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M. Furlan
Swiss Federal Institute of Technology EPFL, CH-1015 Lausanne, Switzerland
and Swiss Federal Office of Metrology OFMET, CH-3084 Wabern, Switzerland
(Received 23 December 1997

We report on recent experimental results from transport measurements with large Hall bars made of high-
mobility GaAs/ALGa _,As heterostructures. Thermally activated conductivities and hopping transport were
investigated in the integer quantum Hall regime. The predominant transport processes in two dimensions are
discussed. The implications of transport regime on prefactor universality and on the relation bejwaed
pxy @re studied. Particularly in the Landau-level tails, a strictly linear dependgmgep,,) was found, with
pronounced asymmetries with respect to the plateau center. At low temperatures, @dmmperature-
dependentas well as non-Ohmitcurrent-dependentransport were investigated and analyzed on the basis of
variable-range hopping theory. The non-Ohmic regime could successfully be described by an effective electron
temperature model. The results from either the Ohmic transport or from a comparison of Ohmic and non-
Ohmic data allowed us to determine the localization lerfgith two different ways. The observed divergence
of &(v) with the filling factor v approaching a Landau-level center, is in qualitative agreement with scaling
theories of electron localization. The absolute valueé far from thep,, peaks are compared with theoretical
predictions. On one hand, discrepancies betweei§ tiesults obtained from the two experimental methods are
attributed to an inhomogeneous electric-field distribution. Extrapolation yields an effective width of dominant
potential drop of about 10@m. On the other hand, our analysis suggests a divergence of the dielectric
function €, = &# with 8=1.[S0163-18208)05320-X

I. INTRODUCTION diagonal conductivity tensor componen, then follows an
Arrhenius law
Transport measurements in the quantum Haéigime

have been widely used to investigate fundamental physics of o (T)= agxe‘TO . 2
electron conduction in the case of a quantized two-
dimensional electron gas in strong perpendicular magneti€he activation energkgT, corresponds to the distance be-
fields. If the energy separation between the Landau levelgveen the Fermi energlie and the percolation leved. In
(LL’s), i.e., the cyclotron energfiw,, is much larger than Several works;'°the universality and possible dependences
the LL linewidth, all electrons within the LL tails are con- of the prefactor values?, were studied.
sidered to be localized. The localization lendtftharacter- Based on considerations of localization and percolation
izes the size of the space region in which the wave functiortand in the limito,,<e?/h), a similar thermally activated
of an electron, moving in an impurity potential, is not expo- behavior is expected for the deviation
nentially small. This characteristic length is believed to di-
verge with the Fermi levelEr approaching the LL center. In
that limit, the divergence can be expressed according to a
power law:

ez Vo
50—xy(T) = ny(T) - T

from the quantized Hall conductivity, whetg is the integer
T 1 filling factor at the plateau center. In spite of the importance
Ew)ly =7, @ 6f understanding the reasons and processes leading to a pos-

sible deviation from the quantized values, a clear and unam-
where v=27l3n, is the filling factor(with Iz=\%/eB the  biguous distinction between pure thermal activation and
magnetic length and, the electron sheet densjtyThe value  other effects(e.g., sample-dependent mixing of the tensor
v, corresponds to the position whelg coincides with the componentshas not yet been experimentally achieved. At
LL center, andy=2.3 is a critical exponerft.> On the other integer filling factors and sufficiently wide cyclotron gaps,
hand, the localization length at the resistivity minima washowever, a linear dependend®r,,(T)x*o,,(T) has often
recently predictetito be on the order of the classical cyclo- been observetl Unfortunately, such experiments have not
tron radius(true for our samples, although depending on thebeen extended to the Hall plateau regions further away from
phase diagram introduced in Rej. Ghe transport properties the plateau centers. In the dissipative regime of plateau tran-
depend on disorder and on the temperature. Different domiitions, where the Shubnikov—de Ha&uH) peaks emerge,
nant transport processes are distinguished for different tenthe situation is again differentt,, and o, are not indepen-
perature ranges. At intermediate temperatutgpically a  dent variables, but are described by a two-parameter
few K), conductance is predominantly determined by elecrenormalization-group theory:® satisfying the so-called
trons thermally activated to the nearest extended states. Tisemicircle rule:
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Whereas many experiments were concerned with meaased on the idea of the existence of a quasi-Fermi level
surements at the,, minima only, others®>!2*especially tilted by the electric field. As a consequence, the local Fermi
concentrated on the transition regions. In spite of large thedistribution is formed corresponding to an effective tempera-
oretical efforts, experiments to link the different regimes inture Tey<&4&. Hence, in analogy to the Ohmic hopping
order to complete the picture of thermally activated transportransport(4) in the quantum Hall regime, the non-Ohmic
in the quantum Hall effect are still missing. conductivity in the limit of vanishing temperature is then

With decreasing temperature, the longitudinal conductivimmediately given by Eq(6) for increasing electric field.
ity becomes exponentially small, and an electron conduction Both the temperature and current-dependent VRH con-
mechanism known as variable-range hoppityRH) be-  ductivities in Eqs(4) and(6) explicitly depend on the local-
comes the dominant transport procEsSeveral attempts to ization length¢ via the characteristic valugg, and&; [Egs.
describe the measured,,(T) behavior in the hopping re- (5) and(7)]. To test the predictions, it is interesting to com-
gime with pare experimental resulimamely, the extracted) on the

basis of the discussed hopping theory. While Es). also
ogce” (T (3)  contains a dependence @p, the localization length in Eq.
6,17 . . (7) is a pure function of characteristic values obtained from
were reported™'” While Eq. (3) describes the Mot experiment: a comparison of the measured conductivities

hoppind® with =3 (3) in two (three dimensions in the . (T) and e, (J) relates the current to an effective tem-
absence of a Coulomb gap, a suppression of the density @ferature like

states near the Fermi level due to Coulomb interactibns
leads to a soft Coulomb g&P,and expressiort3) with an Py
exponenta=3 was derived: KgTe(J)=€§ oL, (8

o T) =0 e \TTT, (4)  whereL, is the sample width. The localization lenggrcan
therefore be determined without explicitly knowing the exact
behavior of the prefactors.

