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Discovery of new particlesis not usuallyassociateavith condensednatterphysics becauseat
onelevel, we alreadyknow all the particlesthatgo into the Hamiltonian— namely electronsand
ions. However, it is a mostprofoundandwonderfulfact of nature— indeedthe very reasonwhy
physicscanmale progressat mary differentlevels— thatstronglyinteractingparticlesreoganize
themselesto becomemoreweakly coupledparticlesof a new kind. Oftenthesearesimplebound
statesof the old particles,but sometimedhey arefantasticallycomplicatedcollective objects(for
example,solitons),that nonethelesbehae aslegitimate particleswith well definedchage, spin,
statisticsandotherpropertiesve attribute to particles.

In fact,thesenew particlesarethetrue particlesof the systemin questionpecausdt is concep-
tually sensibleo resere thetitle “particle” for nearlyindependentbjects.Oncewe have identified
thetrueparticlesof asystemphenomenshatwould beutterly mysteriousdifficult, orimpossibleto
understandn termsof theold particlesbecomesimply comprehensiblaspropertieof almostfree
particles.Thatis why condensednattersystemsareoftendescribedn termsof phononsmagnons,
Landauquasiparticlespr Cooperpairs,ratherthanelectronsandions.

This article concernslectronsconfinedto two dimensionsasrealized,for example,atthein-
terfacebetweertwo semiconductorsin strongstrongtransersemagnetidieldsandat suficiently
low temperaturesthis systemexhibits absolutelymarelous experimentalpropertiesthat are en-
tirely unexpectedandinexplicablewhenit is viewedasa collectionof weaklyinteractingelectrons.

So, what arethe true particlesof this two-dimensionaklectronsystem?It happenghatelec-
trons effectively “swallow” all or a substantiafraction of the externalmagneticfield, thustrans-
forming themselesinto particlescalled“compositefermions: 2 Numerouspropertiesof compos-
ite fermionsandthe quantumfluids they form have beeninvestigatedover the last decade.Their
Fermisea,Shubnilov-de Haasoscillations cyclotronorbitsandquantized_andaulevelshave been
obsenred; their chage, spin, statistics mass magneticnoment,andthermopaver have beenmea-
sured;andthey have beenbouncedaroundiike abilliard ball in mesoscopiexperiments.

The compositefermion hasnot only helpedexplain and predictdramaticphenomenabut also
motivateda zero parametemicroscopictheorythatis practically exact. It will beimpossible,in
this limited spaceto dojusticeto thevastandgrowing bodyof work in thefield. Sothis articlewill
concentrat®nly on someof the mostbasicfacts,pointingtheinterestedeadetto review articlesor
themostrecentpaperdor furtherinformation.

Basic concepts

In the presencef a magneticfield B trans\erseto a two-dimensionabystemof electronsthe
kinetic enegy of an electronis quantizedinto discretelevels, called Landaulevels (Fig. 1). The
degenerag of eachLandaulevel per unit area— thatis to say its maximumpopulationper unit
area— is |B|/®o, where®( = hc/e is the elementaryquantumof magneticflux. This degenerag
impliesthatthe numberof occupiedLandaulevels, calledthefilling factor is v = p®¢/|B|, where
p is thetwo-dimensionablensityof electrons.

In a sufiiciently strongmagneticfield, whenv < 1, all electronscanbe accommodateth the
lowest Landaulevel, andto good approximation,one can neglect ary mixing betweenLandau
levels. Thekinetic enegy is thenanirrelevant constantandthe Hamiltonianis simply givenby the
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The ultimate goal of theoryis to solve the Schidingerequation (¥ = £¥, asa function of v
in the Hilbert spaceof the lowest Landaulevel states. Consideringthat we are dealingwith a
macroscopisystemof interactingelectronsjt shouldnot comeasa surprisethatwe do not know
the exact solution. To make mattersworse, the standardapproximateperturbatre stratgies are
doomedby the absencef ary smallparameterthe interactionenegy beingthe only enegy scale
in the problem.Nonethelessa trail of experimentalkclueshasguidedusto wave functionsthatare
accurateandfaithful representationsf theexacteigenstates.

