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Hysteresis and spikes in the quantum Hall effect
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We observe sharp peaks and strong hysteresis in the electronic transport of a two-dimensional electron gas
(2DEG) in the region of the integral quantum Hall effect. The peaks decay on time scales rangirggfreral
minutesto more than amour. Momentary grounding of some of the contacts can vastly modify the strength of
the peaks. These features disappear under application of a negative bias voltage to the backside of the speci-
men. We conclude that a conduction channel parallel to the high mobility 2DEG is the origin for the peaks and
their hysteretic behavior.

The hallmarks of the integral and fractional quantum Hallfeatures in a traditional single heterojunction interface
effects are wide regions of vanishing magnetoresistance arshmple. Their lifetime can be strongly altered by momentary
wide plateaus in Hall resistanée® These features are cen- grounding of the contacts. Hysteresis and spikes disappear
tered around magnetic fields that correspond to integral oon application of a voltage bias to an electrode on the back
fractional fillings of Landau levels of a two-dimensional side of the specimen. We conclude that the origin of hyster-
electron gas2DEG). Their origin is quantization of the elec- etic behavior and spike formation in our samples is the result
tron orbits into Landau levels and the formation of localizedof a nonequilibrium charge distribution, which arises due to
states in real, slightly disordered 2DEG in the presence of ¢he coexistence and dynamic exchange of electrons between
high magnetic fieldB. Electrons in the localized states pro- the high-mobility 2DEG and a low-mobility parallel conduc-
vide a reservoir in equilibrium with the current-carrying, de- tion channel in the vicinity of the doping layer.
localized states and keep their occupation constant over wide Qur samples are modulation-doped GaAs(d, _,As
stretches ofB. While in the integral quantum Hall effect guantum-wellstructures grown by molecular-beam epitaxy
(IQHE) (Ref. 1) the ingredients of this picture are of single- (MBE). A high density 2DEG resides in a 300 A-wide quan-
particle origin; they are of many-zp??rticle origin in the frac- ym well 2000 A below the surface. The well &doped on
tional quantum Hall effectFQHE).™ _ both sides with silicon impurities at a distance of 950 A in

Two recent experiments have observed hysteretic beha‘é‘ampleA and 750 A in sampl®. Samples are cleaved into 4

E{ﬁr and(or pefa!; fo;mfli_}'ggl\'ﬂr.‘ eIegttromc tranqurt gftZEiEkG N mmx4 mm squares and eight indium contacts are diffused at
e regime of the FQHE."Minor discrepancies in data taken the corners and the middle of the edges. Transport measure-

on opposite field sweeps are common and are usually attr ments are performed using standard lock-in techniques in a
uted to the large inductance of the magnet and the resultin b g q

time delays or to slight temperature differences between bot ilution refrlgerqtor W'th.a base temperature of 70 mK. A
sweeps. However, the recently observed effects are ve 00 nA current is q;ed in most of the measurements. Both
large. Kronmuelleet al* observed the appearance of a huge>@mples have mob|||tly hlgihzer than 230° cn?/V sec. The
spike at the position of the=2/3 minimum when the mag- dens?y s, 2.X 10" cm™® in sample A and 3.2
netic field is ramped very slowly. The time scale for devel-< 10" cm 2 in sampleB.
opment of this feature can be as |0ng as hourS, which sug- As an example of the hyStereSiS and resistance SpikeS that
gested to the authors the involvement of nuclear spins in itgrise at many IQHE positions, we show in Fig. 1 the mag-
creation® Cho et al® have observed hysteretic behavior in netoresistance,,, of sampleA in the vicinity of filling
resistance traces taken on several fractions around filling fadactor »=3, measured at a slow sweep rate of 0.05 T/min.
tor v=1/2 and attribute it to nonequilibrium phases of com-Solid and dash-dotted lines represent traces taken on upward
posite fermions in this regime. The origin of these observaand downward field sweeps, respectively. Both traces largely
tions remains puzzling and the nature of the underlyingeproduce, although there is a slight discrepancy in the posi-
nonequilibria remains unclear. tion of the high-field flank. Most remarkably, however, a
We have observed strong hysteresis and the formation afharp spike appears in the central part of #k€3 minimum.
sharp peaks in magnetotransport experiments on 2DEGs ifihis peak is only~0.01 T wide, comparable in height to the
guantum wells in the regime of the IQHE at temperatures oburroundingR,,, and it is completely missing on the up-
~0.1 K. To our recollection, we have never observed suctsweep.
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dominates over any other feature of this trace. The details of
the hysteresis vary. The peaks appear on the up-sWeep
=9,7,6,5 or on the down-sweefy=23) and in some cases in
both directions, but with very different amplitud¢s=8).
Instead of being absent in one direction, the previous peak
position is sometimes marked by a small dip. At fields higher
than v=3 and up to the highest field of 14 (hot shown,