e? In the present paper, we report on experimental results
m, (50 from extensive transport measurements, covering th_e ranges

r=o of thermally activated and VRH transport in the integer
with the numerical constari@~6.2 in two dimensiondthe  quantum Hall effect. The subsequent text is organized as
dielectric functione,~ 13 (value for GaA$, and the vacuum follows: the experimental conditions and the sample proper-
permittivity €,. The hopping behavid#) was also derived in  ties are presented in Sec. IIl. The experimental results in Sec.
Refs. 22—24, although with different coefficients foy and Il are divided into three parts. First, the important results
o). The role of the prefactow,, i.e., whether it is tem- from thermally activa'_[ed transport measurements are sum-
perature dependent or not, was W|de|y disputed and still remarlzed, and the relations between the reSlSthlty tensor com-
mains an unsolved problem. Experimentally, a prefactor proPonents are discussed. The other two parts are devoted to
portionality UIX“ 1/T was usually observetf:17:25.26 either temperature or currgnt—depgndent_measurements in the

Although the quantum Hall effect can successfully be de-YRH regime. Section IV gives a discussion about the deter-

scribed by means of the linear-response theory at low curreffination ofé(»). Possible reasons for discrepancies between
levels, the non-Ohmic transport observed at high electriéesuns' pbtamed frpm Qn‘ferent experiments, are considered.
fields is not yet well understood. Different models were pro-Conclusions are given in Sec. V.
posed to explain the behavior in the current region below the

where

kgT1(v)=C

critical breakdown current: inter- and intra-LL transitions Il. SAMPLE PROPERTIES AND MEASUREMENT

due to high local electric fiefd (tunneling or emission of TECHNIQUE

phonong, increase in the number of delocalized states in the

LL,%® or the production of superheated electréh&xperi- For the transport experiments, we have used Hall bars

mentally, an essentially exponential dependence of the lonrmade of GaAs/AlGa, _,As heterostructures. These are con-
gitudinal resistivity on current has most often been observedsidered as “good” samples from the metrological point of
In a recent model’ the non-Ohmic transport in the quantum view: they have wide Hall voltage plateauAB~2 T for
Hall regime was discussed on the basis of the theory of hoplateau twg, high critical breakdown currents (>10"4 A),
ping in a strong electric field: At low temperatures, non- and low contact resistancéypically well below 1Q). Non-
Ohmic transport in the VRH regime is then expected to showdeal contacts, i.e., with high resistance, introduce a nonequi-
a behavior like librium edge-bulk electron distribution. At short distances
and in the linear low-current regime, such a nonequilibrium
situation leads to the observation of the reported nonlocal
resistanced?33In this context, it is well established that high
contact quality is crucial for the observability of the exact
2k T, quantizatiort*3® as well as for correct determination of the
&= ot (7)  longitudinal resistivity in Hall bars. Our samples are also
rather larggbar width and contact distances typically 1 fjnm
is a characteristic value related to the hopping temperaturén order to omit narrow channel effects or poor equilibration
This electric-field-dependent hopping transport model isbetween the probes. We are stressing these facts to empha-

Uxx(‘]) = Uixe_ V& gH: (6)

where&y is the Hall electric field across the sample, and
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TABLE |. Electron sheet densityn,, mobility wx., and spacer thicknesd for the two Hall bar
GaAs/AlLGa, _,As heterostructures. The corresponding Fermi wave végt@and the elastic mean free path
I'mip are calculatedL, ., is the distance between two consecutive voltage probes) arigl the Hall bar
width. Sample A was produced at the Niels Bohr Institti@benhavn, Denmaijk sample B at EPFL
(Lausanne, Switzerland

Sample Ne (miz) Me (Til) d(nm) ke (mil) Imfp (pem) I-><,min (mm) I-y (mm)
A: HCO 130/92  3.0% 10%° 132 25 1.3%10° 12.1 1.50 0.50
B: EPF 277/5 4.7%10% 38.8 10 1.7% 16 4.4 1.25 1.00

size that our samples did not suffer nonlocal transport, in tha negligible level, i.e., no significant temperature variation of
sense as described in Ref. 36. the He bath.

For the present investigations, we concentrate on two The sample contact resistances were periodically con-
samples from different production sources and with differentrolled during the experiments in order to monitor any devia-
properties, as listed in Table I. Further details on the samplesons of the sample quality that could lead to systematic er-
may also be found in Ref. 34. Each Hall bar had three equirors. Upon proper and careful sample handling, the
distant voltage probes on each side, which, upon injection oéxperiments could be continuously carried out during several
a dc current], were all measured simultaneously, yielding days with perfect reproducibility and with no significant
the potential dropv;; across any contact pair combination. change in sample properties. This was an essential condition
The resistanceR;; =V;;/J were determined from the mean to allow a comparison of the data from different runs, since
value from the measurements with both current polaritiesthermal cycling generally also changes sample characteris-
Thus, with the dc technique, thermoelectric effects or anyics, like the mean electron sheet density and the local charge
instrumental offsets were safely canceled, while the informaand potential distribution.
tion was still available to account for current path dependent From the measured longitudinal and transverse resistances
effects: at very low current levelgypically below 108 A in R. andRy, respectively, and with the usual assumption of a
our samples nonlinear and in some cases strongly asym-homogeneous sample, we determined the resistivity tensor
metrical behavior can be observ&dThis low-current re- component,,=pyy,=R L, /L, andp,,= —py,=Ry, with
gime was excluded from our data analysis, and we will onlythe distance., between the voltage probes and the wibith
discuss transport either at current levels where linear reef the Hall bar. The conductivity tensor is given ly,,
sponse is applicable or in the non-Ohmic regime at highelt(pfl)w. We present results for both quantities, depend-
currents. ing on the theories referred to and the appropriate range of

