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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 I@#z-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-relatedcomponent of the conductivity with increasing frequency.
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[. INTRODUCTION Il we give a detailed description of the observed features of
the QH Corbino relaxation oscillator. Section IV is focused

The bistability of the current-voltagd £V) characteris- on direct measurements of the frequency dependence of the
tics of electronic devices is widely in use for the generationbreakdown hysteresis in QH Corbino devices. In Sec. V we
of anharmonic oscillations. Various nonlinear bistable elecdiscuss our results on the basis of an electron heating model.
tronic devices have been used for the generation of electricdine Appendix describes in detail the electron heating model,
anharmonic oscillations so far, starting from the use of dis2S used for explanation of experimental results.
charge tubes by Van der Pol and Van der Mark in 19ard
ending by today’s use of high-frequency resonant tunnel Il. EXPERIMENTAL SAMPLES

diodeg in the modern communication, data processing and We have patterned circular Corbino devices on a GaAs/

optoelectronic systems. The studies of bistable systems aaAlAs heterostructure wafer with an electron density of
interesting not only from an applicative point of view, but ne=2.9x10"cm2 and a Hall mobilty of uy=1
=92 "=

also for a basic understanding of the nature of the underlyingflos c?/V's. Samples of two geometries were investi-

nonlinear phenomerta. gated: both samples had the same radius of inner contact 100

In this work we report on results of using the bistablelum, but different radii of outer contact 3g@m (sampleA)
behavior of devices, showing the quantum Hall effect g 200um (sampleB).

(QHE), near the QHE breakdowttor the generation of an-
harmonic oscillations. Here, the bistability manifests itself in
a hysteresfs’ of the current-voltage characteristics for the
switching between a resistive and a nondissipdtipeantum
Hall (QH)] state. Our investigations of the working regimes A particularly suitable device to set up an oscillator on the
of the relaxation oscillator on the basis of a QH device withbasis of a quantum Hall system is the Corbino device. This is
a Corbino geometry, revealed not only the limiting points ofbecause such a device shows an almost ideal insulating be-
such an oscillator, but also opened the way to investigate ihavior in the QH regime until a certain, critical val\g,,, of
more detail the mechanisms of the appearance and changetbg source-drain voltag¥sp (Ref. 12. At V., a sudden
QHE breakdown hysteresis with the frequency. In particularpnset of the source-drain currelyp occurs. A subsequent
we have found adramatic increase of hysteresigith in-  reduction ofVgp leads to a sudden interruption b§p at
creasing frequencin the region of low (some Hz) frequen- another critical voltag®/ in (Vmin<Vmax- N the hysteresis
cies We have found an explanation for this phenomenonyegionV,,im<Vsp<Vmax, the QH device behaves bistable. If
using an electron heating mod@land the assumption of a a resistance is connected in series and a capacitor is used as
suppression of the delocalization-related electron conductivan accumulating device in parallel to the QH device, the
ity with increasing frequency. The reduction of the back-bistable switching leads to a subsequent charging and dis-
ground conductivity corresponds to a shrinking of the local-charging of the capacitor, detectable as relaxation oscilla-
ization lengtt®~! Therefore, our results reveal that near thetions.
QHE breakdown the localization length in QH systems with  In the real experiment, the cables connecting different
a Corbino geometryin the low frequency(Hz) rangg de-  parts of the oscillator already work effectively as a capacitor.
creases with increasing frequency. The cable capacitance is one of the crucial limits of the
This paper is organized in the following way: in Sec. Il maximal frequency which can be reached with the oscillator.
we describe the properties of experimental samples. In Sec. Oscillators with different circuitry parameters were based

IIl. RELAXATION OSCILLATIONS IN QUANTUM HALL
CORBINO DEVICES
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FIG. 1. (a) Shubnikov—de Haas oscillatiofsonstant voltage
(dc) measurement ofr,,(B) at Vgp=100 mV] of the QH Corbino
device(sampleA, Rcg=76 k). (b) dc current-voltage characteris-
tics of the Corbino sample @=5.7 T (second QH plateauT
=1.5K.

1.4

on sampleA. The sample properties, and uy were deduced
from Shubnikov—de Haas oscillatiofiSig. 1(a)] and the QH
breakdown properties from tHe-V characteristicsource-
drain currentl gp versus source drain voltagésp; see Fig.

1(b)].
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insulating and acts like an open switch. The voltagg,,
closes the switch, an@ starts to discharge via the Corbino
device, which now has a finite resistariRgz. This process
endures until the voltage falls ¥,,;,, at which the Corbino
device becomes insulating again. Thus the oscillation ampli-
tude AV is determined by the hysteresiSY =V . Vmin-

From Fig. 2b), it can be seen that there is a certain range
for the choice of the driving voltagé, and the serial resistor
Ry to keep the oscillator inside the working regintar The
current throughR,, for the Corbino device being &, must
not exceed the limit™"=V,.../Reg (for Vo—Vyin=Ry, 11",

a stable solution exists on the resistive branch of Ithea’
curve of the QH device, corresponding to a stationary state
without oscillationg. (b) The driving voltage must b&/,
>Vmax-

From conditionsg(@) and (b), it can be concluded that the
lower limit for the serial resistance value R,>AV/I{™".
Once Ry, is chosen, the choice determines the operational
range for the driving voltag®, according to conditioria):

VO_Vmin Vmin
—< ,

Ry Res

The time constants,,.and ., as well as the voltag€ésp at

the Corbino device, for the charging and discharging pro-
cesses can be determined from the solutions of Kirchhoff's
equations with an open switch amtg, respectively. This
yields (akin to the results for relaxation oscillators based on
tunnel diode circuit¥) exponential time dependences:

Res+R
thus Vi< Vo< Vi

(D

Res

t .
Vgp(t)=Vo— (VO_Vmin)eXp[ - ] with 7¢,=R\Cr.
Texc, @

From Fig. 1b), the hysteresis of the QH-breakdown with for the charging, and

respect to the critical source-drain-voltage is clearly visible.

