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Acoustic Edge Modes of the Degenerate Two-Dimensional Electron Gas Studie
by Time-Resolved Magnetotransport Measurements
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Edge magnetoplasmons propagating along the smooth boundary of a two-dimensional electron
are studied by time-resolved magnetotransport experiments. The incident pulse splits up into sev
pulses due to modal dispersion. The observed delay times are well described by the prediction
Aleiner and Glazman for the fundamental and acoustic modes [Phys. Rev. Lett.72, 2935 (1994)], if the
quantized Hall conductance is taken into account. [S0031-9007(96)01655-9]

PACS numbers: 73.20.Mf, 73.40.Hm, 73.50.Jt
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Plasma oscillations of a two-dimensional electron
(2DEG) acquire remarkable properties in the presenc
a perpendicular magnetic field [1]. While the excitati
of bulk plasmons requires a frequency equal to or lar
than the cyclotron frequencyvc, the spectrum of edg
excitations remains gapless. The direction of allowek
vectors for these low energy excitations is determined
the confining potential and the direction of the Loren
force acting on the moving carriers. For a givenk vector,
the edge magnetoplasmon (EMP) frequency decre
with increasing magnetic field.

Experimentally, EMPs were discovered as low f
quency eigenmodes of a confined 2DEG realized in a se
conductor heterostructure [2] or on the surface of liq
helium [3,4]. The EMP propagation direction was detec
by phase sensitive measurements of the induced vo
on small electrodes around the perimeter of the 2D
[5]. Time-domain measurements demonstrated the un
rectionality of the EMP motion in the quantum Hall effe
(QHE) and the fractional QHE regime in a more intuiti
way [6]. Using a 2DEG with a screening metallic electro
close by, the propagation of EMP wave packets confine
quantum Hall edge channels was identified in time-dom
measurements [7].

Recently, additional edge modes were observed, w
were characterized by a resonance frequency below the
quency of the conventional EMP mode. An indication
a novel EMP mode was found in the nondegenerate 2D
on the surface of liquid helium [8], which was explain
in terms of oscillations of the boundary. A different set
EMP modes, for which the resonance frequency increa
with increasing magnetic field, was observed for posit
ions in a circular geometry [9]. These modes were id
tified with the edge modes predicted by Nazin and Sh
for a circular sheet of electrons on liquid helium with
smooth boundary [10].

The theoretical description of plasma oscillations in
2DEG starts with a seemingly simple set of element
electrodynamic equations [1,11], which have to be sol
self-consistently, in order to obtain the EMP dispers
relation. Since the electric fields are not restricted to
0031-9007y96y77(20)y4245(4)$10.00
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plane of the 2DEG, the problem is truly three dimension
Analytic solutions could be obtained in a number of lim
ing cases (for a review, see [1]), and it was realized e
that a smooth electron density profile permits additio
(so called acoustic) EMP modes [1,10]. For a 2DEG i
semiconductor heterostructure, the dispersion relation
the fundamental modev0skd and the acoustic modesvjskd
(with j . 0) was calculated recently by Aleiner an
Glazman [12]:

v0skd ­ fnseys2pe0erBdgk lnse2gy2kad j ­ 0

vjskd ­ fnseys2pe0erBdgkyj j ­ 1, 2, . . .
(1)

(ns is the bulk 2D electron density,e0er the effective
dielectric constant of the surrounding medium,g the Euler
constant, anda , 10aB the width of the boundary strip
where the EMP charge is localized, withaB being the Bohr
radius in GaAs.)

In the fundamentalv0 mode, the charge density osc
lates only in the direction parallel to the boundary. T
acousticvj modes are characterized byj additional nodes
in the electron density variation appearing in the perp
dicular direction. In [12], the decay rates were calcula
in addition, and observability conditions for the fund
mental and acoustic modes were established. The d
rates were found to be mode dependent, and increase
increasing mode indexj. Furthermore, the decay rates a
k vector dependent, and largek vectors are necessary fo
the acoustic modes to avoid overdamping.