150

A100 traces from both field sweeps largely reproduce and there are
g/x no further spikes observed. In this high-field regime all the
x regular features of the IQHE and FQHE are well developed.
SampleB behaves similarly to sampls, despite the dif-
50 ference in electron density. The shapes of the low-field en-

velopes in both samples resemble one another. Their maxima
and minima occur roughly at the same field values. The
backgrounds in both samples reach their highest values near
2.5 T and gradually disappear above it. In samplethe
Ly, . . region of most pronounced hysteresis occurs feri18=3,
26 28 30 32 34 36 while in sampleB this occurs for 12 v=4.
To examine the time dependence of the peaks, we swept
B(Tesla) the field slowly to their maxima and stopped at the summit.
FIG. 1. Magnetoresistance of sampién a magnetic field from The inset of Fig. 1 shows the subsequent time evolution of

2.5 to 3.6 T. Solid and dash-dotted traces represent upward a € pef_ik atr_)=5. After a rapid drop the (_jecay be_comes ex
downward field sweep, respectively. Arrows indicate filling factor ponential with a time constant ef-2.7 min. The time con-

v. A sharp hysteretic resistance peak occurs=8. Inset: A typical ~ Stant is sample dependentdependent, and depends on the
decay process of the peak &t5. contact configuration. The typical value for samplds a

few minutes and for sampR a few hours, with a maximum

f ~10 h. These are enormously long time scales for the
ecay of an electrical resistance in a 2DEG.

We made a critical observation during such decay experi-
ents in sampléB. A quick grounding and subsequent un-

Hysteretic resistance peaks similar to the one observeg
around v=3 occur in our sample at the positions of most
resolved integral filling factors. Figure 2 shows an extendeqn

ECT dtéﬁf[:e Am;gﬁgp;ﬁ\grﬁesrugﬁﬂﬂ?ﬁxﬂggtﬁgsc;s@"ggﬁ;'S grounding of some of the contacts led to a dramatic decrease

. . X o of the amplitude of the peaks. Although this observation was
tions s superlmpos_ed ona slowly osc'llat'r.]g ba_ckground. .Irhot reproducible during all cool-downs, it points clearly to
spite of this complication, we can clearly identify the POSIihe existence of some nonuniform, nonequilibrium configu-

tions of the IQHE minima in the Sd'._' oscillations, of which ration, that can be equilibrated by the redistribution of charge
we have labeledv=3-9 (see also inset on an expanded within the specimen

sc_alQ. Similar to th? occurrence of the sharp peak i.mthég. . To characterize beak creation and decay we performed
fmlmmum, suqh Isplkes are alsglprese_ngt) at thhese E'gherlj'"mgeveral additional experiments. The amplitudes of the peaks
actors(see circlel most notably av=5, where the spike increase with increasing sweep rate, but much less than pro-
portional. They increase by less than a factor of 2 when the
sweep rate is raised 20 times from 0.02 to 0.4 T/min. The
decay of the peaks with time probably accounts for the small
difference in amplitude. Raising the temperature weakens the
observed hysteresis and increases the background, while the
amplitudes of the peaks and dips shrink. The hysteresis at
v=>5 in sampleA disappears at about 400 mK. Samjide

300

200 shows similar behavior. Both ac and dc excitations were
) used to conduct the experiments and data from both largely
o:§ resemble each other. The data remain essentially indepen-

dent of ac amplitude from 10 nA to gA.

