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Time-Resolved Measurements of Transport in Edge Channels
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In the quantum Hall regime the inAuence of edge channels on the evolution of the current through
the device has been analyzed by time-resolved transport measurements. The observed nonlinear
dependence of the time-resolved current on applied voltage is qualitatively in agreement with the
model describing edge channels as compressible strips separated by incompressible regions.

PACS numbers: 72.30.+q, 72.20.—i, 73.40.—c

The importance of the physical boundaries of the sam-
ple for the properties of a two-dimensional electron gas
(2DEG) in the quantum Hall effect (@HE) regime was
predicted long ago [1,2]. The confining potential depletes
the 2DEG near the edges and leads to the formation of
so-called edge channels (EC). But only recently it be-
came clear that these EC are relatively weakly coupled
with each other and with the rest of the 2DEG in the
bulk. Namely, this weak coupling allows the introduc-
tion of the physical concept of the EC and in many cases
these small regions are responsible for the properties of
the whole system [3]. But the electronic structure near
the edge is not yet clear. In a simple one-electron picture
the EC are lines along the boundary where correspond-
ing Landau levels intersect with the Fermi level. Their
widths are of the order of the magnetic length l, and the
small coupling is due to the spatial separation and the
small overlap of the wave functions belonging to different
EC. In more realistic models [4—6], which take into ac-
count a reasonable description of the confining potential
and the electron-electron interaction, phase separation
into strips with different filling factors arises. Strips with
integer filling factors are incompressible and can provide
the necessary weak coupling. Experimental evidence is,
however, scarce.

In this work we present the first distinct manifestation
of the weak coupling between EC in time-resolved mea-
surements. At high frequencies or at short time scales
specific plasma modes in the 2DEG associated with the
edge of the sample-edge magnetoplasmons (EMP) [7,8]
can be excited. Since the charge is pushed dynamically
to the boundary, the EMP should be sensitive to the edge
structure. Nevertheless, under usual experimental condi-
tions the relation between charge and potential remains
strongly nonlocal and precise determination of the mi-

croscopic parameters is rather difIicult and controversial
[9—12]. We partly suppress this nonlocality by a closely
placed metal gate, which screens long-range Coulomb in-
teraction and improves the sensitivity to the electron po-
tential, namely, near the edge.

Unlike previous dynamical investigations, which stud-
ied single EMP modes in frequency [9—ll] or in time [12]
domain, we investigate time-resolved current propaga-
tion through the sample after the application of a voltage
pulse. The appearance of the Hall voltage in the 2DEG

after applying a voltage pulse UsD can be described as
the movement of a wave packet of the EMP [13]. Since we
worked under conditions where a nonequilibrium popula-
tion between different EC is possible for the whole path
from source to drain [3], we have been able to observe
the appearance of a new process at short time scales,
This process is connected with the restriction of the wave
packet to a strip near the edge due to both the decou-
pling of the EC from the 2DEG plane and of different EC
from each other. The observed strong nonlinearity of the
time-dependent current in the applied source-drain volt-
age USD can be explained by threshold scattering of elec-
trons from the EC. The general features of this process
are in qualitative agreement with the model of Chklovskii
et al. [5], describing the electrostatics of the EC by com-
pressible and incompressible stripes.

For the measurements, standard Hall-bar geome-
tries were used, made from an Al Gai ~As/GaAs het-
erostructure with a carrier concentration n, = 1.9 x 10
m 2 and a mobility p = 70 m2/V s. The geometry of the
Hall bar with three metallic gates on the top is shown in
the inset of Fig. 1(a). The distance between the 2DEG
and the gates is d = 120 nm. The length I under the
gates is 0.84 mm along one edge. The narrow gates can
be used as capacitive probes. The available temperature
ranges were 1.3—4.2 K in a standard cryostat with mag-
netic fields up to 12 T and 25 mK —1.5 K in a dilution
refrigerator with magnetic fields up to 16 T. For all of
the measurements shown the magnetic field was perpen-
dicular to the 2DEG and the direction was such that the
wave packet propagates directly from contact 2 to con-
tact 3.

For the time-resolved measurements a long voltage
pulse with a sharp front of less than 1 ns was applied
to contact 2 relative to ground, with contact 3 grounded
through a 50 0 resistor. The time dependence of the volt-
age across the 50 0 resistor was measured with a broad-
band preamplifier and a sampling oscilloscope. This mea-
sured voltage is proportional to the current through the
sample. The rising time of this scheme was restricted by
the equipment to 2.5 ns (in the dilution refrigerator the
rising time was 5 ns due to nonperfect cables). By ap-
plying a negative gate voltage it was possible to suppress
the current through the sample and to determine the di-
rect cross talk between input and output. This spurious

