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Nonequilibrium localization in quantum Hall systems at very low frequencies
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We have measured the conductivity, of GaAs/GaAlAs Corbino devices under nonequilibrium conditions
in the quantum Hall regime at low frequencies from dc up to 10 kHz. At very low frequencies up to 10—20 Hz,
oy, Shows a steep decrease from its dc value towards a reduced saturation value. Measurements of the
temperature dependence @f, from 70 mK to 4.2 K revealed a dominance of a conductivity with a tempera-
ture dependence,,~ exp{—(To/ )3 typical for variable-range hoppin@/RH) at temperatures below 1 K
and an additional contribution of thermal activation above 2 K. The characteristic tempeFgtasedeter-
mined from the VRH-like temperature plot of the conductivity showed also an increase with the frequency and
a pronounced decrease with increasing voltage below the breakdown of the quantum HallGfELtWe
attribute these results to an effective suppression of the delocalization of electrons in alternating external fields
due to a reduced heating and scattering between localization centers. The time scale for this process can be as
long as 100 ms. Our data show that the background conductiyjtat subcritical voltages affects the critical
voltage for the breakdown of the QHE.
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I. INTRODUCTION to contribute and finally dominates the temperature depen-

o : - : 19-21 At intermediate temperatures 1<KT
The conductivity mechanisms in Landau-quantized Sysdence OT Txx p
tems were widely investigated both experimentally and theo=4-2 L( it wgs shovr\]/n that both TA gnﬂ VRHé:an_c_oe%f%t.
retically for the last three decades. In particular, the relation_ N this study, we have investigated the conductivity o

between the localization lengthand the effective scattering QH devices in Corbino geometry as a function of the tem-
lengthL,, near the mobility edges of the Landau levies., in perature between 70 mK and 4.2 K, of the source-drain volt-

the plateau-transition regiprwas addressed in the scaling 29€ Pelow the critical value, and of the frequency from dc up
theory’=5 Various experiments were dedicated to the univer1© 10 kHz. At very low frequencies below 20 Hz, the mea-

- . d values of the nonequilibrium,, drop steeply from
sality of the scaling expone(gee, e.g., Refs. 6)8Measure- sure , xx ==
ments of the transition region between quantum HalH) their dc value to a saturation value, which is reached between

plateaus up to frequencies in the GHz range revealed tth and 20 Hz and persists until some kHz. Thus, the local-

. . ! MNBation under nonequilibrium conditions is stronger, and
umversa_llty of.scalmg exponents up to thesg frequepuesnence the stability of the QHE is higher compared to the dc
concomitant with a reduction of the plateau width at highercaqe This is a rather unexpected result in view of the recent
frequencie$:'°In the plateau centers, measurements afe

> : findings concerning the ac QHE at kHz frequencies: preci-
generally difficult, due to the low values @k, in the QH  sjon measurement revealed an increasing loss of precision of
regime. However, at higher frequencigbas been measured the QH quantization, in particular at the plateau fla#ks.
recently, showing values of the localization length in the pla- A |ow-frequency decay of the COﬂdUCtiVit&X under non-
teau centers approaching the magnetic lergtht higher  equilibrium conditions(further called nonequilibrium con-
temperatures—or driving voltages—respectively, it is pos-ductivity) was predicted in earlier papers to explain the steep
sible to obtain measurable valuesmf, at integer-filling fac-  increase of the maximum breakdown voltage and of the dy-
tors(e.g., Ref. 12 It was shown that a monotonous increasenamical breakdown hysteresis, as observed in oscillation
of oy, with the voltage(of p,, with the sample currenibc-  generators based on Corbino QH devi¢e®.In our previous
curs before the quantum Hall effe@@HE) finally breaks paper, ac measurements of the |-V characteristics of the QH
down. It is a long-standing question how far the breakdowrbreakdown in Corbino devices directly revealed higher upper
of the QHE itself is related to this increase @f, in the limits of the breakdown hysteresis at frequencies of some Hz
subcritical regime. In earlier papers, a direct relation betweeas compared to the dc curv&Thus, the measurements in
the critical value of the voltage or current and the subcriticalthis study of the frequency dependence of the nonequilib-
values ofo,, or p,, was postulated—14in the framework of  rium conductivity o, give direct experimental evidence for
a phenomenological hot-electron model, whereas this relahe predicted decrease of, with increasing frequency, and
tion was excluded in a model presented in a more recerthat oy, at subcritical voltages dominantly determines the
papert® critical voltage for the breakdown of the QHE. With this, our
Usually, the conductivity in subcritical QH systems is at- measurements cannot be explained by a model, postulating a
tributed to variable-range hoppiryRH) for low tempera- breakdown of the QHE independent of the prebreakdown
tures below 1 K(see, e.g., Refs. 16—18ncreasing the tem- evolution of the conductivity® Instead, our measurements
perature, thermal activatigifA) over the Landau gap begins confirm the prediction of the hot-electron modek devel-
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oped in Ref. 25 for the relation between the breakdown of
the QHE and the nonequilibrium conductividy, in the pre-
breakdown(subcritica) regime. Further, we found a domi-
nance of conductivity with a temperature dependengge
~exp{—(To/ T)V?} that is typical for variable-range hopping
(VRH) at temperatures below 1 K and an additional contri-
bution of thermal activation above 2 K. With this, our results
show that also very low energy excitatiofa the order of
ksT) can determine the breakdown, not only the interband

