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Relaxation oscillations and dynamical enhancement of the breakdown hysteresis
in quantum Hall systems with Corbino geometry
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Using the bistability of quantum Hall systems in the hysteresis region of the breakdown, we realized a
simple relaxation oscillator based on a quantum Hall device with Corbino geometry. Investigations of the
performance of such an oscillator revealed the increase of the hysteresis of the current-voltage curve of the
device in comparison with the value of hysteresis at dc voltages. By direct measurements of the hysteresis of
the current-voltage curve at different frequencies, we have found that a dramatic increase of the breakdown
hysteresis happens already at low~Hz-range! frequencies. We explain the observed dynamical enhancement of
the breakdown hysteresis using an electron heating model and the assumption of a decreasing background
~delocalization-related! component of the conductivity with increasing frequency.
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I. INTRODUCTION

The bistability of the current-voltage (I –V) characteris-
tics of electronic devices is widely in use for the generat
of anharmonic oscillations. Various nonlinear bistable el
tronic devices have been used for the generation of elect
anharmonic oscillations so far, starting from the use of d
charge tubes by Van der Pol and Van der Mark in 1927,1 and
ending by today’s use of high-frequency resonant tun
diodes2 in the modern communication, data processing a
optoelectronic systems. The studies of bistable systems
interesting not only from an applicative point of view, b
also for a basic understanding of the nature of the underly
nonlinear phenomena.3

In this work we report on results of using the bistab
behavior of devices, showing the quantum Hall effe4

~QHE!, near the QHE breakdown,5 for the generation of an
harmonic oscillations. Here, the bistability manifests itself
a hysteresis6,7 of the current-voltage characteristics for th
switching between a resistive and a nondissipative@quantum
Hall ~QH!# state. Our investigations of the working regim
of the relaxation oscillator on the basis of a QH device w
a Corbino geometry, revealed not only the limiting points
such an oscillator, but also opened the way to investigat
more detail the mechanisms of the appearance and chan
QHE breakdown hysteresis with the frequency. In particu
we have found adramatic increase of hysteresiswith in-
creasing frequencyin the region of low (some Hz) frequen
cies. We have found an explanation for this phenomen
using an electron heating model5,8 and the assumption of
suppression of the delocalization-related electron conduc
ity with increasing frequency. The reduction of the bac
ground conductivity corresponds to a shrinking of the loc
ization length.9–11 Therefore, our results reveal that near t
QHE breakdown the localization length in QH systems w
a Corbino geometry@in the low frequency~Hz! range# de-
creases with increasing frequency.

This paper is organized in the following way: in Sec.
we describe the properties of experimental samples. In
0163-1829/2003/68~12!/125313~10!/$20.00 68 1253
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III we give a detailed description of the observed features
the QH Corbino relaxation oscillator. Section IV is focus
on direct measurements of the frequency dependence o
breakdown hysteresis in QH Corbino devices. In Sec. V
discuss our results on the basis of an electron heating mo
The Appendix describes in detail the electron heating mo
as used for explanation of experimental results.

II. EXPERIMENTAL SAMPLES

We have patterned circular Corbino devices on a Ga
GaAlAs heterostructure wafer with an electron density
ns52.931011 cm22 and a Hall mobility of mH51
3105 cm2/V s. Samples of two geometries were inves
gated: both samples had the same radius of inner contact
mm, but different radii of outer contact 300mm ~sampleA!
and 200mm ~sampleB!.

III. RELAXATION OSCILLATIONS IN QUANTUM HALL
CORBINO DEVICES

A particularly suitable device to set up an oscillator on t
basis of a quantum Hall system is the Corbino device. Thi
because such a device shows an almost ideal insulating
havior in the QH regime until a certain, critical valueVmax of
the source-drain voltageVSD ~Ref. 12!. At Vmax, a sudden
onset of the source-drain currentI SD occurs. A subsequen
reduction ofVSD leads to a sudden interruption ofI SD at
another critical voltageVmin (Vmin,Vmax). In the hysteresis
regionVmin,VSD,Vmax, the QH device behaves bistable.
a resistance is connected in series and a capacitor is us
an accumulating device in parallel to the QH device, t
bistable switching leads to a subsequent charging and
charging of the capacitor, detectable as relaxation osc
tions.

In the real experiment, the cables connecting differ
parts of the oscillator already work effectively as a capaci
The cable capacitance is one of the crucial limits of t
maximal frequency which can be reached with the oscilla

Oscillators with different circuitry parameters were bas
©2003 The American Physical Society13-1
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on sampleA. The sample propertiesns andmH were deduced
from Shubnikov–de Haas oscillations@Fig. 1~a!# and the QH
breakdown properties from theI –V characteristics@source-
drain currentI SD versus source drain voltageVSD; see Fig.
1~b!#.

