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Quantum statistical theory of the fermionic quantum Hall effect
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At the even-denominator filling factar=P/Q, evenQ, a fermionic Quantum HallQH) state is normally
developed in a pure heterojunction GaAs/AlGaAs at the lowest temperatures. The QH staf/atis an
exception, and it is known to be bosonic. The fermionic state is formed by the com@mgitermions, each
with an electron and flux quanta(fluxons. The conductivityo=J/E, J= current densityE= applied field,
becomes a universal constee?/h)Q! as the temperature approaches zero while the Hall conductiyjty
=J/Ey, E=Hall field, becomes approximately equal(&/h)P/Q. The widths in the resistivity=o"* are
symmetric with respect to high and low fields. They are temperature dependent. The regigjivityve
smoothly approaches a constant as the field is lowered toward zero.
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I. INTRODUCTION tion) over the Laughlin ground state atP/Q, odd Q, can
have the fractional charge
In 1980 von Klitzinget al! reported a discovery of the

integer Quantum Hall EffectQHE). In 1982 Tsuiet al? e, =€/Q for c-bosons. (1)
discovered the fractional QHE. Figure 1 represents the data . o _
reported by Tsdi for the Hall resistivity py=Ey/J (Ey= This surprising prediction was later confirmed by

Hall field, J= current densityand the resistivitp=E/J (E experime_ntsl.l The system ground-state does not carry a cur-
= applied field in heterojunction GaAs/AlGaAs at 60 mK. rent. To interpret the experimental data it is convenient to
The Quantum Hal(QH) states at the Landau LevelL) introduce compositgc-) particles (bosons, fermions The
occupation ratic(filling factor) »=P/Q=1,2, ...,5 arevis-  C-boson(fermion), each containing an electron and an odd
ible. Each bosonic QH state with the Hall resistivity plateau(€ven number of flux quantafluxons, were introduced by
(horizontal stretchis accompanied by zero resistarisaper- ~ Zhanget al? and othergJain®®) for the description of the
conducting. In 1987 Willett et al# discovered the even- fractional QHE(Fermi liquid. Originally the c-particle was
denominator QHE at=5/2. Their data, Ref. 4, Fig. 2, show introduced as a composite of one electron attached with a
that the resistivity has clear dips at 25, 40, and 100 mknumber of Chern-Simons gauge objects. These objects are
Jiang et al® observed similar fermionic QHE at  neither bosons nor fermions, and hence the statistics of the
=1/2,3/2,3/4,...where each dip converges to a point. In COMPOSite is not clear. The basic particle propécguntabil-
1999 Panet al® found that the 5/2 state in high mobility ity) of the fluxons is known as the flux quantization, see Eq.
sample shows zero resistance with a visible Hall resistivity(6)- We assume that the fluxon is an elementary fermion with
plateau at very low electron temperature
(~4 mK). This 5/2 state is rather similar to the bosonic QH
states at odd-denominator ratic= P/Q, odd Q, observed in
the same sample GaAs/AlGaAs. Eisenstial.” found that
the QHE state av=5/2 collapses rapidly as the magnetic 1c
field is tilted away from the normal to the plane. This is an o
anomaly since the states a£1/2 andv=3/2 were found P :_:r:
not to collapsé. The tilting reduces the diamagnetic effect,
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rendering the effectivg factor to vanish and making spin-
mixing more important. We shall treat the 5/2 state collapse
in a separate publication. The difference between the fermi-
onic and bosonic QHE was clearly demonstrated in the
surface-acoustic wau&SAW) propagation study by Willettt
al.,.2 where the SAW amplitude deviation is negatijEsi-
tive) for the fermionic(bosonig QHE, suggesting different ‘B (Tesla)e
charge carriers present in the system.

The departure point for all theories for the fractional QHE ~ FIG. 1. Observed QHE in GaAs/AlGaAs heterojunction at
is the Laughlin ground-state wave functidaughli® and 60 mK, after TsuiRef. 3. The Hall resistivityp, and the resistance
Haldané® showed that the gasipartici@lementary excita- p are shown as a function of the magnetic fi@ldn tesla.
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50,0, [e¥h] o, two fluxons can be bound as follows: If tiBefield is applied

. adiabatically the energy of the electron does not change but
the cyclotron motion always acts so as to reduce the mag-
netic fields. Hence the total energy of the c-fermion is less
than the electron energy and the unperturbed field energy. In
other words the c-fermion is stable against the break-up.

