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Universality in the crossover between edge-channel and bulk transport
in the quantum Hall regime
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We present a theoretical approach for the integer quantum Hall effect, which is able to describe the inter-
plateau transitions as well as the transition to the Hall insulator. We find two redimeslliclike and
insulatorlike of the top Landau level, in which the dissipative bulk current appears in different directions. The
regimes are separated by a temperature-invariant j&01863-18208)01447-7

Even more than 15 years after the discovery of the integegs the extracted components for the top (4 and ‘T;Oy
quantum Hall effecIQHE) in two-dimensional electronic  for the 12 plateau transition fulfill a semicircle relation
systems, the nature of the transitions between adjacent QHo?Z + g-)z(yoc g'xy)_B
plateaus is still a controversial question. Already years ago |n this paper, we show that by a modification of the
Kivelson, Lee, and Zharfgdeveloped a global-phase dia- Landauer-Bttiker formalism? which is based on an alterna-
gram, which maps out insulator and QH liquid phases onto a@ve formulation of backscattering, it is possible to model the
magnetic field-disorder plane. However, a quantitative modfull IQHE behavior, i.e., the Hall plateaus as well as the
eling of the complete transport regime of the IQHE has notransport regime between them. Several of the above refer-
been given so far to our knowledge. While the guantizedenced experimental facts can be modeled without assuming a
values of the Hall resistance are well described by the edgearticular function for the dependence of the backscattering
channel(EC) picture? it is widely believed that the EC pic- on the filling of the Landau levels. Introducing an exponen-
ture is insufficient to describe also the transport regime betial function for this dependence, further details of the ex-
tween the IQHE plateaus. The ongoing studies of the interPerimental findings are reproduced.

plateau transitions are particularly stimulated by recent Several attempts for modeling a four-terminal experiment
results of the work on the Hall insulatéil).*® Using QHE with a discrete backscattering barrier or a disordered region

Jetween ideal conductors have been made alréadyAs

samples with not too low disorder, the HI regime is entere . X :
directly from the »=1 IQHE regime without observing the an example, for the case of a discrete backscattering barrier

fractional QHE. An analysis of the transport ranging from!" _a fgur-termlnal arranggment Biker’®  obtains
the HI to the adjacent HQ liquid regime suggests the exisRXX_(h/e )[R/(NT)],_whereN IS the. ngmber Of. c_hannels,
: . RandT are the reflection and transmission coefficients of the

tence of a close relation between the transport behavior in thl‘)earrier The Landauer-Riiker formalism is completel )
two regimes By defining a critical filling factor, it is . _ P y gen

€9 DY de 9 . 9 c eral, where the transmitting channels are not necessarily edge
poss_lble to distinguish two regimes, tha'_[ are cqqpled by th%hannels. However, for the explanation of the quantized Hall
relation py,(Av) = lpx(—Av), whereAv is the filling fac-  regjstance values Biker introduces the EC picture. We also
tor relative tov. . Another important experimental fact is the ;se this picturt as an input to our model in which we use
existence of a critical longitudinal resistivipg, , which ap-  an alternative representation of backscattering. Details of our
pears at the transition point from the QH liquid to the HI approach can be obtained from Ref. 12. The essence of Ref.
regime? This critical pointv is indicated by the crossing of 12 is that the coupling of the states at opposite edges via
the temperature dependepy, traces and the value qf;,  backscattering leads to a coupling betwégn andR,, ac-
was found to be close to/e?. Using a tensor-based analysis cording to R,,=PR,, where P is a backscattering
of the experimental data, Shaheral’ have been able to Pparametef’ For the case of aingle LL, which is repre-
extract the contribution of the top Landau lev@l) (re-  Sented by a single pair of EC's, we substitikg, by h/e”:
ferred to aSp;OX to the total p,, in the transition regime h
between the first and second QH plateau. They found that Ry=P—=. (1)

PP shows the same behavior ggs in the HI regime, €

namely, a monotonous increase with increasing magnetic Equation(1) agrees perfectly with Btiker's above result:
field without any peaklike behavior. It was possible to col-The factorR/T can be identified withP. Since we havé=1
lapse all temperature-dependent traces onto each other BygT= 1-R, a variation ofR between 0 and 1 corresponds
plotting pyy as well asp,f with respect to ¢— )T “ using o a variation o between 0 anek, which is the appropriate
the samex=0.45. Another experimental fact is thag, re- range for our model.