2292 003 1-9007/9 3/7 1 (14)/2292 (4)$06.00
1993 The American Physical Society



VOLUME 71, NUMBER 14 PHYSICAL REVIEW LETTERS 4 OCTOBER 1993

1.0

O. B

0.6

0.4

a)
v=4. 4

I.B
2.5
4.2

+0

UsD

0.2

0.0 a) b) c)

1.0

0.8

50
I

100
t (&)s)

v = 2.65 'f' = 1 . ;3K

I

150
I

200

I

t~sn (rriV)

FIG. 2. Schematic picture of the development in time of
the electrostatic potential in the sample after application of a
voltage Uso. (a) Part of the potential (up to Utq) moves with
a fast velocity vo in a narrow strip; (b) the rest of the potential
moves slower (with vi) in a wider region; (c) on a iong time
scale the Hall voltage develops over the whole sample.
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FIG. 1. Current through the sample as a function of time
after a voltage pulse UsD has been applied to contact 2 of
the geometry shown in the inset. (a) Experimental traces for
different temperatures at a filling factor of v = 4.4; (b) 5
traces for different voltages UsD at a filling factor of v = 2.65.
Threshold current I&h is marked by a narrow line.
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si nal was subtracted from the measurements. ~A sma~A ll
capacitive coupling at the end of the cables allowed us to
obtain the exact time of the appearance of the voltage
pulse at contact 2.

In Fig. 1(a) the time dependence of the current through
the sample at a filling factor of 4.4 is shown for different
temperatures. The rise of the current reflects the appear-
ance of the potential at the drain. For T = 4.2 K, this
potential spreads along the edge in a strip with a time-
dependent width t and appears at the drain with a time
constant ti = I/vi (ti = 220 ns), with I the distance
along the edge under the gate (for the ungated region
the velocity of potential propagation is larger by about
a factor of 10). For the condition of a metallic gate close
to the 2DEG the frequency of the EMP was calculated
in [8]:

w = 20. „q7t./e * (d/l)'~ for l )) d, (1)
where q is the wave vector, e is an effective dielectric
constant, o. „ is the Hall conductance, d is the distance
between the 2DEG and the gate, and t is the width of the
charge distribution normal to the edge. Since there is no
exact solution for the wave packet propagation, we imply
below that l is an average characteristic width for the
whole source-drain path and for all wave components in

the packet. For the low-damping regime, where Eq. (1)
is valid, tti is given by vi ——w/q. Here, the width l

(cr»ti/C) ~ (with o.» the longitudinal resistivity and C
the capacitance between the 2DEG and the gate) arising
from the diffusion in the electric field into the 2DEG
pane

L
lane [13] can be used for a qualitative description. A

stationary distribution of the potential is obtained after
several microseconds (not shown in the figure).

At T = 1.3 K a part of the total potential appears
very rapidly at the drain after a finite delay (zero time
corresponds to the appearance of the pulse at the source).
The time tp, which is determined by the sum of the delay
time and a characteristic rising time of this fast process,
is much less than the time ti. This new process becomes
more distinct by the comparison of traces at different
amplitudes UsD of the applied pulses [Fig. 1(b)]. Below
a critical value Uqh of the voltage (corresponding to a
steady state current Ith), all of the potential reaches drain
at time to (here to = 14 ns). Above U&h a nonlinear
regime starts. Only the potential with a value of Uth
reaches the drain at tp, w'hereas the rest of the potential
above Uth develops on a larger time scale due to the above
mentioned diffusion process (ti = 340 ns). Since the
velocity of the potential wave is roughly determined by
the width of the charged strip, the potential below Uth

apparently moves in a strip with a narrower width Ltp than
t . One can estimate the width tp from the value of the0''

0

velocity by using Eq. (1) (with o» given by the mteger
number of filled EC). For a total filling factor of v=2.5
we obtain tp=1.3 pm calculated in using the delay time.
Above 0th strong scattering of electrons from this lp strip
occurs and the rest of the wave packet propagates with
a diverging width.

Figure 2 shows a rough estimate of the potential which
develops in the 2DEG after switching on a large external
voltage. A part of the potential propagates with velocity
vp in a strip with the width of tp, where lp is a char-
acteristic length connected to the sum of the width of
all EC. The rest of the wave propagates with velocity vp
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since the corresponding charge left the lo strip due to the
scattering between the EC and the bulk states. The lo

process characterized by a steplike increase of the signal
after a time delay to is displayed when the EC are not
completely equilibrated with the 2DEG in the bulk. As
in the case of a nonequilibrated dc transport [3] decou-
pling is suppressed by increasing the temperature or for
large sample size. We observed such decoupling in almost
the whole region of filling factors between 2 and 8 and
just above 1 at a temperature of T = 1.3 K, whereas at
T = 4.2 K decoupling appears only in the filling factor
region between 2 and 3. At a temperature of T = 1.3
K for a sample with an increased length I (by a factor
of 1.9) decoupling was only observed in the filling factor
region between 2 and 3. The final t2 process (on a time
scale of a few ps) is the diffusion of the charge from the
boundary into the 2DEG plane in the electric field. lt
results in the establishment of a stationary distribution
of the potential.