From Fig. 1~b!, the hysteresis of the QH-breakdown wi
respect to the critical source-drain-voltage is clearly visib
The corresponding bistable region of theI –V curve is ex-
ploited for our oscillator. The scheme of the oscillator circ
and the function principle are sketched in Figs. 2~a! and 2~b!
~Ref. 13!. The total capacitance~capacitorCT) is charged via
the serial resistorRV , until the breakdown voltageVmax ~up-
sweep! is reached. During this process, the Corbino devic

FIG. 1. ~a! Shubnikov–de Haas oscillations@constant voltage
~dc! measurement ofsxx(B) at VSD5100 mV] of the QH Corbino
device~sampleA, RCB576 kV). ~b! dc current-voltage characteris
tics of the Corbino sample atB55.7 T ~second QH plateau!. T
51.5 K.

FIG. 2. ~a! Scheme of the oscillator circuit.RV is the serial
resistance,CT is the total capacitance of the circuit.~b! Function
principle of the oscillator. For an appropriate choice ofRV

and the driving voltageV0 , oscillations of the voltageVSD at the
Corbino device occur between the dynamical hysteresis limitsVmin

andVmax.
12531
.

t

is

insulating and acts like an open switch. The voltageVmax
closes the switch, andCT starts to discharge via the Corbin
device, which now has a finite resistanceRCB. This process
endures until the voltage falls toVmin , at which the Corbino
device becomes insulating again. Thus the oscillation am
tudeDV is determined by the hysteresis,DV5Vmax2Vmin .

From Fig. 2~b!, it can be seen that there is a certain ran
for the choice of the driving voltageV0 and the serial resisto
RV to keep the oscillator inside the working regime:~a! The
current throughRV for the Corbino device being atVmin must
not exceed the limitI c

min5Vmin /RCB ~for V02Vmin>RV I c
min ,

a stable solution exists on the resistive branch of theI –V
curve of the QH device, corresponding to a stationary s
without oscillations!. ~b! The driving voltage must beV0
.Vmax.

From conditions~a! and ~b!, it can be concluded that th
lower limit for the serial resistance value isRV.DV/I c

min .
Once RV is chosen, the choice determines the operatio
range for the driving voltageV0 according to condition~a!:

V02Vmin

RV
,

Vmin

RCB
, thus Vmax,V0,Vmin

RCB1RV

RCB
. ~1!

The time constantstexc andt rel , as well as the voltageVSD at
the Corbino device, for the charging and discharging p
cesses can be determined from the solutions of Kirchho
equations with an open switch andRCB, respectively. This
yields ~akin to the results for relaxation oscillators based
tunnel diode circuits14! exponential time dependences:

VSD~ t !5V02~V02Vmin!expH 2
t

texc
J with texc5RVCT .

~2!

for the charging, and

VSD~ t !5VmaxexpH 2
t

t rel
J

1V0

RCB

RCB1RV
S 12expH 2

t

t rel
J D

with

t rel5
RCBRV

RCB1RV
CT . ~3!

for the discharging, whereRV andRCB act as parallel resis
tors. The oscillation periodT5Dtexc1Dt rel is not only deter-
mined bytexc andt rel , but also by the hysteresis limitsVmax
andVmin , and by the driving voltageV0 with

Dtexc5texclnS V02Vmin

V02Vmax
D , ~4a!

Dt rel5t rel lnS Vmax2QV0

Vmin2QV0
D , ~4b!

with

Q5
RCB

RCB1RV
.

3-2
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With an increasing driving voltageV0 , the charging time
Dtexc decreases and the discharging timeDt rel increases
@for V0 in the operation interval as given in Eq.~1!#. The
oscillation frequencyf as a function ofV0 has a maximum
value at

V0~ f max!5
VminVmax

Vmin1Vmax
S 21

RV

RCB
D , ~5!

which does not depend on the capacitanceCT .
At V0 ( f max), the oscillator frequency can exceed t

value f 5(texc1t rel)
21 considerably. The maximum fre

quency of the oscillator shows a complicated dependenc
Vmax, Vmin , CT , RCB, and, in particular, on the value ofRV .
This is discussed in detail below@Fig. 5~b!#.

Figure 3 shows a set of measured oscillation cur
VSD(t) for various values of the driving voltageV0 for dif-
ferent circuit parameters. For Fig. 3~a!, the resistance of the
Corbino sampleA was found to beRCB576 kV, and the
hysteresis size~region of voltages where the sample w
bistable! from dc measurements was found equal to 25 m

FIG. 3. Relaxation oscillations of the Corbino oscillator~sample
A!, T51.5 K, B55.7 T, second QH plateau, for the following.~a!
Circuit case #1:RCB576 kV, RV546 kV, CT52.1 nF, at different
driving voltagesV0 ~curves shifted for clarity!. The oscillator oper-
ates atV0 between 1.65 and 2.25 V. Whereas the oscillation am
tude is almost constant within this range, the frequency changes
has a maximum atV0'2 V. ~b! Circuit case #2:RCB590 kV, RV

