by �GQ�t���U�t��VPG�t� for sufficiently
small amplitude of the pulse. In the linear transport regime,
the current through the QPC, i�t�, is proportional to the po-
tential difference ���t�=���Q, t�−�D across the QPC,
where �D is the �time independent� electrochemical potential
of the drain. Instead of measuring i�t� directly, we measured
the average current IDS�td�= �i�t�� as a function of td. Then,
the average current has a form of correlation function,

IDS�td� =
1

e
��GQ�t − td����t�� . �1�

One can evaluate the time-dependent local potential ���t� if
�GQ�t� abruptly changes in a delta-function �GQ�t����t� or

in any known functions. The actual potential waveforms in
the device can be estimated by analyzing IDS�td� for various
pulse widths.19

The IDS�td� curves shown in Fig. 2�c� were obtained by
varying the pulse width �PS of VPS�t� from 0.4 to 3.6 ns while
keeping the pulse width �PG of VPG�t� constant at 0.08 ns
�minimum available pulse width in our setup�. The peak
width in the observed IDS�td� curve increases with pulse
width �PS. Since �GQ�t� effectively changes in a delta func-
tion, the observed IDS�td� curves reflect the time evolution of
the EMP pulse in the device. Here, the time constant of 0.6
ns, which is obtained by fitting with an exponential function
�Fig. 2�c�, solid line� is larger than that measured at zero
magnetic field �0.28 ns�.19 The increased time constant may
be related to the higher Ohmic resistance in the magnetic
field or to the nonlinear dispersion of EMPs, which will be
investigated in the future. In this way, we can evaluate the
time-dependent potential or the charge distribution of the
EMP pulse. In this paper, we focus on the velocity of the
EMPs. The following data were measured at �PS=0.4 ns and
�PG=0.08 ns.

III. EXPERIMENTAL RESULTS

Edge channels can be defined either by chemically etch-
ing the heterostructure or electrostatically depleting the
2DEG under a metallic gate. Edge channels defined by a
metallic gate are useful for electrical switching of the path
length. Here, we use four additional gates �delay gates; typi-
cally �100 �m in length� between the source contact and

FIG. 1. �Color online� �a� Schematic device structure and ex-
perimental setup for time-of-flight measurement. A short voltage
pulse VPS�t� of 1.0 mV in amplitude is applied to the source to
inject a pulse of EMPs. Another voltage pulse VPG�t� of 20 mV in
amplitude is applied to the QPC to probe the local potential. The
time interval between the two voltage pulses is changed by the
mechanical delay line. Four delay gates between the source and the
QPC can be used to add extra path length. �b� A scanning electron
micrograph of the device. The white lines are metallic gates for the
delay gates. The QPC is shown in an enlarged view inside the white
circle. Disabled gates are biased at �+0.2 V to minimize back-
scattering. The complicated gate patterns are designed for another
purpose, but their different perimeters are useful for this work.

FIG. 2. �Color online� �a� Schematic potential diagram of the
EMP pulse and the QPC. If the timing of the voltage pulse applied
to the QPC coincides with the arrival of the EMP pulse at the QPC,
the EMP pulse passes through the QPC �solid line�; otherwise, the
EMP pulse is reflected at the QPC and returns to the source contact
�dashed line�. �b� Schematic pulse patterns of the two voltage
pulses. �c� IDS�td� curves observed at B=6.5 T for various pulse
widths. The solid line is an exponential fit.
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the QPC �Fig. 1�b��, which add extra path length �the perim-
eter�, �L, by depleting electrons underneath with a negative
gate voltage VG �below the pinch-off voltage of �−0.2 V�.
Since these gates are slightly different in perimeter, we can
choose 16 kinds of path lengths by combining them.

