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Resistance fluctuations in quantum Hall transitions:
Network of compressible-incompressible regions
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Resistance fluctuations in integer and fractional quantum Hall transitions are studied in modulation-doped
Al sGa -As/GaAs heterostructures. We examine the role of coherence in the fluctuations by investigating the
conductance through two scattering regions that are spatially separated but interact quantum-mechanically with
each other. Though the conductor is in a coherent regime, the phase coherence is found to play an insignificant
role in determining the observed pattern of fluctuations. In transition regions where the average filling factor of
Landau levels takes a noninteger valoe, 1< v<n, the electron system splits into incompressible subregions
of v=n and those ofv=n—1, which are separated by percolating compressible strips. Irregular evolution of
the network of compressible strips is suggested to be the origin of the resistance fluctuations in integer quantum
Hall transitions. A similar mechanism is also suggested for fractional quantum-Hall transitions.
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[. INTRODUCTION patterns should change if the region in study is connected to
another scattering region. Surprisingly, we find that the RF
Conductance fluctuations are one of the key issues in thgattern of the totalconnectegisystem closely resembles that
study of mesoscopic physiésihere is a general understand- Of the numerical sum of the individual RF patterns, which
ing that the sample-specific conductance fluctuations in Weiﬁre separately studied in the respective regions. This is not
magnetic fields, the so-called universal conductance fluctu Jecause of the absence of coherence, but the coherence does

. . . not play a substantial role in determining the RF pattern,
t'?nst (UCF), orégénate Eon:hthe |tnterf;arhenc% effect tbet\éveéa? although it modifies the amplitude of RF’s in a characteristic
electron waves.Recently, the interest has been extende anner. We suggest that the electrostatic-potential profile

the fluctuations in high mggne_tilcé field regimes, especially ingyo1yes irregularly with varying physical parametésach as
quantum Hall(QH) transitions>~*°® Theoretically, the corre- the gate voltage and magnetic figlahd it gives rise to the

lation energy and the conductance distribution function ofgRp'g in QH transitions. This work also provides strong evi-
electron systems in QH transitions have been stutii®x-  dence that the two-dimensional electron (2BEG) systems
perimentally, resistance fluctuatio®F’s) in integer quan-  at high magnetic fields form a network of subregions in
tum Hall (IQH) transitions are studietf **where the effects which integer numbers of Landau levels are completely filled
are interpreted as the interference effect among differendven in a regime of IQH transition, where the global longi-
electron trajectorié or as a consequence of resonant tun-tudinal resistance is finite. Additionally, we show prelimi-
neling to a small number of localized statés!* In those  nary results of RF’s in fractional quantum H&HQH) tran-
theoretical and experimental workst® it is the common sitions, suggesting a similar mechanism of fluctuations.
prerequisite that the phase coherence of electron systems is

the origin of the fluctuations. From the experimental point of Il. EXPERIMENTAL METHODS

view, however, it remains unclear whether the fluctuations in Samples are Hall bars with two Schottky cross-gates

QH transitions are indeed a consequence of coherent projaced in series, as schematically shown in the inset of Fig.
cesses. 1. They are fabricated on three different wafers of

Cobden, Barnes, and Fdfdstudied conductance fluctua- Al (Ga, As/GaAs heterostructure@, II, and Ill) with the
tions in IQH transitions of silicon metal-oxide- electron mobilitys, and the sheet electron densityat 4.2
semiconductor field-effect transisto(S§i-MOSFET'S and K of (uy [m?/Vs], ng [10"®°* m~2]) = (60, 2.4, (70, 3.5,
suggested importance of the charging effect, analogous to thend (70, 2.9, respectively. Different-size samples are fabri-
Coulomb blockade oscillations in a random network of quan-cated on one wafer, where the gate length and the channel
tum dots. However, the interpretation is not fully straightfor- width are, respectively L(;, W) = (0.4, 4, (0.6, 4, (1, 4), (2,
ward and questions remain in the physical picture of fluctua4), and(3, 3) in units of um. The distance between the two
tions in QH transitions. gates isLegge=10 um for all the samples. Four-terminal