The corresponding bistable region of theV curve is ex-

ploited for our oscillator. The scheme of the oscillator circuit

and the function principle are sketched in Fig&)2and 2b)
(Ref. 13. The total capacitandgapacitorCy) is charged via
the serial resistoRy/, until the breakdown voltag¥,,,, (up-

t
Vgp(t)= VmaxeXp{ - T_}

sweep is reached. During this process, the Corbino device isyith

%y, ®
V(R )=R,*!
Vso \ l°""“ lf) Ve
l N/
I I Vi
Corbino
sample =

T=At, +Af, T

FIG. 2. (@) Scheme of the oscillator circuiRy is the serial
resistanceC+ is the total capacitance of the circuib) Function
principle of the oscillator. For an appropriate choice Bf
and the driving voltage/,, oscillations of the voltag&/sy at the
Corbino device occur between the dynamical hysteresis lihjts
andV .

I:zCBFzV
Trelm 5 CT-

for the discharging, wherR,, andRcg act as parallel resis-
tors. The oscillation period = Atg, .+ At,g iS NOt Only deter-
mined by7,.and ., but also by the hysteresis limi
andV,,,, and by the driving voltag®, with

Vo—V
Ateyc= 7'excln(v Vm:) (48
Vmax_®vo>
Atrel_ 7'rell ( Voin ®VO ) (4b)
with
R
o CB
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E ‘v AN INANY 1:95 At of the QH Corbino oscillator on the basis of sample T
% k] 3VaV Ve VeV Ve Vaa Ve Van Vel I =1.5K, B=5.7T, and the second QH plateaa) For case #1:
2 2 A 185 Rcg=76 K, Ry=46 k), Cy=2.1 nF, as a function of the driving
| S };5 voltageV,, in comparison to the calculated valueslid line, full
0 —— , 1.67 dot9 with the parametersq,= 96 us, 7,=60uSs, Viy,in=1.46 V,
(C)7 ' A %.23 Vmax=1.66 V, dynamical hysteresis sizeV=0.2 V. (b) For case
oF ~ A A 58 #3:Rcg=90 k), Ry=68 k), C;=1.5 nF as a function of the driv-
SAN AN %g ing voltageV,, in comparison to the calculated valuesshed line,
s JIANAAAAANNANNAL 2.2 triangleg with the parametersre,.=102uS, 7,e=58 uS, Vmin
gv IV NN g g =142V, V=19V, and dynamical hysteresis size
1% ]]'g To ensure the working regime of the oscillator, we have cho-
°0 ’ > H sen a serial resistdr, =46 k() of comparable size with the

time (ms) dissipative Corbino resistance. From theV curve [Figs.
1(b)] and Eq.(1), this would yield an operation interval for

FIG. 3. Relaxation oscillations of the Corbino oscillateample ~ V, from 1.52 to 2.39 V. But, as seen from Fig(aB the
A), T=1.5K, B=5.7 T, second QH plateau, for the followin@) oscillator works within about 1.65%V(<2.25V, an inter-
Circuit case #1Rcg=76 K0, Ry=46 kQ}, Cy=2.1 nF, at different  val which is distinctively narrower than the one deduced
driving voltagesV, (curves shifted for clarity The oscillator oper-  from the dc-measured hysteresis of theV curve. In turn,
ates atv, between 1.65 and 2.25 V. Whereas the oscillation amplithe amplitude is larger thaaV taken from Fig. 1b). Both
tude is almost constant within this range, the frequency changes ard’lscrepancies can be resolved simultaneously taking into ac-
has a maximum a¥o~2 V. (b) Circuit case #2Rcg=90K2, Ry count a wider dynamical hysteresis at the oscillator frequen-
=46k, Cr=15nF. (c) Circuit case #3:Rcg=90K), Ry  (jes of some kHz in comparison to the quasistationary one.
=68k}, Cr=15nF, at different driving voltage¥, (Cuves  ag \ye see, the measured oscillation amplitude is a direct
shifted for clarity. measure of the dynamical hysteresis of the QHE breakdown

) . . o ) . at the oscillation frequency. The amplitude of the oscillations
With an increasing driving voltag¥,, the charging time  emained almost unchanged with in the working regime
Atey decreases and the discharging timé, increases (180_250 mv, close to the operation limits of the oscillator
[for V, in the operation interval as given in E(L)]. The 0 amplitudes tend to vary
oscillation frequencyf as a function ofVy has a maximum The measured charging and discharging times show a pro-
value at nouncedV, dependence, which we used to estimate the total
capacitanc€ of the circuit. To reach higher frequencies, no
separate capacitor was attached, so @ats dominated by
the capacitance of cables and connectfmsC+, the capaci-
tances of the Corbino devide<0.1 pH and of the input of
which does not depend on the capacita@ige the oscilloscopd20 pH can be neglectgd From the mea-

At Vo (fha0, the oscillator frequency can exceed thesured values of\t.,.andAt,, as a function oV, the best
value f=(7et+ 7o) 1 considerably. The maximum fre- fit applying Eq.(4) was obtained witlC;= 2.1 nF.(For sim-
quency of the oscillator shows a complicated dependence gplicity and for a better orientation in the curves of the fig-
Vmax: Vmins C1, Reg, and, in particular, on the value 8%, . ures, we shall call this set of parameters case RBdz
This is discussed in detail belopFig. 5(b)]. =76 kQ), Ry=46 kQ), Cy=2.1nF). Figure 4 presents the