The experiments were performed by varying currdnt values considered.
temperatureT, and magnetic field densit. We want to
restrict the present discussion to the range of high-magnetic-
field densities corresponding to filling factors within £.5
<4.5, and particularly concentrate on the plateau regions. In order to make sure that the temperature-dependent ex-
According to this range, the plateaus around the filling facperiments were not influenced by electron heating effects, we
tors v~2, 3, and 4 are called plateaus 2, 3, and 4, respegerformed measurements of SdH oscillations at our lowest
tively. The spin-split LL with the indesN=1, leading to the  3He bath temperaturé800 mK) and varied the bias current.
third plateau, was well resolved at low temperatures, i.e.Figure 1 shows such SdH traceg(B) for sample A with
negligible overlap of the energy bands. Two types of expericurrent levels 30 nAJ<30 wnA, together with the corre-
ments were performed extensive(g at fixed » the current  sponding Hall resistivitiep,,(B). A clear decrease of the
was set to|J|=1 wA, and the temperature varied in the SdH peaks is observed with decreasihg/Vhile the oscilla-
range 300 mKsT=<20 K; or (b) the temperature was kept tions strongly depend od at high current levels, they satu-
constant aff=324+12 mK, and the current varied in the rate at aboud<1 uA. Therefore, we have chosdr=1 pA
range 1uA<|J|<100 uA. The temperature measurementas a compromise between negligible electron heating and
was performed with a Speer resistor and a capacitance themaximum sensitivity to low resistivities.
mometer, both calibrated on the basis of a germanium ther- Also apparent in Fig. 1 is the typical strong asymmetry
mometer aB= 0, and then extended with the necessary corbetween the SdH peaks corresponding to the up and down
rections due to magnetoresistive effects. The accuracy of owpin-split LL's 33°This effect is qualitatively well explained
thorough temperature measurement was comparable to tiyy the theory®“° of different equilibration probabilities of
uncertainties given for the calibration curyom Lake- the edge and bulk channels at the sample edges due to dif-
shoreg of the germanium sensor. In experiméat, the tem-  ferent distances in the confining potential. An increasgd
perature was swept very slowltypically several hours for a tilts the potential, and therefore reduces the channel dis-
change in temperature by one order of magnijud®rder to  tances. However, it turned out that one has to be cautious
guarantee thermal equilibration as well as sufficient statisticith a straightforward application of the theoretical
in the experimental data. No hysteresis or other variationformulatior?®“°to the experimental data: depending on how
between consecutivé sweeps could be observed. In casethe results are analyzedata range and choice of free fit
(b), special care has been taken during the experiments g@rameterns we alternatively obtain equilibration lengths,
well as in the offline data analysis to keep the dissipation awhich are by orders of magnitude larger than our sample

Ill. EXPERIMENTAL RESULTS



57 ELECTRONIC TRANSPORT AND THE LOCALIZATION ... 14 821

72 05 P @ 12911
<

12910

),

;
F
s

12909

12908
700

600 12907

500 12906

400
12905

300

TR T[T T[T T[T T[T T[T [T TrTT

S
=

12904
300 nA, . Coooe b b b b b b e B b B B |

100 nA, 03 04 05 06 07 08 09 10 L1 12 13 14 15
T (K)

200

100

— AT

FIG. 2. Temperature-dependent transverse resistiyiffT) on
the highB plateau side. The dip arounid=1 K is due to a geo-

FIG. 1. SdH oscillationg,,(B) and Hall resistivities,,(B) at metrical mixing ofV, into V.
T=0.3 K for different bias currentssample A. The p,, peaks are
labeled with their qorrespo_n_ding LL index and the spin polarization,however, one grod found an enhanced Landactor g*
the p, plateaus with the filling factory. ~5.2, but with a spin gap proportional & This cannot be
explained by the model of exchange enhancement.
size. Furthermore, we see no difference in the resistivities Furthermore, in agreement with a recent predictitor
measured at different contacts and at different distances. Theigh-mobility samples with a long-range impurity potential,

problem of extracting, in some cases, a physically meaningte prefactorsr?, in Eq. (2) closely approached the universal
ful equilibration length has already been realized in Ref. 33y alue 22/h at v the mean value of alzlrf()x (vo=2, 3, and

The discrepancy may be attributed to the requirement of gf) and from all investigated samples was (2:211)e?/h
homogeneous carrier density in the model, which is not nec- '

: : . : L However, at|v—vo|=0.05 around eveny, the prefactors
essarily fulfilled particularly in our high-mobility samples. Hmexpectedly dropped by about one order of magnitude.

