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Critical resistivity along the quantum Hall liquid-insulator transition line
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The critical resistivityp;, measured along the quantum Hall liquid-insulator transition line indicates a
pronounced peak for a critical filling factet~ 1. The origin of this behavior, which marks the crossover from
the high to low magnetic field regime in the phase diagram, is explained in the framework of classical transport
in a puddle network model. The proposed scenario is also consistent with the behavior of the critical Hall
resistance along the transition line. In addition, a functional form is suggested as a fit for isoghgim)s to
be compared with experimental data in the moderately high field regime.

The rich phase diagram of a disordered two-dimensionahomenological model for the transport, formerly introduced
electron system in a perpendicular magnetic field consists db interpret data in the higB limit.'*=*3 The essential as-
two prominent types of phases, distinguishable by theisumption underlying this model is that near the transition
transport properties at low temperaturdd.( These include from a QH liquid to the insulator, the transport is dominated
the quantum Hall(QH) liquid states, characterized by a by narrow junctions connecting QH puddles; the puddles are
quantized Hall resistivityp,, accompanied by,,—0, and defined by regions encircled by current carrying channels
insulating states in which, . The transitions between (€dge statgsand their typical size is assumed to be larger
adjacent phases have been extensively stdd®eMore re- tha_n a cha_racterlsnc dephasing I_ength. As a r_esult, the longi-
cently, there has been much progress in the experimenté"t'd!nal resistance of the sample is Fhat aﬂa;smalraqdom
effort to map the phase diagram in the integer QH redifhe, resistor network, and the Hall resistance is quantized pro-

and thus test the theoretically predicted strucfureparticu- vided "’.1” the QH puddles are at the same filling factor. This
lar, a transition line separating the conducting phases frorgcenario successfully explains the experimentally observed

the insulator was identified in the-B plane (wheren, the quagtlzed Hall |r133L|\|/I|ator phent:lmenﬁq,s )I/vell asdthle; det-h
carrier density andB, the magnetic field, are the two inde- pendence Oy~ More recen y, a simrar mocdel for the
pendent control parametergdlong this line, in the moder- transport was s_hown to be. co_n5|s_tent with the tra_nsport Prop-
ately low B regime, direDct transitions ar?7 observed frdin '?rglr?ssit?c:r:g‘m’ in samples indicating B=0 metal-insulator
>1 QH states N intege) to the insulator. This behavior, . : . . L

and the overall structure of the diagram, are consistent with a It is useful to start by showing that in the highimit, this

. . C L 2 .
numerical result based on the tight binding model for nonin-Nodel implies py,~h/e”, regardless of the details of the

teracting electron. disorder potential. In this limit only the lowest LL is occu-
Comparison of the transport data along the conductorPied, hence all the QH puddles contain a single conducting

insulator transition lindn.(B.)] in Refs. 6 and 7 indicates channel. The longitudinal resistance of the junctjobe-
significant differences, particularly at loB/(where the GaAs Ween adjacent puddles in th5e network is therefore given by
hole system studied in Ref. 6 exhibit8a: 0 metal-insulator " Landauer-Btiker formulat
transition at a finiten;). These can be attributed to sample
dependent properties. However, the critical resistiyify, h
measured along this transition line exhibits a striking com- Riy=—
mon feature(observed in other samples as Wl it has a €
pronounced peak ai.~1. Herew, is the critical value of
the Landau levelLL) filing factor (v=n¢y/B, with ¢y  whereZ;=1-"TR; is the transmission probability across the
being the flux quantuim so thatv.~1 marks the crossover junction; the Hall resistancEJXyz h/e? for any j. As proven
from high to lowB, where in the latter, more than one LL is in Ref. 12, the global resistivity tensor of the sample conve-
significantly occupied. This crossover is also signified by theniently separates into Hall and longitudinal components:
critical Hall resistivity pﬁy:7 for ve<1 it is quantized at p,,= h/ez_, andp,, is set by the random network of the re-
pyy=h/e®, while abover,~1 it exhibits a classical Hall sistors{R],}. Namely,p,,~R%,, p being the resistor at the
effect pg,~h/v.e?. pS, saturates to the universal value percolation threshold of the distributidh.The dependence
~h/e? in the highB limit where v.—1/2. However, the Of py, on T and v is therefore determined b¥,(T,»). For
peak value ofpS, is significantly elevated fronh/e? and  sufficiently high T such that quantum tunneling is
sample dependent<(4h/e? in Ref. 6, ~2h/e? in Ref. 7). neglected;’

