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Composite-Fermion Edge States in Fractional Quantum Hall Systems
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We describe the edge states of fractional quantum Hall systems with alternating compressible and
incompressible strips using a composite-fermion picture. The current carried by composite fermions in
a compressible region depends on the difference between the electron filling factors in the two adjacent
incompressible regions, consistent with the results of the interacting-electron picture given by Beenakker
[Phys. Rev. Lett64, 216 (1990)] and tested by recent experiments. This result allows the application
of the Landauer-Buttiker formula for the composite fermion transport. [S0031-9007(98)08210-6]

PACS numbers: 71.10.Pm, 73.40.Hm

In the two-dimensional electron gas (2DEG) systemregime. However, this argument contradicts the results
the concept of edge states combined with the Landauenf the interacting-electron approach [4]. Thus, it is not
Bittiker formula has been very useful in describing theclear how the edge channels are defined within the CF
magnetotransport behavior of integer quantum Hall sysapproach and whether the Landauer-Biittiker formula [1]
tems [1]. Several theoretical attempts have been madean be similarly used for the CF systems.
to extend the edge state picture to explain the results In this paper, we investigate the nature of CF edge
of transport experiments [2,3] in the fractional quantumstates in the fractional quantum Hall system which
Hall regime; for a slowly varying confinement potential, consists of alternating compressible and incompressible
the formation of alternating compressible and incompressstrips. We demonstrate the importance of the effective
ible strips was suggested using an interacting-electron piczF potential, which varies with current distribution, in
ture [4,5]. determining the change of the effective CF chemical

The composite-fermion (CF) theory [6] has been sucpotential A u.¢s In each incompressible region due to a
cessful in explaining the fractional quantum Hall effectsmall variation of the electron chemical potenti&je,
and leads to the phenomenological similarity between thevhere u.s is the energy cost to add one CF into the
integer and fractional quantum Hall effects. The compossystem. We find the change of current carried by CF’'s
ite fermions result from a singular gauge transformatiorin a compressible strip to be\l = (—e/h)AvApu,

[7,8] and consist of electrons bound to an even numbewhereAvw is the difference of the electron filling factors
of fictitious magnetic flux quanta. From its successful de-between the two adjacent incompressible regions. This
scription in a bulk region, it is natural to extend the CFresult is consistent with previous theoretical work [4]
approach to the edge states in the fractional quantum Hadind recent experimental data [2,3]. Thus, we suggest
regime [9,10]. In previous work, the CF energy levelsthat the CF edge channels are well defined, so that the
near edges were calculated using the Hartree approximaandauer-Bittiker formula can be applied for CF systems
tion [9]. Including the many-body effect such as the di-within our approach. We also discuss the scattering rate
vergence of the CF effective mass-r [8,11] near the

filling factor v = 1/m with even numbern, other theo- [

retical work proposed that the propagating direction of —— I

the CF edge states is the same as that of electron drift" Ve n

motions in a slowly varying confinement potential [10]. v

However, to our knowledge, the CF approach in describ-

ing the electron transport near edges has not been well es- Vo v
tablished and not compared with the interacting-electron Y
picture. For example, for a system with incompressible "

regions having the filling factors, = 2/5 andv, = 1/3,
as shown in Fig. 1, one may expect that the CF edge states

in compressible regions carry the same current, because fiC- 1. A schematic diagram for a two-dimensional conductor
onnected to the left and right reservoirs with the chemical

ez_ach compresisible region one CF energy !evel imersecﬁ%’[ential,u. Compressible (shaded) and incompressible (white)
with the effective CF chemical potential.i, in analogy  regions are labeled. The arrows indicate additional current
with the edge state theory in the integer quantum Halflows induced byA u.
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between the CF edge states in different compressiblaa) I 1l v v
regions_ INTRR AN \\Aue«,mi \

For an ideal 2DEG system, which is connected to two \ ]
electron reservoirs of an electron chemical potential L, po=1 \pi—Z

electrons are confined to move in the plane in the
presence of an external uniform magnetic fi8d= B2
and a slowly varying electrostatic confinement potential ® s
U(y), as shown in Fig. 1. The electron filling factor in Hett Hen
the incompressible bulk region V ig, = p,/(myp, + \\
1), where p, is the CF filling factor andm, is the pe=1
number of flux quanta bound to each electron. Although
there may be many incompressible strips near edges, Y
we focus on a simple case with one incompressible®® T et
region lll sandwiched between two compressible regions
II'and IV. This incompressible strip has the filling factor
ve = p./(m.p. + 1) < v, wherep, andm, are the CF
filling factor and the number of flux quanta, respectively.