2

g

100

frequency (Hz)

excitations(of the order offiw).

Il. EXPERIMENTAL DETAILS

On two wafers of GaAs/GaAlAs heterojunctiofiwafer
A: electron densityn,=2.7x 10" cm™, Hall mobility uy
=1.0x 10° cn?/V s; wafer B: ng=4.8x 10" cm™?, u,=1.8

X 10° cn?/V's), Corbino samples with an inner contact ra-

dius r; of 100 um and three different radii, of the outer
contact of 150, 200, and 3Q@m (i.e., three widths of the
two-dimensiona(2D) channel of 50, 100, and 20@m) were
patternedaccordingly we refer to the samplesAs00, B50,
etc). All samples were characterized by dc Shubnikov-d
Haas measurements and by |-V characterisfigsr the val-
uesVpin and V., limiting the hysteresis of the QH break-
down in the dc regime, see, e.g., the inset in Figy).1

From the enhanced amplitude of the relaxation oscilla-
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tions previously observed in the bistable regime of the QH

breakdown in Corbino devicéé,we deduced an enhanced

FIG. 1. Dynamic hysteresis of the QH breakdown as a function

dynamical hysteresis of the breakdown. Therefore, we con?f the frequencysampleA100, »=2). (@) Separate plot of the hys-

firmed this by taking the frequency dependence of the |
curves at low ac frequencies and found a steep increase

the hysteresis in the frequency range from dc up to abouft

20 Hz (for details, see Ref. 25This behavior was consistent
for all samples used in this studgee a typical example in
Fig. 1).

Ill. RELATION BETWEEN THE NONEQUILIBRIUM
CONDUCTIVITY oy AND THE BREAKDOWN OF THE
QHE: THE HOT-ELECTRON MODEL WITH
BACKGROUND CONDUCTIVITY

An explanation of the existence of the hysteresis of th
current-voltage characteristics of QH devices at the brea

down of the quantum Hall effect can be derived from the

hot-electron mode{HEM).*213n this model, the hysteresis

arises from the metastability of the power balance betwee
gain (electrical energy fed to the system per time and jarea

Pgain= aXX(Te,)Er2 (o4 Is the longitudinal conductivity of the
QH system/E, is the radial electric field in the Corbino de-
vice), and the energy-loss ratp,s=[e(Te)—&(T)1/ Tren
which describes the relaxation of the energy per a@a)

at the elevated electron temperatdig back to the energy
per areas(T,) at the lattice temperaturg . The relaxation

_Vteresis limitsV,ax @and Vs @s a function of the frequency. Inset:

B?rresponding I-V characteristi¢dc), showing the hysteresis in the
ero-frequency limit(b) Modeling of the change of the hysteresis,
as observed for sampla100, by a variation of the background
conductivity ogg (hot-electron model, see tgxt

there is a constant background density(lotalized states
Dgg, and if the relationkgT<%w, holds (kgT: thermal en-
ergy,fiw: cyclotron energy This is valid up to temperatures
of 12—15 K for our samples, whereas the breakdown value
Vmax 1S typically determined by electron temperatures of
about 5—-7 K. Thus, low-energy excitations of the order of
SEBT within the localized states of the densbgg determine
he value ofV,,,, within this approach. In contrast, a recent
model attributes the breakdown to excitations at the higher
nergy of the order ok w; only, regardingDgg as unimpor-
ant in this respec® An essential aim of this study is to
confirm the validity of the approach considering low-energy
excitations within localized states of the densbgg as
given above for the samples investigated in our experiments.
From the power-balance equation, the relation between
the radial electric field and the electron temperature can be
evaluated, if the temperature dependence of the conductivity
Oy IS known,

time 7, depends on the electron temperature for scattering at
phonon$® and, as shown later, by scattering at (1)
impurities1426

The energy per are&(T) of the electron system as a func- The first term in the sum of Eql1) describes the thermal
tion of temperature can be analytically calculated for theactivation(the activation gap id\=fw./2), and the second
Fermi energyEe situated in the middle of the Landau gap, if term o is a background conductivity, which can be attrib-

O Te) = 0 exp{— AlkgTe} + oG
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© 351" \ © FIG. 2. Longitudinal conductivityo,, as a
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0 20 40 60 8 100 124 0 20 z;) IIIIII o é 0 100 129 (@ and (b) and B100 (c) and (d), measured at
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uted, for example, to hoppingee also Ref. J4Whereas the a function of the bias voltage, frequency, and temperature.
first term dominates at higher temperatures above abowur data show clearly a trend of a suppressed delocalization
12 K and determine¥,,;,, the background conductivityg;  of electrons already at low frequencies.
dominates/,., at electron temperatures of about 5—7d€e
Fig. 1b)]. Thus, a neglecting ofigg (Or Dgg)™ has no es- IV. EXPERIMENTAL RESULTS AND DISCUSSION
sential influence on the determination \gf,,, but leads to
values forV,, being too small for our samplésee below. As discussed previous®, the HEM with background
With an increase inrgg, Vimax €xhibits a pronounced de- conductivity predicts that the steep increase in the critical
creasgsee Fig. 1b)] up to the complete disappearance of thevoltageV,,., of the QH breakdown observed at low frequen-
hysteresisVmax= Vimin) at 0gg=1.3X107 S=1.7X 1(T30Xy cies is due to a reduction of the longitudinal conductivity
If we attributeogg to a hopping conductivity, we can formu- by about 1-1x 108 S (depending on the sample proper-
late o as follows for variable-range hoppirfgRH):16-1827  tjeg).
Fig. 2 shows the dependencemj, on the frequency up to
To |\ Y2 . 120 Hz, as measured on the sampheX00 [Figs. 4a) and
oge = 0o(T) exp) — T with (20 2(b)] andB100[Figs. Zc) and Zd)] at different temperatures
(3.75 K and 1.6 K forA200; 2.9 K and 0.77 K foiB100).
The low-frequency drop ofr,, (from dc to 10—20 Hyxwas
oo(T) =S/T and (2a)  found between X108 S [see Fig. 20)] and 1.4x10’S
[Fig. 2(@)] at temperatures above 1.5 Rlease note that,,
is 4-5 orders smaller at 0.77 [Fig. 2(d)], measured above

- Cho f=7 Hz with a highly sensitive amplifier, which made it,
(2b) . .
kgdmeegé however, impossible to resolve the far steeper changg,of
at frequencies <7 Hz in this casp
(Sy: constant conductivity prefactoff;: characteristic tem- Consequently, the measured decrease in the nonequilib-