Since this puzzling behavior ¢f;, appears to be generic,
it calls for a simple explanation of its physical origin. In this
paper I show that the obscerved dependence, obn v, and To(T,v)=flep—er(v)],
in particular the peak opy, at v.~1, follow from a phe-

b

1, &)
J

N

1
f(6)=m, (2

0163-1829/2000/62.2)/7751(4)/$15.00 PRB 62 R7751 ©2000 The American Physical Society



RAPID COMMUNICATIONS

R7752 EFRAT SHIMSHONI PRB 62

here e(v) is the Fermi level, and, is the energy of the
saddle point at which the junctiop is located. Employing ,

Eg. (1), one obtains '
5C)
h1-7, h €,— €e(v) '
~ P_ __ e TR '
Pxx e2 ,Tp e? ex;{ kT . )
It follows immediately that the critical filling factor., de- FIG. 1. The configuration of conducting channels near a typical

fined such thafp,,(v.) is independenof T, obeyseg(v,) junction connecting adjacent QH puddles.
= €, SO that the exponent in E(B) vanishes Consequently,
wherep, is the percolation threshold of the liquiB, is the
c Nﬁ 4 critical field, andB, is a sample dependent paramet8g;
Pxx=Pxd Vo)~ 2. @ —mrcKAlhe(vy—1), Bo=KA,/2mgug(vn—1) for the
spin-unresolved and spin-resolved cases, respectinalyig
Note that this argument can be extended to account for quaghe effective mass of the carriers, arg, is the typical
tum tunneling across the junctions. Equati@nis then gen- puddle area at percolatipnNote that Eq.(8) is valid for 0
eralized to a Sommerfeld expansion of the form <r,<r,, i.e., for p<v.<wyp.; for a particle-hole sym-
metric potentialp.=1/2, hence the expression describes an
interpolation betweem.~1/2 (at highB) andv.~ v,/2. Ne-
glecting the occupation of LL witiN>2, »,~2 and the
(5) upper limit of this regime isv;~1. The critical density is
then given by

To(T,v)=fle,— e;(v)]+§l (T ey~ e ()],

wheref(®"(x) is the 2h-th derivative of the Fermi function.

This yields aT-independent expression f&, provided all 1 B2
terms in the sum vanish. Sind&"(x)=—f“"(-x), this Ne~—| B.— _C} 9)
occurs foreg(v)=¢€,, and once agaipg,~h/e?. It is also bo 2B

|mportantcto. notice _that th? above argument 'for .the UNIVETY hich is indeed a reasonable fit to the shape of the critical
sality of py, is not violated in the case wheig is different

. : . line n.(B.) in Ref. 6, forv.<1.
from 1/2 due to lack of particle-hole symmetry in the disor- ;e interesting is the effect of occupied higher LL states
der potential. The only essential assumption is the neglect

S O ; i np, asve—1. In the regimer.<1, corresponding t@,
mixing with higher LL. An interesting example for a remark- _ 4056 states are localized, forming closed loops inside
able universality ofpy, at arbitrary v, is provided by the

. : R X . the QH puddles. A typical junction in the network of con-
transitions from dractional QH liquid to the insulatof this ducting channels is schematically depicted in Fig. 1.pAs

observation will be discussed towards the end of the PaPer._,1 ‘the localized high LL states are coupled to the primary
The above scenario changes once the magneticBig¢id

