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Long time relaxation phenomena of a two-dimensional electron system within integer quantum
Hall plateau regimes after magnetic field sweeps
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~Received 24 February 2003; published 24 February 2004!

For investigating a two-dimensional electron system~2DES! in high magnetic fields and at temperatures
below 0.1 K a single electron transistor~SET! is directly fabricated on top of a GaAs/AlGaAs heterostructure
containing the 2DES underneath the surface. By using the SET as a highly sensitive electrostatic potential
probe, the variation of the local electrostatic potential in the 2DES under the SET can be observed. Sweeping
the magnetic field over a Hall plateau regime, a characteristic hysteresislike dependence of the local electro-
static potential between up and down sweep is observed indicating a nonequilibrium state for the 2DES.
Stopping the magnetic field in a Hall plateau regime, the relaxation of the nonequilibrium potential distribution
within the 2DES into the thermodynamic equilibrium at very low temperatures can elapse over several hours.
The hysteresis effect is interpreted as the fingerprints of eddy currents which are driven by induced electro-
chemical potential gradients across the incompressible regions of the 2DES.

DOI: 10.1103/PhysRevB.69.085319 PACS number~s!: 73.23.Hk, 72.15.Qm, 73.43.Jn, 73.21.La
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I. INTRODUCTION

Since the discovery of the integer quantum Hall effe
~IQHE!,1 there has been no microscopic picture to descr
the phenomenon entirely. In textbooks, the so-called e
channel model2,3 for two-dimensional electron system
~2DES! of finite width combined with the Landauer-Bu¨ttiker
formalism is frequently used for explaining the quantizati
of the Hall resistance.3,4 However, it was always pointed
out5,6 that the externally biased current might flow throu
the bulk of the 2DES, supported for instance by experime
inductively probing respective samples.7,8 According to ad-
vanced theoretical calculations9–11 the depletion region of a
2DES in high magnetic fields is more complex: From t
edge to the bulk of the system an alternating sequenc
compressible and incompressible strips is formed—wh
show metal-like and insulatorlike screening properties,
spectively. Recent scanning force microscope investigat
of IQHE samples have demonstrated12–14 the importance of
the innermost incompressible strip along the edges for
Hall potential distribution and therefore for the paths t
biased current takes through the 2DES. Moreover, these
periments have shown14 that not only along mesa edges com
pressible and incompressible strips exist but also along
borderlines to alloyed ohmic contacts with the conseque
that the biased current does not pass potential probing
tacts. In a Hall plateau regime, the bulk is main
incompressible—with embedded compressible regions
to inhomogeneities on the length scale of several hund
nanometers—and is electrically decoupled from the edge
subsequent work we have investigated the time evolution
the local electrostatic potential of the bulk of a 2DES with
the integer quantum Hall regime~IQHR! during and after
magnetic field sweeps.
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II. MOTIVATION

Under thermodynamic equilibrium the electrochemic
potential melch, described within a Thomas-Fermi approx
mation by the sum of the local chemical potentialmch(rW,B)
and the local electrostatic energy2efel(rW ), is constant
within the whole 2DES. In the magnetic field range betwe
two Hall plateaus the 2DES behaves metal-like in the b
and a changedmch of the local chemical potential due to
sweepdB of the magnetic fieldB applied perpendicularly to
the 2DES is immediately adjusted by an adequate varia
of the local electrostatic potentialdfel5dmch/e because the
electrons of the compressible 2DES can be easily redis
uted between the 2DES and a contact of fixed electroche
cal potential at the boundary of the 2DES. However, with
the Hall plateau regime, where the bulk of the 2DES beha
mostly incompressible, the relaxation of the local elect
static potential takes much longer than in the case of a c
pressible 2DES since the longitudinal conductivity of t
bulk gets too small to establish immediately thermodynam
equilibrium in the whole 2DES. That way, a nonequilibriu
state is induced within the quantum Hall regime and it w
take some time for the 2DES to equilibrate after the m
netic field sweep.

Moreover, the 2DES is supposed to react on the tim
dependent magnetic field change by inducing a curr
which tries to compensate for the variation of the magne
field. These so-called eddy currents could already be exp
mentally observed around integer filling factors as lar
spikelike signals either in the magnetic moment of the 2D
~Refs. 15,16! measured on Hall bars or as a voltage sig
between the inner and outer contact of Corbino devices.17,18

The latter experiments were inspired by Laughlin’s gedan
experiment19 and interpreted as a charge transfer betwe
inner and outer contact due to the magnetic flux change p
etrating the circular Corbino device. After the magnetic fie
©2004 The American Physical Society19-1
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sweep has stopped at a certain value in a Hall plateau
induced eddy currents fade away due to dissipation15 and the
2DES relaxes into thermodynamic equilibrium which is a
sociated with a continuous change of the local electrost
potential.