In order to shed some more light on the fluctuations inmeasurements are carried out irflde-*He dilution refrig-
QH transitions, we study here two scattering regions conerator system at temperatures down to 20 mK. Low-pass
nected in a coherent manner. If the phase coherence detdilters are used inside the mixing chamber as well as outside
mines particular fluctuation patterns in one given region, thehe cryostat to eliminate the noise heating. The resistance
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FIG. 1. IQH transition in the resistané® Vg, ,Vgr) spectrum. Pé L --- R'(V5,0) + R'(0,V) -
Either one of the gates Gluppe) or GR (lower) are biased. The | i ] i | |
line for GL is offset for clarity. Schematic representation of sample 35 30 25 20 15 -10 -5 0
(insed. IQH transition for GL at different temperaturéssey.
VG (mV)
values are studied by a standard lock-in technique withanac __ | | | T | | ] ©
current of 1 nA. The differential resistanc@R,,/dVg 2L | T=30mK Wafer Il ~ "
xdV,/dVg, is studied by applying a dc current of 500 pA 5 B=3 L=1um
and modulating the gate-bias voltage with the peak-to-peak &
amplitude of 250uV. s
O
Ill. EXPERIMENTAL RESULTS %
~
Figure 1 shows the four-terminal longitudinal resistance % | - R(V,0) + R'(0,V;)
R(VgL,Vgr) as a function of gate-bias voltayk; taken on 1 1 I l I L [
a sample (=W=3 um, wafer ). We applyV to only one -40 35 -30 25 20 -15 -10 -5 0
of the gates Vg or Vgr) at a fixed magnetic field oB Vg (mV)

=2.5T, corresponding to the Landau-level filling factor of

v=4. In this condition, the 2DEG region outside the gates FIG. 2. IQH transition for the total system in differential resis-
act as perfect leads. The 2DEG region underneath the biaséahceR’(Vg,Vg), obtained by biasing both of the gates GL and GR
gate, which serves as a scattering region, undergoes a tragimultaneously(solid line). The numerical sum of the single-gate
sition from ther=4 to the v=3 IQH states and exhibits spectrum for GL and that for GRiashed ling () L=W=3 um,
distinct fluctuations. The RF’s are reproducible and specifiovafer 1. (b) L=0.6 um, W=4 um, wafer II. (¢c) L=1 um, W

to the regions studied. This is true for all the samples studied™4 »«m, wafer IIl.

We mention that the distinct RF was not visible wHefW)

exceeds 1Q«m. propagate back and forth between the two scattering regions,

The inset of Fig. 1 shows temperature dependence of thmaintaining their phase memory. Thus, the RF’s are ex-
IQH transition. The amplitude of RF’s diminishes with in- pected to change to yield a pattern that cannot be simply
creasing temperaturé, and RF’'s become invisible atf related to the original patterns of respective individual re-
>640 mK. We have confirmed in additional studies that thegions if the RF’s originate from coherent processes.
inelastic-scattering length;, largely exceeds the size of the = Figure 2a) displays fluctuation patterns on the sample
conductor {, W).1® We are, hence, confident that the coher-used in Fig. 1 {=W=3 um, wafer ) in the differential
ence is maintained in individual scattering regions. longitudinal resistanceR,,/dVs=R' (Vg ,Vgr). The tran-

To explicitly test if the RF’s are a consequence of coher-sition is from thev=4 IQH state to ther=3 IQH state as in
ent interference of electron waves, we connect the two scakig. 1. When either one of the gategd, or VgR) is biased,
tering regions through the 2DEG in an IQH state. This carR’(Vg,0) or R'(0,Vg) exhibits distinct RF's as has been
be done by biasing the two gate¥q, andVgg) simulta-  shown in Fig. 1. The dashed line in Fig(aR shows the
neously. Our previous studies have demonstrated that theumerical sum of the twdR'(V¢,0)+R’(0,Vg). The solid
inelastic-scattering length of edge states in IQH states weline in Fig. 2a) showsR’(Vg,V), obtained by biasing GL
exceeds 1 mm’'® In the present configurationL{se and GR simultaneously. Note that the intermediate 2DEG
=10 um), therefore, it is certain that the electron wavesregion between the two regions is fixed in the-4 IQH
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FIG. 3. Gray-scale plot of differential resistance in swee/ gf FIG. 4. Gray-scale plot of differential resistance in sweep gf
andB. Lighter color represents larger value. The dark dotted linesandB. Lighter color represents larger value. The dark dashed-and-
represent integer filling of Landau level. dotted lines represent integer and fractional filling of Landau level.