peratureChop hopping constant The temperature exponent rium values of oy,, which occurs in the same frequency
5 for variable-range hopping is, in contrast to the exponentange as the previously measured increase in the dynamical
[1/(1 +d)]d dimensionality of the systenof Mott hopping?® hysteresis of the QHE breakdown, directly confirms the pre-
independent of the dimensionality and related to a soft Coudiction of Ref. 25. This is straight experimental evidence that
lomb gap near the Fermi energy. o, at subcritical voltage$Vsp<Vpin) directly determines
The essential parameter fogg is the localization length  the breakdown of the QHE.
&, if hopping conductivity is assumed to be the essential Further, the fact that the HEM provides a decrease,gf
mechanism. An increase in the localization len@decrease  which is required to explain the increase of the critical volt-
of Ty) yields, in accordance with E@2), an increase in the ageVyay in agreement with our measurements, proves that
hopping conductivity. Consequently, from the observed in-Vimax is determined by the contributiomgg [Eq. (1)], which
crease of the hysteresis with the frequency as reported iis dominant at lower temperatur€,~ 6 K). For these tem-
Ref. 25 a reduction ofigg was predicted, accompanied by an peratures, the thermal energy of the electrokgl
increase inT,. In general, an increase iy can be related to =~0.5 meV is about a factor of 10 smaller théws /2. There-
a decrease ig, meaning a more effective localization. How- fore, for typical sample parameteffsw.~ 10 meV, Landau-
ever, it is questionable how far E(Rb), which was deduced level broadeningl’=~0.03%w. and density of localized
in the linear-response limit, can be applied quantitatively astatesDgg~0.2 mi / 7#2) the contribution of the thermal ac-
rather high voltages near the breakdown of the QHE. Theretivation to the enhanced energy per aedd,) is approxi-
fore, in this study we have measured the conductivityas  mately by a factor of 1smaller than the contribution of the
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1x10™F 1107
@
5 FIG. 3. Longitudinal conduc-
tivity oy, (do) at filling factor v
0" . . . . \ 10" =2 as a function of the tempera-
0.28 032 036 040 044 ture. (@ Arrhenius plot oy
K =f(1/T), sample A200, Vgp
=360 mV,T>2 K. (b) VRH plot
. . . . oy =f(1/TY?) of the same data as
(c) (d) in (a). (c) Arrhenius plot oy,
1x10° xio®E S =f(1/T), sample A100, Vgp
ey . =804 mV,T<1 K. (d) VRH plot
& s o =F(1/TY?) of the same data as
1x10™ | 1x10™ . in ().
107 b— . . ‘ . 107 Lt . . . .
1.0 15 20 25 3.0 1.0 12 14 16 18
T.q[K']] T [K-1/2]

low-energy excitations(2 kgT around the Fermi energly HEM, is dominated by the local properties of the filaments
within the localized states, characterized Bys. This  (i.e., by oy,). If the filaments occupy an angular sectoof
means, that the valué, ., is determined by low-energy tran- the Corbino devic¢the remaining sectd2m—a) is ato,], a
sitions (between localized states in the vicinity of the Fermi global measurement af,,=(o) yields

energy. This is a rather unexpected result, as the breakdown

of the QHE is usually attributed to higher energy differences r
(from the localized states near the Fermi energy to the next | In(—"">
higher extended state—for an overview, see Ref. BOpar- o) = Iso AN/
ticular, in a recent papér the authors concluded that the Vsp 27

breakdown does not essentially depend on the density of . . ) ]
localized state®g or on hopping contributionssg to o, 1NUS, inhomogeneities acting as precursors of the filament

