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transversestronginlayersinversionsemiconductorinresistanceHallwith[1,2]experimentsRecent
10thanbetterofaccuracythetoestablishedfieldsmagnetic −5 inquantizedisconductivityHallthat

ofmultiples e 2⁄h gaugefromderivetoattempted[3]Laughlinwhichresult,thisofexactnessThe.
quantumtheusingof[1]proposalthetoledhasinvariance, h ⁄e 2 mostTheresistance.ofstandardaas

fermionicainorderlong-rangeaofexistencetheisexperimentstheseofconsequencefundamental
ainthattoanalogousrigidityphaselong-rangeaas[3]interpretedwasorderThissystem.

long-rangetheofmeaningtheandincorrectispicturethisbelowshownbewillAssuperconductor.
goodAsample.theofdistancesmacroscopicoverelectronsofself-interferenceainhereconsistsorder

electronsofinterferencedouble-slitthetoor[4],experimentBohm-Aharonovthetobewouldanalogy
representsquantizationHallscreen.atoslitsthefromdistancemacroscopicavacuuminpropagating

electrons.solid-statefordiscoverednaturethisofeffectfirstthe

fieldmagneticstrongainFig.1cinshowngeometryofEG)(2-dgaselectron2-dimensionalaConsider
H lateralnowithsituationidealandicussusletFirst,figure.theofplanethetoperpendicular

whichchargefixedtheofdistributionrandomatoduepotentialelectrostatictheoffluctuation
thefieldelectricappliedanofabsencetheInlayer.inversiontheinelectronsofchargethecompensates

numbersquantumbycharacterizedisenergyelectron i and n viz.,

Ein = (n + 1⁄2) h_ωc + Ei (1)

frequencycyclotronthewhere ωc = eH ⁄m * c afor[5]expressionusualthefromdiffers(1)Equation.
spectrumenergycontinuousthethatingaselectron3-dimensional pz

2⁄2m * motionfreethecharacterizing
energiesdiscretebyreplacedisHofdirectionthein Ei quantumtheinmotionfiniteaforappropriate

betoassumediswellquantumthisinsplittinglevelThelayer.inversiontheinelectronsconfiningwell
(largeso >> h_ωc withstatesinfrozenremainelectronsallthat) i = allfor0 H ofsaketheForconsidered.

levelsTheeffects.spinneglectshallweclarity Ein eachinstatesofnumberthewithdegenerateare
bygivenlevel N = eHS ⁄hc where S levelfilledeachThussample.EG2-dtheofareatheis

contributes =σ e 2H ⁄hc (layerinversiontheindensitychargesurfacetheto σ⁄e = 1.3×1011cm−2 for
H = 5T whencasetheonlyconsidershallWe). h_ωc >>kT levelFermithebelowstatesallthatso EF

abovethoseandfilledcompletelyare EF samethetobelongingStatesFig.1a.inindicatedasempty,
number,quantumadditionalanbylabelledbecanleveldegenerate xo theofonetocorrespondswhich,

theAlongorbit.cyclotronclassicalaofcoordinates x thelikevarieswave-functionelectronthe-axis
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n atcenteredoscillatorlinearaofeigenfunctionth xo dispersionawithlocalizedisand,

an
2≡ <n


 (x −xo )2 

 n > = (n +1⁄2) aL
2 lengthLandauthewhere aL ≡ (h_c ⁄eH )

1⁄2 (for H =5T , aL ∼∼ 100Å In).

isfunctionwavethedirectionperpendicularthe exp (ipy y where) py = eHxo ⁄c LandauofresultsThese.
aproduceswhichCartesianlocallyonlyarecoordinatesourwhilesystemCartesianainvalidstrictlyare

orderoferrornegligible aL
2⁄R 1

2 bydeterminedislocalizedareorbitswhichindirectionofchoiceThe.
potentialvectortheforgaugethe A theofchoiceaboveThearbitrary.quiteisandfieldmagnetictheof

oflocusthewhich(ingauge xo particularlyisFig.1c),cf.state,eachforcircleconcentricais
whenconvenient Vo ≠ fieldelectricradialaistherewheni.e.0, F thecasethisinthatseeneasilyisIt.