state to assure coherent interaction between electron wav&g§nter, while both groups of trajectories coexist in neighbor-

in the two scattering regions. The RF’s shown in Fi¢g)2 hood of level center. These features are similar to the trajec-

have the following two unexpected but distinct featur@s. tories reported for the conductance fluctuations in IQH tran-

The RF pattern of the connected systésulid line) closely ~ Sitions on SI-MOSFET devices. ,

resembles the one obtained by classically adding the resis- Fi1gure 4 shows a similar gray-scale plot in a range of

tance of each regiofdashed ling However,(B) they are not higher mggnetlc fields, where _the bla_lc_k dash-and-dotted lines

exactly the same: the amplitude of the RF’s in the total sys/Mark the integer and the fractional filling factors<1, 2/3,

tem (solid line) is distinctly enhanced on the higher-energy @1d 1/3. RF's are observed in the transition regions,

side in the transition regiotMz> — 23 mV), while it is sup-  — 12/3 andv=2/3-1/3. The trajectories in the region

pressed on the lower-energy sidéd< —23 mV). =1-2/3 clearly follow straight lines parallel to either
These two features have been found to be true in all thg 1 Of »=2/3. In the transition regiony=2/3-1/3, similar_

samples and also for different IQH transitions. Two addi-Irénds are also noted. It is hence suggested that the RF’s in

tional examples are displayed in Figgbpand 2c), where FQH transitions may have an analogous physical origin.

the v=4-3 transition on another samplé& €0.6 um, W

=4 um, wafer Il) and on yet another sampl& €1 um, IV. DISCUSSION AND INTERPRETATION

W=4 upm, wafer Ill) are shown, respectively. . .
We note that featuréB) in the above is consistent with We_ begin by notlng_fundamental aspects of the present
experimental observations. First, the thermal lendgth

our earlier findingg/ and shows that the two scattering re- 1

gions interact quantum-mechanically. Thus we are led to the= (hD/kgT)2 (Refs. 1 and Ris estimated to be 0.6am in

conclusion that the RF patterns are substantially determinetthe present experimental conditio €30 mK). SincelLt

by a classical origifA) whereas the electron system is in a <L for most of the samples studied, UCF-like fluctuations

coherent regiméB). may tend to smear. Second, the characteristic period of the
To gain a hint of the physical picture of RF’s, we show in presently observed RF’s in the sweep \¢§ [Figs. 1 and

Fig. 3 a gray-scale plot of the differential resistance by bias2(a)—2(c)] is roughly aboutsVg~2 mV, which corresponds

ing one gate Yg.) on a samplel{=W=3 um, wafer ) as  to a Fermi-energy change é&~50 ueV in the 2DEG sys-

a joint function ofB andVg. Peaks and dips in the RF’s are tem. This energy interval is roughly 50-120 times larger

indicated by the dark and bright regions, respectively. Thehan the typical level separation defined as the inverse of the

black dotted lines mark the values BfandVg, which cor-  density of states for respective scattering regions; in other

respond to integer filling factorsv& 1, 2, 3, and 4 The  words, 50—-120 electrons are added to or extracted from the

trajectories of the RF extrema in every transition regian ( scattering region underneath the gate for each fluctuation pe-

—1<wv<n) are classified into two groups of parallel tracks, riod. This observation is consistent with the smearing out of

one having the slope af=n and the other of=n—1. The the RF's afT>640 mK(the inset of Fig. 1, where the ther-

former is dominant when the Fermi level is above the centemal energykgT exceeds this energy intervaé:. Hence, the