546 kV, CT51.5 nF. ~c! Circuit case #3: RCB590 kV, RV

568 kV, CT51.5 nF, at different driving voltagesV0 ~curves
shifted for clarity!.
12531
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To ensure the working regime of the oscillator, we have c
sen a serial resistorRV546 kV of comparable size with the
dissipative Corbino resistance. From theI –V curve @Figs.
1~b!# and Eq.~1!, this would yield an operation interval fo
V0 from 1.52 to 2.39 V. But, as seen from Fig. 3~a!, the
oscillator works within about 1.65 V,V0,2.25 V, an inter-
val which is distinctively narrower than the one deduc
from the dc-measured hysteresis of theI –V curve. In turn,
the amplitude is larger thanDV taken from Fig. 1~b!. Both
discrepancies can be resolved simultaneously taking into
count a wider dynamical hysteresis at the oscillator frequ
cies of some kHz in comparison to the quasistationary o
As we see, the measured oscillation amplitude is a dir
measure of the dynamical hysteresis of the QHE breakdo
at the oscillation frequency. The amplitude of the oscillatio
remained almost unchanged withV0 in the working regime
~180–250 mV, close to the operation limits of the oscillat
the amplitudes tend to vary!.

The measured charging and discharging times show a
nouncedV0 dependence, which we used to estimate the to
capacitanceCT of the circuit. To reach higher frequencies, n
separate capacitor was attached, so thatCT is dominated by
the capacitance of cables and connectors~for CT , the capaci-
tances of the Corbino device~,0.1 pF! and of the input of
the oscilloscope~20 pF! can be neglected!. From the mea-
sured values ofDtexc andDt rel as a function ofV0 , the best
fit applying Eq.~4! was obtained withCT52.1 nF.~For sim-
plicity and for a better orientation in the curves of the fi
ures, we shall call this set of parameters case #1:RCB
576 kV, RV546 kV, CT52.1 nF). Figure 4 presents th
corresponding data in comparison to the calculated dep
dences. The measured dependences ofDtexc andDt rel on V0
are reproduced quite well. The calculations yield a maxim
oscillation frequency of 11.9 kHz atV052.02 V, which is in
reasonable agreement with the experimental value off max
511.2 kHz atV052.1 V ~also see Fig. 5!.

i-
nd

FIG. 4. Measured charging timesDtexc and discharging times
Dt rel of the QH Corbino oscillator on the basis of sampleA, T
51.5 K, B55.7 T, and the second QH plateau.~a! For case #1:
RCB576 kV, RV546 kV, CT52.1 nF, as a function of the driving
voltageV0 , in comparison to the calculated values~solid line, full
dots! with the parameterstexc596ms, t rel560ms, Vmin51.46 V,
Vmax51.66 V, dynamical hysteresis sizeDV50.2 V. ~b! For case
#3: RCB590 kV, RV568 kV, CT51.5 nF as a function of the driv-
ing voltageV0 , in comparison to the calculated values~dashed line,
triangles! with the parameterstexc5102ms, t rel558ms, Vmin

51.42 V, Vmax51.9 V, and dynamical hysteresis siz
DV50.46 V.
3-3
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Figures 3~b! and 3~c! demonstrate the shape of oscill
tions for an oscillator with changed circuit parameters. F
both Figs. 3~b! and 3~c!, as a result of a repeated coolin
cycle of the sample from room temperature upto the work
temperature at 1.5 K, the resistance of Corbino device~the
same sampleA! in a resistive state was found this time equ
to RCB590 kV, the dc hysteresis size in this case was
mV. In order to decrease the capacitance of the circuit,
used shorter connection cables, resulting in a reduced c
capacitance ofCT51.5 nF according to evaluations of ex
perimental data~see Fig. 4!. We also changed the serial re
sistor, in Fig. 3~b! RV546 kV ~case #2!, in Fig. 3~c! RV
590 kV ~case #3!. According to the changed serial resi
tanceRv and the higher value of the dynamical hystere
(DV50.46 V), the working region of the oscillator~region
of V0) shifts towards higher values~compare case #’s 1 an
3 in Fig. 4!, and the frequencies of oscillations increa
@compare the curves corresponding to case #’s 2 and 3 in
5~a!#. The reduction of a~cable! capacitanceCT should also
lead to the increase of oscillation frequencies due to a
crease oftexc andt rel , @see Eqs.~2!, ~3!, and~4!#.