peaks was given in Ref. 38, according to which the densit))Nhile another group reported similar behatffoand attrib-

of stateDOS) becomes asymmetric due to an unequal Con_uted it tq a. contributipn of VRH conduction, we have doubts
tribution of attractive and repulsive scatterers. From our dat&P0ut this interpretation for such elevated temperatures up to
analysis(cf. the note in Sec. Il B we could not find any 10 K. We always observed one single exponential slope at
significantly asymmetric DOS in our samples. Hence weintermediate temperatures and, what we consider the hop-
have to reject in our case the picture of DOS-Corre|ated)ing contribution, a clear upward curvature from the Arrhen-
asymmetries of the measured SdH peaks. ius Law atT=<1 K (cf. Fig. 1 in Ref. 41, and the discussion
in Sec. Il B of this paper Our data at 1 KT<10 K and
away fromwv, are rather consistent with the picture of con-
duction via extended states in the case of a short-range im-
We have recently reported on experimental results of therpurity potentiaf} although we currently do not understand
mally activated longitudinal conductivities for our high mo- the reason for the abrupt regime crossover. A possible reason
bility samples in the quantized plateau regifffe€lear acti-  for the reduced prefactors is also an effective temperature
vated behavior, according to E(R), was observed in an dependence in the activation energy due to the adjustment of
intermediate-temperature range<1, ...,10 K, andtypi- Er, in order to keep the number of particles constant. As the
cally over at least two decades in,. Measurements with Fermi level moves away from the nearest LL with increasing
lower bias currents by one order of magnitude led to thdemperature, the observed prefactors become smaller than in
same results of the activated data, justifying the neglect othe case of a temperature-independept This effect obvi-
electron heating due to sufficiently low current density. Theously does not occur in the special case of electron-hole sym-
activation energiekgT, were extracted from fitting Eq2) ~ metry withEg in the middle between two LL'éminimum of
to the maximum slopes of the data points. At=2 and 4, the DOS, yielding the observed universaf, values. Irre-
they were found to be equal to half of the LL spacing./2  spective of the reasons for the prefactor behavior, the narrow
within experimental uncertainties. This is in perfect agreetange aroundv,, where we have found,=2e%h, can,
ment with expectations, and with the fact of negligible spinhowever, explain the scattering of prefactor values experi-
energygougB<fw.. At vo=3, increased activation ener- mentally observed by other groufs.
gies compared to the bare spin-splitting energy were ob- The investigation of the thermally activated behavior of
served due to an effectively enhancegl factor g* the transverse resistivity,,(T) (or conductivity is compli-
~3.5,...5.4 as a result of exchange interacffoflarger ~ cated by a mixing of longitudinal voltagé, into the Hall
g* was found for higher-mobility samplesThis is consis-  voltageVy,. Figure 2 shows a measuremenpgjf(T) on the
tent with former experiments, wheregafactor enhancement high-B plateau side ¥~1.8). The observed decrease of
at oddw, by about one order of magnitudeompared to the p,(T) is independent of current polarity, magnetic-field di-
GaAs bare valug,=0.44) was reportetf Very recently, rection, and contaci$or the same samplelt is explained by

B -(T)

A. Thermal activation
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‘ ) FIG. 4. Fit results for the slopes from the linearly related
FIG. 3. Left (a): temperature-driven flow lines afpy,(T) Vs §p,,/p,x (sample B. The full points® are the temperature-driven

px(T) at the lowB (v~2.23) and highB (v~1.82) plateau sides data from experimenta), the open circle®© are from the current-
for low p,, values(sample B. Right (b): temperature-driven resis- dependent experimefi).

tivities as in(a), but for smaller|Ex—E,| (on the third plateau at
v=3.06 and 2.94 In this casep,,(T) is corrected to account for cyssed above. This result implies that in this plateau range
the geometrical mixing effect, according to E8). pxx(T) is strongly enhanced relative &p,,(T). On the low-

i . . , B plateau sidéhigh v), however, this is not the case: slopes
a geometrical mixin§/ of V, over the finite probe arm width ¢ orqer unity were found. We attribute this asymmetrical

wy, into Vi, yielding an effectively measured behavior to different longitudinal transport regimes, depend-
W ing on the position of the Fermi enerd . This leads to a
pfxnfaf'r) = pyy(T) _L_p Py T). 9) picture of eithgr dominantly pe_rcolating emp'Fy or pgrcolating
y full transport’® In the percolating empty regimeEg in the
The geometrical ratio isv,/L,=3%, ...,14% for oudif-  low-energy LL tai), scattering occurs only between edge

ferent samples, and Eq9) satisfactorily accounts for the channels. In contrast, the interplay between edge and bulk
observed mixing effect within experimental uncertainties.states in the percolating full regimé&¢ in the high-energy
However, a more general and quantitatively more accuratél tail) leads to an increased backscattering probability with
measure of the)xy(T) behavior can be acquired by p|ott|ng enhanced. reS|St|V|t|e-S measured. Obser-VEl.tlon of a similar
pxy(T)=h/e2V0+ 5pxy(T) Versusp,,(T). When the Fermi a_symmetncal behavior and a model of d_|st|nct transport re-
energyEr is far enough from the percolation level, andT ~ gimes have recently been reporfédThe interpretation of
is not too high(but still above the VRH regimei.e., lowp,, d|_fferent Ionglt.udlnal transport regimes is also consistent
values, we observe a strictly linear behavior of theW'th th.e experimentally evident asymmetries of the thermal
temperature-drivenSp,, /py(~ — 8,7y, typically over activation prefactof§ on even-numbered plateaus, where
three decades ip,,, as shown in Fig. &). While more 0
complicated temperature dependences of the prefactors in the Ty Vo= 6V) _
thermal activation formulas were predict€dpur results o (vo+ 5u)~
show that the temperature-driven dependefipg,(py,) is >
dominated by the exponential term exply/T) in the con- was observedsee Fig. 8) in Ref. 41]. This may also ac-
sidered regime. For the case of higher temperatures and/eount for the peculiar discontinuity of the prefactef, at
decreasingT, a crossover to a quadratic dependeapg, v=3, as we observed in some of our samples. We want to
0<p>2(X was observed, in agreement with finite-size scalingstress again that the transport phenomena discussed here are
theorie4® and the so-called semicircle ruf2A measurement not to be confused with experimental observations of the
of activated behavior in this regime, taken on the third pla-anomalous QHE with nonideal contacts, which selectively
teau, is shown in Fig.(®). In this caseEg is in the spin gap probe only some poorly equilibrated edge channels. Our data
andT, is consequently lower. Alsgy,, is corrected accord- neither depend on the longitudinal probe distance, nor are the
ing to Eq.(9) to account for the mixing effect. results compatible with a temperature-dependent equilibra-
Now we want to draw more attention to the former casetion length® The extrapolated Hall resistivitieg,,(pyy
of linearly relateddp,y(pxx) . The slopes of the temperature- —0) perfectly coincide with the quantized valulelsezyvo.
driven Jpy,(pyy), obtained from linear fits to the measured A basic result of the observed proportionality
data points, are shown in Fig. 4 as a functionof(full Opxy(T)*pyx(T) is, besides the geometrical mixing effect
points. The results on the even numbered plateaus show @), the indirect determination of the activation energy in
strong asymmetry with respect to the plateau cefaleralso  dpy,(T): both resistivity tensor components essentially fol-
Fig. 3(@]. This observation was reproduced with all our in- low the same exponential behavior, which implies the same
vestigated high-mobility GaAs/AGa, _,As heterostructures, activation energykgT,. Although this is not a spectacular
and was independent of current polarity, magnetic-field di+esult but rather an experimental confirmation of general the-
rection, or contact pairs. The values on the higjiplateau  oretical consensus, not much significant and conclusive data
side (low v) are close to the correctior (w,/L,) for geo-  about the activation energy ifip,,(T) have yet been pub-
metrical mixing(9) within experimental uncertainties, as dis- lished. The difference betweeip,, andp,, for E far from
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200 o sample A ters(not shown herg similar to the reported prefactor asym-