Here, we report on the observation of acoustic mo
in time-domain measurements. The 2DEG was conta
in a GaAsyAlGaAs heterostructure, i.e., the system
which the EMP dispersion and damping were calculate
[12]. Applying short electrical pulses to our samples,
are able to excite EMPs with sufficiently largek vectors.
Thus, a clear identification of the signals belonging
the fundamental and acoustic EMP modes is poss
We observe that both the propagation velocity and
damping of the transmitted pulses are affected by the Q
Therefore a modification of the existing theory [12]
necessary for a complete description of our data.
© 1996 The American Physical Society 4245
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FIG. 1. (a) Sketch of the sample geometry and measure
setup. (b) Evolution of the signal transmitted through
2DEG with increasing magnetic field between 0 T (bott
curve) and 2 T, in intervals of 0.2 T. All data are taken
1.5 K, the incident pulse having an amplitude of 10 mV an
width of 100 ps. Curves for different magnetic fields are off
by 150 mV each. A splitting of the incident pulse into thre
transmitted pulses (marked by arrows in the transmitted si
measured at 0.6 T) appears due to modal dispersion.

Figure 1(a) schematically shows the measurement s
A strip geometry is etched into a high-mobility GaAy
Al xGa12xAs heterostructure. Ohmic contacts in the fo
of microstriplines with an impedance of50 V are attached
at both ends. A10 mm wide top gate crosses the 2DE
close to one of the contacts. The bottom side of the s
ple is metalized and serves as ground. The 2DEG
a carrier concentration ofns ­ 2.0 3 1015 m22, a low-
temperature mobility ofm ­ 80 m2yV s, and is located
148 nm below the surface. Two samples differing o
in their sizes have been used: sample A, with a lengt
320 mm and a width of80 mm, and sample B, which i
1.5 mm long and390 mm wide. A short voltage puls
with an amplitude of 10 mV and a width of about 100
is applied to one of the contacts. The transmitted sig
is measured with a time resolution of 80 ps using a bro
band preamplifier and a fast sampling oscilloscope.
top gate serves to eliminate direct cross talk between
put and output. First, a measurement is taken with the
gate grounded, then a reference measurement is rec
with a bias set to deplete the 2DEG underneath the g
By subtracting these two time traces, we obtain the
nal transmitted through the 2DEG itself [13]. Additio
ally, the sample input is terminated by a50 V resistance
to avoid reflections caused by impedance mismatch.
measured traces demonstrate that the remaining reflec
are in fact negligible. Details of the pulse generation
detection are given in [14]. All measurements were p
formed in a4He-cryostat atT ­ 1.5 K.
4246
ent
he
m
at
a

et
e
nal

tup.

m

m-
has

ly
of

s
nal
d-
he
in-
top
rded
ate.
ig-
-

he
ions
nd
er-

In Fig. 1(b), the signals transmitted through sample
are shown for magnetic fields between 0 and 2 T, at 1.5
the amplitude of the input pulse beingVin ­ 10 mV. In
the presence of a small magnetic field, the transmit
pulse is affected only by the two-terminal resistance of t
sample: The shape of the input pulse is maintained, a
the decrease in amplitude is a consequence of the h
frequency current being distributed between the incre
ing two-terminal resistance of the sample and the50 V

termination. With increasing magnetic field, an addition
broadening of the transmitted peak is observed, and fin
the peak splits into two separate peaks. Both peaks
comparable in amplitude. As the magnetic field is fu
ther increased, the positions of both peaks shift to la
times, and their amplitudes continue to decrease. By lo
ing more carefully at the data, a third peak can be identifi
which displays a similar magnetic field dependence. T
positions of these peaks are defined by fitting a Gauss
wave form to each of them. They are marked by arro
in the transmitted signal measured at 0.6 T.