Schro
..

absencetheinobtainedthosetosimilarformtheofwave-functionsbysatisfiedisequationdinger
betweenrelationdifferentawithbutfieldelectrictheof xo momentumtheand py wave,electrontheof

viz.

py =
c

eH___ xo + m * c
H
F___ (2)

spectrum,energydifferentaand

Einx
o

= Ein + eFxo + 1⁄2m * (cF ⁄H )2 (3)

numberquantumEachfield.electricbysplitarelevelsLandautheEq.(3)fromseenAs xo determines
inlocalizedarewaveselectronicTheequipotential.an z inandwellquantumtheby-direction x -

lengththebydirection an theinwhile, y lightlikelinesequipotentialthealongpropagatethey-direction
cyclicaimposeswhichresonatorringarepresentsequipotentialclosedEachfiber.opticalanin

forvaluesofspectrumdiscreteainresultsThiswave.electronictheonconditionboundary xo awith,
step δxo = aL

2⁄L where, L >> aL thebyseparatedorbitssuccessiveTwofiber.theoflengththeis
distanceinfinitesimal δxo wave-correspondingtheofphasetheofvariationtotaltheindifferalso

mustvariationphasethissingle-valuedbetowave-functiontheForloop.thearoundgoingonfunctions
2equal πl (with l ofvalueabsoluteThestate.anyforinteger) l twoforbutgauge-dependentis

differencetheorbitssuccessive δl = showneasilybecanItorthogonal).statestwothemakes(this1
equalsequipotentialscorrespondingtwobyboundedareathethroughfluxmagneticthethat hc ⁄e The.

isitbecauseelectron,singleatoduecurrenttotalthetocontributionnogivesEq.(2)intermfirst
magneticaindensitycurrenttheforexpressiontheintermdiamagneticthebycompensatedexactly

velocityadditionaltheofvirtueinonlycurrentHallthetocontributeselectronEach[5].field vH = cF ⁄H
EachEq.(3).intermenergykineticthetorisegivesalsovelocityThisfield.electrictheinacquiresit

densitycurrentlinearacontributeslevelLandaufilled J σ= vH incurrenttotaltheand y isdirection
thus

Io = n (e 2⁄h ) Vo ≡ Gxy Vo (4)

where n andlevelsLandaufilledofnumbertheis Gxy aforthatseeWeconductivity.transversethe
given Vo quantizedofnumbertheAlthoughring.theofwidththeondependnotdoescurrentHallthe

fieldthering,narroweraforsmallerisfibers)(single-electronequipotentials F Hallthethereforeand
velocity vH Evensame.theremainscurrenttotalthethatsoincreasedproportionallyareelectroneachof

theinpotentialelectrostaticrandomabyunaffectediscurrentHallthethatfacttheisremarkablemore
below.demonstratedisaseffecttopologicalpurelyaisThislayer.inversion

longitudinalvanishingthewhichinref.6ofsituationexperimentaltheconsiderwespecificbeTo
theonformedwaslayerinversiontheworkthisIndiscovered.firstwaseffectresistance p-GaAs/n-

GaAlAs surfacetheinvariationsrandomtoDueFig.2a.cf.difference,functionworkatodueinterface
layerinversiontheconfiningwellpotentialtheofdepththeandshapethechargefixedtheofdensity

energiestheandfluctuatealso Ei isstructurethisoffeatureimportantanHowever,ill-defined.become
undopedan GaAlAs thicknessoflayer d layerinversionthefromchargedonorfixedtheseparating

dopedlightlytheonformediswhich p-GaAs Ifheterojunction.theofside d >> aL energiesthethen Ei

quantitiytheandlayerinversiontheinpositionlateraltheoffunctionssmoothbecome E 0⁄e becomes
mechanicsquantumthecasethisInelectrons.2-dtheforpotentialelectrostaticrandomatoequivalent

ofgridorthogonalthebyformedcoordinatesCartesianlocalindescribedbestillcanproblemtheof
EachFig.2c.cf.circles,concentriclongernoareequipotentialsthebutlines,fieldandequipotential
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Landauthewithintolocalizediselectronanwherewave-guideeffectiveanrepresentsequipotential
length aL turnandequipotentialsofquantizationthedetermineconditionsboundaryperiodicbefore,As.