+ ® sample B metries of thermally activated,, at higherT. On the lowv
plateau side, the values were about one order of magnitude
larger than on the high-side. This result can certainly not
be understood in terms of electron-phonon scattering only.
We have estimated the DOS of the two-dimensional electron
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300 .Z f gas either by means of the activation enerdgig$,(») and
200 :'o ob 3‘%.. A + with the procedure proposed in Ref. 52, or from the charac-
o e o % R ¢'. teristic temperature¥,; according to the hopping model in
e g% \ L5 oo o o Ref. 22. As mentioned above, the unequal contribution of
0 N NN TN I ST attractive and repulsive scatterers in high-mobility hetero-

1.6 1.8 2 22 24 26 28 3 32 34 36 38 4 42 44
filling factor v

structures may be taken to be responsible for the asymme-
tries of the DOS® having an influence, e.g., on the shape of
FIG. 5. Characteristic hopping temperatufe, according to  SdH peaks. Within our range, the DOS does not show any
Egs. (4) and (5), and extracted from the experimental data in thesjgnificant asymmetries that could account for the dramatic
VRH regime atT<1 K. The best fit to the data was found with a prefactor behavior. We interpret the systematic asymmetries
prefactor proportional to T/. Around evenwo, no data points are  of the prefactors again with different transport regimes, de-
available due to unmeasurably small resistivifigs at low T. pending on the position dE¢ in the LL tail relative to the
mobility edge(as discussed in Sec. IIDA
E. is concluded to be a consequence of different prefactors With respect to our studies, there has been only one pub-
only. The prefactors themselves dependwotFig. 4). lished experimenf up to now with a thorough quantitative
At this point we should emphasize again that theinvestigation and useful data on hopping transport at the re-
temperature-driven resistivities shown in Fig. 3 and the resistivity minima. From their analysis based on the hopping
sults in Fig. 4 correspond to the temperature rafigel K,  theory of Ref. 22, the authors claimed to extract values for
where transport is dominated by conduction via electronsT,, which are more than one order of magnitude too small
which are thermally activated to extended states. At lowe(implying a much too large DOS compared to the zero field
temperatures, where VRH becomes important, thesalug. In contrast to their results, oli, values far in the LL
temperature-driven slopesp,,/px were found to be equal tails are well consistent with the mentioned hopping
to the ratio— (w,/L,) for almost our entire plateau range, theory?> However, at the resistivity minima, the predictions
i.e., only due to the geometrical mixing effect. This is con-for T, in Ref. 22 virtually coincide with those in Refs. 15
sistent with the theoretical predictithof a negligibly small  and 20[i.e., Eq.(5)] for our samples at low. Hence, from
VRH contribution todp,, compared tg,y . the results around the plateau centers, we are not able to give
Results from current-driven resistivities obtained in ex-precedence to either of the two models. On the other hand,
periment(b), i.e., in the non-Ohmic regime, are also shownhowever, the theory with the assumptidnf Gaussian local-

- . . : >
in Fig. 4, and will be discussed in Sec. Il C. ization of the electron wave functioﬂ(r)oce*rz"“s has been
criticized® with the argument that the tails of the wave
B. Variable-range hopping function have a simple exponential formy(r) eI/,
: . Furthermore, it was mentioned above that the observed pref-
As mentioned in Sec. Il A, the temperature-dependent, i, asymmetries are not consistent with the theoretical pre-
longitudinal conductivities were observed to deviate from theyi tion in Ref. 22. Therefore. we will base our further analy-

simple exponential Arrhenius behavi®) at low tempera-  giq o the VRH theory as developed in Refs. 15, 20, and 30,
turesT<1 K. In this range, where a contribution of VRH together with Eq(5).