Figure 3 shows a set of measured oscillation curvegorresponding data in comparison to the calculated depen-
Vgp(t) for various values of the driving voltagé, for dif- dences. The measured dependencestgf. andAt,, onV,
ferent circuit parameters. For Fig(&3, the resistance of the are reproduced quite well. The calculations yield a maximum
Corbino sampleA was found to beRcg=76 k), and the oscillation frequency of 11.9 kHz at,=2.02 V, which is in
hysteresis sizdregion of voltages where the sample wasreasonable agreement with the experimental valué ,gf
bistablg from dc measurements was found equal to 25 mV.=11.2 kHz atV,=2.1V (also see Fig. 5

2+ &) , (5

VminV
Vo(fmax):V min ¥ max

min+ Vmax RCB
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cillations. In our experiments we have reached the highest
frequency of oscillations for the case, wh€r was not yet
reduced, but the Corbino device itself had a lowgy and
smaller amplitude of dynamical hysterediy/—76 k() and
0.2 V accordinglyfsee Fig. a), compare point #1 with point
#'s 2 and 3. The observed behavior is well explainable by
Fig. 5b), which demonstrates the results of oscillator fre-
s 20 2233535 guency calculations according to E@) for different R, ,
v(v) C+, Reg, and for different amplitudes of the hysteresis. In
: Fig. 5(b) we clearly see, that if we keep the values constant
for R, and Rqg, and the amplitude of the hysteresis, the
@ decrease of2; leads to an increase of the oscillation fre-
1 guency[compare curvesa) and (c)]. Surprisingly, the in-
o B . crease oRy at consta}nCT and R(;B also Iea_ds toan increase_
/./""_—_ ] of the frequency until a saturation behavior is reached. It is

H
Q

=
y
N

10

frequency (kHz)
)

—

O

—
-
>

(c) |
#1

=y
N

-
(=]

clearly visible that the change &g and the amplitude of
1 ] the hysteresis influence the frequency dramatically: the case
0 30 160 240 of a sn_1a||er hysteresiesmallerRCB) correspon_ds to higher
R{k) oscillation frequencies. Thus, higher frequencies can be real-
. o ~ized only by a simultaneous reduction of the oscillation am-
FIG. 5. (8 Frequency of relaxation oscillations as the function pjitude. It is worth to note that the model calculations agree
of driving voltageV, for an oscillator on the basis of samglevith excellently with the experimentally observed values of the
the following circuit parameters: case #ll dots; corresponds to frequenciegsee Fig. §), point #'s 1, 2, and B
Fig. 38)], Reg=76 K2 (amplitude of dynamical hysteresisV There is one important detail in all of the numerical cal-

02V),Ry=46 K, Cr=2.1nF; case #psquares; see Fig(B], ¢, ations which has a significant importance and will be dis-
Reg=90 k() (AV=0.46V), Ry=46 k), C;=1.5nF; case #3, : s : . .
: > cussed in detail in Sec. V and the Appendix of this paper: in
Rcg=90kQ) (AV=0.46V), R,=68 k(), Cy=1.5nF [triangles; . .
. i T all of our calculationgFigs. 4 and )], when we needed a
also see Fig. @)]; symbols — measured values; solid lines — model. L . .
description of the changes of the hysteresis amplitude, we

(b) Results of calculations of the maximal oscillation frequency . .
[according to Eq(4)] vs Ry for sampleA with () Reg="76 kQ, had the best fit when we changed mainly the val}g,,

Cr=2.1nF, V,;; =146V, V,,,=1.66 V (AV=0.2V), (b) Reg whereas changin¥y,, was found to be much less signifi-
=90kQ, Cr=1.5nF, Vpyjn=1.42 V, V;m=1.9V (AV=0.46), cant S o _

(©) Reg=76kQ, Cr=1.5nF, Vin=1.46 V, V;10,=1.66 V (AV The physical limits of the oscillation frequency are given
=0.2 V). The points corresponding to the cases of circuits #s 1, 2DY the switching times of the Corbino device, which we have
and 3 are indicatedb) clearly explains the experimental observa- found to be rather shott few nanoseconds in low-mobility
tions of (a). sample®). With this, upper frequencies in the GHz range

) _are potentially accessible. Of course, there are simpler solu-

Figures 3b) and 3c) demonstrate the shape of oscilla- tions to generate GHz oscillations like, e.g., resonant tunnel-
tions for an oscillator with changed circuit parameters. Folling device® However, the oscillator as described above
both Figs. &) and 3c), as a result of a repeated cooling provides additional insight into the dynamical properties of
cycle of the sample from room temperature up_to the vyorkmqhe breakdown of the QHEdynamical hysteresisTo sum-
temperature at 1.5 K, the resistance of Corbino deWiie  marize the results of this part, we can state the following.
same samplé) in a resistive state was found this time equal (i) we realized the relaxation oscillator on the basis of a
to Rcg=90 kQ), the dc hysteresis size in this case was 20pistaple QH Corbino device.
mV. In order to decrease the capacitance of the circuit, we (jj) the main result in the performance of this oscillator is
used shorter connection cables, resulting in a reduced cabjgat the amplitude of the oscillations is much larger than one
capacitance ofCy=1.5nF according to evaluations of ex- can expect from dc measurements of the hysteresis. This
perimental datdsee Fig. 4 We also changed the serial re- means that the dynamical hysteresis is larger than the dc one.
sistor, in Fig. 80) Ry=46 k() (case #2 in Fig. 3c) Ry (i) Our description, based on Kirchhoff's equations, ex-
=90 k) (case #B According to the changed serial resis- plains all the behavior of the QH Corbino relaxation oscilla-
tanceR, and the higher value of the dynamical hysteresistor very well, if we take into account an enlarged dynamical

(AV=0.46V), the working region of the oscillatdregion  hysteresis. The growth of this hysteresis is due to an increase
of Vo) shifts towards higher valugsompare case #s 1 and of v, ,, at an almost unchangéd,;,.