* In the present work we shall show that a fermionic QH
state is developed at=P/Q, evenQ, in which the conduc-

. tivity o=p~! approaches a universal constget/h)Q™* as
T—0 and the Hall conductivityrH:p;1 becomes approxi-

- mately equal tae?/h)(P/Q), thus confirming the prediction

I i B BE B A by Hajduet al. We also show that the resistivity widths are

0 1 2 3 4 5 symmetric with respect to high and low fields. The resistivity
curve smoothly approaches a constant as the field is reduced
to zero.

FIG. 2. The conductivityo and Hall conductivityoy as func-
tions of the filling factorvr=P/Q at 0 K Q=2.

zero mass and zero charge, which is supported by the fact [l. THE HAMILTONIAN
that the fluxon, the quantum of the magnetic fiBldcannot Let tak dilut ¢ f elect ing in th
disappear at a sink unlike the bosonic photon, the quantum of et us take a dilute system ot electrons moving in the
the electric fieldE.** Fujita and Morabité® showed that the Plane. Applying a magnetic field® perpendicular to the
center-of-masgCM) of the composite moves following the plane, eac_h electron will be in the Landau stat*e with the
Ehrenfest-Oppenheimer-BethelEOB) rule: the composite €N€rgy  given by E=(N +1/2iwy, wo=eB/m, N_
is fermionic(bosonig if it contains an oddeven number of =0.1,2,.... Inthis state the electron can be viewed as cir-
elementary fermions. Hence the quantum statistics of th€ulating alr/(gund the guiding center. The radius of circulation
c-particle is justified. Halperin, Lee and Read reviewed thd = (/€B)“*for the Landau ground state is about 81 A ata
state of the matter ab=1/2 in 199316 In particular they typ|cal f|eld_ 10 T(tesla_). We now apply awe_ak electric field
showed that the SAW amplitude sign e£1/2 can be ex- Ein thex.—dlrectlon. With the sce_ltt_ere(ﬂnpunues, ph_onon)s
plained with the assumed existence of the c-fermions. Thepresent in the system the guiding centers can jump from
arrived at an expression for the resistivjiyproportional to ~ Place to place preferentially and generate a current in the
the impurity densityy,, based on a c-fermionic model. Ana- x-direction. _ _
lyzing the data reported by TstiHajdu et all? predicted GaAs for_ms a zinc blende Iattlce._We assume that the
that the conductivityr in the integer QHE region is quan- interface is in the plan€d01). The G&" ions form a square
tized: o~€?/h at the even-denominator filling factor, see lattice with the sides directed {r110] and[110]. The “elec-
Fig. 2. tron” (wave packet will then move isotropically with an
Laughlin pointed out a remarkable similarity between theeffective massn,. The AsS™ ions also form a square lattice at
QHE and the high-temperature superconductiyityf SC), a different height i 001]. The “holes,” each having a posi-
both occurring in two-dimension&2D) systems® The ma-  tive charge, will move similarly with an effective mass.
jor superconducting properties observed in the HTSQa@re The electron and the phonon share the samé&-3pace and
zero resistancep) a sharp phase change at the critical tem-the same Brillouin zone, and hence they have close affinity.
peratureT,, (c) the energy gap below,, (d) the flux quan- The 2D electronk-vector couples with the 2D phonon
tization, (e) Meissner effect, andf) Josephson effects. The k-vector, see below. A longitudinal ionic-lattice waggho-

Josephsgn effects can be observed in the d'oubl'e—layer QHrEon) moving in [110] or in [1TO] can generate a charge
systems® All others have been observed in single layer gensity (curreny variations, establishing an interaction be-
GaAs/AlGaAs.(The Hall resistivity plateau and the Meiss- ween the phonon and the electr@luxon). We note that the
ner effect are directly connected, see Sec) Rollowing  2p cyrrent generates a magnetic moment inzfuirection,
Bardeen, Cooper, and Schriefl&CS),™ we regard the pho- \yhich interact with the magnetic flux while the 2D charge
non exchange attraction as the causes of both effects. Stafjansity generates a varying electric potential, which affects
ing with a reasonable Hamiltonian, we calculate everythinghe electron motion. If one phonon exchange is considered
using the standard statistical mechanical methods. Fefita penyveen the electron and the fluxon, a second-order pertur-

al. developed an electron-fluxon modélin which the elec-  pation calculation establishes an effective electron-fluxon
tron and fluxons are bound by the phonon excahnge attragyteractior

tion.