conduction according to E@3) is considered, the best fit to
our experimental data was obtained with=3 and a
temperature-dependent prefact@rlxoc 1/T, in agreement C. Non-Ohmic transport and effective electron temperature
with other experiments>*”? The extracted characteristic ~ Several studies on the current dependent non-Ohmic
hopping temperatur€, is shown in Fig. 5 as a function of  transport were previously published, as mentioned in Sec. I.
However, due to our rather limited loW-range, our fitting  Before examining the applicability of the models to our ex-
procedure is not very sensitive to the prefactor behavior, angerimental results, we shall first consider the current-driven
we cannot conclusively rule out other temperature depenrelation between the measurpg,(J) and p,,(J), obtained
dences of the prefactors. In the case of fitting with afrom experimenib). Similarly to the temperature-driven re-
temperature-independeat,, (and accepting a slightly worse sistivities (Sec. Il A), we found an essentially linear behav-
agreement between the fit function and the data ppimts  ior of the current-drivenp,,(pxy) typically over three de-
obtain values forT, which are typically 20% larger than cades ofp,,. The results for the slopes are shown in Fig. 4
those shown in Fig. 5. OuF, results can therefore be con- (open circles The same asymmetries were observed as in
sidered to have a maximum uncertainty of this magnitude. the case of experimefid), but with significantly smaller val-
According to the theory of Ref. 22, the preexponentialues. On the lows plateau side, the slope values from both
factor o,,=€?y,/kgT contains the material parametgg,  experiments coincide, i.e., they correspond to the geometri-
which is essentially a material constant, depending on theal mixing coefficient-(w, /L), according to Eq(9). Thus
electron-phonon coupling strength. We observed, however, we can conclude nothing about a possible difference in the
pronounced asymmetry of, with respect to the plateau cen- actual behavior and the relations between the resistivities in
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FIG. 6. Surface plots of the measureg, on the second plateau as a function of temperakuteft) or current] (right). The ranges were
chosen to show comparahtg,,, and to correspond to the VRH regime. The saturatiomrgf around the plateau center corresponds to
experimental noise, which is decreasing in thg(J) plot due to higher currents.

that range. On the high-side, however, the slope values s\ [T.\ @2 J
typically differ by a factor of 4—6. The observed linear be- (5—1) =(?1 +In$(, (10)
havior of p,,(pxy) in both experimentsa) and (b) implies H Txx

that the resistivities are dominated by the exponential term in
Egs.(2) and(6) for the dependence oF or J, respectively.  With a;,a,= 3 expected. To test this condition we applied a
Therefore, it must be the prefactors which differ in cag®s linear fit to the points at higld in the log-log plot(dotted
and(b). One should keep in mind that the temperature-driverines in Fig. 7. The values of the slopes of the straight lines
slopes represent thermally activated transport, whereas tH@r all consideredv and for both samples are shown in the
current-driven results are obtained in the VRH regime.histogram(inset in Fig. 7. They correspond to the ratio
Therefore, we interpret the discrepancy in the slope value§1/“12' and were found to be; /a,=1.005*0.096. While
from the two experiments as a difference in the prefactors oft2=z Was already confirmed in Sec. IlI B, this result sup-
the transverse resistivities due to different transport proPOrts the interpretation of transport based on E4jsand(6).
cesses. Moreover, it was mentioned in Sec. Ill A that in theF'na"y’ the position of th.e f|ttgd sFra|ght I|.nes yields the
low-T range of VRH conduction, the deviations @y,(T) res_ults_ forT,(v)/&,(v), which g|ves_|n_format|_on on '_[he lo-
; . calization lengthé(v) [cf. Eq.(7)]. This is considered in Sec.

were much smaller tham,,(T), supporting the idea of Y,
transport-regime-dependedp,, prefactors. ’

It is interesting to compare directly the conductivities ob-
tained from both experiment&@) and (b). The o, values
measured on the second plateau as a function of temperature
and current are shown in Fig. 6. The range§ afndJ were
chosen to show comparabte, values. Also, theT-range
corresponds in this case to low temperatures with VRH con-
duction. The two plots are qualitatively very similar. We can 1E
now relate the quantities from both experiments by compar- ]
ing the measured,,(T)= o,,(J) point by point. This yields 7
an effective electron temperatufgz= T[ o«4(J)] for a given |
currentJ, as discussed in Sec. |. Results from this analysis ’ +¢ ++*
for Te¢(J) at three differenty are shown in Fig. 7. At low 13 ?+++++ m V=375
current levels, the measured conductivities are below the ex-  $ ##sebetsessstetasifs? + . M
perimental noise, resulting in an artificially saturat€g P < T
~320 mK, which is simply the®He bath temperature. At 10 i S
higher J, however, a cleall4(J) dependence is observed. @&
Data analysis was performed in this way for all measured FIG. 7. Effective electron temperatufley vs current] in log-
The extracted effective temperatures were found to nevegg representation, for three different filling factors. The data at low
exceed the rang€er=0.3, ..., 1.4 K.This justifies a treat- 3, where T, saturates at about 0.32 Kvhich is the *He bath
ment on the basis of hopping theory. If the temperature- angemperaturg correspond to the range whesg, is in the experi-
current-dependent conductivities obey the la@sand (6),  mental noise. The dotted lines are linear fits to the points at higher
respectively, we are able to relate the measurements accorgl-The inset shows the histogram of all slope values, wiftia,
ing to =1.005* 0.096.