3 in Fig. 4, and the frequencies of oscillations increase
[compare the curves corresponding to case #'s 2 and 3 in Fig.
5(a)]. The reduction of dcable capacitanceC, should also IV. FREQUENCY DEPENDENCE OF BREAKDOWN

lead to the increase of oscillation frequencies due to a deysTERESIS IN QUANTUM HALL CORBINO SYSTEMS
crease Ofre, and 7o, [S€€ EQgs(2), (3), and(4)].

However, not only the serial resistance and the circuit The increase of the QH breakdown hysteresis, as ob-
capacitance are important for the frequency of relaxation osserved in the Corbino QH device working in the core of a

maximum frequency (kHz)

N A O @
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teau,T=1.5 K. (b) The frequency dependence of the limits of the
hysteresis curveY,, and V., for sampleB. Going from dc to
higher frequencies, at low frequencies we see the growtt,gf,
and a less pronounced change\gfi, .

frequency (Hz)

FIG. 6. () An example of oscilloscope traces of the voltage
[sinusoidal signal, amplitude 1.8 V, frequency 500 (ttp trace]
applied to the Corbino device, and of the corresponding current vi
sampleA (the sample demonstrated a dc hysteresis amplitude of 2

MV, Reg=90 K1, B=5.7T, second QH platead,=1.5K) (bot- 1, u0 ot the relaxation oscillator in circuitry case [#iea-

tom trac@. The points of switching, corresponding to voltadgs., : . .
andV,,,, are clearly visible. Inset: the scheme for measurements 0§urements of Figs.(8) and 6 were done in one cooling cycle

the dynamical hysteresis of a QH Corbino devi¢e). The fre- of sampleA). )

quency dependence of the amplitude of the QH breakdown hyster- We have performed more detailed measurementls of the
esisAV of the sampléA. We observe a dramatiapproximately 16  requency dependence of the breakdown hysteresis, using
times increase of the hysteresis at low frequencies. sampleB (with radii of inner and outer contacts of 100 and

200 um, accordingly; the size of a dc hysteresis is approxi-
relaxation oscillator at frequencies of about 1-10 kHz, in-mately 100 mV;Rcg=41 k() in the resistive staje The re-
spired us to direct measurements of the hysteresis pararsults of measurements, similar to those described above with
eters, and to do this in a wider range of frequencies. TheampleA (see Fig. 6, are presented in Fig. 7. As we see in
measurements of this type were done using the schenfeg. 7(a), at low frequencies we again observed the typical
shown in the inset of Fig.(®). The voltage of the sinusoidal growth of the hysteresis amplitude in the region between 0
waveform, applied to sampla (the sample on which the and 20 Hz, and the saturation of the hysteresis at higher
oscillator was realized, with radii of the inner and outer con-frequenciegwith sampleB we have observed a relative sta-
tacts of 100 and 30@m, accordingly was monitored by an bility of the saturated value of the hysteresis up to 100)kHz
oscilloscope connected to channel 1 of the scheme; the cui-he experiment shows that this growth of the hysteresis is
rent carried through the Corbino device was monitored viamainly the result of a growth o¥,,,, with increasing fre-
channel 2. The traces of the applied voltage, and of the cuiguency; at the same time the changed/gf, are much less
rent via the Corbino device, are shown in Figa)6As seen pronounced. So, we sé€ig. 7(b)] an experimental confir-
in Fig. 6(a) the “switching” of the Corbino device between mation of the change of .4, and of the relative stability of
the QHE-related insulator state at low voltages, and the reV ., versus frequency, as earlier found from calculations us-
sistive state at the supercritical voltages, is clearly distining appropriate fit parameters for the observed relaxation os-
guishable. This allowed us to measure directly the amplitudeillations (for a detailed discussion, see the Appendix
of an ac hysteresidV =V . Vmin fOr different frequencies. As soon as it was found that the major changes in the
The result is shown in Fig.(B). As one can see in Fig(16), hysteresis happen at low frequencies, the measurements at
we observed alrastic increase of the hysteresas low fre-  ultralow frequencies were done in order to complete the pic-
quencied(from 25 mV at dc to 0.4 V at 27 Hzand a satu- ture. Figure 8 shows the results of quasi-dc measurements of
ration at higher frequencig9.3-0.4 V forf from 100 Hz to  thel-V characteristic of the sampk which have been done
1 kHz). At higher frequencies the amplitude of the dynamicalwith different voltage sweep ratéim Fig. 8 the comments on

ysteresis of sampld, as we see in Fig.(6), was found in
omplete accordance with the measurements as described
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monotonous function of |, this corresponds to an S-shaped
current-voltage characteristic§. The hysteresis is confined
between two limiting values o¥gp, Viyayx, andVy,, and,
accordingly,V . corresponds to lower electron temperatures
and Vi, to higher electron temperatures.