m=2

Because of the excitation energy gap [4,5], the electrong, |, v v v v w Vil
densitiesn. in the incompressible regions Il and V are V= 1/5 W = 1/3 Vo= 2/5
uniformly distributed, while in the compressible strips, N

they decrease as going to the region |, where= 0

or p =0. The effective CF chemical potential in an \ﬁ
incompressible regiorR; is denoted byu.sr g, Where Me=4 Yy, { m, =2

R; € {LI1L,V}; ho_wever,,ueff,@.’s will _be shown to be FIG. 2. Schematic diagrams for the CF energy levels (solid
the same over the incompressible regions. lines) for m, = m, = 2; (@) vy = 2/5, v. = 1/3, (b) v, =

We first consider the case @i, = m, = m. Inthe 2/3 v, =1/3,and (¢)vy = 1, v, = 2/3. The labeled regions
mean field theory, the effective electric and magneticare the same as those in Fig. 1. The heavy lines indicate the

fields which interact with CF’s are written as effective CF potentials and the dashed lines in (a) represent
N . the energy levels changed hyU.. The energy levels for
Eegr = V,U/e + (0) X mpon.Z, (1)  my # m, are drawn in (d).
Bt = B — mpone?, (2)

a compressible strip, the mean field approximation is no
longer valid nea;/, becauseB is very small and the
gauge fluctuation cannot be ignored. This situation leads
pre the strongly divergingu¢r [8,11]; then, the energy lev-
els neary;,,, can be expressed &5,(y) = U.(y) [see
region IV in Fig. 2(b)] [10]. We address that although
y the exact expressions for the energy levels &g are
Uetr(y) = U(y) + m¢0f dr, (3)  unknown, our following theory is independent of the ex-

where! denotes a current. In the incompressible regions2ct form. In analogy with the previous theory [10], for

sinceB.; is constant, the noninteracting CF energies cafhe energy levels in Fig. 2, the direction of CF current is
be written as [8] the same as that of electron current, consistent with re-

. cent edge-magnetoplasmon experiments [13]. Notice that

E, = (p + 1/2)helBesil/mcg + Uer (4) ne(y1/m) [= B/(mdo)]is fixed for a given magnetic field
where p = 0,1,.... In the compressible strips with B, so thatdU.s(y1/x) is related tad u.sr such as
nonuniform electron densities, although we need self- AUt (y1m) = d 5)
consistent calculations to obtain the exact CF energies, effLY1/m Keff >
we may guess the same expression as that of Eq. (4) flvecause ;s — Uesr) iS proportional tone at y;,, [10].
a sufficiently slowly varying potential/. Depending on Then, the so-calledilent modesmarked asS in Fig. 2,
the signs ofp, and p,, there are several possible energywhich start fromy;,, and intersect withu.s in the
configurations, as shown in Figs. 2(a)—2(c). If the sign ofcompressible region, do not contribute to the current
B.ss does not change in the compressible regions, the erchange [10].
ergy levels in the sandwiched incompressible region will If the chemical potential of the left reservoir is dis-
be smoothly connected to those in the neighboring regionturbed by A u, the effective CF chemical potenti@ee;
[see Fig. 2(a)]. However, if there exists locally a positionand the currenf in each region will also be changed by
with a filling factorv(yi/m) [= ne(yi/m)¢o/Bl = 1/min  Apuce and Al, respectively. However, for a sufficiently

where e is the absolute value of electron charghk, =
h/e is the magnetic flux quantum, ard) is the average
drift velocity. The second terms in Egs. (1) and (2)
represent the fields induced by the magnetic flux boun
to each CF [12]. From Eg. (1), we obtain the effective
CF potentialU.¢; such as
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smallAu, AT = 0 in the incompressible regions, becauseare satisfied for all possible combinationsygfandp. as
of the uniform electron densities due to the energy gapvell as for systems with many alternating incompressible
he|Bett|/mcg. Then, from Eq. (3)AUest g, in anincom-  and compressible strips near the edge [14]. For example,