Classically speaking, if the magnetic field is applied
slowly, the electron can continuously change from the
straight line motion at zero field to the circulating motion at
a finite B. Quantum mechanically, the change from the mo-where V, (V) is the electron(fluxon)-phonon interaction
mentum state to the Landau state requires a perturbation. Wgrength; the Landau quantum numb¥y is omitted; the
choose the phonon exchange between the electron and theld k denotes the 2D guiding center momentum and the
fluxon for the perturbation. For example the c-fermion withitalic k the magnitude. Briefly the electron emits a phonon of

on
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(€\k+q|s_ ) — T Wq

Ver= |VqV(/1|

(2)

075304-2



QUANTUM STATISTICAL THEORY OF THE FERMIONIC.. PHYSICAL REVIEW B 70, 075304(2004)

momentum € and undergoes a transition in the momentum lll. THE FERMIONIC QUANTUM HALL EFFECT

from k to k+q, and subsequently the phonon is absorbed by .
the fluxon which undergoes a transition frdrhto k' —q. In We consider the state at=P/Q, evenQ, where a number

the second process the fluxon emits a phonon of momentur(hf c-fermions withQ fluxons are formed. Each c-fermion can

g, which is absorbed by the electron which undergoes a trar‘Fe viewed as an electron 'C|'rcula.t|ng abc!gtelementar_y
sition fromk to k+q. These two elementary processes con- luxes. By applying the relativity principle we can also view

tribute to the interactionV,;. The interaction is attractive 'L @S an electron attached wi fluxons. This is natural

when the electron states before and after the exchange hayt'c€ the guiding center coincides with the CM of the

the same energy as in the degenerate LL so Wt c-particle. The CM of the c-fermion can move uninfluenced
—[VV!|(fiw,) . BCS assumed that in spite of the Coulombby the applied magnetic field since all flux lines are attached
qVql\t®q)

interaction among electrons, there exists a sharp Fermi Sug the electrons. This justified Jain’s effective magnetic field

face for the normal state of a conductor, as described by th He?r?-eSitr)srl%VnsEgguz.e gz:gignéh;eﬁ’tgg Or"iﬁét?]gsae\?ei
Fermi liquid model of Landau. The phonon exchange can ge. Fluctuations in the gauge field are difficult to treat. We

generate bound singlet pairs of electrons near the Fermi Sug_voided this problem in our model
face within a distancéenergy equal to Planck’s constarit P IS
times the Debye frequenayp. In our case we assume that We note that our Hamiltonian in E¢3) can generate and

the phonon exchange generates a bound c-particle out of t abilize th? c-par;ucleg W'th.tar‘]nt\?vrb';ﬁlrary number of ﬂt'xgntf'
electron and fluxons. or example a c-fermion wi o fluxons is generated by

Following BCS?° we start with a Hamiltoniaid with the two sets of the ladder diagram bindings, each between the

phonon variables eliminated: electron and the fluxon. The ladder diagram binding arises as
' follows. Consider a hydrogen atom. The Hamiltonian con-

tains kinetic energies of the electron and the proton and the

- D) _ NN (Dt p() attractive Coulomb interaction. If we regard the Coulomb
H Ek Es Ej € ks UOEQ Ek % ES [Bk’qSqus interaction as a perturbation and use a perturbation theory,
we can represent the interaction process by an infinite set of
+ Bl Bian + By Bias + BBt |, (3)  ladder diagrams, each ladder step connecting the electron

and the proton. The energy eigenvalues of this system is not
_ obtained by using the perturbation theory but they are ob-
where n(k” is the number operator for the “electrorfl)  tained by directly solving the Schrodinger equation. This ex-
[“hole” (2), fluxon (3)] at momenturk and spins with the ~ ample indicates that the binding enerdlie negative of the
energy ijs- We represent the “electron(*hole”) number ground-state energyis calculated by a nonperturbative
n by ¢’ where ¢ (c") are annihilaton method. . .
(creation operators satisfying the Fermi anticommutation APPlying kinetic theory to the guiding-center motion of