However, not only the serial resistance and the circ
capacitance are important for the frequency of relaxation

FIG. 5. ~a! Frequency of relaxation oscillations as the functi
of driving voltageV0 for an oscillator on the basis of sampleA with
the following circuit parameters: case #1@full dots; corresponds to
Fig. 3~a!#, RCB576 kV ~amplitude of dynamical hysteresisDV
50.2 V), RV546 kV, CT52.1 nF; case #2@squares; see Fig. 3~b!#,
RCB590 kV (DV50.46 V), RV546 kV, CT51.5 nF; case #3,
RCB590 kV (DV50.46 V), RV568 kV, CT51.5 nF @triangles;
also see Fig. 3~c!#; symbols – measured values; solid lines – mod
~b! Results of calculations of the maximal oscillation frequen
@according to Eq.~4!# vs RV for sampleA with ~a! RCB576 kV,
CT52.1 nF, Vmin51.46 V, Vmax51.66 V (DV50.2 V), ~b! RCB

590 kV, CT51.5 nF, Vmin51.42 V, Vmax51.9 V (DV50.46 V),
~c! RCB576 kV, CT51.5 nF, Vmin51.46 V, Vmax51.66 V (DV
50.2 V). The points corresponding to the cases of circuits #’s 1
and 3 are indicated.~b! clearly explains the experimental observ
tions of ~a!.
12531
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cillations. In our experiments we have reached the high
frequency of oscillations for the case, whenCT was not yet
reduced, but the Corbino device itself had a lowerRCB and
smaller amplitude of dynamical hysteresisDV276 kV and
0.2 V accordingly@see Fig. 5~a!, compare point #1 with point
#’s 2 and 3#. The observed behavior is well explainable b
Fig. 5~b!, which demonstrates the results of oscillator fr
quency calculations according to Eq.~4! for different Rv ,
CT , RCB, and for different amplitudes of the hysteresis.
Fig. 5~b! we clearly see, that if we keep the values const
for Rv and RCB, and the amplitude of the hysteresis, t
decrease ofCT leads to an increase of the oscillation fr
quency @compare curves~a! and ~c!#. Surprisingly, the in-
crease ofRV at constantCT andRCB also leads to an increas
of the frequency until a saturation behavior is reached. I
clearly visible that the change ofRCB and the amplitude of
the hysteresis influence the frequency dramatically: the c
of a smaller hysteresis~smallerRCB) corresponds to highe
oscillation frequencies. Thus, higher frequencies can be r
ized only by a simultaneous reduction of the oscillation a
plitude. It is worth to note that the model calculations agr
excellently with the experimentally observed values of t
frequencies~see Fig. 5~b!, point #’s 1, 2, and 3!.

There is one important detail in all of the numerical ca
culations which has a significant importance and will be d
cussed in detail in Sec. V and the Appendix of this paper
all of our calculations@Figs. 4 and 5~b!#, when we needed a
description of the changes of the hysteresis amplitude,
had the best fit when we changed mainly the valueVmax,
whereas changingVmin was found to be much less signifi
cant.

The physical limits of the oscillation frequency are give
by the switching times of the Corbino device, which we ha
found to be rather short~a few nanoseconds in low-mobility
samples12!. With this, upper frequencies in the GHz rang
are potentially accessible. Of course, there are simpler s
tions to generate GHz oscillations like, e.g., resonant tun
ling devices.2 However, the oscillator as described abo
provides additional insight into the dynamical properties
the breakdown of the QHE~dynamical hysteresis!. To sum-
marize the results of this part, we can state the following

~i! We realized the relaxation oscillator on the basis o
bistable QH Corbino device.

~ii ! the main result in the performance of this oscillator
that the amplitude of the oscillations is much larger than o
can expect from dc measurements of the hysteresis.
means that the dynamical hysteresis is larger than the dc

~iii ! Our description, based on Kirchhoff’s equations, e
plains all the behavior of the QH Corbino relaxation oscil
tor very well, if we take into account an enlarged dynamic
hysteresis. The growth of this hysteresis is due to an incre
of Vmax at an almost unchangedVmin .

IV. FREQUENCY DEPENDENCE OF BREAKDOWN
HYSTERESIS IN QUANTUM HALL CORBINO SYSTEMS

The increase of the QH breakdown hysteresis, as
served in the Corbino QH device working in the core of

.

,
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relaxation oscillator at frequencies of about 1–10 kHz,
spired us to direct measurements of the hysteresis pa
eters, and to do this in a wider range of frequencies. T
measurements of this type were done using the sch
shown in the inset of Fig. 6~a!. The voltage of the sinusoida
waveform, applied to sampleA ~the sample on which the
oscillator was realized, with radii of the inner and outer co
tacts of 100 and 300mm, accordingly! was monitored by an
oscilloscope connected to channel 1 of the scheme; the
rent carried through the Corbino device was monitored
channel 2. The traces of the applied voltage, and of the
rent via the Corbino device, are shown in Fig. 6~a!. As seen
in Fig. 6~a! the ‘‘switching’’ of the Corbino device betwee
the QHE-related insulator state at low voltages, and the
sistive state at the supercritical voltages, is clearly dis
guishable. This allowed us to measure directly the amplit
of an ac hysteresisDV5Vmax2Vmin for different frequencies.
The result is shown in Fig. 6~b!. As one can see in Fig. 6~b!,
we observed adrastic increase of the hysteresisat low fre-
quencies~from 25 mV at dc to 0.4 V at 27 Hz! and a satu-
ration at higher frequencies~0.3–0.4 V forf from 100 Hz to
1 kHz!. At higher frequencies the amplitude of the dynamic