The measured change of,, and V., with the frequency would Ieaq to subcriticad, values measured at vglues Iovv_er
confirms that this conclusion is not applicable for our samplghan predicted by the HEM. Instead, the experiments yield
parameters at electron temperatures below 10 K. Our previne opposite trend. . _ _
ous calculatior? yielded a different behavior of the lower T we assume an additional 2D conduction mechanism
limit of the breakdown hysteresi¥,,. As is visible in Fig. {0 explain the higher saturation values @f,, this would
1, V,yi Was found experimentally to be only weakly O|epen_d|rectly influence _the meas.ured hystere3|s_and is therefore
dent on the frequency, in accordance with our calculations€SS probable. It is more likely that the higher saturation
As V., is determined by electron temperatures f values of the conductivitjalthough a;bsolutely still small—a
~15 K, ogg iS Not as important in comparison to the contri- Méasured value afy,(sa)=6.7x10"" S corresponds to 8.6
bution of thermal activation over the Landau gap. Therefore,< 10 0y] are due to parallel conduction in the GaAlAs dop-
the conclusion in Ref. 15, that the QH breakdown is domi-"N9 layer of the heterostructure wafers. Such a parallel chan-
nated by transitions to the extended stdtew not byogg),  N€l would only influence the measured valwe, but neither
is only applicable to our samples with respect to the loweroxx in the 2DES nor the breakdown properties of the QHE in
limit of the breakdown hysteresi. this system. This assumption is supported by the strong de-
Although the order of magnitude of the measured changérease ofoy,(sa) when decreasing the temperature below
of o,, agrees quite well with the prediction of the HEM, the 1 K (see below.
measured saturation values @f, at T>1.6 K are 1 or 2 To clarify the conduction mechanisms which contribute to
orders higher than calculatddarger deviations at higher oy, We measured the temperature dependence in two differ-
temperatures, see Figsap-2(c)]. ent temperature rangébetween 2 K and 4 K in a Hecry-
In order to explain these larger saturation valuesrgf  ostat, and between 330 mK and 1 K in a®tge* dilution
one could in principle invoke the idea of an inhomogeneougefrigeratoj at various fixed voltage¥sp, below the critical
carrier distribution and the resulting evolution of current- breakdown value and fixed frequencies from 7 to 27 Hz.
carrying filament&-3?at the breakdown of the QHE These In Fig. 3, we see two different plots afy(T) [In oy
filaments develop preferentially in sample zones with a lo=f(T™%) assuming thermal activation, anddg=f(T"*/?) as-
cally enhanced,, (filament = oy, whereas other parts of the suming VRH for the two temperature rangéwafer A). At
sample can remain in the QH regime at lower values,Qf temperatures above 2 K, both plots yield reasonable linearity
(QHE)=0. Thus, the breakdown, also as modeled within the[Figs. 38 and 3b)]. Consequently, TA and VRH are not

o

5 (onh—0¢) < oy, (3
s

:U'(+

195319-4



NONEQUILIBRIUM LOCALIZATION IN QUANTUM HALL ... PHYSICAL REVIEW B 71, 195319(2005

Y ' ' " @ Taking typical values of our experimen&|=4 kV/m and
20 an estimated value d&/~10 um {the decrease of, as a
Ty function of Vgp [Fig. 4@)] and the increase dffy as a func-
tion of the frequencyFig. 4(b)] would correspond to an
T increase of¢ from 4 um to 22 um and to a decrease @&f
10 f 7 from 7.7 um to 6.6 um, respectively, if Eq(2b) were appli-
T cablg, one obtainsT;~ 200 K. Such a temperature would
not only terminate the hopping regime, but would also result

T, [K]