LA D O DT D ) — i () the c-fermion, we obtain the conductivit
rules: {6, 6 0 =00+ 0y CL= ik Basr 61y 160,60 ) Y
=0. We represent the fluxon numbef’ by aja., with (e)n 1
a(a’), satisfying the anticommutation ruIes.B(kt);r i (4)

— D t 2 .2 ;
= Cirqr2 $Qk+ql2-o qu s= Cirgras@k+qi2-s The prime on the

summation means the restriction<@() <fiwp, wp=Debye ~ Wheren is the fermion densityg; the chargemagnituds,
frequency. If the fluxons are replaced by the conduction elecand » the relaxation rate. For high-purity samples at very
trons(“electrons,” “holes) our HamiltonianH is reduced to  low temperatureg~60 mK) the impurity and phonon scat-
the original BCS Hamiltonian, Eq(24) of Ref. 20. The terings are negligible. By energy-time uncertainty principle
“electron” and “hole” are generated, depending on the enthe c-fermion can spend a short time at an upper LL and
ergy contour curvature sigit.For example only “electrons” come back to the ground LL with a different guiding center,
(“holes”), are generated for a circular Fermi surface with thethus causing a guiding center jump. We assume that the re-
negative(positive) curvature whose insid@utsidg is filled laxation rate is the natural linewidth arising from the LL
with electrons. Since the phonon has no charge, the phondigparation divided by, that is, the cyclotron frequenayy,
exchange cannot change the net charge. The pairing interac-

tion terms in Eq.(3) conserve the charge. The term = wp. %)

_ MW KM = - : i
) UOBk’ququ' wherevo = Vel A, A_—_sample area, is the pair Using Egs.(4) and(5) and the flux quantization
ing strength, generates a transition in the “electron” states.

Similary, the exchange of a phonon generates a transition in B=n4h/e), n,=flux density, (6)

the “hole” states, represented byOB(kz,)qSBf(?g. The phonon

exchange can also pair-create and pair-annihilate “electronve obtain

“ ~ - Wt K@)t

( holt(az)) fl(ul>)<on composites, represented byoB,, qSquS, (e)%n en eq n
~00B,1qBrqs At O K the system can have equal numbers of o= o (e B/m) = o) = (7)
—(+)c-bosons, “electron{“hole”) composites, generated by ' ¢ ¢
—vOBf(l,)JSB(kz)i. The fluxon number conservation requires that
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Qn=n,. (8)

The magnetic focusing experiments by Goldnedral?? in-
dicate that the charg@enagnitude of the c-fermion with two
fluxons ise. We assume for any c-fermion witQ (even
fluxons that

e;=e for c-fermions. (9)

We obtain from the last three equations

o=(e?/h) QL. (10)
In the Hall effect experimental condition we have
Eq=v4B, (17)

whereuvy is the drift velocity. Using the standard formula for

the current density,

J= € Nug, (12)
we calculate the Hall resistivity,
E B B
pH = —H = vd = (13)

J ey en’

This formula indicates thapy is linear in B. First let us

consider the cas®=2. Normalizing the field relative to the

field By, at v=1/2, we maywrite B, = Bp,,=B1,»/ P. Using
this and Eqs(6), (9), and(13), we obtain

prpr2 = (2/P)(We?). (14)

The theory can simply be extended to the c-fermions, eacft

with Q fluxons, aty=P/Q, evenQ. The conductivityo is
given by Eq.(10), and the Hall conductivityry, = p,; is

oy = (PIQ)(?/h). (15)

Our results, Eqs(10) and (15), are illustrated in Fig. 2,
where we choos®=2. This figure is essentially the same as

Fig. 2.1 in the book by Hajdet al1” Only the factorQ™* for
formula (10) is determined explicitly in the present work.

So far we neglected the electron spin. The spin effect is_ D(ep)
important for the 5/2 problem, which will be discussed sepa- F

rately.