For investigating this nonequilibrium state and the sub
quent relaxation of the bulk of the 2DES within the Ha
plateau regime a metal single-electron transistor~SET! is
used in this work as a highly sensitive stationary poten
probe to measure the local electrostatic potential variatio
the 2DES as a function of time and the applied magn
field. This skillful setup20–22allows the direct observation o
the dynamics of the nonequilibrium state of a 2DES un
quantum Hall condition.

III. EXPERIMENTAL SETUP

The sample used in this experiment is based on
GaAs/Al0.33Ga0.67As heterostructure. The 2DES is located
the GaAs/AlGaAs heterojunction 97 nm below the surfa
and has a sheet electron concentration ofns

bulk5(2.05
60.05)31011 cm22 with an electron mobility ofms5(1.28
60.04)3106 cm2/Vs at a temperature ofT54.2 K. In the
first step, a standard Hallbar mesa is etched and ohmic
tacts are alloyed to the 2DES. In a second step, a metal
is fabricated on top of the Hallbar mesa by using a shad
evaporation technique23 with aluminum.

Figure 1~a! shows a scanning-electron-microscope~SEM!
image of the SET on the sample surface. The SET island
a size of 0.9m m30.1 mm and is connected by tunnel junc
tions of about 0.1mm3 0.1mm size to aluminum source an
drain contacts. The Coulomb energye2/2CS which is re-
quired for charging an additional electron to the SET isla
is measured to be 0.05 meV, whereCS is the total capaci-
tance of the island. Since the SET is situated directly on
heterostructure@Fig. 1~c!# the 2DES below the surfac
couples capacitively to the SET and acts as a gate elect
for the SET island. With changing the externally appli
voltageV2DES between SET and 2DES a sequence of c
ductance peaks in the transport through the SET is obse
with a period DV2DES

p of about 1 mV—the so-called
Coulomb-blockade oscillations ~CBO’s!.24 Since the
Coulomb-blockade characteristic of the SET is highly sen
tive to electrostatic potential changes in the vicinity of t
SET island, the SET can be used as a local electrom
where the spatial resolution is limited by the island size a
the distance to the 2DES under the SET.

By changing the magnetic fieldB which is applied per-
pendicularly to the plane of the 2DES within a range out
a Hall plateau where the 2DES behaves metal-like, the
responding shift of the CBO in theDV2DES axis monitors the
change of the local electrostatic potential related to
chemical potential variation of the 2DES:20 dfel5dmch/e.
This can be done in a more elegant way by using a feedb
circuit @Fig. 1~b!# which keeps the current through the SE
constant by applying an external voltagedVFB to the 2DES
which compensates the variation of the local electrost
potential20 2dVFB5dfel5dmch/e.

Since the presence of the SET on the surface of the
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erostructure induces an inhomogeneity in the electron c
centration of the 2DES, a bias voltageVb @Fig. 1~b!# is ap-
plied to the 2DES in order to adjust the electro
concentration below the SET to the bulk valuens obtained
from Hall measurements. The correct voltageVb is deter-
mined by the methods described in Ref. 22. All measu
ments were done in a3He-4He dilution refrigerator at the
base temperature ofT530 mK in a magnetic field up toB
516 T applied perpendicularly to the plane of the 2DES.

IV. PROBING THE LOCAL ELECTROSTATIC
POTENTIAL AT LOW FILLING FACTORS

Figure 2 shows the changesdVFB of the measured feed
back signal as function of the magnetic fieldB around Lan-
dau level filling factorn512 andn514 for increasing and
decreasing sweep direction. The shaded background m
the inaccuracy in determining the filling factor valuesn
5h/e3ns

bulk/B from the transport data. Between the Ha
plateaus, the slope in the feedback voltagedVFB directly re-
flects the expected variations of the local chemi
potential20 of few hundredmV due to the increase of the
cyclotron energy with magnetic field. However, within a Ha