Both valuesV . and Vi, (see the Appendixdepend on
many parameters, but most essentially on the temperature
dependence ofr,,(T,). The background, delocalization-
related contribution to the conductivity;zg, is of crucial
influence on the breakdown voltadg,... If a purely acti-
vated behavior ofr,,(T) is assumed, then the model also

FIG. 8. The quasi-dd—V curves of a QH Corbino device Yields a hysteresis of-V characteristic, but the values for
(sampleB, B=5.85T; second QH plateall,= 1.5 K) at different  V,,,x become unrealistically high. To obtain values\tf,,
voltage sweep rates. Corresponding effective frequencies of appliecloser to the experiment, additional transport mechanisms
voltage are, accordingly 0.0065 Hea), solid line] 0.029 Hz[(b),  |eading to finite values ofrgg have to be assumed.
dash-dotted ling and 0.0_333 HZ(c), dashed ling The increase of The value ofV,,,, which marks the lower limit of the
QH breakdown hysteresis, caused by the growti'gf,at a much  hyqiaresis at higher electron temperatures, is nearly unaf-

Lei(sez.changewmin, is clearly visible already at such a low frequen- fected by the choice 0f'|_36- This is d_ue to the dominance _Of
phonon-related scattering and activated transport at higher

the curves are made in terms of corresponding effective fre@Iectron temperatures, as is relevantf, . For a determi-

qguencies. We clearly see that even at such low frequencies.n"’u!On Ofvm!”’ the activated conduction pf.OV.ides the domi-
there is a change of the hysteresis. We directly observe t ating contribution. In turmy ma depends distincty obrg.

cuden growh o he ystresis amptude bocause of 1% 1 TSese ohuc, Vo s 2 ponourced de.
rowth of V.., While V., changes only slightlyFig. 8). - _
g max min g y slightlyFig. & 0ge=1.3x10" 7 S=1.7x10 30y, for sampleA (see the

AppendiX. This is due to the dominance of the additional
V. DISCUSSION contribution of ogg to the conductivity at lower electron

A common explanation for the observed hysteresis of thd€mperatures, at which the activated conductivity is negli-
current-voltage characteristics of QH devices at the breakdible. o .
down of the quantum Hall effect can be derived from the AS we see, by adjusting the value ofg, one can di-
electron heating modéf It is knowr?® that the hysteresis ectly interpret the observed frequency dependence of the
arises from the metastability of the balance between electridysteresis, obtained from investigations of the relaxation os-
cal energy fed to the system per time and square (heiat- ~ Cillator, as well as from direct measurements of the hyster-
ing, “gain” of energy of electronspgzi= 0wE? (04 is the  €SIS parametersee the sections abgv@he enhancement of
longitudinal conductivity of the QH systerg, is the radial the hysteresis with increasing _frequency due to the increase
electric field in the Corbino devigeand the energy loss rate ©f Vmax (@nd the relative stability o¥,,) are due to ae-
Piose= & (Te)-&(TL) Troia (Where T, is the electron tempera- C'€aS€ OfO'BG. Wl'th increasing freqpencyn terms of our
ture, T, is the lattice temperature, is the electron energy, Model- Quantitatively, we can explain the experimentally ob-
Troia IS the energy relaxation time, arg is the Boltzmann served increase o_f the hysteresis if we assume a suppression
constant The balance meanpgy=pPioss: The important of the delocalization-related conductivity contribution from

_ —3 _ 4
point of the modelsee the Appendixis taking into account 98— 1.3X10 "0y, at dc t0 0ge=4.5x10 "o,y at f

the different components of conductivity: =27 Hz_ (for sampleA). As the calculations shovsee the
Appendix, the observed frequency dependence of the hys-
T Te) = 0o exp{ —AlkgTe} + 0g, teresis for sampléA [Fig. 6b)] means that the frequency

dependence aof g should demonstrate a strong drop at low
where the first term describes the thermal activation of elecfrequencies from a dc value ofsg(f=0)=1x10"’ S, and
tron transitions between Landau levélse activation gap is then saturates at low values of about (340 8 S (see
A=hw/2 (at even integer filling factoyswheref w. is cy-  Fig. 10 in the Appendix
clotron energy, and the second ternrgg is a background The essential parameter forzg in the models discussed
conductivity corresponding to tunneling-related transportso far, taken into account, as a thermal, so as an electric
caused by thermally assisted afat) electric-field-assisted field-related mechanism of electron delocalizatibf!’ is
delocalization of electrongalso see Refs. 11 and J15The  the localization lengté (see the Appendix An increase of
model (for more details see the Appendligllows us to de- the localization length vyields an increase of the
scribe the appearance and changes of the hysteresis in depeleiocalization-related background conductivity in all theoret-
dence oril, versus the source-drain voltagep, and, there- ical models discussed so far concerning all regimes of
fore, inl gp-Vgp Characteristics. The electron temperatlige  delocalization-related transport in QH systeth®*’Conse-
as a function of the source-drain voltagksp yields an  quently, the observed increase of the hysteresis with the fre-
S-shaped dependencsee the Appendjx Since o, iS @ quency as reported above corresponds to a reduction of both
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ogg andé& with increasing frequency. Therong drop ofogg GaAs/ GaAlAs wafer. This study was supported by the Deut-
at low frequencies meares pronouncededuction of the lo-  sche ForschungsgemeinschddG, Project No. Na235/10-
calization length In other words, the localization of elec- 2). B.E.S. acknowledges the support of the Deutscher Aka-
trons near local potential fluctuations becomes more effecdemischer Austauschdien®AAD).
tive already at low frequencies, as compared to the case of
constant electric fields.