mains quantized on the=1 plateau also in the HI regime For a standard QH system, as e.g., in@& _,As/GaAs,
below the critical filling factor, whilep,y already steeply backscattering appears only in the top LL in the regime be-
rises. Furthermore, Shahat al. demonstrated that the con- tween plateaus, while the transport in the lower LL’s remains

ductivity components in the HI regimertf andai(”;) aswell  dissipationless. For a transport model in the EC picture one
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FIG. 1. Ry, andR,, calculated according to Eq&ta) and(4b) for a sheet carrier density of®=2.4x 10" cm 2 and different factors
k in the exponent oP(Av). The range belovB=5 T shows just the traces fér=0.08, the range abov@=5 T shows the traces for all
differentk values as given in the figure. The HI regime is shown separately with a diffRggrdcale on the right.

has therefore to combine one pair of EC’s with nonzerovalid also for the complete system. It was experimentally
backscattering P>0) and a set of EC pairs without back- found to be valid for the top LL as well as for the HI
scattering P=0). R,, andR,, of the complete system must regime’

finally result from the current distribution between both EC It is widely accepted that in the plateau transition regions
systems? For treating these parallel systems we use theébackscattering in the top LL enables bulk conduction if the
components of the conductance tengBg,(andG,,), which  Fermi level Eg) is near the center of the broadened LL. In
can be obtained from the components of the resistance tensthre bulk a transition to an insulating state occursgfmoves
(Ryx and Ry,) by the well-known relation G,y,, outof the center on either sid@However, in a model which

= RXX,Xy(R)Z(XjL Riy)*l. The use of this equation means that is based on the EC picture, a symmetryEip with respect to

we restrict our analysis to the case of a symmetric behaviothe center of the top LL cannot exist: By starting w
where Ry=R,y. In comparison to classical transport this above a completely filled top LL, EC's are formed and the
corresponds to the case of a quadratically shaped conductdransport can be described by the EC picture without back-
Consequently the equations are formally identical with thescattering. WithEr approaching the center of the LL, dissi-
equations for the resistivitiep,x,py, and conductivities pation because of backscattering becomes possible and fi-

Oyx,0xy- By use of Eq(1) we get for the top LL, nally with Ex moving below the center of the top LL the
associated pair of EC’s disappears. We will show that despite
Glor— e P 5 this asymmetric behavior of the top LL, the overall behavior
XX h 1+ P2 2 of the total system can be still symmetric. Considering Eq.

(2) one can see tha,, is proportional toP for P<1, while
Gt changes to a reciprocal dependenceRofor P>1. For a
symmetricG,, we have to look for a suitable monotonous

Due to the absence of backscattering in the lower LL's w
haveG!9"=0 and therefore the tot@,, is given byG'?. In

an analogous way we calculate the Hall components function P(»'°"), which is able to produce such a symmetric
e2 1 behavior arounds.. To get perfect symmetry, the form of
G;"yp:— —, (3a) Eq. (2) requires a function that fulfills the relatioR(Av)
hi+p =1/P(—Av) with Av=v"P— v . It is easily seen, that the
2 only function which is also in agreement with the experimen-
Glow_S — 3y tal observatiofis of the fornt®
Xy h '
wherew is the number of filled LL’s below the top LL. The P(Av)=exp(—Av/k) ®)

total Hall conductanc&,, is given by the sum of Eq¢3a)

and(3b). Now, USINgR = Gxx,yx(G>2<X+ G)g(y),l we obtain with k being a constant but possibly temperature-dependent

factor. Since the maximum d@,, is identified with the cen-

h = ter of the top LL,v, corresponds to half filling. From Fig. 1
Ry=— ——————, (48  one can see that the calculation based on E#, (4b), and
e’ (v+1)*+(vP)? (5) reproduces very well the typical traces known from the
o, experimental curves at different temperatures.
hi_ 1 — 2v+1l Already without needing the particular function of E§)
ny:; vt 1+ p2 Vet 1+p2| 4D we get a number of important results. We can consider two