FIG. 6. ~a! An example of oscilloscope traces of the volta
@sinusoidal signal, amplitude 1.8 V, frequency 500 Hz~top trace!#
applied to the Corbino device, and of the corresponding current
sampleA ~the sample demonstrated a dc hysteresis amplitude o
mV, RCB590 kV, B55.7 T, second QH plateau,T51.5 K) ~bot-
tom trace!. The points of switching, corresponding to voltagesVmax

andVmin , are clearly visible. Inset: the scheme for measurement
the dynamical hysteresis of a QH Corbino device.~b! The fre-
quency dependence of the amplitude of the QH breakdown hy
esisDV of the sampleA. We observe a dramatic~approximately 16
times! increase of the hysteresis at low frequencies.
12531
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hysteresis of sampleA, as we see in Fig. 6~b!, was found in
complete accordance with the measurements as desc
above at the relaxation oscillator in circuitry case #1@mea-
surements of Figs. 3~a! and 6 were done in one cooling cyc
of sampleA!.

We have performed more detailed measurements of
frequency dependence of the breakdown hysteresis, u
sampleB ~with radii of inner and outer contacts of 100 an
200 mm, accordingly; the size of a dc hysteresis is appro
mately 100 mV;RCB541 kV in the resistive state!. The re-
sults of measurements, similar to those described above
sampleA ~see Fig. 6!, are presented in Fig. 7. As we see
Fig. 7~a!, at low frequencies we again observed the typi
growth of the hysteresis amplitude in the region betwee
and 20 Hz, and the saturation of the hysteresis at hig
frequencies~with sampleB we have observed a relative st
bility of the saturated value of the hysteresis up to 100 kH!.
The experiment shows that this growth of the hysteresi
mainly the result of a growth ofVmax with increasing fre-
quency; at the same time the changes ofVmin are much less
pronounced. So, we see@Fig. 7~b!# an experimental confir-
mation of the change ofVmax, and of the relative stability of
Vmin versus frequency, as earlier found from calculations
ing appropriate fit parameters for the observed relaxation
cillations ~for a detailed discussion, see the Appendix!.

As soon as it was found that the major changes in
hysteresis happen at low frequencies, the measuremen
ultralow frequencies were done in order to complete the p
ture. Figure 8 shows the results of quasi-dc measuremen
the I -V characteristic of the sampleB, which have been done
with different voltage sweep rates~in Fig. 8 the comments on

ia
5

of

r-

FIG. 7. ~a! The frequency dependence of the amplitude of
QH breakdown hysteresis of sampleB, B55.85 T; second QH pla-
teau,T51.5 K. ~b! The frequency dependence of the limits of th
hysteresis curve,Vmin and Vmax, for sampleB. Going from dc to
higher frequencies, at low frequencies we see the growth ofVmax,
and a less pronounced change ofVmin .
3-5
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the curves are made in terms of corresponding effective
quencies!. We clearly see that even at such low frequenc
there is a change of the hysteresis. We directly observe
evident growth of the hysteresis amplitude because of
growth of Vmax, while Vmin changes only slightly~Fig. 8!.

V. DISCUSSION

A common explanation for the observed hysteresis of
current-voltage characteristics of QH devices at the bre
down of the quantum Hall effect can be derived from t
electron heating model.5,8 It is known5,8 that the hysteresis
arises from the metastability of the balance between ele
cal energy fed to the system per time and square unit~heat-
ing, ‘‘gain’’ of energy of electrons! pgain5sxxEr

2 (sxx is the
longitudinal conductivity of the QH system,Er is the radial
electric field in the Corbino device!, and the energy loss rat
ploss5«(Tel)-«(TL)/t relax ~whereTel is the electron tempera
ture, TL is the lattice temperature,« is the electron energy
t relax is the energy relaxation time, andkB is the Boltzmann
constant!. The balance meanspgain5ploss. The important
point of the model~see the Appendix! is taking into account
the different components of conductivity:

sxx~Tel!5s0 exp$2D/kBTel%1sBG,

where the first term describes the thermal activation of e
tron transitions between Landau levels~the activation gap is
D5\vc/2 ~at even integer filling factors!, where\vc is cy-
clotron energy!, and the second termsBG is a background
conductivity corresponding to tunneling-related transpo
caused by thermally assisted and~or! electric-field-assisted
delocalization of electrons~also see Refs. 11 and 15!. The
model ~for more details see the Appendix! allows us to de-
scribe the appearance and changes of the hysteresis in d
dence onTel versus the source-drain voltageVSD, and, there-
fore, in I SD-VSD characteristics. The electron temperatureTel
as a function of the source-drain voltageVSD yields an
S-shaped dependence~see the Appendix!. Since sxx is a

FIG. 8. The quasi-dcI –V curves of a QH Corbino device
~sampleB, B55.85 T; second QH plateau,T51.5 K) at different
voltage sweep rates. Corresponding effective frequencies of ap
voltage are, accordingly 0.0065 Hz@~a!, solid line# 0.029 Hz@~b!,
dash-dotted line#, and 0.0333 Hz@~c!, dashed line#. The increase of
QH breakdown hysteresis, caused by the growth ofVmax at a much
less changedVmin , is clearly visible already at such a low freque
cies.
12531
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monotonous function ofTel , this corresponds to an S-shape
current-voltage characteristics.5,8 The hysteresis is confine
between two limiting values ofVSD, Vmax, and Vmin , and,
accordingly,Vmax corresponds to lower electron temperatur
andVmin to higher electron temperatures.