The very slow time scales of a hundreds of milliseconds APPENDIX
or frequencies of around 10—-20 Hz, on which we have ob- The explanation for the existence of hysteresis of the
served so pronounced changes of the breakdown hysteregigrrent-voltage characteristics of QH devices at the break-
curves, are not completely surprising. Such times appearedown of the quantum Hall effect can be derived from the
for example, in the long tails of the far-infrared photore- electron heating modéf The hysteresis arises from the
sponse of our structuré8where they can be attributed to the metastability of the power balance between gatectrical
relaxation of the photoexcited electrons in the IocaI|zat|onenergy fed to the system per time and arq,~ UxxErz

potential of samples. Even longer timéseconds and even is the lonaitudinal conductivity of the OH Svstel. is
hours of the changes of the localization potential and corre-,EUXX 9 y QH sy "

sponding changes of the delocalization-related transporpe radial electric field in the Corbino devicand the energy

ire obseved n rectexpriments on vestgatons of == 2 #(Toe(11) o, v tesrves e e
potential distributions in QH systems using single electro el

transistors on the top of the sampfe?® If one takes into "tron temperaturd, back to the energy(T,) at the lattice

account that these experiments were done at milliK temperé[_emperatureTL. The power balance equation between the

tures, and our results were done at 1.5 K, one can see gdam and loss is written as

reasonable explanation for the shorter relaxation times we e(To)—e(T)  Ae(Ty,TL)
observed. Also the earlier experimer(®efs. 20 and 2L T Te) - E2=—— - et (A1
pointed out the essential role of time-dependent delocaliza- Trelax Trelax

tion for the transport in the QH regime. where 7,45 IS the corresponding relaxation time. The relax-

VI. SUMMARY ation time depends on the electron temperature asg, 1/
=CepT§| (Cep is an empirical parameter for inelastic
To summarize, we have generated relaxation oscillations|ectron-phonon scatteringpr scattering at phonorisLater
applying a quantum Hall Corbino device as a bistableinyvestigations showed the dominance of scattering at impu-
switching element. The oscillation amplitude is determinedrities (which is related to the drift time, between inelastic
by the dynamical hysteresis of the QH device. The frequenc¥cattering events due to impurity-assisted inter-Landau-level
of the oscillation depends on the resistances and capacitancggneling for the breakdown of the quantum Hall effect
of the circuit, but also on thelynamicalhysteresis of the (Refs. 15 and 24
Corbino device.
_ Our measurements of reIaxaFion oscillatio_ns_, supported_ by Tp=4p/vp=4pBG(ry,r,)/Vgp, (A2)
direct measurements of dynamical hysteresis in QH Corbino
devices at different frequencies, revealed an increase of th&ith € the inelastic scattering lengtB, the magnetic field,
hysteresis of the current-voltage curve in comparison wittend Vgp the source-drain voltage, and with the geometry
the value of the hysteresis at constant voltages. We hawvctorG(r,r,) for a Corbino ring(inner and outer boundary
found that a dramatic increase of the breakdown hysteresif the channel at the radii, andr,, maximum ofE, atr,)
happens already at lo@iHz-range frequencies, and then this with a homogeneous two-dimensional system:
increase is caused mainly by an increase of the upper source-
drain voltage limit of the hysteresi¥ ... We explain the
observed dynamical enhancement of the breakdown hyster-
esis by using an electron heating model and the assumption
of a decreasing delocalization-related background compgsuch that the total scattering raterf,, can be written as
nent of the conductivity with increasing frequency. As the
delocalization-related conductivity is a function of the elec- 1 1 1 ) Vsp
tron localization length¢ in the existing model&:*®!’ the ool T_ep+ T_D_CepTel+ €oBG(r1.fy)
observed increase of the hysteresis corresponds to a reduc-
tion of £ with increasing frequency. Thus, our results indicateThe energy of the electron system as a function of the tem-
a dynamical reduction of the localization length in the quan{eratures(T) can be analytically calculated for the Fermi
tum Hall Corbino systems near the breakdown of the QHEENergyE situated in the middle of the Landau gap, if there
when we increase the frequency accordingly from O(#z IS a constant background density @bcalized statesDgg
to 20—-25 Hz. and the relatiorkgT<% w; (kgT: thermal energyf w.: cy-
clotron energy holds:

G(ry,ry)=In

r
—2) Ty, (A2a)
My

(A3)
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(f(E,Eg,T) is the Fermi-Dirac distribution functionso that We attributeogg to delocalization-related tunneling trans-
we obtair® port, for which the different temperature dependences and
parameters foogg were proposedRefs. 11, 16, and 27(In
772 2 5 our experimental situation, we have rather complicated
Ae(Te T = —=—Dge(TE—T2). (A5)

electric-field-assisted and thermal-assisted tunnelingre

) ) correctly—the self-consistent mixture of both procegses
Introducing Eqs(A3) and(AS) into the power balance equa- herefore, it is most probably impossible to extract accurately
tion, the relation between the radial electric field and the characteristic parameté}§6 176f a certain model from our

electron temperature can be evaluated, if the temperature dﬁata) However. the value of/ which marks the lower
I min »

pendence of the conductivity,, is known: limit of the hysteresis at higher electron temperatures, is
O Te) = 00 eXp — AlKgTot + 0gc.- (AB) nearly unaffected by the choice of;5. For the determina-

tion of Vin, the activated conduction provides the dominat-
The first term in the sum of EJA6) describes the thermal ing contribution.

activation(the activation gap i =% w¢/2), and the second  Tg calculate the hysteresis, we used a value for electron-
term ogg IS a background conductivity corresponding to phonon scattering constant 6f,=1.2x 10 K 25! as re-
delocalization-related tunnelling transpéaiso see Ref. 15 qreq in Ref. 8 for the filling factor=2 and the activation
With this, the functionVgp(T,) provides a direct access to energyA = w /2B. Applying these parameters, we found

the breakdown hysteresis: a better quantitative agreement of the calculations with the