in a complete breakdown of the QHE. However, as the QHE
5 ) ) , " clearly persists dE|>4 kV/m in our samples, the localiza-
810 820 830 80 850 tion length ¢ as estimated from the VRH plots af,, vs
Ve [MV] temperature as in Fig/(@) cannot be correlated to the energy
gain of the electrons. This is because the scattering properties
15 J T T T of QH systems are highly anisotropic due to the Hall angle
by wf=THz (b) (between current densifyand electric fieldE) close to 90°.
o \i\f-’&”HZ P Under ideal QH conditions in a Corbino device, the radial
14 LE \ | voltage Vgp drives a circular current,, and Igp=0 holds.
g | ™ f=27Hz | 7 Assuming an average distance between two scattering events
&~ R T R T I (most likely at Coulomb potentials of impuriti&s along the
TURY] drift direction of the electrons of the order of the localization
13 | T . length ¢, a single inelastic scattering event would displace
P the electrons, traveling on equipotential lines perpendicular
: . to the radial field, radially by about the cyclotron diameter,
5 10 5 0 % 0 Ar~2R.. In case of low Landau leveldr is of the order of
frequency [Hz] the magnetic length. por_respondmgly, the the.ory of Fogter
al.®* predicts a localization length approaching.2in the
FIG. 4. Characteristic temperatufg obtained from VRH plot  center of a QH plateau. As it is difficult to measure the lo-
(see inset (a) as a function of the subcritical dc voltagésy — calization length at low electric fields at integer-filling fac-
(70 mK<T<770 mK, sampleA200) and (b) as a function of the tors, this prediction is hard to prove. However, the
frequency(70 mK<T<770 mK, sampleB100, subcritical ac am- asymptotic behavior of(v) measured in Refs. 11 and 35
plitude Vsp=400 mV). shows a trend of a reduction gftowardsR, if v approaches
integer values. Thus, if we replaéein Eq. (4) by its com-
ponent in the direction of the electric field, i.e., the magnetic
separable at these temperatures. However, at temperatuligfgth, we obtain an enhancement of the effective tempera-
below 1 K, the VRH plot yields a better linearity than the TA tyre of AT~0.2—0.3 K. This would explain the persistence
plot [Figs. 3c) and 3d)]. Thus, at these temperatures, VRH of hoth the QHE and the VRH regime at bath temperatures
may be assumed to be dominant to determine The fact pelow 1 K.
that the absolute value_s o_i(x are smaller than in F_ig. 2_is The meaning of a quantity as obtained from a VRH plot
due to the lower electric fields applidthe values given in  according to Eq(2b) at high electric fields remains a ques-
Fig. 2 denote the amplitudes of the sinusoidal voliaige  tjon if the scattering is highly anisotropic. As the order of
the temperature-dependent measurements. this quantity corresponds to the typical drift distances be-
From the VRH p|OtS, the va]ues of the characteristic tem+ween Scattering events obtained in earlier StUﬁfﬁVRH)
peratureT, can be deduced. Fig. 4 shows the dependence ghay stand for the unperturbed circular movement of elec-
To on the applied voltag&/sp and on the frequency. As  trons. Because this distance, at least for an assumed isotropic
expected,Tq decreases markedly with increasing subcriticalgjstribution of scatterers, has also to be overcome radially by
voltage[dc, see Fig. @)]. This indicates a growing delocal- the electrons to contribute fap, a corresponding value @f
ization of the electrons with the voltagelready at subcriti- may also determine the VRH plots of(T). However, this
cal voltagesVsp<Vmin). The question may arise of whether 555 mption would involve multiple scattering at impurities,
a hopping conduction can be assumed to persist at rathgfisp|acing the electrons in radial direction by abo&, 2or
high subcritical voltages 0¥sp~0.5-0.8/pin, and whether  gach scattering event, without a complete loss of the phase of
a localization lengtkt can be deduced from the valuesf  the wave function. To our knowledge, there is yet no com-
obtained at higher voltages. Rather few theoretficdland  pete theory of the anisotropic scattering properties in non-
experimenta&f3>27 studies have addressed the problem Ofeqjlibrium QH systems available.
hopping conductivity in QH systems in the presence of "aAg mentioned above, the frequency dependence of the
higher electric fields. In these studies, the influence of thenaracteristic temperatufi, obtained fromo,(T) at differ-
finite electric fieldE is described by an effective temperature ¢ frequencies 7 Hz f<27 Hz, would correspond to a
Terr, Which is enhanced by the energy gain of the electrons iR gecrease of the localization length The moderate
the electric field according to decrease corresponds to the slight reductiom,gfas shown
1 in Fig. 2(d) for the same samplB100 atT<1 K in the same
ke Terr = 3€E& (4)  frequency ranggAs mentioned above, measurementsrgf

(K]
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electric fields ofEgp/E.~ 0.5 (E. is the critical electric field

for the breakdown of the QHEwhereas the data in Ref. 33
were taken at 1.2 Egp/ E.< 3. The delocalization times are
determined basically by the transition times between com-
pressible islands or the redistribution of those, which are a
strong function of the applied field and of the temperature.
(Time scales for the redistribution of charges between local-
ized states up to about 20 min at mK temperatures have been
observed®) The dissipative current densify related to tra-
jectories of the typeB is quite small. A simple estimate of
jx=Ne&(Ty,Esp, f)/ty), yields 1.2< 1077 A/m for the satu-
ration current density for samp100 atT, <1 K, Egp/E,
~0.5,f>10 Hz, far smaller than the corresponding circular
current densityj, =0, Esp~0.3 A/m. The saturation value

of 0,,=2.9x 101 S from the estimate above agrees supris-
ingly well with the saturation value measured for this sample
L . _atT=0.77 K, f=27 Hz, andV5p=0.4 V. In view of the en-