Both valuesVmax andVmin ~see the Appendix! depend on
many parameters, but most essentially on the tempera
dependence ofsxx(Tel). The background, delocalization
related contribution to the conductivity,sBG, is of crucial
influence on the breakdown voltageVmax. If a purely acti-
vated behavior ofsxx(T) is assumed, then the model als
yields a hysteresis ofI -V characteristic, but the values fo
Vmax become unrealistically high. To obtain values ofVmax

closer to the experiment, additional transport mechanis
leading to finite values ofsBG have to be assumed.

The value ofVmin , which marks the lower limit of the
hysteresis at higher electron temperatures, is nearly u
fected by the choice ofsBG. This is due to the dominance o
phonon-related scattering and activated transport at hig
electron temperatures, as is relevant forVmin . For a determi-
nation ofVmin , the activated conduction provides the dom
nating contribution. In turn,Vmax depends distincty onsBG.
With an increase ofsBG, Vmax exhibits a pronounced de
crease up to the complete disappearance of the hystere
sBG51.331027 S51.731023sxy for sample A ~see the
Appendix!. This is due to the dominance of the addition
contribution of sBG to the conductivity at lower electron
temperatures, at which the activated conductivity is ne
gible.

As we see, by adjusting the value ofsBG, one can di-
rectly interpret the observed frequency dependence of
hysteresis, obtained from investigations of the relaxation
cillator, as well as from direct measurements of the hys
esis parameters~see the sections above!. The enhancement o
the hysteresis with increasing frequency due to the incre
of Vmax ~and the relative stability ofVmin) are due to ade-
crease ofsBG with increasing frequencyin terms of our
model. Quantitatively, we can explain the experimentally o
served increase of the hysteresis if we assume a suppre
of the delocalization-related conductivity contribution fro
sBG51.331023sxy at dc to sBG54.531024sxy at f
527 Hz ~for sampleA!. As the calculations show~see the
Appendix!, the observed frequency dependence of the h
teresis for sampleA @Fig. 6~b!# means that the frequenc
dependence ofsBG should demonstrate a strong drop at lo
frequencies from a dc value ofsBG( f 50)5131027 S, and
then saturates at low values of about (3 – 4)31028 S ~see
Fig. 10 in the Appendix!.

The essential parameter forsBG in the models discusse
so far, taken into account, as a thermal, so as an ele
field-related mechanism of electron delocalization,11,16,17 is
the localization lengthj ~see the Appendix!. An increase of
the localization length yields an increase of t
delocalization-related background conductivity in all theor
ical models discussed so far concerning all regimes
delocalization-related transport in QH systems.11,16,17Conse-
quently, the observed increase of the hysteresis with the
quency as reported above corresponds to a reduction of

ed
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sBG andj with increasing frequency. Thestrong drop ofsBG
at low frequencies meansa pronouncedreduction of the lo-
calization length. In other words, the localization of elec
trons near local potential fluctuations becomes more ef
tive already at low frequencies, as compared to the cas
constant electric fields.

The very slow time scales of a hundreds of millisecon
or frequencies of around 10–20 Hz, on which we have
served so pronounced changes of the breakdown hyste
curves, are not completely surprising. Such times appea
for example, in the long tails of the far-infrared photor
sponse of our structures,18 where they can be attributed to th
relaxation of the photoexcited electrons in the localizat
potential of samples. Even longer times~seconds and eve
hours! of the changes of the localization potential and cor
sponding changes of the delocalization-related trans
were observed in direct experiments on investigations of
potential distributions in QH systems using single elect
transistors on the top of the sample.19–23 If one takes into
account that these experiments were done at milliK temp
tures, and our results were done at 1.5 K, one can se
reasonable explanation for the shorter relaxation times
observed. Also the earlier experiments~Refs. 20 and 21!
pointed out the essential role of time-dependent delocal
tion for the transport in the QH regime.

VI. SUMMARY

To summarize, we have generated relaxation oscillati
applying a quantum Hall Corbino device as a bista
switching element. The oscillation amplitude is determin
by the dynamical hysteresis of the QH device. The freque
of the oscillation depends on the resistances and capacita
of the circuit, but also on thedynamicalhysteresis of the
Corbino device.