Thesewavefunctiongevealthesimplephysicsof theproblem namelytheformationof thecom-
positefermion. The compositefermionwasoriginally introducedin 1989to explain the fractional
quantumHall effect, discoveredin 1982by Daniel Tsui, Horst Stormey and Arthur Gossard.But
subsequenwork hasshavn thatit describes superstructuréhatencompassestherphenomenas
well.

The quickestway to introducethe compositefermionis throughthe following seriesof steps,
which | will call the“Bohr theory” of compositefermion becauset obtainssomeof the essential
resultswith the help of an oversimplifiedbut usefulpicture. (If questionsoccurto you aswe go
along,pleasebe patient... somemay be answeredn the paragraphshatdescribethe microscopic
Schidingerwave functions.) Theoutcomes thatstronglyinteractingelectronsn astrongmagnetic
field B transforminto weakly interactingcompositefermionsin a wealer magneticfield B* given
by

B* =B —2pp®o 2)

where2p is aneveninteger Equialently onecansaythatelectronsatfilling factorv corvertinto
compositdermionswith filling factorv* = p®q/|B*|, givenby
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Theminussigncorrespond$o situationsvhenB* pointsantiparallelto B.

Startby consideringnteractingelectronsn thetrans\ersemagnetidield B. Now attachto each
electronaninfinitely thin, masslessnagneticsolenoidcarrying2p flux quantgpointingantiparallel
to B, turningit into a compositeermion. Thecompositdermionhereis modeledastheboundstate
of anelectronand2p flux quanta.Sucha corversionpreseresthe minussign associateavith an
exchangeof two particles becaus¢heboundstateof anelectronandanevennumberof flux quanta
itself is a fermion. Hencethe name. It alsoleavesthe Aharonw-Bohm phasefactorsassociated
with all closedpathsunchangedbecausehe additionalphasefactordueto a flux ® = 2p®g is
e?®/® — 1. |n otherwords, the attachedadditionalflux is unobserable, andthe new problem
formulatedin termsof compositdermionsis identicalto the onewith which we began.

What have we gained? Well, a “mean-fieldapproximation’nowv suggeststself in which the
new attachedield is smearedo produceanadditionaluniform magneticfield —2pp®. With that
addition,we getthe netmagnetidield B* of Eq. (2). Theneteffect,in asenseis thateachelectron
hasabsorbe@p flux quantarom theexternalfield to becomeacompaositdermion,thatexperiences
only theresidualmagnetidield B* (Fig 2).

The crucial point is this. The mary-particle ground stateof electronsat » < 1 was highly
degeneratdan the absenceof interaction,with all lowest Landaulevel configurationshaving the
sameenegy. But now, the degenerag of the compositefermion groundstateat the corresponding
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Figure 1. Evolution of a two-dimensionaklectronsystemasthe trans\ersemagneticfield B is increased.
For independentlectronsthe Fermisea(A) (filled to Fermienegy Eg) at B = 0 splitsinto Landaulevels

(B) separatedby the cyclotron enegy. The lowestelectronicLandaulevel (C) is split by interactionsinto

enegy levelsof compositefermions,with attachedlux quantawhichfill acomposite-fermior-ermiseaat

v =1/2 (D) andoccupy composite-fermior.andaulevels (E) at otherfilling factors.A jump out of sucha

level (F) createsan exciton, a neutralparticle-holeexcitation. £ andhw? arethe composite-fermiorFermi

andcyclotron enegies, respectiely. At still higherfields, this scenario(D-F) repeatstself, but now with

compositdermionscarryingfour or moreflux quanta.
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Figure 2. Capturingtwo flux quantatransformseachelectroninto a compositefermionthatexperiencesin
effect, areducedesidualmagnetidield.

v* > lisdrasticallysmaller evenwhentheinteractionbetweercompositdermionsis switchedoff.
For integral valuesof v*, in fact,onegetsa non-dgeneate groundstate.

The reduceddegenerag suggestshatit shouldbe a goodstartingpoint to treatthe composite
fermionsasindependent.In this approximationthe compositefermionsfill a composite-fermion
FermiseawhenB* vanisheqr = 1/2p), andform composite-fermior,andaulevels whenit does
not. All thisaction,of course takesplaceinsidethe lowestelectonic Landaulevel (Fig 1).