T (K)
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sistivities. The divergence of(v) for v approaching half-
filling fractions is well understood within the model of two-

& (m)

i
. 7samp1eA ’

F . R dimensional electron localization. Close to the LL center, the
* 5 ! N behavior ofé(v) is expected to follow the power lagt). For
* LY o PR large energy separatid&.— Eg|, i.e., Er deep in the mobil-
o 40 ity gap between two LL's, the lack of knowledge about the
) exact form of the density of states does not allow us to de-
9 B mmemmmmemTT duce the functional behavior of the measugeexplicitly.
———————————— However, it is expectédthat £ approaches a length close to
16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 the classical cyclotron radiug,= v/v2mn, for v—vq. This
is indeed the case f@(T,). Compared to this prediction, the
values of¢[ T.4(J) ] are anomalously large. The main formal
y ¢ difference between the two methods is that E5j.includes
% ¢ 9 o 3 o the dielectric functiore, (and the constart), whereas Eq.
107 ;% ég; 2 ° 9 P (7) is based on the assumption of a homogeneous electric
9 ° 2 S ® :
b7 5.4

:é sample B *§1

& (m)

field. Different reasons may be found for the discrepancy

between the localization lengths obtained from the two meth-

————————————————— ods. The first criticism addresses the assumption of uniform
T electric field. Several theoreticiland experimentat inves-

16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 tigations strongly suggest a significant charge and potential

flling factor v redistribution in the quantized regime. While the electrostatic

FIG. 8. Localization lengtt as a function ofv obtained from  Potential in the metallic phase is essentially linear, the poten-
the two methods as discussed in the text. The open cifclese  tial drops for filling factors close to integer mainly occur
calculated from the characteristic hopping temperaluréFig. 5,  close to the sample edges, leading to strongly enhanced local
and with Eq.(5). The full dots® show the results from the effec- field gradients. The width of these potential drops was ob-
tive electron temperature analygBec. Il O of non-Ohmic trans-  served to depend on external conditions like contacting ge-
port data. The dashed lines correspond to the classical cyclotroometry or an additional gate potential. In spite of theoreti-
radiusR;. The upper and lower figure are for samples A and B,cally predicted® narrow edge widths of less tharuim, there
respectively. is also experimental evidence of a very wide region of up to

100 um where the dominant potential drop occef<on-

In the above argument we have neglected the additionalerning the electric-field-dependent hopping mod@) this
term In@,,/oy,) in Eq. (10). It can, however, easily be seen picture leads to an effectively reduced sample width, being
from Fig. 5 that in most casegT,/T is much larger than typically one order of magnit_ude smaller than the physical
In(o3,/ar,) even for possible differences of the prefactors byWidths of our Hall bars. Taking such an estimate into ac-
one order of magnitudécf. the discussion aboyelf that ~ count, the localization lengthéf Ter(J)] should be reduced
were not true, no straight lines in g) versus Ing) should ~ by the same amount toward;, and closely approach the
have been observed, and slopes different from one shoulflues ofé(T,) at the plateau centers. o
result. To be complete, this was indeed the case at certain Another reason for locally increased electric fields may be
values far away from the plateau center, whegevas very ~ found in E;[he macroscopically inhomogeneous nature of the
low. Such data were excluded from further analysis. samples? Some spatially rare critical key resistances, com-

The same argument of negligible ‘fi(/UIx) also applies POsing the network o_f the |nf|n|te_ clu§te( where the current
to the case where the behavior of the prefactors is not knowHOWS in the VRH regime, determine in first order the mac-
exactly. Therefore, and this is most important, the experifOSCOPIC resistance of the medium. While most of the poten-
mental method and the way of data analysis discussed in thi&! drop occurs across such key resistances, the local field is
section allow us to investigate some fundamental relations iff"hanced there by the ratio of the characteristic distance of
quantum transport even if certain parametéike the func- the critical sites and the hopping length. The latter is usually

tional behavior of the prefactorsare not perfectly deter- much smaller than the correlation radius of the infinite clus-
mined. ter. Although this effect may alter the effectively applied

local electric fields, it is not clear how to quantify the model
in our case. We realize, however, that both pictures of field
IV. ANALYSIS AND DISCUSSION inhomogeneity induced either at the sample edges or some-
where along the current path due to macroscopic impurities
In this section we will mainly focus on the results from tend to account correctly for our experimental results. Our
the temperature- and current-dependent VRH conductivitarguments are the following: although sample A has the
measurements presented in Secs. IlI B and Il C. Both exhigher electron mobilityu., it shows a significantly lower
perimental methods allow us to extract the localizationcritical breakdown curreni, by about one order of magni-
length £. The values foré(T,) and & Tex(J)], calculated tude compared to sample (Bhe latter havingl =600 uA at
with Egs. (5) and (7), respectively, are shown in Fig. 8. A »=2.0). Hence, in spite of sample A’s “higher electronic
constant dielectric functiom, =13 was assumed in the case quality,” it is less robust against increaség. This is a
of £(T;). Close to the even-numbered plateau centers, noonsequence of a higher degree of macroscopic density fluc-
data points are available because of unmeasurably small resation or large-scale impurities in sample A, governing the
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transport properties under critical conditioms,addition to

the smooth long-range random potential. The picture of the
breakdown mechanism with large-scale distributed random
impurities was recently investigated in Ref. 59. Those ex-
periments confirmed the idea of a locally triggered break-
down at rare critical sites with enhanced electric field. The