. . _ ) onducting channels via tunneling through occasional weak
a givenn) is reduced to a point where states in the secon

ied fh P . ¢ qucti inks (dashed lines in the figureand thus play the role of
LL are occupied. In terms of the configuration of conductingyegonant scatterers which induce backscattering across the
channels in real space, this corresponds to the formation

; e onducting regions. Denoting this backscattering rate close
closed loops of a second channel at the Fermi level inside thg the jth junction byT';, and neglecting quantum interfer-
]l

QH puddles. The overall filling factor of the system is given ence between the two reflection patfishe effective trans-

by mission through the junction is reduced by a factor of (1
—TI';). The junction resistance becomes
v=p[(1=pp)+ vupy 6 T0-Thel

wherep=A, /A is the total area fraction of the conducting
liquid, p,=A,/A, is the relative area fraction occupies by
higher LL states, and,=2 is their local filling factor. For a
smoothly varying disorder potentiad,, can be estimated not- The entire distribution of resistors in the random network is
ing thatp,=r3/r2, wherer (,, is the average radius of the thus shifted up, and consequently the network resistésee
region surrounded by the firédecond LL channel in a typi- termined as usual by the percolative resisefy) is

cal QH puddle, and

N _h1-a-T)7

XX EZ (1_Fj)7] . (10)

1 1 _ h 1-(1-Tp)flep—er(v)]
EKri%§Kr§+A(B); (7) pXXNEZ (1_rp)f[6p_EF(V)] . (11)

A(B) is either the cyclotron gapw. or the Zeeman energy
gap for spin-resolved Landau bands, afds the average
curvature of the potential local minima. The critical filling
factor v, for a transition to the insulator is then expressed a

Here | assumed that the dependencé pbn T is negligible
compared to the transmission across the junction, which in-
volves an energy barrier. Equati¢hl) clearly implies that
She T dependence disappears at a single value of the filling

(vp—1)r2 B factor v, where ec(vc) =€,, as in the highB limit. How-
—p |1+ T2 B (8)  ever, the value of the critical resistivity thus defined is modi-
Ve=Pc 2 Pe| ¥n B.|’ .
ry 0 fied as
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Forv.<1, the area fractiopy, increases, implying thdt, is

obviously an increasing function of; [the explicit behavior
of I'p(v.) depends on details of the disorder potentidk a
result, pg, growswith v, towards the limit case;~ 1.

Another characteristic of the.<1 (high B) regime is P
that in the entire range of parameters where the classica 2]
transport scenario is valid, the Hall resistance maintains the
quantized valugp,,= h/e?. This follows from the fact that
the Hall resistance of each junction as depicted in Fig. 1 is
determined by the chemical potential difference between par-
allel right and left moving conducting channels, which is not
affected by the modified transmission probability and yields =~ ' 0% -00% 00 =00z & 002 004 006 008 01
R}, =h/e* for anyj. o S

The case where,~1 marks a crossover to a o re- FIG. 2. The angltudl_ngl resistivityin units of h/e?) on a log
gime. From Eq(8) (assumingo.~1/2, v,~2), v.=1 cor- S(C:ale as azfunctlon of filling factor, computed from EG6) for
responds ta,~r4, which means that the average size of Pxx=2.AV/e%, and 19=0.079, 0.11, 0.125, 0.15, 0.175, 0.2(
regions with a local filling fractionn=2 coincides with the =0.079is the steepest cujve
average size of the conducting regidigeyond this thresh- ) i ) i i )
old value of », higher LL states are delocalized, adding ©f t€rms W'thNi>21 is monotonically increasing with. As
conducting channels to the percolatitay nearly percolat- & "€sultp,y~h/ve?, as in the cclassmal I2-|aII regime. Along
ing) network. As a consequence, the resistance of a typicd® critical line, this impliesp,,~h/v.e”. The transition
junction Rl acquires a form similar to Eq10), reduced by points in the vicinity of |nteger.va'1lues|>1 of v, corre-
an overall factor of M, whereN is the number of conduct- SPond to the cases where a majority of the QH puddles con-
ing channels that are clamped together. Note fhathen s!sts ofa unique filling factoN. They therefore _characterlze
describing scattering to partially occupied LL higher tiien  diréct transitions fromN>1 QH phases to the insulator.