Having identifiedinteractingelectronsat filling factorr with independentompositefermions
atv*, we write the (unnormalized)microscopicwave functionsfor interactingelectronsat a given
v as:

v, = H(ZJ - Zk)2p Pu (4)
j<k
wherez; = x; —iyj denoteghe positionof the jth electronasa complex numbey and¢, - arethe
theknown Slaterdeterminantvave functionsof non-inteacting electonsat the corresponding*.
For simplicity, we have assumedhatthe electronpopulationis fully polarized,andsuppressethe
spinpartof the wave function.

Thewave functions¥,,, whichturn out to be anextremelyaccuratepproximatiorof theactual
electroneigenstategjive a precisemeaningto the intuitive physicsof the“Bohr” description.The
factor]]; «(zj — z)?P tells us that eachelectronsees2p vorticesat every otherelectron. Thatis
to say asthe jth electronexecutesa closedpatharoundthekth, it generates phaseof magnitude
2p x 27r. By definition,a closedloop arounda unit vortex generates phaseof 2. Thusthefactor
ITj<k(z - z()°P attachep vorticesto eachelectronin ¢+ .

Sowe seethatthe flux quantaof our “Bohr theory” in factrepresenthe microscopicvortices
of the mary-particle wave function, and the compositefermion is actually the boundstateof an
electronand2p quantunvortices A flux quantumis topologicallysimilarto avortex, in thatit also
producesan Aharonw Bohm phaseof 27 for a closedpatharoundit. Thereforeit is often useful
to modelthe vorticesasflux quantaandervision the compaositefermionasan electroncarrying2p
flux quanta.

How dothevorticescancelpartof theexternalB? Considefapathin whichoneparticleexecutes
acounterclockwiseloop enclosinganareaA, with the otherparticlesheldfixed. Equatingthe sum



of the Aharonw-Bohm phase2rBA/®( andthe phase—272ppA comingfrom the 2ppA encircled
vorticesto an effective Aharona-Bohm phase2rB*A/®q, we getthe new field B* of Eq. (2). Of
courseamagnetometewill still measuresimply B. But, asfarasacompositdermionis concerned,
B* is therealfield, asdemonstratetdy experimentgo bediscussedbelow.

The form of the wavefunction ¥ gives aninsightinto why the repulsve interactionbetween
electronsmightforcevorticesontothem. Thewavefunctionis very effective in keepingtheelectrons
apart. The probability thattwo electronan ¥ will comewithin adistance of eachothervanishes
asr22r+1) Contrastthatwith the r2 vanishingfor a typical statesatisfyingthe Pauli principle. In
essenceglectrongransmutanto compositefermionsby capturing2p vorticesbecausehis is how
they bestscreertherepulsve Coulombinteraction.Theinteractionbetweercompositefermionsis
weakbecausenostof the Coulombinteractionhasbeenscreeneaut, or usedup, in makingthem.

Equationg2), (3), and(4) arethe masterequationdescribingthe quantumfluid of composite
fermions. Sincethefirst two arethe sameandcanbe derived from thethird, everythingultimately
stemdrom asingleequation.Thequantunnumbersof compositdermionfollow straightforvardly
from the obserationthateachoneis producedy asingleelectron.It hasthe samechage andspin
astheelectron,andit is alsoafermion.

Seeing composite fermions

Thecrucial,non-perturbatie respecin which compositdermionsdistinguishthemselesfrom
electronsis thatthey experiencean effective magneticfield, B*, thatis drasticallydifferentfrom
the externalmagneticfield. The effective magneticfield is socentral,direct,anddramatica conse-
guenceof theformationof compositefermionsthatits obserationis tantamounto anobsenration
of the compositefermionitself.

At v < 1, theexperimentsclearly reveal the dynamicsof compositefermionsin B* ratherthan
electronssubjectto B. The most compelling experimentalevidencefor the compositefermion
comessimply from plotting the high-B magnetoresistanaes a function of »*~1, which is propor
tionalto B*, andnotingits striking similarity to the magnetoresistanad electronsatlow B (where
they areweakly interacting)plotted as a function of »—1, asshown in Fig. (3). This is a direct
evidencethatthe stronglycorrelatediquid of interactingelectronsatfilling factorr behaeslike a
weaklyinteractinggasof compositefermionsat v*.