IV. DISCUSSION

Jianget al® oberved that the resistivity at v=1/2 con-

PHYSICAL REVIEW B 70, 075304(2004

Formula (10) indicates the inverse lined-dependence
and theP-independence for the conductivigy Both behav-
iors appear to be borne in the experimental observation by
Jianget al.® Fig. 1. The resistivity minima at=1/2 and 3/2
are approximately equal, and they are smaller than the mini-
mum atv=3/4. Further detailed experimental confirmation
is required here.

Let us now turn to the Hall resistivity,. Here the differ-
ence between the fermionic and bosonic QHE becomes
transparent.

The c-bosons, each with one fluxon, will be called the
fundamental(f) c-bosons. Their energiesf;) are obtained
from*4

W T (k,q) = el ¥k, Q) - (27h) 20, f d?k Wl

X(k',q), 17

whereW()(k ,q) is the reduced wave function; we neglected
the fluxon energy. The energy“) is negative, which is ob-
tained after an indefinite number of phonon exchanges be-
tween the electron and fluxon, each generatech(B)?sBl((‘és,
called the ladder-binding process. Therepresents the at-
traction strength after the ladder diagram binding. Briefly,
start with the equation of motion foBE;Z. Multiply this
equation from the right by the energy-state annihilation op-
erator ¢, and a density operatar. Taking a grand ensemble
trace (Tr) and defining T{ij&lgbqp} as the reduced wave
nction ¥ (k,q), we obtain the left-hand side term
wg)‘lf(j)(k ,0), the spin-index omitted. The left-hand side can
be obtained after evaluating the commutafthr, B(kgl] and
replacing the bare strengtly by the after-the-ladder-diagram
strengthv,. For smallg, we obtain

- th

quUlDo)_l_ 1, (18)

w) =wo + (2imulg,  wo=

where vf:‘)E(Ze,:/mj)l/2 is the Fermi velocity, andD,
_ the density of states per spin. Note that the energy
Wg” depends linearly on the momentumn

The system of free fc-bosons undergoes a Bose-Einstein

condensatiofBEC) in 2D at the critical temperatut®
keTc=1.24Avend?, (19

wheren, is the boson density. Briefly Eq19) can be ob-

verges to a point below 1 K, see Ref. 5, Fig. 2. It is highlytained from(2#)72[ d?plexp(B.cp) - 1], B.=(kgTd) ™2, ¢
desirable to experimentally check this property in particular= (2/)ve. Note that formulg19) is independent of the pair-

at v=3/2,7/2 andalso atv=1/4,3/4.Jianget al® found
that the strengtlideviation from the backgrounaf the re-

ing strengthv, unlike the famous BCS formulakgT,
=1.13%wp explvDg) L. The interboson distancBy=n,"*

sistivity minimum changes approximately linearly with the cajculated from this expression is 1.24(ksTo)~%. The bo-
temperature in 210 K, Where_alr_nost all feat_ures of the g sizer, calculated from Eq(18), using the uncertainty
fractional QHE disappear. Thi§-linear behavior should re|ation (g.,ro~#%) and \Wo| ~ kgTer is (2/mfive(keTo) ™,
arise from the phonon scattering, which we have neglected ihich is a few times smaller thaR,. Hence, the bosons do
our theory. In fact we see from E(R) that the phonon scat- ¢ gverlap in space, and the model of free bosons is justi-
tering generates @-linear relaxation ratéwoc T) so that fied. For GaAs/AlGaAs,m =0.067n, m.=electron mass.
For the 2D electron density ¥0cm™?, we haveve=1.36
(16) el : .
X 10° cm s%. Not all electrons are bound with fluxons since
the simultaneous generations of + fc-bosons is required. The

peT

in agreement with the experiment.
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minority carrier(“hole”) density controls the fc-boson den- numerator /denominator in E@13) is not exact. After the
sity. Forny=10'° cm™, T,=1.29 K, which is reasonable. The cancellation the Hall resistivitp,, is B-linear and it has the
critical temperaturd, is recognizable by the presence of the value approximately equal t@/P)(h/€e?) at v=P/Q.