In the presence of a magnetic field, the applied vo
age pulse generates EMPs at the injection contact, wh
propagate along the edge of the sample until they reach
detection contact. Classical electrodynamics requires
certain boundary conditions at the injection contact m
be fulfilled at all times. Therefore, the frequencies of t
excited EMPs are determined by the Fourier compone
of the input pulse, and thek vectors are defined by the
EMP dispersion relation. Figure 2 shows the dispers

FIG. 2. Dispersion of the fundamental (solid line), and fir
(dashed line) and second (dash-dotted line) acoustic E
mode atB ­ 1 T, calculated using Eq. (1) withns ­ 2.0 3
1015 m22 and er ­ 5.3. The charge distributions in the
different EMP modes are sketched near the correspond
dispersions. The inset depicts the Fourier transform of the in
pulse from the measurements of sample A. The hatched a
shows the range of accessiblesk, vd values for sample A, and
the cross-hatched area for the wider sample B.
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relations for the three lowest EMP modes atB ­ 1 T, to-
gether with a sketch of the charge density distributions
these modes. Comparing the frequencies in the incid
pulse (see inset of Fig. 2) with the EMP frequencies,
can be seen that applying pulses in the time domain gi
access to largek vectors. However, the width of the injec
tion contact defines an upper boundary for the access
k vectors. The resulting ranges in thesk, vd plane for the
two samples are marked in Fig. 2. Although our freque
cies are in the range up to about0.5 3 1011 s21 (see inset
of Fig. 2) and therefore large in comparison with typic
measurements in the frequency domain [1,5], they are
small compared to the cyclotron energy. Hence, we can
excite bulk magnetoplasmons or high-frequency EMP
which both have frequencies larger thanvc [1,11,15].

The splitting of the incident pulse into several transm
ted pulses originates from modal dispersion in the 2DE
The incident pulse excites EMPs of the fundamental mo
and of the first and second acoustic modes. With incre
ing magnetic field, the group velocitiesyg ­ ≠vjy≠k de-
crease, the transmitted signals arrive with larger dela
and modal dispersion becomes observable. For the qu
titative analysis, we obtain the parameters (amplitude,
lay, and width) of the transmitted pulses by fitting Gaussi
wave forms to the measured signals. The transmission
lay td is then defined with respect to the measured de
at B ­ 0 T. Figure 3(a) shows the transmission delays

FIG. 3. (a) Dependence of the transmission delaytd of the
first (full squares), second (open squares), and third (sta
transmitted pulses on the applied magnetic field for sam
A. Solid lines show the delay times of thej ­ 0, 1, 2 modes
according to the modified Eq. (1) (see text). (b)td of the
first (full circles) and second (open circles) peaks for sam
B together with the theoretical prediction (solid lines).
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the three pulses for sample A. In agreement with Eq.
the transmission delays increase with increasing magn
field. Additionally, plateaus around integer filling facto
appear. We include the observed plateaus in Eq. (1
replacing the classicalnseyB by the quantizedsxy mea-
sured on a reference sample from the same wafer.
modification is in accordance with earlier calculations a
measurements of the fundamental EMP mode [1,6], an
flects the importance of bulk currents which are neces
for the charging of the edge region for the fundame
mode as well as for the acoustic modes. The comp
son between theory and experiment is then straightforw
The dispersion relation for the first acoustic mode [Eq.
with j ­ 1] is used to determine the only adjustable p
rameter, the effective dielectric constanter of the sur-
rounding material. From this fit, we obtainer ­ 5.3. For
the case of a half space filled with GaAs, one expe
er ­ seGaAs 1 1dy2 ø 7. In our experiment, howeve
we confined the 2DEG by etching away the surround
heterostructure. Therefore, the EMP electric field exte
into a space that is less than half-filled with GaAs, wh
results in a smaller value forer .

The dispersion relation for the fundamental mode c
tains an additional logarithmic factor involving thek vec-
tor. In order to compare our experimental data w
Eq. (1), we decompose the input pulse into partial wa
inject them as EMPs, let them propagate, and super
the transmitted EMPs at the detection contact. The ca
lated delays in both samples arising from the fundame
mode and the first and second acoustic modes are sho
Fig. 3 as solid lines, using the same value ofer ­ 5.3 for
all modes. The agreement with the experimental data i
tonishingly good. The comparison between samples A
B gives additional evidence for the correctness of our
terpretation. For sample B, only thej ­ 0, 1 EMP modes
could be identified, and the observed transmission de
indeed scale with the length of the sample. The delay ti
for the fundamental mode are also in reasonable ag
ment with those obtained in [6], where the pulse pro
gation along the 1.7 mm long circumference of a circu
2DEG was studied. In these experiments, acoustic E
might have been excited as well. However, the circu
sample geometry (without absorbing Ohmic contacts)
not allow their identification, because the acoustic E
pulses will arrive at the detection gate after several ro
trips of the fundamental EMP pulse and be obscured
signals from the fundamental EMP pulse. Furthermo
the amplitude of the acoustic modes suffers from stron
damping with respect to the fundamental mode, which a
to the difficulties in their observation during subsequ
round trips of the fundamental mode.