The quantumHall effect is one of the mostfascinatingphenomenalisplayedby two dimen-
sional electronsin a magneticfield. One seesplateausof the Hall resistanceRy with quantized
valuesRy = h/ f€? centeredaroundr = f, wheref is eitheraninteger (f = n) or asimplerational
fraction (Fig. 3). Theintegral quantumHall effec is understoodtraightforvardly in termsof in-
dependentlectronsasa consequencef the quantizatiorof the singleelectronenegy into Landau
levels,which producesnon-dgeneratenary-particlegroundstatewheneer v is anintegern. The
analogousntegral quantumHall effectfor compositefermionscorrespond$o v* = n. Thesestates
occuratfractionalelecton filling factorsgivenby

n
V= onET ®)
which (alongwith their hole partnersl — v) turn outto be preciselythe obsered ‘magic’ fractions
at which the fractional quantumHall effect is obsered to be particularly prominent. Thereis at
presenievidencefor morethan30 fractionalquantumHall states.The equationdictatesonly odd-
denominatofractions,which, with only oneexception,is whatthe experimenterdind.

ThefractionalquantumHall effectfor electrongs thusanintegral quantumHall effect of com-
positefermions,in effectanobseration of composite-fermio.andaulevels. This simpleexplana-
tion of the fractionaleffect not only obtainsall obsered fractionsin a singlestep,but alsounifies
thefractionalandtheintegral quantumHall effects.
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Figure 3. Comparingintegral andfractionalquantumHall regimes,top andbottompanels respectiely®#,

Thethick curve in the top panelis the Hall resistancavith quantumplateaus.The thin curvesareordinary
longitudinalresistvity with a dip, labeledby its electronfilling factorv, for eachplateau.Thefilling factor
v =n/(2n+ 1) corresponds$o a composite-fermiotilling factorv* = n. Thusthe two thin curves,despite
their very differentelectronfilling factorsareremarkablysimilar.

Theobserationof fractionalquantunHall effect sernesasa macroscopiconfirmationof some
of thefundamentapostulate®f quantummechanicsThe principle governingthe surprisingpreci-
sion of the quantizatiorof macroscopidiall resistances the single-\aluednes®f the microscopic
mary electrorwave function,whichrequireghatthevorticity of acompositdermion(theexponent
2pin Eqg. 4) be preciselyguantizedo be aninteger The empiricalodd denominatorule follows,
becausehe integer mustbe even so thatthe mary-particle wave function have the exchangeanti-
symmetryrequiredfor fermions.

RobertLaughlin's original theoryof v = 1/(2p+ 1) states, asubsebf the obseredfractions,
falls naturally within the compositefermion theory At v* = 1, putting into Eq. (4) the explicit
form of the non-interactingSlaterdeterminanwavefunction¢,-—_; yields for the groundstateat



v=1/(2p+1)

Uypry) = 11 (2 —20*exp-5 Y Zlk—z (6)
j<k k 'B

which is preciselythe wave function formulatedby Laughlinin 1983to explain the first obsered

fractionalquantumHall state(v = 1/3). (Here,lg = y/hc/eBis themagnetidength.) It represents

onefilled composite-fermioandaulevel.

An early andinfluential approachpioneeredoy Steven Girvin andAllan MacDonald regards
the Laughlinwave functionasa bosecondensateyith the role of bosonplayedby the boundstate
of anelectronand2p+ 1 flux quanta.

WhataboutthefractionalguantumHall effect’s celebratedractionalchage?It appearsaswhat
is calledthe “local chage” of an excited compositefermion, definedas the sum of its intrinsic
chage (—€) andthe chage of the screeningcloud (or the correlationhole) aroundit. Its value
atv = n/(2pn+ 1) canbe obtainedfrom a simple countingargumentto be —e/(2pn+ 1). This
fractional chage is a manifestationof a quantizedscreeningoy the quantumfluid of composite
fermions.

Do compositefermionshave a life outsidethe fractional quantumHall effect? An important
applicationof the conceptconcernghe metallic stateat v = 1/2 whereno fractionalHall effectis
seen.If compositefermionsexist at thatfilling factor they experienceno effective magneticfield
(B* = 0). Thusamearnfield picturesuggests Fermiseaof compositdermions.