1 1 experimentally observed hysteresis with a geometry factor
Ve(Te) == Vant+ \ /ZV rm+velph, (A7) G(rq,rp) of r?—_r1=_200,um inste_ad of 1_1QLm as givgn by

Eq. (A2a). This implies a better fit for a linear potential pro-

with the drift contributionV i (Te) file inside the 2D channel than for arlprofile, as expected
for a Corbino device with a homogeneous conductivity ten-
G(ry,rp) Ae(Te, Ty) sor. Measurements of the potential profile inside a Corbino

Voi(Te)=—p 5 — Ta) (A78)  device by applying an atomic force microscofRef. 26

° e revealed a similar potential profile both in Hall bars and
and with the phonon scattering contributivg,(Te) Corbino devices, including almost linear profiles at integer

2 filling factors. Within this model, the variation of the param-
Ae(Ter, L) (A7b) etersDgg, {p, andogg affect the hysteresis limitg,,,;, and
Txx(Tel) Vimax in a different ways:
(1) Viin andV 4« increase with the density of states. For
a sample with a mobility of about 10 %V s, Stahlet al.

yields an S-shaped dependence. Siaggis a monotonous (R€f- 27 reported a backlground density of statess
function of T, this corresponds to an S-shaped current-— (5= 1)x10° cm 2meV"*. Figure 92 shows the hyster-
voltage (sy-Vsp) characteristicsRefs. 5 and 8 As the esis of theT,, vs Vgp curve for the corresponding range of
parts of the curves wheréTy/dVsp<0 (and dl gp/dVep Dge. The values for the scattering length and the back-
<0, respectively holds, are instable, a hysteresis in the cor-ground conductivity have been set tO typical Vall[é%
responding experimental curves develops. The hysteresis is10 #m, (see Ref. 12 and 0gc=10"% S=1.3x10 *0y,
confined between two limiting values &fsp, Vi, and  (v=2), (see Ref. 1§. The best fit for the experimental
Vimin (Vimax corresponds to lower and,,,;, to higher electron value of V., was obtained with Dgs=6
temperaturesy mac Viin)- x10° cm 2meV 1, yielding a Vi, just 10% below the
Both values,V s and Vi, depend on the parameters measured value.
fp, B, G(r1,ry), Dgg, andCgp,, and moreover essentially (2) Vmin exhibits only a weak dependence on béthand
on the temperature dependence af(T¢). We calculate ogg. This is due to the dominance of phonon-related scat-
axx(Te) according to EQ(A6). The prefactorr, was theo-  tering and activated transport at the higher electron tempera-
retically found equal 8%h [where e is the elementary tures, as relevant fo¥,,. In turn, V., depends distinc-
charge andh is the Planck constariRef. 9], for long range tively on both parameters. As shown in Fighg a strong
scattering, confirmed by measurements of Svobetlal. increase ol is visible if € is reduced from 50 to mm.
(Ref. 25. For impurity scattering lengths longer than st the depen-
The additional contribution to the resistivity;zg, is of  dence becomes weak due to the dominant contribution of the
crucial influence on the breakdown voltagg,.. If a purely  phonon-related scattering.
activated behavior ofryy(T) is assumed, the electric power  (3) With an increase 0frgg, Vmax €Xhibits a pronounced
gain o, E? is very small at low temperatures, even for ratherdecrease up to the complete dlsappearance of the hysteresis
large values oE, . Thus the values 0¥, become unreal- atogg=1.3x10"’ S=1.7x10"3 oxy [Fig. A0)]. This is due
istically high. To obtain values o¥ o Closer to the experi- to the dominance of the additional contribution @fg (at
ment, additional transport mechanisms leading to finite valT,~6 K at V5, to the conductivity at lower electron tem-
ues ofogg have to be assumed. peratures, at which the activated conductivity is negligible.

Veip Te) =G(r1,2)| CepT?

The electron temperatur€, as a function of the source-
drain-voltageVgp, as obtained from inverting EqA7),
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_%=1x1:0as FIG. 10. Calculated values of the delocalization-related compo-
[ g =25x10°S nent of conductivity, at which we have the best fit of the electron
- ise:fm;fs heating model calculations with our experimentally determined fre-
(... ;:G=13.4X1U°s ] guency dependence of the hysteresié [Fig. 6(b)] for sampleA.
s O © 1 The behavior of our frequency dependent hysteresis
0 = ; 2 3 4 curves is qualitatively understandable in the frame of a

delocalization-related picture: let us imagine that the electron
(V) in a static electric field is tunneling from one potential mini-
mum to the other. There is a certain probability of this pro-
cess, and a corresponding time of tunneling. Imagine, then,
that we start to change the direction of the field with time
into the opposite direction and back. What will happen when
we increase this frequency of the change of the electric field
direction? If our change is comparable to or quicker than the

qu%ghs 'n fc\’rrlthe p:;lramﬁters of sallmp;leﬁ, DEI‘_GZG o lunnelling time at this field amplitude, the electron simply
X 10" cm™“meV " (case #1, when as a result of the cooling cycle \ iy hot tunnel. So, effectively, in the oscillating field we

the resistance of the Corbino device in the resistivg state was equgha” increase the electron localization and effectively sup-
10 Reg=76 K1); (c) for different values oOfrgg . oy« iS @ MONOIO-  racq the transport, e.g., the conductivity of our system.
nous function ofT, therefore the curves, (Vsp) yield adirect T s in framework of such a delocalization-based model,
|nformat|on .about the hysteresis dfV characteristic of the we can readily expect a reduced localization lengtiore
Corbino device. effective localizatioh with frequency.
Using the dependence of the hysteresis on the background