FIG. 1. Experimental setup:~a! SEM picture of a metal SET.~b!
The feedback circuit is used to keep the current through the S
constant by applying an external voltageVFB to the 2DES. This
voltage consequently reflects the variation of the local electrost
potential under the SET.~c! Top view on the Hall bar mesa~metal
in light!: Six SET’s are directly fabricated on top of th
heterostructure—including its contact pads which are the only S
parts visible at this resolution. The SET used in the experimen
marked by ‘‘SET.’’ Gate electrodes on this Hall bar structure f
decoupling ohmic contacts to the 2DES by electrostatic deple
are not used in these experiments.
9-2
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plateau where the jump of the chemical potential occurs
integer filling factors due to passing rapidly the gap betwe
Landau levels, the measured feedback signaldVFB is domi-
nated by large voltage spikes where the sign depends on
direction of the magnetic field sweep.

Furthermore, these hysteresislike signals are also cle
observed around other filling factors. As another exam
such curves aroundn55 are shown in Fig. 3—in addition
for different sweep rates. At first, the maximum value of t
hysteresis seems to increase with the sweep rate but
turns into saturation.

The magnitude of these voltage signals cannot be
plained by the drop in the chemical potential due to the
population of the highest Landau level, which is still obse
able when comparing the both sides of the spikes. Obviou
in these filling factor regions the feedback voltage, i.e.,
variation of the local electrostatic potential, depends not o
on the chemical potential change. These spikelike feedb
signals around integer filling factors are interpreted in

FIG. 2. Feedback voltagedVFB in dependence of the magnet
field B around filling factorn512 andn514 for increasing and
decreasing sweep direction indicated by arrows. The shaded b
ground marks the inaccuracy in determining the filling factor valu
from transport data.

FIG. 3. Feedback voltagedVFB in dependence of the magnet
field B around filling factorn55 for different sweep rates. Th
larger the sweep rate, the larger the signal. The quantum Hall c
Rxy measured on this 2DES is shown for comparison.
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following as the fingerprints of eddy currents which are
duced by the variation of the magnetic field with time with
the 2DES. The observed hysteresislike variation of the lo
electrostatic potential around integer filling factors is the
fore related to the change of the Hall voltagedVeddy

Hall of these
eddy currents which is consequently monitored in the fe
back signal since it is superimposed to the contact volt
between the SET and the 2DES.

So far, it still has to be clarified where the induced ed
currents flow within the 2DES which cannot be derived
rectly from the experimental data. With the following discu
sion we suggest a microscopic picture of the physical p
cesses which might take place.

~I! A finite 2DES exposed to a perpendicular magne
field will try to compensate for the change of the appli
magnetic field inducing a circulating current, i.e., an ed
current. In general, a nonequilibrium current can flow in t
compressible and incompressible regions. The latter is p
sible in presence of an electric fieldEy driving a dissipation-
less Hall currentj x in perpendicular direction which can b
formally expressed byj x5nEye

2/h, where n denotes the
local filling factor of the incompressible region. Scannin
force microscope investigations have indeed shown12–14 that
in a QHE experiment most of the externally biased curren
flowing along such incompressible regions even in nonin
ger filling factor regime. The respective electric fields or H
voltages are due to charging, shifting or reshaping the co
pressible regions in comparison to thermodynamical equi
rium.

~II ! According to Faraday’s law, an electric field is in
duced along a closed loop penetrated by the magnetic
variation. The borderline between incompressible and co
pressible regions along the periphery of a 2DES form suc
distinct closed loop. The respective Hall currents perpend
lar to this borderline lead to a redistribution of electro
against the background charges, and therefore to a vol
dVeddy

Hall which is built up between the bulk and the compre
ible edge region of the 2DES. As a consequence, a diss
tionless Hall current—the eddy current—circulates in the
compressible region between the compressible reg
driven by the Hall voltage dropdVeddy

Hall . That way, capacitive
and inductive energy is stored in this region due to the cha
shift and the circulating eddy current, respectively.15 Actu-
ally, any compressible droplet in the 2DES offers a distin
closed loop along its contour line and therefore reshapes
the magnetic field variation, changing the local electric fie
in its vicinity and consequently creating eddy currents in
incompressible region around it. Nevertheless, these curr
are supposed to be much less significant then the eddy
rents near the edge due to the comparatively smaller m
netic flux penetrating the respective area. Therefore, it can
assumed that most of the induced voltage drops close to
edge driving eddy currents in this region.