10

dielectric function
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larger the number of macroscopic impuritiew the larger * +¢
the samplg the higher the probability to exceed the critical L “ ?
threshold at such a site. Taking this into account in the con- T N A
text of the discussed locally increased field within the VRH 16 18 2 22 24 26 28 3 32 34 36 38 4 42 44

filling factor v

model, one would expect a better agreement betwigesmd
the average effective local field for sample A. This isindeed F|G. 9. Dielectric function, given by the ratioe,
consistent with oug[ Te(J) ] results, which show lower val- o« £(T,)/£(T.), vs filling factor ». Open circleO and full dots®
ues for sample A, being in better agreement with predictiongepresent the results for samples A and B, respectively. The diver-
and the temperature-dependent VRH experiment. On thgence of the ratio with decreasing distance between Fermi level and
other hand, sample A is half as wide as sample B, i.e., théhe LL center implicitly suggests a divergence of the dielectric
physical width is closer to the potential drop width in the function €,(v).
scenario of increased field at the sample edges. This again
leads to loweré[ Tew(J)] for sample A, as observed in the siderations about a filling-factor-dependent dielectric func-
data. To conclude this discussion, more experiments argon, although it has not been experimentally observed be-
needed to distinguish the field enhancement mechanisms alffiste.
to answer the question about the dominant contribution. We argued above that the functional behavior of the ex-
Next, we want to comment on ti#&T,) values related to perimentally determined,(v) reflects the divergent dielec-
the temperature-dependent experiment. Although the dielegaric function and not a variation of¢(T.s) due to
tric function €, appearing in Eq(5) is usually assumed to be »-dependent electric-field distribution effects. The reason
constant in the two-dimensional case, this is a crude approxivhy we conclude this, is the following: the distance
mation, and is neither theoretically nor experimentally establE—E_| in the spin gagthird platead is small enough(in
lished. In real systems, the dielectric function is believed tocontrast to plateaus 2 and) 4o potentially observe the
diverge in the three-dimensional case when approaching theower-law divergence of the localization length according to
LL center®® Drawing the analogy for the quantum Hall ef- Eq.(1). There the critical exponent was foundfrom fitting
fect in two dimensions, the dielectric function grows like Eq. (1) to the £(v) data point$ to be y=2.29+0.21 in the
€, &P with 0<pB=<1.3° Since our experiment in the VRH case of¢g[ Ter(J)] and y=4.61+0.24 for £(T,). Hence the
temperature regime actually measueg§(T;) as a function critical exponent in the former case is very consistent with
of v according to Eq(5), the ratio between ouf(T;) (where  the theoretically predicted value 2.3, whereas in the latter
a constank, =13 was assumed abovand {[ Te4(J)] gives  casey is too large by a factor of Pwe should mention, that
the relative behavior ok, (v), under the assumption that we are not in the situation here of two strongly overlapping
everything else varies at a negligible level relativet{o). spin levels, which might lead to an enhanced critical expo-
As far as the local electric-field distribution or the field en- nent by a factor of ZRef. 30]. This result justifies the as-
hancement mechanisms is concerned, the latter condition gmption made above of a negligible effective electric-field
invariance is not necessarily true. We will, however, shortlyvariation within ourv range. It rather supports the picture
give an intuitive argument justifying our approach. The di-where&(T,) in Fig. 8 actually represents the measurement of

electric function €(v)é(v), with €&, Although this argument is conse-
quently based on our experimental results, more measure-
ce’s, ments on extended and temperature ranges are needed to
€(v)= ——, (11) investigate the subjectpossibly with other high-mobility
87T€ok§Tf sampleg and to confirm its implications on the electrical

properties in the quantized Hall regime.
deduced from the experimental data and based on Ggs.
and(7), is plotted in Fig. 9. The reduceq around integew
compared to the GaAs bare value is due to the underestimate
of the electric field by about one order of magnitude, as Results from a large series of transport measurements on
discussed above. The systematic divergence,(f) with quantum Hall bars have been reported. We clearly distin-
decreasing|Er—E.| is clearly observed here for two- guish between thermally activated transport and transport
dimensional electron systems in the quantum Hall regimedominated by VRH. In the former case, the longitudinal con-
For sample B, the significant effect appears symmetric wittductance in our high-mobility samples agreed well with the
respect to integer,, whereas the weak asymmetry observedArrhenius Law. The extrapolated prefactors were found to be
for sample A is attributed to a slight shift of the electron (2.02+0.11)e%/h within a narrow range around the plateau
densities between the two experiments. A fit of the assumedenters. Deviationgp,, of the transverse resistivity from the
power-law dependence to the poir{sversusé[ T(J)] for  quantized value were attributed to a mixing @f, into p,,
all v yields the exponenB=1.098+0.096, independent of due to finite probe arm widths on one hand, and to thermal
LL index. This result is in agreement with theoretical con- activation(Sproce*TO’T with the activation energ¥, on the

V. CONCLUSIONS
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other hand. The activation enerdy, was shown to be the ratio diverges on the third plateau like— v, =2 (see Fig.
same for bothp,,(T) and Jp,y(T). The observed strong 9). Second, the critical localization exponent was found to be
asymmetry ofdp,,/pyx With respect to the plateau center equal to the theoretical valug=2.3 for the e, -independent
was explained with an asymmetry of tpe, prefactors due model, or twice that value in the case of tegdependent
to either percolating full or percolating empty transport re-model. Hence, the experiment in the latter case measyged
gimes. with €, &. We suggest further measurements, with the ex-
At lower temperatures, both temperature and current deperimental range extended to largerand lower tempera-
pendent longitudinal conductivity could be well understoodtyres, in order to verify our conclusions and to determine the

on the basis of a VRH_theolr§/2°taking a Coulomb gap into F values at the resistivity minima as a function of
account. Those experiments allowed to determine the local-

ization lengthé(v) in two different ways. The divergence of
¢ for Eg approaching the LL center could be demonstrated in
the quantum Hall effect over a relatively broadange. An
inhomogeneous electric-field distributi¢either due to edge We are grateful to M. M. Fogler, B. Jeanneret, B. Jeckel-
effects or macroscopic impuritiewas considered to explain mann, L. Schweitzer, and B. I. Shklovskii for very useful
discrepancies between the two methods. Most interestinglydiscussions, to U. Feller and M. llegems for supporting this
our experimental results suggest a divergence of the dieleavork, to H.-J. Binlmann for fabrication of the EPFL samples
tric function e, . First, this divergence was deduced from theand to H. Batschi for his technical skills. This work was
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