regimes that are divided by the point at whiBffA»)=1:

where the backscattering parametedepends on the partial The regime 8<P<1 corresponds t&g above the center of
filling »'P of the top LL. Even without knowing yet the the top LL, whileP>1 corresponds t&r below the center
function P(»'°P), one can directly see that Eq®) and Eq.  of the top LL. Figures @) and 2b) show schematically the
(3a fulfill the semicircle relationG2,+ nyochy, which is  situation in the two regimes: Whil&x moves towards the
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- Ep point R approaches the quantized value?. P=1 also
F means that for the transport in a single LG,,=G,,
r =0.5%?/h, in agreement with Ref. 18.

Lower Landau levels Lower Landau levels In Ref. 7 also theR,, peak between the first and second
::‘/TopLandaulevel \ﬂ ¥ /TopLandaulevel a plateau has been analyzed. It has been found that the maxi-
T Vel l NG Y A \ o mum value ish/4e?, while RS, at the critical point appears is

O noo P gE O H h/5e2. In our model the critical point appears Bt=1, for

hoo " which we get a value oRS,=h/5e?, in agreement with Ref.

oL IS i ofS

t:) h 7. Considering the maximum of E¢4a for v=1, we find
X O QO EE X OO QQ Ei P=2, which leads toR},*=h/4e?, also in agreement with
D VCOSSOVE n TOESOV 1 Retw

¥ T ' " Using the particular functio®(Av) according to Eq(5),

B “- - —————— " bt 1

W transverse current nooW longitudinal current " we can go a step further: With the help of Efj) we obtain
in the bulk in the bulk top__ 2 . . i
a) b) Ry = (h/e“)exp(—Aw/K), which is a monotonous function
and covers both regimé®>1 andP<1. Now, we can also
FIG. 2. (a) Edge channel conduction in the top LL in the pres- consider the principal behavior efy in the tails of the LL

ence of localized magnetic bound states. The transport across t}(g>% andP<1) by using o< Ryf for Av>0 and oy
loops appears as a transverse current, which acts as a backscatterfhd/Rxx for Av<0. As generally expected for pure bulk
process(b) Conduction in the top LL in the presence of localized transport, we obtain a symmetric function around the LL
magnetic bound states but in absence of an associated EC. In cooenter o, (A v)<exp(—|A|/k). Thus, it is demonstrated,
trast to the situation sketched {g), the transport across the loops that our model provides the correct framework to include
appears now as a longitudinal current. The EC’s of the lower LL'salso dissipative bulk transport.

are indicated by the dashed arrows. The relative position of the The experimental evidence for the nonsymmetric trans-
Fermi level with respect to the LL is indicated at the top of the port behavior oiR;OXp comes withEg in the lowest LL(»=0,

figure. see Eq.(4a)]. ThereR,, is identical toR'%" and increases

center of the broadened top L[Eig. 2a)], localized mag- monoto_nically with decrea_\sing filling factor. T_his is exactly
netic bound states are created in the bulk region in additiof’® regime of the Hl, Whli(r:Q has been experimentally very
to the associated pair of EC's. Therefore, some transpoiell investigated alreadyR,, has been indeed found to be
across those loops by tunneling becomes possible, which flnonotonously increasing Wlthout7any peak behavior Bpd
nally enables backscattering. According to Efj), R% is  Stays at the quantized valuee?,” in agreement with Eq.
directly proportional to the backscattering rate in this regime (40) for v=0. Therefore, we can interpret the behavior in the
For describing this type of transport in the bulk region, ba-H! regime to be a direct consequence of the asymmetric
sically a network model such as, e.g., that one of Chalker anffansport behavior of a single LL. Since in our model the
Coddingtort” would be suitable. A situation witEx below trans@on to the HI as well as_the interplateau trgn5|t|ons are
the LL center is schematically shown in FigbRwith one ~ described by the same functidh(Av), the experimentally
major difference to Fig. @), namely, that the associated EC Observed equivalent behavior B and Ry (Ref. 7) is an
pair is not present, while the transport mechanism in the bullhherent property of our model.