Although at a temperature of T = 1.3 K separation
of the EC did not appear, at lower temperatures we also
observed decoupling between different EC. The time de-
pendence of the current observed at T = 1.3 K showed
additional structures for some filling factors at lower tem-
peratures. In Fig. 3 the time dependence of the current
at a filling factor v=3.3 is shown for different voltages
UsD at a temperature of T = 25 rnK. The negative sig-
nal around t = 0 is artificial and is due to the capacitive
coupling between source and drain [14]. Two steplike
features observable in the current at short time scales
are marked by thin lines. The second step is connected
with the decoupling of all EC from the rest of the 2DEG.
The first step observed already at T = 1.3 K is assumed
to be connected to the decoupling of the innermost EC
from all the other EC. This means that the equilibration
length between the innermost EC and the other EC is
larger than the distance below the gates along the edge.
Without any selective injection, different EC are sepa-

rated here due to the different velocities of the potential
packet in strips of different widths.

In Fig. 4, the dependence of the measured thresh-
old current on the filling factor is plotted. The strong
asymmetry observable around integer filling factors ex-
cludes the possibility of explaining the nonlinearities only
in terms of cr~ and o~&. Therefore, the most striking
feature is the divergence of the threshold current in ap-
proaching integer filling factors from above. In addition,
the sequence of development of these nonlinearities with
lowering the temperature, as mentioned above, approxi-
rnately correlates with the strength of the energy gap in
the bulk.

It is possible to describe qualitatively these essential
features in the framework of the model by Chklovskii et
al. I5]. Different EC are macroscopic regions with nonin-
teger filling factors. They are separated both from each
other and from the plane of the 2DEG by incompress-
ible strips with integer filling factors. The width of each
incompressible strip is roughly proportional to the cor-
responding energy gap and inversely proportional to the
deviation bv from the total filling factor. By increas-
ing the filling factor, a new incompressible strip which
separates the EC from the 2DEG plane appears above
each integer filling factor. This strip is the largest one
among other incompressible strips between different EC
and therefore the decoupling due to this strip should be
displayed first in the experiment with lowering temper-
ature. At a temperature of T = 4.2 K decoupling was
displayed only for filling factors between v=2 and v=3,
where one can expect the widest incompressible strip due
to the largest Landau gap. At a temperature of T = 1.3
K we observed the decoupling due to the strips with even
filling factors (Landau gaps) in the whole range from v=2
to v=8, e.g. , between v=2 and v=4 the incompressible
strip with v=2 causes the observed decoupling, between
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FIG. 3. Current through the sample as a function of time
at a temperature of T = 25 mK. The two steps observed are
marked by narrow lines.
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FIG. 4. Threshold current Iti, as a function of filling factor
for a temperature of T = 25 mK. The open symbols char-
acterize the appearance of two threshold currents. The inset
shows the measured time delay as a function of filling factor.
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v=4 and v=6 the incompressible strip with v=4, etc. An
incompressible strip with an odd filling factor was only
displayed above v=1 at this temperature. In lowering
the temperature no drastic changes occurred in the ob-
served values of threshold current (full symbols in Fig.
4 at T = 25 mK). But above filling factors v=3 and
v=5 new incompressible strips with odd filling factors
are resolved. Since the corresponding spin-splitted en-

ergy gaps are smaller than the Landau gaps, these strips
are narrower and are only observed at lower tempera-
tures. The measured threshold currents are marked by
open triangles in Fig. 4. So above odd filling factors the
low-threshold step (full symbols) corresponds to the de-

coupling between the Landau energy separated EC and
the higher-threshold step (open symbols) corresponds to
the EC separated from the bulk by the spin-splitted en-

ergy gap. The microscopic mechanism of the breakdown
is, however, not yet clear.

The inset of Fig. 4 shows the dependence of the delay
time on filling factor. At a temperature of T = 25 mK
and for filling factors larger than v=2, the delay time is
dominated by the fast lo process and therefore the mea-
sured times are close to our resolution limit. Below a
filling factor of v=2 the delay time increases due to the
absence of the lo process. The minimum close to a filling
factor of v=1 displays the reappearance of the lq process
caused by the opening of an exchange enhanced spin gap
in the plane. Around v=2/3 a dip in the dependence of
the delay time arises but there is no distinct separation
of the lo process.

In summary, we have demonstrated a new way to study
EC by time-resolved transport measurements. The ob-
served nonlinearity on applied voltage is qualitatively in
agreement with the model by Chklovskii et al. [5]. At
low temperatures the decoupling between different EC is
observed. Therefore, this new method allows the study of
individual EC and we are confident that it will also shed
light on the particularly controversial fractional quantum
Hall regime [4,15].
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manuscript.