of Landau level and the latter is dominant below the levelpresently observed RF’s are an effect that survives after av-
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FIG. 5. () Schematic repre-
sentation of the Landau-level en-
ergy, the local filling factor, and
the local electron densityb)—(d)
Schematic representation of elec-
tron systems in high magnetic
fields. It breaks up into incom-
pressible regions inv=n IQH
state (dark shaded and incom-
pressible regions im=n—1 IQH
state (white), which are sur-
rounded by compressible regions
(light shadegl (b) Near the level
center of Landau levelc) Above
the level center.(d) Below the
level center.
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eraging 50-120 electron levels and not a signature of @letely uniform in spacdexcept in the vicinity of edges
single level. Finally, we expect nevertheless that onenesting exactly at the Fermi leveéz. Random potentials
electron level is well defined in each scattering region. Eaclinay be strongly suppressed when compared to those in IQH-
level may be affected when it is brought into quantum-plateau regions because of effective screening effects. How-
mechanical interaction with other levels by the connection ofver, they can never be ignored in true 2DEG systems. In the
two scatterin_g regions with dissip_ationless edge states. Thﬁresence of slowly varying small potential fluctuatiors,
must occur in the present experiments. However, the poSgi| fluctuate in space aroune:, approximately reproducing

sible modification il_n energy may be Ievlel specific and rifsthe landscape of the potential fluctuation. We expect that the
signature and amplitude may be randomly distributed with &, o1, 4tign amplitude is smaller than the LL splitting as well

typical size on the order of the average level separation it
Hence, such an effect of eigenstate modification due to in(§ls the spin-splitting energy. At low temperatures, atfeLL

teraction is not expected to give rise to a directly visibIeW'” then be completely filled in the fractional regions where

signature in the experiments. This view is consistent with theén< €F» while it is empty in the other fractional regions

conclusion derived from featurds) and (B) in the above wheree,> eg. Such regional distinction may be done with a

that the RF patterns are of a classical origin although th&esolution of the magnetic length, which is typically
electron system is coherent. 0.01 xm and much smaller than the size of the 2DEG system

We now consider possible interpretation of the RF’s. De-considered here. Accordingly, the 2DEG system splits into
tailed electronic structures of 2DEG system in IQH regimeghe two classes of incompressible subregions with the local
have been directly visualized by recent imagingfilling factors quantized tagcq=n and vigey=n—1 [with
techniques®?° The observations, however, have been lim-the local electron densitieBlio.,=(€B/h) vioea (h is the
ited to IQH plateau regions, wheteis close to integer val- Planck constan} as shown in Fig. &). These incompress-
ues and the global diagonal conductance of the electron sy#ble subregions are nonconducting and are separated to one
tem is vanishing. In IQH transition regions withwell away  another by compressible regions in whieh=er (n—1
from an integer, as in the present experiments, only feature<r,c5<n). The compressible regions form a conductive
less and uniform images are obtained in the local probingietwork?! tracing the regions where the scattering-wave
technique'® We note that this does not imply the absence ofstate$®*have finite probability amplitudes in the disordered
electronic structure in IQH-transition regions but simply in- coherent 2DEG system. Accordingly, the network must
dicates the consequence of a nonvanishing conduct@nce traverse the entire region of the finite electron system be-
the screening capabilityf the 2DEG systems. As described cause the globafdiagonal conductance is assumed to be
below, we expect characteristic structures also in QHdinite?* It follows that each incompressible subregion must
transition regions. form either an isolatethke (v ,cq=n) Or an isolatedsland