Our measurements of relaxation oscillations, supported
direct measurements of dynamical hysteresis in QH Corb
devices at different frequencies, revealed an increase o
hysteresis of the current-voltage curve in comparison w
the value of the hysteresis at constant voltages. We h
found that a dramatic increase of the breakdown hyster
happens already at low~Hz-range! frequencies, and then thi
increase is caused mainly by an increase of the upper sou
drain voltage limit of the hysteresis,Vmax. We explain the
observed dynamical enhancement of the breakdown hy
esis by using an electron heating model and the assump
of a decreasing delocalization-related background com
nent of the conductivity with increasing frequency. As t
delocalization-related conductivity is a function of the ele
tron localization lengthj in the existing models,11,16,17 the
observed increase of the hysteresis corresponds to a re
tion of j with increasing frequency. Thus, our results indica
a dynamical reduction of the localization length in the qua
tum Hall Corbino systems near the breakdown of the QH
when we increase the frequency accordingly from 0 Hz~dc!
to 20–25 Hz.
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APPENDIX

The explanation for the existence of hysteresis of
current-voltage characteristics of QH devices at the bre
down of the quantum Hall effect can be derived from t
electron heating model.5,8 The hysteresis arises from th
metastability of the power balance between gain~electrical
energy fed to the system per time and area!, pgain5sxxEr

2

(sxx is the longitudinal conductivity of the QH system,Er is
the radial electric field in the Corbino device!, and the energy
loss rateploss5«(Tel)-«(TL)/t relax, which describes the re
laxation of the enhanced energy«(Tel) at the elevated elec
tron temperatureTel back to the energy«(TL) at the lattice
temperatureTL . The power balance equation between t
gain and loss is written as

sxx~Tel!•Er
25

«~Tel!2«~TL!

t relax
5

D«~Tel ,TL!

t relax
, ~A1!

wheret relax is the corresponding relaxation time. The rela
ation time depends on the electron temperature as 1tep

5CepTel
2 (Cep is an empirical parameter for inelast

electron-phonon scattering! for scattering at phonons.8 Later
investigations showed the dominance of scattering at im
rities ~which is related to the drift timetD between inelastic
scattering events due to impurity-assisted inter-Landau-le
tunneling! for the breakdown of the quantum Hall effe
~Refs. 15 and 24!,

TD5,D /nD5,DBG~r 1 ,r 2!/VSD, ~A2!

with ,D the inelastic scattering length,B the magnetic field,
and VSD the source-drain voltage, and with the geome
factorG(r 1 ,r 2) for a Corbino ring~inner and outer boundary
of the channel at the radiir 1 andr 2 , maximum ofEr at r 1)
with a homogeneous two-dimensional system:

G~r 1 ,r 2!5 lnS r 2

r 1
D •r 1 , ~A2a!

such that the total scattering rate 1/t relax can be written as

1

t relax
5

1

tep
1

1

tD
5CepTel

2 1
VSD

,DBG~r 1 ,r 2!
. ~A3!

The energy of the electron system as a function of the te
perature«(T) can be analytically calculated for the Ferm
energyEF situated in the middle of the Landau gap, if the
is a constant background density of~localized! statesDBG
and the relationkBT!\vc (kBT: thermal energy,\vc : cy-
clotron energy! holds:

«~T!52E
EF

`

~E2EF!D~E! f ~E,EF ,T!dE. ~A4!
3-7
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( f (E,EF ,T) is the Fermi-Dirac distribution function!, so that
we obtain15

D«~Tel ,TL!5
p2kB

2

6
DBG~Tel

2 2TL
2!. ~A5!

Introducing Eqs.~A3! and~A5! into the power balance equa
tion, the relation between the radial electric field and
electron temperature can be evaluated, if the temperature
pendence of the conductivitysxx is known:

sxx~Tel!5s0 exp$2D/kBTel%1sBG. ~A6!

The first term in the sum of Eq.~A6! describes the therma
activation~the activation gap isD5\vc/2), and the second
term sBG is a background conductivity corresponding
delocalization-related tunnelling transport~also see Ref. 15!.
With this, the functionVSD(Tel) provides a direct access t
the breakdown hysteresis:

VSD~Tel!5
1

2
VDrift1A1

4
VDrift

2 1Velph
2 , ~A7!

with the drift contributionVDrift(Tel)

VDrift~Tel!5
G~r 1 ,r 2!

,DB

D«~Tel ,TL!

sxx~Tel!
, ~A7a!

and with the phonon scattering contributionVelph(Tel)

Velph~Tel!5G~r 1 ,r 2!FCepTel
2 D«~Tel ,TL!

sxx~Tel!
G1/2

. ~A7b!

The electron temperatureTel as a function of the source
drain-voltageVSD, as obtained from inverting Eq.~A7!,
yields an S-shaped dependence. Sincesxx is a monotonous
function of Tel this corresponds to an S-shaped curre
voltage (I SD-VSD) characteristics~Refs. 5 and 8!. As the
parts of the curves where]Tel /]VSD,0 ~and ]I SD/]VSD
,0, respectively! holds, are instable, a hysteresis in the c
responding experimental curves develops. The hysteres
confined between two limiting values ofVSD, Vmax, and
Vmin (Vmax corresponds to lower andVmin to higher electron
temperatures,Vmax.Vmin).