In aninfluential theoreticalwork, BertrandHalperin, Patrick Lee, and NicholasReadargued
that mary featuresof the Fermi surface of compositefermionssurvive when fluctuationsbeyond
themean-fieldheoryaretakeninto account. At v valuesnearl/2, the compositefermions,experi-
encingavery weakmagnetidield, would executeclassicakyclotronorbitsof radiusR* = hkg /eBF,
with the Fermiwave vectorgivenby ke = /4mp for afully polarizedFermiseain two dimensions.
R* is ordersof magnituddargerthanary electroniclengthscaleappropriateao B. Experimentdy
threedifferentgroupsatBell LabsandStory Brookin 1993-94 andseveralexperimentssincethen,
have confirmedthat R* is indeedthe cyclotronradiusof the chage carriers. Two of theseexpek
imentresultsareshavn in Figs. (4) and(5). Fartheraway from v = 1/2, the semiclassicabrbits
of the quantumcomposite-fermiorparticlesare quantizedto producecomposite-fermiorLandau
levels, first exhibiting Shubnilov-de Haasoscillationsandthenthe quantumHall effect.

The obsenation of compositefermionsin the gaplessregion aroundv = 1/2, wherethereis
neitheraquantunmHall effectnorary othersortof excitationgap,wasawatershedor thecomposite
fermionconcept.lt wasanexplicit demonstratiorthatthe compositefermionis moregenerakhan
its manifestationin the fractionalquantumHall effect, which occurswhenpre-«isting compaosite
fermionsform their Landaulevels. Theobseration of the compositeermion’s Fermiseaexplicitly
verified its Fermistatistics andthe measuremerf its cyclotronradiusconfirmedthatit carriesa
chage —e.

How aboutits spin? The spin degree of freedomis frozenin strongmagneticfields at low
temperaturewherethe Zeemaneneqgy is large comparedo the interactionstrengthand thermal
agitation.Butin relatively weakfields,severalspinpolarizationdecomepossible Thesalifferently
spin-polarizedtatesaswell astransitionsetweerthemasafunctionof theZeemarenegy (which
can be varied without affecting the rest of the dynamicsby applicationof an additional B field
parallelto the layer), have beenobsered, andthey arewell describedn termsof Landaulevels
of free, spin 1/2 compositefermions+'®. The compositefermion g factor determinedrom these
experimentds closeto thatof theelectron.

For ary particle,animportantquestions: Whatis its mass?This questions asomeavhatsubtle
onefor the compositdermion, becausdts entiremasss generatedlynamicallyfrom interactions.
Thereis, after all, no massparameteiin the Hamiltonianof Eq. 1. The massis moststraight-
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Figure 4. Measuringthe effective magneticfield B* felt by compositefermions,by magneticallyfocusing
them— injecting theminto one constrictionand collectingtheminto another The lower panelshaws the
focusing peaksfor elections at discretevaluesof B (nearB = 0) correspondingo different numbersof
bouncegseeinsert). The upperpanelshons the correspondingeaksfor compositefermionsnearB* = 0.
Thetwo setsof peakqsuperimposedver mesoscopicesistancdluctuationsdueto disorder)align whenone
scalesB* by afactorof v/2 to accounfor thefactthatthe composite-fermiorstate unlike theelectronFermi
sea,is spinpolarized.(Adaptedfrom Ref. 8).

3 [ - 1/:1/2

10*x velocity shift Av /v

| \ | | | | |
-15 -10 -5 0 5 10 15

Effective magnetidield B* (kG)

Figure5. Surfaceacoustiovave studyof thecomposite-fermioistatein thevicinity of » = 1/2. Thevelocity
shift of surfaceacoustiovavesexhibits principalaswell asthesecondaryesonancest|B*| ~ + 5.0kG and
+ 2.5kG, respectiely, asexpectedrom theory(dashedturve)’. Adaptedfrom Ref. 9.



forwardly determinedby measuringthe excitation gap at a given filling of compositefermions,
andequatingit to the cyclotron enegy of compositefermionsin the B* field®. But it canalsobe
deducedrom an analysisof the temperaturelependencef the Shubnilov-de Haasoscillations,
of spintransitionexperiment$, or by ascertainingat what Zeemanenegy the composite-fermion
Fermiseabecomedully polarized®. For typical experimentalparametersthe composite-fermion
masse®btainedfrom thesevariousmethodsareon the orderof the free electronmass,andmuch
largerthanthebandmassin say GaAs,but unrelatedo either