Let us consider a finite coherent 2DEG system in an IQH{ vj,cg=N—1) completely surrounded by compressible re-
transition region =n«<n—1), where the global diagonal gions, as schematically illustrated in Figh5%>
conductance is finite. If random potentials are ignored, the At the middle of the transition regiony=n—1/2, the
topmostnth Landau level(LL) energy,e,, must be com- Fermileveleg will define the center of the locally fluctuating
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€, [Fig. 5@)], so that thelakes (vj,cs=n) and theislands tran_sition mginly trace straight lines parallel te=n—1. In
(Voca=N—1) may have nearly equal weights as shown in@n |r_1termed|ate region aroungd= n—l_/2, the _top_ology de-
Fig. 5().2° In the upper half region of the transition>n termined by both of théakesand theislandsis important
—1/2, wheree: is above the level center, tHakes (Vo and the trajectories of the RF extrema parallebten and
=n) will dominate theislands (v,,cq=n—1) as shown in »¥=n—1 coexist. . _
Fig. 5(c). The opposite feature is expected in the lower-half Our simplified model in the above thus explains all the
region of the transitiony<n— 1/2 as shown in Fig. @). We pbsgrved fea}tures by assuming that the 2DEG system splits
suppose that the topological network pattern of the cominto isolated incompressiblakes(vjcq=n) and isolated in-
pressible regions substantially determines the conductan&®mpressiblaslands(vi,ca=n—1), which are separated by
value. Particularly, in the upper-half region of the transition,compressible regionsn{-1<wjc<n). From similar ex-
the conductance will be most sensitively affected by the toPerimental features of FQH transitions o¥ 1-2/3 andv
pological feature of theakes Similarly, in the lower half —=2/3—1/3 (Fig. 4), we conjecture that the 2DEG system in
region of the transition, that of thislandswill be important. ~ FQH-transition regions splits into isolated incompressible
Our interpretation of the RF’s is as follows. Whafy,  1akes(viocq=p) and isolated incompressiblslands (vjoca
increases, electrons have to be added to the electron systefP’), Which are separated by compressible regiop$ (
The added electrons modify the potential profile through<7ioca<P), Where @,p")=(1,2/3) or(2/3, 1/3.
screening effect. We suppose that the potential-fluctuation We finally comment on the work of Cobden and
pattern or the shape of the compressible-strip network is ser¢0-workers;® which suggests that the fluctuations arise from
sitively affected by a small change ;. Therefore, varying  the charging effect” As described above, our interpretation
Vs causes the shape of thakesand theislandsto change is different. Aside from the difference in the models
irregularly, that in turn affects the conductance. This is theassumed; we mention the following. First, even if Coulomb
origin of the RF’s. This picture is supported by the directblockade takes place in one particular g@éher in an iso-
observation of the potential topography in IQH-plateau redated incompressibliake or island), it appears to be difficult
gions, which demonstrates a profound change in the potentié)ﬂat the blockade substantially influences the glob_al conduc-
profile upon a small perturbatidfi:In the QH-transition re- tance of the 2DEG system because the conduction may be
gions, the pattern change may be equally profound eveffadily bypassed in the network of percolating compressible

though the amp”tude Change of local potentia|s may béegion-s. |f, neyertheless, one particular Si-te is assumed to
much smaller. occasionally give a bottleneck of conduction, the conduc-

Now we explain why the extrema of the RF's in tiig-B ~ tance would oscillate with a much shorter period than those
plane trace straight lines parallel to the linesiefn and» ~ found in the experiments because the sequential addion
=n—1. When we increase boW; andB starting from cer-  traction of electrons tdfrom) the particular site should then
tain values so as to trace a trajectory parallel to the line of b€ Visible. Second, the charging model accounts for the ex-
= n, the ratio of the increments iV and B satisfies |stgnce of the trajectories parallel ic=n but dogs not ex-
AVs/AB=ne*hC, where C is the capacitance per unit plain the existence of those parallel#e=n—1. Finally, the
area between the gate and the 2DEG. The local electrof¢atureless images obtained in the local probing tephﬁ_?qu_e
density Ny at a location k,y) increases by AN may suggest that the Coulomk_)-.blocka.de—llke behavior is dif-
—CAV,/e whenV increases b\ V. Noting the relation  ficult to occur in the QH-transition regions.

Vioca™ Niocal/ (€ B/h), we can find thaw,,., does not change
during this process if,4 IS originally equal ton, but in-
creases ifyjyqy is originally smaller tham. It immediately We have studied RF’s in IQH transitions to examine the
follows that each incompressiblake (v,.o=n) is kept un-  role of coherence. The experiments indicate that the coher-
changed both in shape and size whereas each incompressiklece does not play a substantial role in determining the pat-
island (vjocq=N—1) shrinks in siz&é’ We suggest that this tern of the RF’s even though the electron system is coherent.
explains why the RF extrema mainly trace straight lines parWe suggest that a 2DEG system in IQH transition splits into
allel to v=n. isolated incompressiblakes(v,.5=n) and isolated incom-

If Vs and B increase so as to trace a line parallelito pressibleislands (vica=n—1), which are separated by
=n-—1, we can conclude through similar consideration thaicompressible regionsi- 1< vj,.,<n), and that an irregular
eachlake (v,cq=n) shrinks in size while the topological change in the topology of these regions gives rise to the
feature of eacfsland (vj,cq=n—1) is kept unchanged. This RF’s. A similar break up of the 2DEG system into different
explains why the RF extrema in the lower half region of thesubregions is also suggested for FQH transitions.
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