The resulting critical value of the global longitudinal resis- _ 1he role of mixing with h'%h LL does not only lead to
tivity is then reducedcompared to its value at.~1, and is violation of the universality opy, : naturally, the behavior of

given by an expression of the form pxx(v,T) across the transition is also modified. Indeed, in the
high B limit, isothermsp,, vs v can be fitted to a simple
. h 14T, formula®
Pxx N2 11 * (13
Ne? 1-T
P h —Av
Here bothN andI", depend orv. in a complicated manner, Pxx= g2 €X oM’ (15

hence the actual behavior @f, at ».>1 (B—0) is ex-
pected to be strongly sample dependent. Indeed, in Ref. WhereAv=v— v, andvy(T)~aT+ B. This formula exhib-
pyx— 0 in this limit, while in Ref. 6 it saturates back i, its a duality symmetryp,(Av)=p. (—Awv), which is
~h/e?. However, in proximity to the threshold.~1 the  eventually violated in the loweB regime. The analysis pre-
generic trend is a reduction of, when v, is increased be- sented in this paper implies a specific modification of the
yond unity. It therefore follows that this crossover betweenabove formula, which can be used as a test for the proposed
the high and lowB regimes is indicated by a peak in the transport scenario. As shown in Ref. 13, the simple exponen-
critical resistance. tial dependence oA v in Eq. (15 can be derived from the

The increasing number of conducting channelsenergy dependent expression Eg). (with an effective acti-
“clamped” together in the lowB regime also modifies the vation temperatupeassuming a parabolic shape of the barri-
Hall resistance, sinc{aRJXy} are no longer identical. As ar- ers, such thaf e,—eg(v)]<(—Aw»). Employing the same
gued in Ref. 12, the pure transverse component of the resigpproximation in the moderately high regime, where the
tivity measured across the sample can be expressed as  resistivity is given by Eq(11), and relating the parametgy,

to ps, through Eq.(12), the isotherms acquire the form
> (L/Ny)

h 5 (pS,—hie?) (pS, +hie?) —Av
I o S ‘{vOm
1

' In Fig. 2, a few such isotherms are plotted for a case where
wherel; is the local current through thieh QH puddle be-  pS, is considerably elevated from/e?. Note that forAv
tween the voltage probes, ahyl its local filling factor. This >0, Inp,, vs Av curve upward compared to the straight line
yields a quantized value only provided all tNg's are iden-  expected from the symmetric formula E@.5). A prelimi-
tical. This is no longer the case for>1: Equation(14)  nary comparison with experimental dag., Ref. % con-
generally describes a weighted average in which the weighfirms this behavior.

Pxy= . (16
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Finally, it is interesting to comment on the application of However, in contrast with the integer case, the energy gap
the transport model described here for transitions from th&upporting such regions is tiny. As a result, a mechanism for
fractional QH state 1/3 to the insulator. Experimentélifie  enhancing the resistance by backscattering through localized
transport data exhibit the same behavior as near the integ@igh LL states is expected to be practically absent. This pos-
transitions, e.g., Eq15) is obeyed replacing by an effec-  sibly explains the observation that the duality symmetry in
tive filling factor of composite fermions. This suggests that a,, s well as the universality of, that comes with it, are

similar model describes here the d.c. transport properties qfe(ter manifested by data near the fractional transitions.
composite fermions. In particular, high LL of fermions cor-

respond to the hierarchy fractions 2/5, 3/7, etc. In analogy | thank A. Auerbach, M. Hilke, A. Kamenev, D. Shahar,
with the integer case, occupation of localized high LL fer-and S. Sondhi for useful conversations. This work was sup-
mion states would imply the formation of incompressible ported by Grant No. 96-00294 from the United States—Israel
regions in the disordered sample at these filling fractionsBinational Science FoundatidBSF), Jerusalem, Israel.
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