theinfibersofclassesdistincttwoarethereTopologically,resonators.ringfiberintolatterthe
ring:Corbinoaofgeometry global andelectrode,centraltheencirclewhich local becanwhichfibers,

embodieswhichfibersglobalofexistencetheisItdeformation.continuousabypointatocontracted
electronsofnumbertotalthefluctuationpotentialtheofBecauseEG.2-dtheinorderlong-rangethe

Neverthelesscontribute.notdoobviouslyfiberslocalsincereduced,iscurrentHallthetocontributing
theofsectionradialaconsiderIndeed,Eq.(4).situation,idealtheinassametheremainscurrentthe

2pointsBecauseFig.2c.inS1sectione.g.,loops,closedisolatedmoreoronecrosseswhichsample
1regionsindroppingvoltagesofsumtheequipotentialanonlie3and → 3and2 → appliedtheequals4

voltage Vo distancethebyreducedthereforeisS1sectioninringCorbinotheofwidtheffectiveThe.
2→ givenaforcurrentHalltheHowever,3. Vo discussedasring,theofwidththeondependnotdoes

whichfiberaofcurvaturethebyinfluencedisargumentthisofaccuracythethatappearmayItabove.
thetotransversemotiontheofstatetheIndeed,coordinates.Cartesianlocalofapplicabilitythelimits

(localfiber x ofaccuracythetoonlywave-functionoscillatorlinearabyrepresentedis-direction)
aL

2⁄R 2 where R resistanceHalltheofaccuracytheNevertheless,radius.curvaturelocalais
argument.rigorousfollowingthefromseenasgreater,farisquantization

thicknessofstripaConsider aL lengthoffiberglobalaalong L accuracytheTo. aL ⁄L becanstripthis
currentthewhichforconductor,linearaasregarded Is fluxassociatedtheand Φs fieldmagneticof

contourthethrough Is Therefore,variables.thermodynamiccomplementaryare

Is =
∂Φs

c ∂Gs______ (5)

where Gs totalthetocontributionsingle-electronThestrip.giventheinelectronsofenergyfreetheis
bygiveniscurrent I 1 δ≡ I (xo ) ∂= Is ⁄∂Ns with, Ns theOnstrip.theinelectronsofnumberthebeing

hand,other ∂Gs ⁄∂Ns µ≡ (xo where) µ aisThisstrip.theinelectronsofpotentialchemicaltheis
1withintovalidrelationthermodynamic ⁄Ns orderofquantityaagainiswhich aL ⁄L Differentiating.

haveweEq.(5) δI (xo ) =c ∂µ⁄∂Φs .

isringtheofareafixedanythroughfieldmagnetictheoffluxthethatemphasizedbeshouldIt not
Thecontinuously.varycanitsuperconductivityinfamiliarsituationthetocontrastinandquantized

Landautheiscasepresenttheinwhichdiamagnetismtheofnaturetheinisdifferencefundamental
varycanringsuperconductingainholeathroughfluxmagneticThegas.electrontheofdiamagnetism

surfaceinnertheoncurrentdiamagneticmacroscopicabyscreeningitsofbecausediscontinuouslyonly
theofvirtueinonlysuperconductorainexistcancurrentmacroscopiccoherentaSuchring.theof