~III ! With stopping the magnetic field variation, a define
electrochemical potential landscape is present leading
certain eddy current distribution. The decay into therm
equilibrium requires dissipation which dominantly occurs
electron scattering between the compressible regions of
ferent electrochemical potential. Since these scattering
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cesses are most likely to happen when a compressible
work is present in the bulk of the 2DES, i.e., in the regim
around half filling factor values, the eddy currents can
develop outside the Hall plateau regime. In contrary, aro
an integer filling factor, the scattering is much less proba
due to the extended incompressible regions—except
higher values of the filling factor where the insulating beha
ior is less pronounced. This can be derived from the
served saturation of the maximum value of the hystere
signals shown in Fig. 3: At a slow sweep rate the magnitu
of the induced voltage signals are comparatively smaller t
for faster sweep rates since the induced electrochemica
tential gradient is simultaneously reduced by the scatte
of electrons. When the magnetic field sweep is stopped o
hysteresis peak, the feedback voltage returns on a short
scale to the value expected due to the chemical pote
variation only. Reversing the direction of the magnetic fie
sweep from up to down leads immediately from the uppe
the lower hysteresis curve shown in Figs. 2 or 3.

Important to note from this picture is the interplay b
tween compressible and incompressible regions leadin
these non-equilibrium eddy currents. The compressible
gions within a 2DES allow for the electron redistribution
the system creating the necessary electric field for driving
dissipationless eddy currents in the incompressible region
between. This situation is schematically depicted in Fig.
After stopping the magnetic field in an integer filling fact
regime, the equilibration process starts from the edges
shifts the electrochemical gradients—driving the ed
current—into the bulk until they vanish.25

Obviously, the magnitude and the relaxation time of t
hysteresis signals strongly depend on how good the indu
electrochemical potential gradient can be maintained wit
the 2DES. Thus, at smaller integer filling factors, the rela
ation of the 2DES into thermodynamic equilibrium shou
take much longer due to the more insulating behavior of
bulk and the induced eddy currents might even become

FIG. 4. The eddy currents flow within the whole incompressi
bulk driven by the induced gradient in the electrochemical poten
which exists between the single compressible droplets. The sca
ing of electrons between compressible regions of different elec
chemical potential is indicated by arrows. Note, although the 2D
is in the IQHR, a compressible strip encircles the whole 2D
@known from scanning force microscope investigations~Ref. 14!#.
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sistent over the observation time interval which is discus
in the next section.

V. PROBING THE RELAXATION OF A 2DES
INTO THERMODYNAMIC EQUILIBRIUM

Around smaller filling factors our feedback circuit can n
longer follow the variation of the local electrostatic potent
since the 2DES becomes insulating and the region below
SET is decoupled from the ohmic contact where the fe
back voltage is applied. Instead, charge fluctuations are
served indicating that the bulk of the 2DES has lost its go
screening properties. Since the experimental approach u
a feedback circuit consequently fails in this regime, t
variation of the local electrostatic potential within these H
plateaus can only be measured by simply monitoring
current through the SET.

For investigating the relaxation of the local 2DES aft
having disequilibrated the system by sweeping the magn
field from a fixed initial pointB0 to a certain magnetic field
Brelax within a Hall plateau regime@Fig. 5~a!#, the current
through the SET is monitored versus time at constant m
netic field Brelax. Figure 5~b! shows the measuredI SET(t)
characteristics for different magnetic field values around fi
ing factorn51. After a period of about an hour the curre
through the SET shows Coulomb blockade oscillations a
function of time which can be related to a continuous rela
ation of the local electrostatic potential under the SET. Sin
each oscillation is equivalent to a periodV2DES

P 51 mV of the
Coulomb blockade characteristic of the SET, the time dep
dence of the local electrostatic potential variationfel(t) can
be derived from theI SET(t) characteristic which is shown in
Fig. 5~c! for Brelax58.6 T (n'1). Strikingly, the total
change in the local electrostatic potential of more than
mV during the period of oscillation exceeds significantly t
possible value related to the variation of the chemical pot
tial around the respective integer filling factor value. Ob
ously, the change in the local electrostatic potential under
SET is related to the induced electrochemical potential
ference which leads to the hysteresis effects discussed in
previous section. Another striking feature of the measu
data depicted in Fig. 5~b! is the long time constant of the
relaxation process at filling factorn51. It can be derived
from the oscillating current through the SET that the 2D
takes up to twenty hours to reach thermodynamic equi
rium at a temperature smaller than 0.1 K. This remarka
long time has to be generally considered when measurem
are performed within the quantum Hall regime.