Therich phenomenologyf the lowestLandaulevel liquid thusfollows succinctlyandcoher
ently from the single principle of the compositefermion, without even the needfor a microscopic
theory But the simplicity of the explanationshouldnot obscurethe non-trivial natureof the un-
derlying physics: Eachstrongly interactingelectron,with no kinetic enegy degree of freedom,
capturep quantummechanicavorticesandis thusmagicallytransformednto anearlyfree,mas-
sive compositefermion. This compositefermion experiencesa magneticfield drasticallydifferent
from the externalone,andits kinetic enegy manifeststself througha FermiseaandLandaulevels.

Computer experiments

Fortunately onecandiagonalizethe Hamiltonianof Eq. (1) numericallyfor a finite systemto
obtainthe exact eigenfunctionsandeigenenagies. That providesfurtheropportunityfor rigorous,
unbiasedand detailedtestingof the compositefermion theory Sometypical enegy spectraare
shawvn in Fig. (6). All structurein thesespectras a consequencef the Coulombinteraction,in the
absencef which all lowestLandaulevel statesvould be strictly degenerate.

The centralpredictionof the compositefermion theoryis that the low-enegy physicsof in-
teractingelectronsin an externalmagneticfield B resembleghat of nearlyindependentompos-
ite fermionsin the residualfield B*. This predictionhasbeenextensvely confirmedin computer
experiments,which establisha one-to-onecorrespondencbetweenthe quantumnumbersof the
low-enepgy statesof thetwo systems.

In particular one expectsa gapat filling factorvaluesr = n/(2pn=+ 1), which correspondo
v* = n. Sureenough at thosevaluesthe Coulombinteractionremovesherethe enormousiegener
ag of the non-interactingelectronsystemto producea non-dgenerategroundstate asillustrated
in Fig. (6). The groundstate,circled in eachpanel,represents filled Landaulevels of compos-
ite fermions. The excited stateswheredashesanddotscoincide,areto be interpretedasdifferent
configurationof the composite-fermiomxciton (Fig. 1F).

Besidesgiving the quantumnumbersof the low-enegy states the compaositefermion theory
alsoyields their wave functions, ¥, which arenow to be projectedinto the lowestelectronicLan-
daulevel, asappropriatefor the largeB limit underconsideration.Extensve studieshave shavn
thatthesehave a nearlyperfectoverlapwith the correspondingxact eigenfunctionsandthatthey
typically predicttheenegiesto within 0.1%or better Somerepresentate resultsshovn in Fig. (6)
andTablel.

Tofully appreciatehesignificanceof thesecomparisonspneshouldnotethat,for filled composite-
fermion Landaulevels or their excitons, ¥ involve no adjustablegparametemwhatsoger. Further
more,the actualeigenstategrelinear superposition®f a large numberof distinct basisstatesas
indicatedby the towers of excitation levelsin Fig. 6. Thatrulesout the possibility of accidental
agreementlt is rarethatsucha simple,zeroparametetheoryfor a stronglycorrelatednary-body
statehassuchaccurag andpredictive power. Thesecomparisonglsodemonstratéhatthe wave
functions¥ go beyondthe simplemeanfield picturethatmotivatedthem. They encodehe physics
of theresidualinteractionbetweercompositgermions.

Ana Lopezand EduardoFradkinhave initiated anotherapproachfor dealingwith corrections
to the meanfield description,in termsof a Chern-Simondield theory That approachhasbeen
developedfurtherby severalgroupst®’

A quantitatve comparisorwith the laboratoryexperimentsrequiresa consideratiorof Landau
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level mixing, trans\ersethicknessof the electronwave function,anddisorder— all of whichwere
conveniently setto zeroin the computerexperiments. Theserealitiesdo not affect the qualitative

physicsnor the quantizationsbut they do introducevariousparametersvhich canonly be handled
approximately After incorporatingsomeof theseeffectsin variousapproximationsyve find that
theoryandexperimenttypically agree at presentwithin ~ 10% — 30% for theenegy of theneutral
composite-fermiomxcitont? andspinrelatedohysic$:*°, andwithin afactorof two for thechaged-
excitationgap.