Thestate.quantumsametheoccupymultiplycanwhichpairs)(Coopercarrierstheofnaturebosonic
spatialthetobutcurrents†macroscopicanytoduenotishand,othertheondiamagnetism,Landau

notissurfacefixedathroughfieldmagneticoffluxthethatfactThedensities.currentofcorrelations
aonargumenthisbasedwho[3]Laughlinbyoverlookedwassystemfermionicanyforquantized

metal.2-dimensionalofribbonabyformedloopathroughfluxmagnetictheofquantizationsupposed

globaltwobyboundedareavariableathroughfluxmagnetictheiscasepresenttheinquantizedisWhat
variationfluxminimumThestrip.chosentheonorbits δΦs electronextraoneaddingtocorresponds

equalsandstriptheto δΦs =hc ⁄e fluxtheofmagnitudethisabovediscussedAs. "quantum" anis
theofwave-functionstheonconditionsboundarycyclicandinvariancegaugetheofconsequenceexact

representstemperaturezeroatpotentialchemicalofquantumcorrespondingThestates.current-carrying
orbit,quantizedsuccessiveonefillingonenergyFermitheofvariationthe =δµ eF δxo findthusWe.

__________________

caseourin(orsurfaceThe† edge Landautheforsignificancestatisticalnoofbetorecognizedbeenlonghavecurrents)
caseourin(orvolumeaiswhichdiamagnetism, acefsur indiamagnetismLandautheofdiscussionelegantanForeffect.)

Peierls,RudolfinCh.4seegaselectron2-dimensionalthe Physics,TheoreticalinSurprises 1979.Press,UniversityPrinceton
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δI (xo ) =
h
e__ =δµ

h
e 2
___ F δxo (6)

1pointsbetweene.g.fibers,globalfilledalloverSumming → 3and2 → Eq.(4).atarriveagainwe4,
ofaccuracythetoleastatquantizationHallofexactnesstheprovesThis aL ⁄L with, L abeing

ring.Corbinotheoflengththeofordertheofdistancemacroscopic

temperaturefiniteaAt T currentHallthetoadditionin Iy =Io currentlongitudinalaisthere Ix todue
ofexcitationthermali.e.carriers,mobileofgeneration " holesandelectrons " gapLandautheacross h_ωc .

aszerotogoescurrentthistemperaturedecreasingWith exp (−h_ωc ⁄kT Thedissipation.alldoessoand)
conductivitylongitudinalvanishing Gxx resistancelongitudinalthethatimplies Rxx = Gxx ⁄(Gxx

2 +Gxy
2 also)

thatinonlynotandsuperconductivityfromprincipleindifferentisphenomenonthisHowever,vanishes.
theofnaturetheinisdifferenceimportantAntemperature.finiteaatdiscontinuouslyoccurslatterthe
theofphasetheofrigiditytheinconsistssuperconductivityofcasetheinwhichcoherencelong-range

electronthesplittingenergytheofbecausecasepresenttheInwave-function.systemCooper-pair
theOnoscillation.ofphasecommonaofspeakcannotoneandfrequenciesdifferentatoscillatewaves
andprinciplePaulitheofbecausenumberquantumaneverisphasethefermionsingleaforhandother

number.particletheandphasethebetweenrelationuncertaintythe

atocontributesalsofibers)localthe-caseour(instateslocalizedbetweenhoppingVariable-range
Mott’sbydescribediscurrentthisofdependenceTemperaturefield.electricthealongcurrentdissipative

law Gxx ∝ exp [−(To ⁄T )1⁄3 highortemperaturelowsufficientlyaAt[7].systemtwo-dimensionalafor]
temperaturetheThus,current.generationtheoverdominatescurrentofpaththisdisorderofdegree

ofdependence Rxx fibers.localbetweenconductivityMottthebyexplainedbecanref.6inobtained

ofwidtheffectivetheWhendisorder.theincreasefurtherweifoccurwillphenomenoninterestingAn
thanless(becomeszerotogoesringCorbinothe aL thencross-sectiononeinleastat) all fibersglobal