* Permanent address: Institute of Solid State Physics, Rus-
sian Academy of Science, 142432 Chernogolovka, Moscow
district, Russia.

[1 B.I. Halperin, Phys. Rev. B 25, 2185 (1982).
[2] R.E. Prange and S.M. Girvin, The Quantum Hall Egect

(Springer, New York, 1989).

[141

[15]

As mentioned above, the experimental results are ob-
tained by subtraction of the signal for the total depletion
under the gate from the measured signal to erase as much
parasitic coupling as possible. The suppression of the cur-
rent leads to an additional charging of the region between
contacts 2, 6, and 1 for the case of total depletion. Be-
cause of a small capacitive coupling between source and
drain this charging is displayed as a peak near t = 0. The
height and the width of this peak depend on the velocity
of this charging. The deviations in the first step in Fig. 4
for difFerent traces result from this capacitive coupling.
A.H. MacDonald, Phys. Rev. Lett. 64, 220 (1990); X.G.
Wen, Phys. Rev. B 43, 11 025 (1991).

[3] R. Merz, F. Keilmann, R.J. Haug, and K. Ploog, Phys.
Rev. Lett. 70, 651 (1993); R.J. Haug, Semicond. Sci.
Technol. 8, 131 (1993), and references therein.

[4] C.W.J. Beenakker, Phys. Rev. Lett. 64, 216 (1990); A.M.
Chang, Solid State Commun. 74, 871 (1990).

[5] D.B. Chklovskii, B.I. Shklovskii, and L.I. Glazman, Phys.
Rev. B 46, 4026 (1992).

[6] P.L. McEuen, E.B. Foxrnan, J. Kinaret, U. Meirav, M.A.
Kastner, N.S. Wingreen, and S.J. Wind, Phys. Rev. B 45,
11419 (1992); I.K. Marmorkos and C.W.J. Beenakker,
Phys. Rev. B 46, 15562 (1992); L. Brey, J.J. Palacios,
and C. Tejedor, Phys. Rev. B 47, 13884 (1993).

[7] S.J. Allen, H.L. Stormer, and J.C.M. Hwang, Phys. Rev.
B 28, 4875 (1983); D.B. Mast, A.J. Dahm, and A.L. Fet-
ter, Phys. Rev. Lett. 54, 1706 (1985); D.C. Glattli, E.Y.
Andrei, G. Deville, J. Poitrenaud, and F.I.B. Williams,
Phys. Rev. Lett. 54, 1710 (1985).

[8] V.A. Volkov and S.A. Mikhailov, Zh. Eksp. Teor. Fiz. 94,
217 (1988) [Sov. Phys. JETP 67, 1639 (1988)].

[9] M. Wassermeier, J. Oshinovo, J.P. Kotthaus, A.H. Mac-
Donald, C.T. Foxon, and J.J. Harris, Phys. Rev. B 41,
10 287 (1990).

[10] I. Grodnensky, D. Heitmann, and K. von Klitzing, Phys.
Rev. Lett. 67, 1019 (1991).

[ll] V.I. Talyanskii, A.V. Polisski, D.D. Arnone, M. Pepper,
C.G. Smith, D.A. Ritchie, J.E. Frost, and G.A.C. Jones,
Phys. Rev. B 46, 12427 (1992); N. A.V. Polisskii, V.I.
Talyanskii, N. B. Zhitenev, J. Cole, C.G, Smith, M. Pep-
per, D.A, Ritchie, J.E.F. Frost, and G.A.C. Jones, J.
Phys. Condens. Matter 4, 3955 (1992); V.I. Talyanskii,
I.E. Batov, B.K. Medvedev, J. Kotthaus, M. Wasser-
meier, A. Wixforth, J. Weimann, W. Schlapp, and H.
Nickel, Pis'ma Zh. Eksp. Teor. Fiz. 50, 196 (1989) [JETP
Lett. 50, 221 (1989)].

[12] R.C. Ashoori, H.L. Stormer, L.N. Pfeiffer, K.W. Baldwin,
and K. West, Phys. Rev. B 45, 3894 (1992).

[13] N.B. Zhitenev, Pis'ma Zh. Eksp. Teor. Fiz. 55, 722
(1992) [JETP Lett. 55, 756 (1992)]; V.T. Dolgopolov,
N.B. Zhitenev, P.S. Kop'ev, and V.M. Ustinov, Zh.
Eksp. Teor. Fiz. 70, 2030 (1990) [Sov. Phys. JETP
70, 1147 (1990)]; N.B. Zhitenev, V.T. Dolgopolov, B.K.
Medvedev, and V.G. Mokerov, Phys. Lett. A j.48, 225
(1990).

2295