Both values,Vmax and Vmin , depend on the paramete
,D , B, G(r 1 ,r 2), DBG, andCep, and moreover essentiall
on the temperature dependence ofsxx(Tel). We calculate
sxx(Tel) according to Eq.~A6!. The prefactors0 was theo-
retically found equal 2e2/h @where e is the elementary
charge andh is the Planck constant~Ref. 9!#, for long range
scattering, confirmed by measurements of Svobodaet al.
~Ref. 25!.

The additional contribution to the resistivity,sBG, is of
crucial influence on the breakdown voltageVmax. If a purely
activated behavior ofsxx(T) is assumed, the electric powe
gainsxxEr

2 is very small at low temperatures, even for rath
large values ofEr . Thus the values ofVmax become unreal-
istically high. To obtain values ofVmax closer to the experi-
ment, additional transport mechanisms leading to finite v
ues ofsBG have to be assumed.
12531
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We attributesBG to delocalization-related tunneling tran
port, for which the different temperature dependences
parameters forsBG were proposed~Refs. 11, 16, and 17!. ~In
our experimental situation, we have rather complica
electric-field-assisted and thermal-assisted tunneling~more
correctly—the self-consistent mixture of both processe!;
therefore, it is most probably impossible to extract accurat
characteristic parameters11,16,17of a certain model from our
data.! However, the value ofVmin , which marks the lower
limit of the hysteresis at higher electron temperatures
nearly unaffected by the choice ofsBG. For the determina-
tion of Vmin , the activated conduction provides the domin
ing contribution.

To calculate the hysteresis, we used a value for electr
phonon scattering constant ofCep51.23107 K22 s21 as re-
ported in Ref. 8 for the filling factorn52 and the activation
energyD5\vc/2}B. Applying these parameters, we foun
a better quantitative agreement of the calculations with
experimentally observed hysteresis with a geometry fac
G(r 1 ,r 2) of r 22r 15200mm instead of 110mm as given by
Eq. ~A2a!. This implies a better fit for a linear potential pro
file inside the 2D channel than for a 1/r profile, as expected
for a Corbino device with a homogeneous conductivity te
sor. Measurements of the potential profile inside a Corb
device by applying an atomic force microscope~Ref. 26!
revealed a similar potential profile both in Hall bars a
Corbino devices, including almost linear profiles at integ
filling factors. Within this model, the variation of the param
etersDBG, ,D , andsBG affect the hysteresis limitsVmin and
Vmax in a different ways:

~1! Vmin andVmax increase with the density of states. F
a sample with a mobility of about 10 m2/V s, Stahl et al.
~Ref. 27! reported a background density of states ofDBG

5(561)3109 cm22 meV21. Figure 9~a! shows the hyster-
esis of theTel vs VSD curve for the corresponding range o
DBG. The values for the scattering length and the ba
ground conductivity have been set to typical values@,D

510mm, ~see Ref. 12!, and sBG51028 S51.331024sxy

(n52), ~see Ref. 15!#. The best fit for the experimenta
value of Vmin was obtained with DBG56
3109 cm22 meV21, yielding a Vmin just 10% below the
measured value.

~2! Vmin exhibits only a weak dependence on both,D and
sBG. This is due to the dominance of phonon-related sc
tering and activated transport at the higher electron temp
tures, as relevant forVmin . In turn, Vmax depends distinc-
tively on both parameters. As shown in Fig. 9~b!, a strong
increase ofVmax is visible if ,D is reduced from 50 to 5mm.
For impurity scattering lengths longer than 50mm the depen-
dence becomes weak due to the dominant contribution of
phonon-related scattering.

~3! With an increase ofsBG, Vmax exhibits a pronounced
decrease up to the complete disappearance of the hyste
at sBG51.331027 S51.731023sxy @Fig. 9~c!#. This is due
to the dominance of the additional contribution ofsBG ~at
Tel'6 K at Vmax) to the conductivity at lower electron tem
peratures, at which the activated conductivity is negligibl
3-8
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We have used the dependence ofVmax on sBG to explain
the observed increase of the dynamical hysteresis at low
quencies. In terms of our model, this increase is due t
decrease ofsBG. In the models for forsBG discussed so fa
~see Refs. 11, 16, and 17!, the essential parameter forsBG is
the localization lengthj. An increase of the localization
length yields an increase of the background conductivity
respective of the mechanism, as thermally assisted, o
field-assisted delocalization. Consequently, the observed
crease of the hysteresis with the frequency reported ab
corresponds to a reduction of bothsBG andj.

*Present address: Department of Physics, Texas A&M Univer
College Station, Texas 77843-4242, USA.
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