Hall resistivity plateau. In the present work we calculated the transport coeffi-
The supercurrent is generated by the c-bosons condenseignts (o, o) in the traditional way, identifying the carrier
monochromatically at the momentum directed along thecharge and density. We note that the current density formula

sample length. The supercurrent dengityagnitude J, cal-  (J=e'nvy) and the Hall effect conditionE,,=v4B) are exact
culated by the rule(chargee,) X (c-boson densityng) X if a single-component current is considered:; the drift velocity
(drift velocity vy), is vq is @ macroscopic quantity. We stress that the Hall resistiv-

_ _ D _ .2 ity py=En/J needs measurements of the two quantities
J = &lova = &M 2/m)ug” ~ v, (20 (Ey,J). In the prevalent theoriésthe Hall resistivitypy, is
Using Eqgs.(6), (11), and(20) we obtain calculated directly through the lowedt) LL projection or
E v h h\n by other methods. This i_s not a comple_te_ solution. If such
py= —H_ —dn¢<—) = (—) —¢ (21) methods are used to obtain results describing the system state
J &Ny \e €€/ Ny at 0 K, it is difficult to treat the system below and abdve

First let us consider the integer QHE &t P. Since the LL in a unified manner. At what temperature does the LLL pro-

degeneracythe number of states per LieAB277) L is less jection fail? This question is difficult to answer. We must

by the factorP~L, we must consider the lowest LL's. The separately calculaté, andJ and take the rati&y/J. In our
BEC occurs at each LL. Hence we have theory of the bosonic QHE the Q represents the number of

fluxons in the c-boson present and tRhehe number of the
no=nJP, (22)  lowest LL's occupied by the parental c-fermions, each with
Q-1 fluxons. In summary the fermionithosonig QHE
arises from the c-fermiongboson$ generated atv=P/Q,
even(odd Q, see below.
Ny =ny/P. (23 Figure 1 indicates that) each of the resistivity maxima
. . at v=P/Q=3/2,5/2,... issymmetric with respect to high
Se_cond co.nS|der the fraptlonal QH statevatP/Q,, 0dd Q. and low fields,(b) the widths do not change much with
T.h's state is formeq similarly frqm the loweBtLL'S occu- and(c) the strengtiwidth) of the (bosonig integer QH state
pied by the c-fermlong, each W't@._l fluxons. Equations at v=P decrease with the integét, and(d) the resistivity
(22) and(23) hold in this case. Using Eqgl) and(23) we curve approaches smoothly to a constant as the field is re-

obtain from Eq.(21), duced to zero. These features are explained as follows.
Q( h) Let us consider the condition near 0 K. Only the energy

wheren, the electron densityconstant. The fluxon density
ny per LL is connected with the boson density by

PH= 5\ 2 (24)  matters. First, take the case at3/2, where there are
c-fermions with two fluxons. The system eneigy, is given
as observed in the experiments. In E20), the drift velocity by
vq IS given by the unaveraged velocity difference and hence

the exact cancellation of the; occurs in the calculation of Esp=Ey+ C(kgT)?, C=constant, (26)
py in Egs.(21), giving rise to an extreme accuracyo®) for
the plateau value. whereE, is the c-fermion system-ground-state energy:; a high

In the presence of the supercondensate the noncondensgdymi degeneracy is assumed. Following Jdime intro-
c-boson has an energy ga. Hence the noncondensed gyce the effective magnetic field

c-boson density has the activation energy type exponential
temperature dependence: B =B-B,, Bay,=field atv=3/2. 27)

exf - (kg T)], (25
o L If the field is reduced fronB,,,, the system tends to keep the
which is quite different from the phonon-generated temperag, .o numbeN of the c-fermions by sucking in flux lines,

ture dependence. In the prevalent thedfigse energy gap  gince the bound c-fermion has a negative energy. Thus, the
for thEﬁ‘ fractional QHE Is identified as th_e sum Of the Fre?‘t'onmagnetic field becomes inhomogeneous, which generates an
energies of a quas[electron and a gua_smole. With this view Extra magnetic energy so that
is difficult to explain why the activation-energy type tem-
perature dependence shows up in the steady-state quantum A
transport. Some authors argue that the energyegdor the E=Ey+C(kgT)2+ —(B")>. (28)
integer QHE is due to the LL separatidiw,. But the sepa- 210
ration 7iwy is much greater than the observeg Besides
from the view that the gajg, equals the LL separation one If the field is raised, the system also tries to keep the same
cannot obtain the activation-type energy dependence. numberN by expelling out flux lines. The inhomogeneous