itself may remain the same. Consequently the transport in the The fact, that the temperature dependence disappears at a
bulk does no longer act as a coupling between oppositéertain point, suggests that the temperaflienters only the
edges, but may contribute now via a current in the longitufactork in the exponent of Eq(5). Moreover,Av=0 in Eq.
dinal direction instead. Characterizing the dissipative trans(5) means thaP=1 and thereforeR§,=h/e? [Eq. (4a) for
port through the bulk by a conductivity,,,, we get basi- »=0], in agreement with Ref. 4. This is also evident from
cally R%%Px gy for Ex above the LL center anB'% o, L Fig. 1, where the traces cross each otheRgt= h/e? (at

for Ex below the LL center. Consequently, any influence ofB=20 T).

an eventually existing temperature dependencergf, on A widely used basis for the discussion of experimental
the longitudinal transport properties must appear with oppodata is the plot of the,, peak widthAB as a function of
site sign in the two regimes. This implies that there must bdemperature. In this context we analyze the width of@g

a crossover of the two regimes, where the temperature dé¢eak, which is described in E@): G, 1/(P+1/P) is sym-
pendence oR,, is canceled. In this way our model indicates metric inP with respect td®=1 and the maximum appears at
correctly the existence of metalliclike and insulatorlike re-P=1. On the basis of this symmetry we choose a point on
gimes. One can also interpret the two regimes as two differeach side of thé&,, maximum. The associated values of the
ent phases of the top LL with perpendicular directions of thebackscattering function ar®,=W and P,=1/W, respec-
dissipative bulk current. This is a striking agreement withtively, with W being a constant, except unity. We can write
Ruzin and Fen§,who also found that for a correct descrip- P1=exp@w,/k) and P,=exp(—Ay,/K) and obtainP;/P,

tion of the transport behavior the bulk current directions in=W?=exp(2Ax,/k), where 24v,, can be identified as the
both phases must be perpendicular to each other. It is easilyidth of theG,, peak on the filling-factor scale. This results
found that the critical point in the crossover regime occurs ain In(W?)=2A, /k=const, which means that the temperature
P=1. According to Eq.(1) this means that at the critical dependence of2v,,(T) andk(T) must be the same, regard-
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less of any particular temperature dependek(d@g. The fact regime as well as for the Hall insulat@l) regime, (ii) the
that all experimentally obtained traces Bfy and RSP of  critical value p§X= h/e? in the HI regime,(ii) the value
Ref. 7 collapse onto a single trace, if plotted with respect toryx= oy,=0.5e“/h at the critical point for a single Landau
(v—ve) T, suggest that the argument of the exponentialevel, (iv) the maximum valugj*=h/4e® for the 1-2 tran-
function should have the form(v— v.)T~* with @ being a  sition, (v) the critical valuepg,=rh/5e? for the 1-2 transi-
constant. However, as evident from above, also an alterndion. Using an exponential function fd?(Av) we obtain
tive temperature dependenk€l) = a+ BT, which has been further: (vi) the validity of the relationp,,(Av)=1/p.
suggested recently by Shatetral,'® can be used. (—Av) between the HI and the adjacent QH-liquid regime,
In summary, we have presented a model for the IQHEVii) the equivalence of the temperature scalinggfin the
with a novel representation of backscattering, which isHI regime, ofpy, of the top LL and of thep,,-peak width.
shown to be in agreement with the general form of the(Viii) regarding the temperature dependefusing anyk(T)
Landauer-Bttiker formalism. It successfully describes the Monotonously increasing witfi], the model indicates cor-
transport regime also between IQHE plateaus. Even thoug'E?Ctly the existence of metalliclikeP< 1) and insulator like
we use the edge channel approach for the IQHE as an inpyP>1) regimes.
for our model, the results are more general and the model We acknowledge financial support from the “Fonds zur
provides the correct framework to include also dissipativeForderung der wissenschaftlichen Forschung,”. Austria
bulk transport. Quite a number of well-known facts can be(Project No. P10510NAW and “Jubilaumsfonds der ter-
obtained without needing the particular function of back-reichischen Nationalbank,” AustriéProject No. 6568 J.O.
scattering versus Landau level filling(Av): (i) the semi- thanks D. Shahar for providing data in advance to publica-
circle relation betweenr,, and o, for the complete QH tion.
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