Arethere other phases?

Do the compositefermionsexhibit ary otherphasesf they werestrictly non-interactingpur
discussiorof their quantum-Halland Fermi-seaeffectswould be the end of the story But there
is a residualinteractionbetweencompositefermions. By definition, it is whatever is left after
mostof the Coulombinteractionis usedup in giving the compositefermionits mass.Theresidual
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cutoffs. Adaptedfrom Ref. 13.



11

v |N ground state excited state
compositefermion| exact |compositdermion| exact
1/3| 8 -0.4389 -0.4391 -0.4261 -0.4266
10 -0.4326 -0.4328 -0.4224 -0.4229
2/5| 8 -0.4802 -0.4802 -0.4714 -0.4717
10 -0.4693 -0.4694 -0.4625 -0.4627
3/7(9 -0.4991 -0.4992 -0.4915 -0.4916
12 -0.4825 -0.4826 -0.4782 -0.4783

Table 1. The exact andthe composite-fermiorenegies per particle for the groundstatesof the systems
in Fig (6). Also given areresultsfor that excited statewhich hasthe composite-fermiorparticle and the
composite-fermiorole maximally apart.Adaptedfrom 13.

interactionis oftenweakenoughto beneglected.Thatis whatwe have doneabore. But it might,in

certaincircumstancedyeresponsibldor creatingfascinatingnewv phasesAfter all, theinteraction
betweenrelectrons— the fermionswe know best— generatesiumerousphasesfor example,the
BCSsuperconductothe Wignercrystal,andBloch’s spontaneouslpolarizedFermiliquid. There
areindicationsthatall of thesephasesrefeasiblealsofor compositefermions.

At sufiiciently smallv (< 1/9), thecomposite-fermiofiquid becomesinstableagainsta spon-
taneougyeneratiorof excitons,makingway for the Wignercrystat>'4. In arangeof filling factors
prior to this (v < 1/4), the compositefermion liquid is predictedto exhibit the Bloch instability,
namelya magneticallyorderedbroken-symmetryphasesvenin theabsencef Zeemarcoupling®.

Another fascinatingstateis the BCS-like p-wave paired stateof fully polarizedcomposite
fermions,increasinglybelieved to be the sourceof the fractional effect at v = 5/2, the sole ex-
ceptionto the odd-denominatorule 1 Here, even thoughthe underlyinginteractionis purely re-
pulsie, acaptureof thevorticesduringthe creationof compositdermionspresumablyoverscreens
the Coulombinteraction producinga weak,effectively attractiveinteractionbetweerthem.

Finally, mixedstatesontainingiwo differentflavorsof compositdermions(with differentnum-
bersof attachedlux quanta)would also producequantum-Hallfractionsotherthanthe principal
fractionsof Eq. (5). Preliminaryevidencenow existsfor suchadditionalfractions.

It remainsto clarify the physicsof thesenew phasespf the precisenatureof the Fermiliquid
atv = 1/2p, andof therole of disorderin thesesystems Anotherpoorly understoodssueis how,
asthetemperaturdés raised the compositgermionsgraduallyionize by sheddingheir vorticesand
turn backinto electrons.

Quantum particle

Eventhoughthecompositdermionbehaes,to agreatextent,like anordinaryfermion,we must
not forgetthatit is a mostunusualparticle. First of all, it is a truly collectve, mary-body entity.
The definition of a single compositefermion inherentlyinvolves all the particlesin the system.
Moreover, the compositefermionis a quantumparticle. Of course,quantummechanicslescribes
all particles,but it participatesn the very definition of a compositefermion, whosecreationis the
union of anelectronandquantummechanicaphasegvortices). The compositefermion could not
exist in a purely classicalworld. Furthermorethe orbits of compositefermionsare quantizedto
producea quantunfluid of quantumparticles.

Among the remarkabldeaturesassociateavith the physicsof compositefermionsarethe dy-
namicalgeneratiorof a masswheretherewasnoneto begin with, the quantum-mechanicaénor
malizationof the magneticfield, pairing from purely repulsve interactions,andfractionalchage
generatedby the quantizatiorof screeninglt is irresistibleto wonderwhich of theseconceptdinds
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wider applicationsn nature.
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