In contrast the c-fermion with mass" moves in all di- fields raise the field energy as represented by the third term
rections in the plane. The drift velocity, is the quantity in Eq. (28). This explains the high-low field symmetry, be-
averaged over the angles. Hence the cancellatian, @fom  havior (a).
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At v=1 there are the fc-boson, each with one fluxon.ishes in the limitn;,,— 0. Our formula(10) remains finite at
Hence there is a phase change somewhere betwe82 0 K.

andv=1. The c-boson ground-state enefgy, must enter in Before closing we briefly discuss a connection between
the arguments. We denote the energy differencé by our theory and the Laughlin wave function. The ground-state
wave function for any quantum particle can be represented
AE=E-E,= C(kBT)2 " L(B*)z_ (29) by a positive near-constant everywhere except at the sample
210 boundary. The state in which all c-bosons witidd) Q flux-

ons occupy the same state is the many-boson ground state at

We assume that the c-fermion system is stable if v=1/Q. If this state is viewed in terms of tH¢ electrons in

AE < E; = constant. (300  the system, the Laughlin wave function for the(l state
* . " emerges,
At the centeryr=3/2,B =0. There is a critical temperature g
T, defined by Woryra - ) =iz - 2)° expl= 2 (27,
I
C(ksTo)?=E;. (31) _ (33
Below T, the c-fermions system is stable. The critical field z=(x=iy)llg, lg=(hleB)*?

B is This highly correlated electron state can be developed by the

2u4C ) phonon exchange and/or the repulsive Coulomb interaction.
B.= Tké(Tc‘TZ)- (832)  Asin the HTSC the phonon exchange is more relevant here
since this can generate an attractive interaction needed to

This B, may be regarded as the half-width. Equati®?)  form the bound c-particle. The ground-state wave function
indicates that the widtB, becomes a constant as-0. We  can carry no current. The wave functions @ppx/#), p,

can simply extend the theory to the caseP/2. The Fermi =2wAn/L can carry currents, wheile = sample length and
energy of the system remains the same irrespective of the=+1,+2,..., and aperiodic boundary condition is as-
field. Then Eq.(32) must hold irrespective of the integ; ~ sumed. Sincd. is macroscopic, the momentupy is small
explaining behaviorb). and so is the associated energy. If all £ c-bosons occupy a

The BEC occurs at each LL, and therefore the c-bosorsinglep,, the supercurrent densityis given by Eq.(20). At
densityny is less for highP, see Eqs(19) and(22), and the  any otherp’s there will be an energy gag, and hence the
strength becomes weaker Rsncreases, explaining behavior supercurrent is stable against the applied electric field.

(c). This weakening of the c-boson minima and the con- The supercurrent is stable against the applied magnetic
stancy of the c-fermion widths make a smooth curve oveffield B due to the Meissner effect as explained below. Let us
large P, explaining behaviofd). The same theory explains consider the condition near=1 belowT.. We introduce the
the smooth wide minimum observed at1/2. Here the effective magnetic field in the for27) with B;=field at v
phonon exchange attraction played an important role. The 1. If the field is raised fronB,, the system tries to stay in
bound c-fermion needs an attraction, and cannot be derivethe superconducting state by expelling out the extra flux lines
from the repulsive Coulomb interaction, the starting Hamil-(Meissner effegt The magnetic fields become inhomoge-
tonian in the prevalent theorié3.Jain's effective magnetic neous, which generates an extra field energy given by
field's can only be justified with the concept of the bound (A/2ue)B™. If the field is reduced fronB,, the system also
c-fermion. Jain's unification theofy gives the location of tries to maintain in the same superconducting state by suck-
the bosonic QHE states but does not explain the stateshg in the flux lines. The inhomogeneous fields outside gen-
strengths. erates the extra field energy. In either case the superconduct-

The Halperin-Lee-Read thedfybased on the c-fermion ing state is sustained, generating the Hall resistivity plateau
model, each c-fermion composed of an electron and an evefor small effective fields8*. For a sufficiently high effective
number of Cheren-Simons gauge objects, generates a finifeeld, the superconducting state is broken and the resistivity
conductivity linear in the impurity density,,, which van-  becomes finite.
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