100 The oscillatory background in the low-field data strongly
suggests the existence of a conduction path parallel to the
2DEG channel. The occupation of a second subband in the

o quantum well can safely be ruled out on the basis of a simple

calculation. Other sources for a parallel current path are the
0 1 2 B(Tesla? 4 silicon modulation-doping layers on both sides of the quan-
tum well. A fraction of the electrons can remain at the site of
FIG. 2. Magnetoresistance of sampleip to 4.7 T. The notation this layer and provide a conducting path parallel to the
is the same as in Fig. 1. Sharp resistance peaks are circled. Ins@PEG. At high enough mobility, such an impurity channel
Expanded scale of regions between 1 and 1.7 T, corresponding ©an exhibit its own magnetotransport superimposedgn
v=6t0 9. from the 2DEG.
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sample does not provide such a parallel channel, probably
due to depletion by the nearby surface of the sample.

From the shift of the minimum in the background at
~0.95 T in Fig. 3a) with increasingV, and a gate capaci-
tance ong~22pF/cmZ, we derive an initial density of
Nopic~5.7X 10 cm™2 in the impurity channel. This iden-
tifies the 0.95 T minimum in Fig. 2 as the=2 IQHE of the

400

200

& Y 2DIC. The other minima in the background follow quite well
n‘:& 200 the usual 1B sequence, with the strong minimum Bt
. ~1.9 T representing=1. This indicates at least a moderate
mobility for this 2DIC, since spin splitting is just resolved.
At —150 V the density of the 2DIC has been depleted to
100 3.0x10% cm 2 and has probably fallen below the conduc-
tion threshold of such a disordered channel. Therefore, par-
S allel conduction has vanished and a clday trace is ob-

served.
In the remainder of the paper, we develop a model that
can account for many of our observations. We regard our
FIG. 3. Magnetoresistance of sampleat different backgate SYSteém as consisting of two parallel sheets of conductors, a
voltages. Left inset schematically shows the current configuration iffigh-mobility 2DEG and a low-mobility 2DIC. Both are con-

the two-channel system. Right inset shows the diagram of thé€cted via eight contacts at the perimeter of the specimen
sample and the backside gate. and are coupled by a mutual capacitance &f

=12F/cm?. At any given magnetic field a complex cur-
To investigate the Origin of the para”ei channel we ap_rent distribution emerges. The situation with the 2DEG in a

plied a voltageV, to a backside electrodgate placed under ~quantum Hall state is shown as the left inset to Fig. 3. We do
the substratésee the right inset in Fig.)3Figure 3 shows not differentiate between resistanRend resistivityp, since
the magnetoresistance of samplat different backgate bi- both differ only by a factor of order of unity in our square
ases. Here we have chosen a current direction perpendicul&®mple. Following the value of the Hall resistances, the total
to the one used in Figs. 1 and 2. Although the hysteresis igurrent™ divides between both layers according to their
less pronounced in this current configuration, several hysteidensity ration?®'%/n?P=¢. Therefore, about 1/5 of the total
etic peaks are clearly visible in pan@) at zero bias. A bias current is flowing through the 2DIC. In addition, due to the
of —50 V on the backgate across the 0.5-mm-thick substratglifferent resistivities between the 2DEG and the 2DIC, an
has a dramatic effect on the trace in pafi®! While theR,,  interlayer current!™ is induced, which contributes to the
background weakens, the previously small hysteresis peak®ltageVy,. Whenever the 2DEG is in the IQHE, a simple
grow enormously in amplitude and the sharp spikes agalculatiorf shows, that the measurd®,=V,y/1"" simply
»=4.5, and 6 dominate the graph. Uniformly, peaks occur orfeflectsp3?'®, attenuated by the square of the ratio of elec-
the down-sweep, while the up-sweeps either show the cugron densities in both layers. From a value-6£00(} for the
tomary IQHE minima(v=4,5) or sharp downward cusps that smoothly varying background in Fig. 2, we dedu,a%?'C
approach vanishinB,, (v=6,7,8. The last and cleanest hys- ~2.5 k). This establishes the parallel channel as a moder-
teretic peak has moved from its previous positionaB in  ately good conductor.
panel (a) to »=4 in panel(b). In general, with increasing As the magnetic field is swept, the Fermi levels of both
back bias, we see such a progression from higher to lowdayers oscillate due to Landau quantization, creating an os-
magnetic field. Eventually, all hysteresis effects disappear irillating imbalance in the chemical potential between the
panel(c) at a backgate bias 6f 150 V. The specimen shows layers. The resulting potential difference is particularly dras-
a cleanR,, behavior as is customary for very high mobility tic in the regime of the IQHE of the 2DEG, where its Fermi
samples. Not only is the fragile stateiat 7/2 visible, but the  energy changes abruptly Byw.. To keep the Fermi levels
data also show the recently discovered anisotropic states at equilibrium, a charg€® ~ C% w./e needs to be transferred
v=9/2 and 11/2;® manifested by deep minima in Fig(c3  between the layers. B~3 T, Q~4x10° e/cn? or ~10%
and well-documented clear maxima in Fig. 2. of the charge of the 2DIC. The relevant series conductance to
Backgate bias does not change the electron density in theharge or discharge the 2DEG sheet from its edge, where the
2DEG as is evident from the stationaBy positions of its  contacts reside, is its diagonal conductivity,. In the re-
IQHE and FQHE features. The oscillations of the back-gime of the IQHE this parameter tends toward zero. The
ground, on the other hand, are steadily moving to lower fieldresulting RC time constant for equilibration can assume val-
SampleB behaves similarly to sampl& and its data re- ues as long as hours if,,~10 ' Q! which is not un-
semble those of panét) at a higher bias of-170 V. The  common in a high mobility 2DEG sampl&!
backgate bias experiments on both samples provide strong The combination of a finite field sweep rate and a long-
evidence for the existence of a parallel conducting path irtime constant for equilibration gives rise to a density inho-
the form of a two-dimensional impurity chann@DIC) on mogeneity in the 2DEG. While the edges of the 2DEG and
the substrate side of the quantum well and for its role in thehe 2DIC are quickly equilibrated, the center of the 2DEG
appearance of the background as well as the hysteretiags far behind and maintains a higher or lower electron den-
spikes. The symmetric doping channel on the top side of theity concentration depending on the field sweep direction.