1staasinterpretedbecanphenomenonThisceases.currentHallmacroscopictheandoutsqueezedare
Itparameter.orderanofroletheplayingcurrentHallthewithtypepercolationoftransitionphaseorder

termtheandinvolvedisparticlesofpercolationrealnothathowever,noted,beshould "percolation" is
entiretheoverorbitselectronicextendedofpenetrationthedescribetosensequantum,new,ainused

voltageappliedtheondependmaypointpercolationexactThesample. Vo ofamountgivenaFor.
voltagecriticalaexiststheredisorder Vo

cr canWeobserved.benotwillcurrentHallthewhichbelow
minimize Vo

cr bye.g.layer,inversiontheinvariationpotentialrandomtheofinfluencethereducingby
wascurrentHalltheref.6ofexperimenttheInlayer.bufferundopedtheofthicknesstheincreasing

forobserved Vo 50aslowas mV .

ainaboutbroughtbecanitthatistransitionpercolationdescribedtheofpropertyremarkableA
simulatingbyfashioncontrolled "disorder" newentirelyAngate.atoappliedvoltageaofhelpthewith

PHASERthecalleddevice,proposedTheprinciple.thisonbasedbecandevicequantum ‡ inshownis
paralleltwoandlayerinversionthetocontactsofpairstwowithdiskCorbinoarepresentsItFig.3a.

operationPHASERtheanalyzeshallWedisk.theofsurfacetheondepositedelectrodesgateinsulated
notwilldisorderofamountmoderateaabove,discussedAspotential.randomnowithcaseidealanfor

(quantizedwave-guideselectronthevoltagegatetheofabsencetheInperformance.devicetheaffect
thecasethisInflowing.iscurrentHalltheand(Fig.1c)fibersglobalrepresentlines)equipotential

voltageoutput Vout = Vo ratiotheofaccuracytheto Rxx ⁄Rxy obtainedratiothisofvalueminimumThe.
10thanlesswasref.6in −10 luxury.unnecessaryanbewouldthisbutsmallerevenmadebecanitand

voltageinputanWhen Vin linesequipotentialtheofshapetheelectrodesgatethebetweenappliedis
fiber.equipotentiallong!)(thoughlocalabyboundedisareablankTheFig.3a.inshownaschanges
gatethebycreatedbarrierpotentialtheoverpasstoenergyinsufficienthaveareathiswithinElectrons

atocorrespondfibersglobaltheonshownkinksTworeflection.mechanicalquantumasufferand
refraction thebutreducedisfibersglobalofnumberTheelectrode.gatetheunderwaveselectronof

__________________

‡ controlledthesources:twofromstemsnameThe phase electronicofmodulationtheandtransition phase.
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thereforeandcurrentHall Vout theofreductioneffectiveantoequivalentisThisconstant.remain
widthdiskCorbino R 2− R 1 voltagegatetheWhen. Vin = Vo iswhichvanisheswidthdiskeffectivethe

thedoessoandabruptlyceasescurrentHallringTheabove.describedtransitionphasethetoequivalent
statethisIncircuit.outputtheine.m.f.Hall Vout = PHASERaofcharacteristictransferresultingThe0.

Fig.3b.inshownis

fromdifferentisPHASERtheofoperationofprincipletheinvolvedisgateinsulatedanthoughEven
duringconstantremainschanneltheinelectronsofdensitysurfacethethatindevicefield-effectany

gate.insulatedanandEG2-dthebyformedcapacitoraconsiderwepointthisillustrateToswitching.
capacitance,differentialthefieldmagneticstrongaIn C ∂σ⁄∂≡ VG is, "quantized" Fig.3c.inshownas

existencethefromstraightforwardlyfollowsexistenceitsobserved,beenyetnothaseffectthisAlthough
aInFig.1a.inshownspectrumstatesofdensitytheingapsof C = behaveslayerinversiontheplateau0

toinsufficientisvoltageappliedtheaslongsofieldtransversethetorespectwithinsulatoranlike
level.Landauunfillednextthetolevel)(Fermigatethefromelectronantransfer

theasInasmuchdevice?proposedtheofspeedlimitingtheiswhatarises:thusprincipleofquestionA
resistancevanishingathroughchargediselectrodesgatethebetweencapacitanceinput Rxx onlythe

thebetweentimeequilibrationfinitethei.e.inertia,electronwithassociatedislimitationfundamental
effectivetheconsideringbyevaluatedbecantimeThise.m.f.HallandcurrentHall proper inductance