The top curve in Fig. 3�a� shows the IDS�td� observed at
B=6.5 T ��=2� when no delay gates are activated �the num-
ber of the active delay gate is 0�. As compared with the
reference data observed at zero magnetic field �Fig. 3�b��, the
curves observed at B=6.5 T �Fig. 3�a�� is significantly de-
layed. When no delay gates are activated, the EMP pulse
injected from the source travels along the chemically etched
edge ��400 �m in length� and the edge defined by a metal-
lic gate �the upper gate of the QPC; �100 �m in length�
until it reaches the QPC detector. The observed delay time of
td�0.5 ns corresponds to the mean group velocity of
�1000 km /s, which is consistent with the previous
reports.16,17

As the number of active delay gates �VG=−1.1 V� and
hence the extra path length �L is increased, the delay of the
EMP pulse increases as shown in Fig. 3�a�. The delay time td
is proportional to �L as shown in Fig. 3�c�. From the slope,
the group velocity of the EMP pulse traveling along the de-
lay gates can be precisely determined to be vg=430 km /s at
VG=−1.1 V. The obtained velocity is smaller than the re-
ported value in the unscreened case16,17 but larger than that
in the high-screening case.18

We find that the velocity strongly depends on the gate
voltage VG. Figure 4�a� shows the variation of IDS�td� ob-
served when only one of the delay gates ��L=205 �m� is
activated at different VG. The peak position indicated by the
arrows shifts with VG. By measuring the �L dependence of td
at various VG, we obtain the velocity as a function of VG as
shown in Fig. 4�b�. As VG is made more negative, the deple-
tion region spreads as illustrated in Fig. 4�c� and, hence, the
edge channel is pushed further away from the metallic gate.
Therefore, the observed variation of vg is considered to re-

flect the degree of screening by the metallic gate.
Here, several points need to be addressed. First, we note

that the path length slightly changes with VG since the dis-
tance between the edge channel and the gate changes with
VG. However, the change �estimated to be a few 100 nm� is
negligibly small as compared with the total path length �a
few 100 �m�. Moreover, the path length increases as VG is
made more negative, which does not account for the earlier
arrival of the EMP pulse. Second, the delay gates have com-
plicated shapes with varying widths �0.1�1 �m� and cor-
ners as shown in Fig. 1�b�. Although this may cause the
screening strength to vary locally, the observed linearity to
�L �Fig. 3�c�� and smooth variation with VG �Fig. 4�b�� en-
sure that this effect is minor. Third, electrostatics shows that,
at the bulk filling factor �=2, the edge of the 2DEG consists
of two wide compressible strips separated by, a much nar-
rower, incompressible strip with local filling factor �=1.20

The data shown in this paper, which were taken at 0	GQ

	e2 /h, should in principle correspond to the charge distri-
bution in the outer compressible strip. However, no qualita-
tive difference was observed when GQ was set at e2 /h
	GQ	2e2 /h to detect the charge distribution in the inner
compressible strip. This suggests that the EMP pulse is
spread over the two compressible strips and its properties
may be well characterized by the edge channel of the lowest
spin-unresolved Landau level.18

FIG. 3. �Color online� �a� and �b� IDS�td� curves observed at �a�
B=6.5 T ��=2� and �b� B=0 T. The origin of the time interval is
chosen at the peak position of the reference data in �b�. Active delay
gates are biased at VG=−1.1 V. These curves are offset for clarity.
�c� Time interval for various extra path length �L with a straight-
line fit.

FIG. 4. �Color online� �a� IDS�td� curves observed for various
VG. These curves are offset for clarity. �b� Group velocity vg as a
function of VG. �c� Schematic cross-section of the heterostructure.
The location of the edge channel is shifted away from the gate as
the 2DEG is depleted.
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IV. DISCUSSIONS

The dispersion relation and the group velocity vg of EMPs
have been investigated theoretically in the long-wavelength
limit for different boundary conditions. In the case of un-
screened 2DEG for the etched edge,14 the velocity vg at wave
number k for the fundamental EMP mode is given by

vg =
n0e

2
�B
ln� e−C

2ka�	 , �2�

where � is the dielectric constant of GaAs and C is the form
factor of the order of 1, which depends on the electron den-
sity profile around the edge channel. The a� is the character-
istic width in which the EMP is mainly confined transversely
to the edge channel. On the other hand, in the case of
screened 2DEG with a surface metal �Fig. 5�a��,15 vg is dras-
tically reduced due to the screening of the in-plane electric
field. When the depth of the 2DEG below the metal, d, is
much smaller than the width of the edge channel, a, vg is
given by

vg =
n0e

�B

d

a
, d � a . �3�

Therefore, for the high-screening case, the velocity vg is re-
duced by a factor of d /a, which represents the degree of
screening.