These experimental observations can be interpreted
cording to the hysteresis signals discussed in the last sec
As long as the magnetic field is swept to the constant po
Brelax within a quantum Hall plateau, eddy currents circula
within the incompressible regions of the 2DES. This situ
tion is schematically depicted in Fig. 4. When the magne
field variation stops at a certain point within a Hall platea
the capacitive and inductive energy stored in the 2DES ha
be dissipated for reaching thermal equilibrium. Obvious
this is not achieved by a simple move of the compress
strips into their former position. According to our micro

l
er-
o-
S

9-4



t
ib
o

o
tia
o
w

he
l
re-

all
ody-
eld
ion
n

ich

o-
ur-
ES
he
d
to

ry

dy-
at
T
the

S
e

-

ria

d

are
e is

LONG TIME RELAXATION PHENOMENA OF A TWO- . . . PHYSICAL REVIEW B 69, 085319 ~2004!
scopic picture, the necessary dissipation is reached by
redistribution of charges between the different compress
regions due to the scattering of electrons in the direction
the electrochemical potential gradient. Consequently, the
served slow variation of the local electrochemical poten
versus time mirrors the lack of dissipation for relaxation
the 2DES into thermodynamic equilibrium. Figure 6 sho

FIG. 5. ~a! For investigating the relaxation of the local 2DE
after having disequilibrated the system by sweeping the magn
field from a fixed initial pointB0 to a certain fieldBrelax within a
Hall plateau, the currentI SET(t) through the SET is monitored ver
sus time at a constant magnetic field which is shown in~b! for
different magnetic field values around filling factorn51. Each os-
cillation is equivalent to a periodV2DES

P 51 mV of the CBO of the
SET. ~c! Time dependence of the local electrostatic potential va
tion fel(t) derived from the characteristic for~b!. The solid curve
represents an exponential fit to the data points.
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the I SET(t) characteristic for magnetic field values around t
filling factors n51 and n52. Within these quantum Hal
plateaus different magnetic field intervals concerning the
laxation behavior can be identified marked by~1!, ~2!, ~3a!,
and ~3b!.

~1! No relaxation observed: In the outer region of the H
plateaus the 2DES behaves almost metal-like and therm
namic equilibrium is reached as soon the magnetic fi
sweep stops. The observation is similar to the situat
around filling factorn55 discussed in the previous sectio
where the time scale of the relaxation is very short wh
makes it impossible to be resolved with our setup.

~2! The continuous variation of the local electrostatic p
tential under the SET island, indicated by the oscillating c
rent through the SET, is related to the relaxation of the 2D
into thermodynamic equilibrium—as discussed before. T
single jumps in theI SET(t) characteristics can be explaine
by charge fluctuations in the vicinity of the SET island due
scattering processes of single electrons.

~3a! The almost equidistant oscillations indicate a ve
long time constant of the relaxation process.

~3b! This range is a section of Fig. 5~b! for the time up to
40 min after the magnetic field sweep has stopped. The
namic and irregular current signal through the SET hints
low-frequency charge fluctuations in the vicinity of the SE
island. These irregular potential fluctuations detected by
SET might be due to the breakdown16 of the quantum Hall
state in the bulk of the 2DES.

tic

-

FIG. 6. ~a! I SET(t) characteristic for different magnetic fiel
values within the Hall plateau of filling factor~a! n51 and~b! n
52. The different sections marked by 1 to 4 on the left side
discussed in the text. On the right side, the magnetic field rang
indicated, as well as the range where filling factorn52 is expected
due to transport measurements.
9-5
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VI. CONCLUSIONS

A metal SET directly fabricated on top of a 2DES is us
as a highly sensitive electrometer for the local 2DES un
the SET island. This experimental approach allows the di
observation of the dynamics of the nonequilibrium state o
2DES under quantum Hall condition which is induced by t
varying magnetic field. That way, a hysteresislike variat
of the local electrostatic potential is observed which is int
preted as the fingerprints of dissipationless eddy curre
hy
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driven by an induced gradient in the electrochemical pot
tial over the incompressible regions. The relaxation of th
eddy currents depends on the remaining bulk conductivity
the 2DES within a Hall plateau. With our setup, the tim
dependence can only be resolved around filling factorn51
andn52. There, the relaxation of the 2DES can elapse o
several hours at temperatures smaller then 0.1 K. It sh
that, when measuring the Hall resistance while sweeping
magnetic field, the 2DES cannot be considered as bein
thermodynamic equilibrium at each magnetic field value.
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