Lo capacitanceand Co energykineticThefield.magneticstrongainEG2-dtheof W Halltheof
aseitherexpressedbecanEq.3)intermlastthe(cf.electrons W = 1⁄2Lo Io

2 with

Lo =
R 1+R 2

R 2−R 1______
n e 2ωc

h_______ (7)

asor W = 1⁄2Co Vo
2 with

Co =
R 2−R 1

R 1+R 2______
h_ωc

n e 2
____ (8)

intrinsictheisitabove,discussedcapacitancegatetochannelvanishingtheofBecause LC circuit
frequencycharacteristicwhose νo timetransitionthedetermines τo viz.,

τo ν≡ o
−1 =

√ Lo Co

2π_______ (9)

where νo ω= c ⁄2 =π 2×1012Hz theestimatesourinusewebelowand(here m * of GaAs and H = 5T It).
contoureffectivethetoadditioninthatoutpointtoworthwhilebemay Lo Co alongringCorbinothe

ordinaryanrepresentscontactsthewith "geometric" LC theofiswavelengthresonantwhosecircuit
size,ringtheoforder R delayThe. τc ∼∼ R ⁄c tocomparablebecomes τo foronly R >∼ 100 µm termsIn.

of νo e.g.mass,effectivelowwithmaterialsusetoattractiveespeciallyappearsit HgTe
(m * ∼ 10−3mel withheterojunctionlattice-matchedaformswhich) CdTe.

switchtorequired(energyproductpower-delaytheestimateTo on or off takewecurrent)Hallthe
Vo = h_ωc ⁄e (∼ 10 mV minimumtheondependingsmallermadebecanitprincipleinalthough, Vo

cr

findandachieved)

W =
2
n __ h_ωc R 2− R 1

R 1+ R 2_______ (10)

numberThe n isEq.(10)inratiogeometricaltheandunityorderoftypicallyislevelsLandaufilledof
giveswhich10,orderof W ∼∼ 10−20J forelementlogicidealanrepresentsdescribedasPHASERThe.

Josephson-junctionorfield-effectlikedevices,logicexistingalltocontrastIncircuits.integrated
ofcasetheexample,forTake,dissipation.vanishingnearlyrequiresdevicethisofoperationtransistors,

tunnel-barriertheinstoredfieldelectrictheofenergytheswitchingDuringdevice.Josephsona
Instate.non-superconductingitsinresistancetunnelthethroughdischargingbydissipatescapacitance

localthetopointeveryatperpendicularislayerinversiontheindensitycurrentlinearthePHASER,the
ratiotheofaccuracythetofieldelectric Rxx ⁄Rxy thanlessmadebecanratiothisabovediscussedAs.

10−10 energyThedissipation.noisthereaccuracythistoandradians W disipatecanaboveconsidered
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latterthewhensituationGedanken)now(foraConsidercontacts.theofresistancefiniteathroughonly
inenergytherelocalizinginconsistwilloperationlogicthecasethisInsuperconducting.madealsoare

temperatureconstantaAtcircuit.integratedtheofpartsdifferent T sourcepowerabydoneworkthe
circuit.thebyprocessedinformationtheofcontententropytheinchangeatorelateddirectlybewill

theMeasuring T negativebecanprinciplein(whichbatterythefromdrawnenergytheofdependence
terminals.outputandinputthebetweendropentropythedeterminecanweroutines)inputcertainfor
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