We have used the dependenceVgf,, on ogg to explain  conductivity as calculated, and the measured dynamical hys-
the observed increase of the dynamical hysteresis at low freeresis as a function of the frequency, the frequency depen-
guencies. In terms of our model, this increase is due to @ence ofogg can be deduced. A typical example is shown in
decrease ofrgg. In the models for folrgg discussed so far Fig. 10. As expected, the delocalization-related conductivity
(see Refs. 11, 16, and JL the essential parameter fogg is (within the electron heating model as described above
the localization lengthé. An increase of the localization shows a strong drop from a dc value ofg (f=0)=1
length yields an increase of the background conductivity ir-< 10"’ S at low frequencies, and then saturates at low val-
respective of the mechanism, as thermally assisted, or ases of about (3—4%10 8 S. In other words, the localiza-
field-assisted delocalization. Consequently, the observed irion of electrons near local potential fluctuations becomes
crease of the hysteresis with the frequency reported abov@ore effective at low frequencies, as compared to the case of
corresponds to a reduction of baityg and & constant electric fields.

FIG. 9. The electron temperatufg, as a function of the source-
drain voltageVgp, for (a) different densities of statedOS) for
geometry parameters of samplé, w=100000cri/Vs, Ip
=10um, oge=10"8 S=1.3x10 *o,, (v=2), B=5.7T, bath
(lattice) temperaturel' = 1.5 K; (b) for different impurity scattering

*Present address: Department of Physics, Texas A&M University, Girvin, A. C. Gossard, D. C. Tsui, and R. J. Wagner, Phys. Rev.

College Station, Texas 77843-4242, USA. Lett. 51, 1374(1983.

1B. Van der Pol and J. Van der Mark, Natufieondon) 120, 363 ’G. Nachtwei, Physica B, 79 (1999.
(1927. 8S. Komiyama, T. Takamasu, S. Hiyamizu, and S. Sasa, Solid State

2E. R. Brown, J. R. &gerstran, C. D. Parker, L. J. Mahoney, K. Commun. 54, 479 (1985; T. Takamasu, S. Komiyama, S.
M. Molvar, and T. C. McGill, Appl. Phys. Let&8, 2291(1991). Hiyamizu, and S. Sasa, Surf. S&i70, 202 (1986.

SA. A. Andronov, A. A. Vitt, and S. E. KhaikinTheory of Oscil- °D. G. Polyakov and B. I. Shklovskii, Phys. Rev. Lef4, 150
lators (Pergamon, Oxford, 1966 (1995.

4K. von Klitzing, G. Dorda, and M. Pepper, Phys. Rev. Lé,  °F. Hohls, U. Zeitler, and R. J. Haug, Phys. Rev. L88, 036802
494 (1980. (2002.

5G. Ebert, K. von Klitzing, K. Ploog, and G. Weimann, J. Phys. C M. Furlan, Phys. Rev. 557, 14 818(1998.
16, 5441(1983. 12g E, Sagl, G. Nachtwei, K. von Klitzing, G. Hein, and K. Eberl,

5M. E. Cage, R. F. Dziuba, B. F. Field, E. R. Williams, S. M. Phys. Rev. B66, 075305(2002.

125313-9



N. G. KALUGIN et al.

13G. Nachtwei, N. G. Kalugin, B. E. Saty Ch. Stellmach, and G.
Hein, Appl. Phys. Lett82, 2068(2003.

YW. F. Chow, Principles of Tunnel Diode Circuit$Wiley, New
York, 1964.

15G. Nachtwei, Z. H. Liu, G. Ltjering, R. R. Gerhardts, D. Weiss,
K. von Klitzing, and K. Eberl, Phys. Rev. B7, 9937(1998.

16y, Ono, J. Phys. Soc. Jpb1, 237 (1982.

1D, G. Polyakov and B. I. Shklovskii, Phys. Rev. 4B, 11 167
(1993.

8N. G. Kalugin, Yu. B. Vasilyev, S. D. Suchalkin, G. Nachtwei, B.
E. Sagol, and K. Eberl, Phys. Rev.@, 085308(2002.

193, Weis, Y. Y. Wei, and K. von Klitzing, Physica B56-258 1
(1998.

20y, Y. Wei, J. Weis, K. von Klitzing, and K. Eberl, Phys. Rev. Lett.
81, 1674(1998.

PHYSICAL REVIEW B 68, 125313(2003

2Ly, Y. Wei, Ph.D. dissertation, Max-Planck-Institut for Solid-State
Physics, Stuttgart, 1998.

223, Hls, J. Weis, K. von Klitzing, and K. Eberl, Physica@ 64
(2000.

233, Hls Ph.D. dissertation Fachbereich Physik der Univérsita
Hamburg, 2001; and private communications.

241, 1. Kaya, G. Nachtwei, K. von Klitzing, and K. Eberl, Phys. Rev.
B 58, R7536(1998.

25p, Svoboda, G. Nachtwei, C. Breitlow, S. Heide, and M. Cukr,
Semicond. Sci. Technol2, 264 (1997).

2E. Ahlswede, J. Weis, K. von Klitzing, and K. Eberl, Physica E
12, 165(2002; E. Ahlswede, Ph.D. thesis, Univerdittuttgart,
2002.

27E. Stahl, D. Weiss, G. Weimann, K. von Klitzing, and K. Ploog, J.
Phys. C18, L738(1985.

125313-10