FIG. 5. Schematic picture of the suppression of the OIeIOCal'z‘a'hanced saturation values as discussed above, this could indi-

tion at low frequencies. Electrons start from the compressible is- ate a strong reduction of the parallel conduction in the
lands and tunnel towards neighboring compressible islands. Th‘é 9 P

electric field changes sign before the compressible islands start oping layer when reducing the temperature from
overlap(ac, trajectoryA, no contribution to source-drain currénif 16Kt 0.77 K.

the electric field is permanently applied, the electrons accomplish

their way between the electrodes via the compressible islatds V. SUMMARY

trajectoryB, finite source-drain current

In previous measurements, we have observed a steep in-
crease of the dynamical hysteresis of the breakdown of the
below 7 Hz were technically not possible foxx 1 K.) From  QHE with increasing frequency up to 10—20 Hz. This in-
the results we conclude that the delocalization in the QHcrease stems from an increase of the upper hysteresis limit
system becomes less effective in comparison to the dc caseW,,,, at an almost unchanged lower hysteresis Iihif, (see
alternating electric fields with high but subcritical amplitudesRef. 25. We could predict such a behavior within a hot-
are applied. electron model(HEM) by the assumption of a background
In Fig. 5, we show a scheme of a possible scenario t@onductivity ogg of the QH system which drops already at
explain the effect: the closed loops represent localized statdsw frequencies. In this study, we proved this by measure-
(compressible islandsnside the QH system. If a constant ments of the conductivityr,, (at voltages far from equilib-
electric field is applied or the frequency is sufficiently low, rium, but below the critical voltage for the breakdown of the
electrons tunnel at a rather high rate between the compres®HE) of GaAs/GaAlAs Corbino devices in the quantum
ible islands, which increases by this procé&s¥. Thus, with  Hall (QH) regime at low frequencies from dc up to 10 kHz.
a certain probability they can be transferred from the sourcét very low frequencies up to 10—20 Ha,, shows a steep
(9 to the drain(D) contact via these compressible islandsdecrease from its dc value towards a reduced saturation
(trajectoriesB in Fig. 5. If an alternating electric field is value. This decrease of, is of the same order as predicted
applied, the electrons start from any compressible islandby the HEM. Measurements of the temperature dependence
and tunnel at a certain rate towards the neighboring comef the nonequilibriumoy,, from 70 mK to 4.2 K revealed
pressible islands electrode via the localized states during the dominance of a background conductivity with a
presence of one half wavg, of the electric field. If this half temperature-dependence-like variable-range hopgitiRH)
wavet,, is short enough, the polarity of the ac field changeso,,~ exp{—(To/T)*/?} for temperatures below 1 K and an ad-
before the compressible states start to ovefliegjectories of  ditional contribution of thermal activation above 2 K. This is
type A in Fig. 5. The trajectories of typd contribute noth-  a clear evidence that the conductivity at subcritical voltages,
ing to the source-drain current and thusatg.2%3’ Further-  in particular the background contributiansg, directly af-
more, a redistribution of the compressible islands themselvefects the maximum breakdown limit,,,, of the QHE. This
can be assumed to be responsible for the delocalization dfackground contribution, and thi,,,, are therefore domi-
electrons at high electric fields. nated by low-energy excitations between compressible is-
As the steep drop ofy, occurs typically at about 10 Hz lands. In contrast, the lower limW¥,,;, of the hysteresis is
(please note that the drop in Figd2 is by orders of magni- determined by activation processes from localized to ex-
tude smaller than in Figs.(@—2(c) and represents the very tended states. The characteristic temperaflyeas deter-
tiny changes within the saturation of,,), the timet;,  mined from VRH-like temperature plots of the conductivity
=1/(2f) is of the order of 50 ms. This appears rather long inalso showed an increase with the frequency. We attribute
view of the delocalization times of a few nanoseconds ashese results to a less-effective delocalization of electrons in
measured in pulsed breakdown experiméatdowever, the alternating external fields with increasing frequency, due to a
measurements presented here are performed at subcritig&lduced heating and scattering between compressible islands.
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