Interestingly, the observed plateaus in the transmis
delays are wider than expected from resistance mea
ments at the same temperature, and the plateau value
deviate slightly. Both deviations show that replacing
classicalsxy by the quantized Hall conductance is not s
ficient in order to account for the differences betwee
4247
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classical (nondegenerate) 2DEG and the highly degen
2DEG in a heterostructure sample. Of course, the ac
electron density profile in our sample might differ fro
the one assumed in Eq. (1), in which case the nume
prefactors change slightly (compare, e.g., results obta
in [15–17]). This uncertainty appearing already in
classical description might account for the deviations
the plateau values, but not for the larger plateau wid
Therefore, the observed deviation could be a hint towa
the influence of the magnetic field dependent electro
structure at the edge [18] on these time-resolved trans
experiments.

The relative amplitude of the observed modes is a m
sure of the relative oscillator strength averaged over
frequencies in the input pulse. In [12] the oscilla
strength for the different modes has been calculated
suming incident plane waves. It was found that the os
lator strength decreases with increasing mode index,
that the logarithmic factorj lnsjkajdj determines the rela
tive values. Thus, largek vectors are favorable for th
observation of acoustic modes. Since the incident e
tric field in our experiment is not a pure plane wave,
results obtained in [12] need to be modified for a qua
tative description. However, the oscillator strength in
experimental setup will decrease drastically fork vectors
larger thanp divided by the width of the injection conta
w, which leads tokmax ­ 4 3 104 m21 for sample A and
kmax ­ 0.8 3 104 m21 for sample B. In Fig. 2, the situ
ation is depicted forB ­ 1 T. For sample A, we find tha
thej ­ 2 mode and all higher modes suffer from thek vec-
tor restriction, while for sample B, already thej ­ 1 mode
is subject to a reduced range of frequencies that co
to this mode. And indeed, we find experimentally that
j ­ 2 mode has a much smaller amplitude compare
the j ­ 0, 1 modes for sample A, and that for sample
the oscillator strength of thej ­ 1 mode is already sig
nificantly smaller than for thej ­ 0 mode.

Although the dispersion relations for the fundamen
and acoustic modes in the modified Eq. (1) account v
well for the observed transmission delays, some smal
systematic deviations arise between our measurement
the formulas given in [12] concerning the damping of th
modes. According to [12], the characteristic length
the charge spreadinglv ­ e2nsy4pere0mvv2

c t has to
be smaller than the characteristic length scaleays j 1 1d
for the charge distribution in thejth mode. Assuming th
width of the charged strip at the boundary to bea , 10aB
[12], and using the average frequencyv ­ 3 3 1010 s21

in our input signals and the measured transport sca
ing timettr ­ 30 ps, we expect to observe acoustic EM
modes only for magnetic fieldsB . 2 T. In Fig. 1(b),
however, pulse splitting due to modal dispersion app
already at smaller magnetic fieldsB ø 0.6 T. Further-
more, the damping calculated in [12] is significantly larg
than observed in our experiments. We attribute these
viations to the differences between a classical 2DEG
which the theory in [12] is valid and the degenerate 2D
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in our samples. It is well known that the boundary r
gion in the QHE regime is divided into alternating strip
of compressible and incompressible electron liquids [1
While the corresponding changes in the electron den
profile are expected to affect the dispersion relations s
nificantly for modesj .

p
ayaB, the damping rate should

be reduced in all modes, as the dissipation is suppres
within the incompressible regions [12].

In conclusion, we have presented time-resolved mag
totransport experiments in a 2DEG, where we observ
a splitting of the incident pulse due to modal dispersio
From the magnetic field dependence of the propagation
lays, we identified the observed modes as the fundamen
and first and second acoustic EMP modes, for which
dispersion relations were recently calculated [12].
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