Figure 5�b� schematically shows how the group velocity
vg depends on the screening represented by the depth d. In
the limit of d�a, vg is reduced in proportion to the degree of
screening �Eq. �3��. In the opposite limit of d
a, the surface
metal doesn’t affect the EMPs and vg is expected to be inde-
pendent of d and approach the value given by Eq. �2�. Al-
though we do not know the analytical expression for d�a,
vg is expected to vary as shown by the dashed line in Fig.
5�b�. Since the surface of our device is partially covered with
metallic gates, our experiment corresponds to the weak-
screening regime �d�a�. Therefore, the velocity vg is sensi-
tive to the geometry of electrostatic boundary condition.

In order to evaluate the spatial profile of the edge chan-
nels in our device, we used the analytical formula given by
Larkin and Davies for an edge channel induced at a depth d
by a semi-infinite metallic gate.21 Fig. 6�a� shows the nor-
malized electron density profiles, n�x� /n0, for various VG at
d=110 nm at zero magnetic field, where n0 is the bulk elec-
tron density and x is the lateral distance from the edge of the
gate. We take for the characteristic width a� the distance
between the onset of finite n�x� and the half maximum,
n�x�=0.5n0,14 and for the depletion length, l, the distance

between the gate edge and the position of the n�x� onset.
They are plotted as a function of VG in Figs. 6�b� and 6�c�.
For sufficiently negative VG�	−0.3 V�, both a� and l in-
crease monotonically with decreasing VG. Here, we can find
two opposite effects on the velocity vg. On one hand, the
width a� is related to the electrostatic edge potential profile
around the edge channel.20 Eqs. �2� and �3� suggest that as a�

increases, the velocity vg reduces. On the other hand, the
depletion length l, which represents the distance between the
edge channel and the metallic gate, can be regarded as the
measure of screening. Analogous to the d dependence of vg
shown in Fig. 5�b�, this implies that vg should increase as l
increases. The observed VG dependence indicates that the
variation in the depletion length l �degree of screening� has a
larger effect on the velocity vg as compared to the change in
the width a� �electrostatic edge potential profile�.

Actually the two effects are intricately related to each
other. The edge geometry �a� and l� is determined by the
electrostatic solution for the given boundary condition.20 Im-
age charges induced in the gates by the EMPs affect the
electrostatic edge geometry. Therefore, the velocity vg is de-
termined self-consistently. Although quantitative discussion
requires further investigation, our results clearly demonstrate
that the group velocity of the EMPs has been controlled elec-
trically by changing the degree of screening.

V. SUMMARY

We have successfully demonstrated voltage-controlled
group velocity of the EMPs in the quantum Hall regime at
the bulk filling factor �=2. The group velocity strongly de-
pends on the degree of screening caused by the metallic gate.
Although we have investigated the group velocity only for
�=2, we expect similar variation of the velocity for other
filling factors.

Our experimental technique will be useful for conducting
electronic interferometric experiments in the pulse mode as
well as for studying electron dynamics in edge channels. For
example, even if one of the �spin-resolved� Landau levels is
selectively excited, charges in an edge channel are strongly

FIG. 5. �Color online� �a� Schematic cross-section of a hetero-
structure covered with a metal. �b� Schematic illustration of the
group velocity depending on the depth.

FIG. 6. �Color online� �a� Normalized electron density profiles
at the distance x from the gate for various VG. The pinch-off voltage
of −0.2 V and the 2DEG depth of 110 nm are used for the calcu-
lation. �b� Characteristic width a� as a function of VG. �c� Depletion
length l as a function of VG. The inset shows a schematic cross-
section around the edge channel.
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affected by adjacent edge channels and the injected charge is
expected to be fractionalized into various edge channels.22

Such intriguing behavior may be clarified by further investi-
gating the local and time-resolved potential measurement de-
veloped in this work.
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