B(Tesla)
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The resulting radial density gradient in the 2DEG is im- count for the observed, minute-long interlayer current. What
printed with opposite sign onto the 2DIC due to the electro-s rather observed is the influence of the induced nonequilib-
static interaction between both layers. Since the diagonal retum charge distribution in the 2DEG on the resistivity pat-
sistivity p22'° in the low density, disordered 2DIC depends tern in the 2DIC and the resulting transient redistribution of
strongly on electron density, the sudden change of the Fermyurrents in the specimen. The narrowness of the spikes is a
level in the 2DEG and the resulting density gradient in theresult of the narrowness of the regions within the IQHE over
2DIC can abruptly alter the local?' and hence the current which o, takes on sufficiently low values to create suffi-
pattern. This leads to a nonequilibrium,, which is ob-  ciently long RC times to be observable on the time scale of
served in the experiment as a time-dependent spike. In pagur experiment. Outside of these narrow regions of exceed-
ticular, if the electron system in the 2DIC is near one of theingly small o, charge transfer between 2DEG and 2DIC
metal-insulator transitions, as they arise close to the edge ®fappens rapidly, both layers maintain equilibrium afg is
a Landau level, the change jif;,'“and hence iV, can be  time independent. Raising temperature increasgs there-
dramatic. This explains why exceedingly sharp spikes alfore, peaks disappear at high temperature. The long decay
ways occur on a very low or completely absent backgroundimes of the peaks is a direct result of the long RC times. Our
such asy=3,5 in Fig. 2. It also accounts for the enormous model also explains the hysteresis of the spikes. Obviously,
growth of the spikes with decreasing carrier density in theopposite field sweeps generate radial density gradients of op-
2DIC in Fig. 3b). To predict the direction a particular spike posite signs which lead to different current patterns and
is pointing (up or down requires knowledge of the transient hence hysteretic behavior.
nonequilibrium current distribution. This pattern can be very In conclusion, the strong spikes and large hysteresis in the
complex since it depends on the loggf'“,which is sensi- magnetoresistance of our 2DEG in the regime of the IQHE
tive to the position of the Fermi level with respect to the are the result of a nonequilibrium charge distribution caused
density of states in the disordered 2DIC. The resulting curby the long RC times to modify the electron density in the
rent pattern is difficult to assess in detail. 2DEG in the IQHE regime. The origin of these spikes is a
The characteristic time of the phenomenon is the RC timegparallel impurity channel. We can explain our observations
of the electric discharge between 2DEG and 2DIC. Howeveras resulting from the capacitive coupling between 2DEG and
it is not the actual discharge current that is observeW,ip. this neighboring impurity channel and the time-dependent
There is simply insufficient charge in the capacitor to ac-current distribution it creates.
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