pressible regiomR; is simply written as if p, <0 andp, > 0 [see Fig. 2(b)], the first term in
A Eq. (9) will be changed tde/h) (I ppl + pe)Apess i,
AUecirr, = o Z mAlg, (6)  because the silent modes do not contribute to the current
R'=R; change and thd p,| + p.) occupied levels are shifted by
i.e., AUer1 = ¢om(Aly + Aly) and AUetriir = AUetr(y1/m) in Eq. (5), resulting in the same expression

domAly, and the energy levelg, in this region are asin Eq. (9). From Eq. (10), we note thaf..¢;s depends
shifted by a constant valukU.g; ,, as shown in Fig. 2(a). only on m; and p, in the bulk region and is the same
Because the energy shiftU.sr ¢, also changes the effec- in all the incompressible regions, although the CF energy

tive chemical potentiald s , satisfies the relation, levels are shifted by different values. This feature leads to
e the result thaju.¢s's are the same over the incompressible
Aperrr, = — Ap + AU g, (7)  regions under an equilibrium condition.
—e

For m;, # m., we consider a simple case of = 2/5
for R; € {1,111}, whereey. is the local CF charge, i.e., and », = 1/5, introducing an additional stable incom-
el = —e andejy; = —e/(m.p. + 1). In this case, the pressible strip o’y = 1/3 between the two incompress-
first term results from the fact thétp + 1| CF's with a  ible regions, as shown in Fig. 2(d). Then, region V can
local chargee™ are excited in the incompressible region be described either in terms of noninteracting CF’s with
with v = p/(mp + 1), when one electron is added to m = 2 or CF's withm = 4. If we choose noninteract-
that region [8,12]. From the continuity of the chemicaling CF's with m = 2 (= m,;), we can easily calculate
potential on the boundaries between the compressible ankiu.¢ v andAly; for regions withy = 1/3 [see the right
incompressible regions, we find that fes > 0 andp, >  part of Fig. 2(d)], which turn out to be the same as those
0, p. energy levels intersect witlk.sr; on the edge of in Egs. (10) and (11). However, it is not easy to cal-
region Il, while(p, — p.) levels intersect withu.r 111 in- culate Al and Ay, because region Il withy = 1/5
the case of region IV [see Fig. 2(a)]. These levels givecannot be described by noninteracting CF’s with. If
rise to the current changesl;; and Ay, respectively. noninteracting CF's withn = 4 (= m,) are chosen over
The remainingp,. levels below the effective chemical the whole region, the regions with = 1/3, i.e., the left
potential in region IV contribute to both/;; and Ay,  part of Fig. 2(d), can be described by these CF's. In
because of the energy shiftU. 111. AS a consequence, this case, sincélly; is carried out by CF's withm =
the total current changes in regions Il and 1V, which arem,, we can obtain the relation from Eq. (D uett .z, =
derived fromi, = —(e/h) [dE,, wherel, is the current A /(m,pj, + 1), wherev, = p,/(m.p, + 1) andR; €
associated with the energy leye[1], are self-consistently {I,III,V} [14]. This relation verifies the dependence

related toA werr and A Uy, of Auer On m in Eq. (10), and the fractional number
e ; indicates that the bulk region VII requires interact-

Al = —— (p.A — pAU, , g Pv N _ 9 quire
= h (Pelpteirs = peAUer i) (8) ing CF’s withm,. The current changes obtained for the

e compressible regions Il and IV also satisfy the relation
Ahy = =[Py = pe)Aterir + peAUetran]. in Eq. (11). For all the cases, we find that the current
) changeAlg in a compressible regioR, satisfies the re-
lation in Eqg. (11), consistent with the interacting elec-
Here we point out that the charge carried by each CF in theron picture by Beenakker [4]Alx. does not depend on
compressible regions ise, because there is no excitation the CF filling factor and the number of flux quanta car-
gap in these regions [4]. From Egs. (6)—(9), we find thatied by each CF, but the filling factor differencevg, .
all the incompressible regions have the same change atus, the CF edge channels can be defined as the CF

Meff edge states in the compressible regions, and the result-
A ing total current change caused Byu is expressed as
Ao = 4’:1 (10) (—e/h)vy,Aw. Furthermore, generalizing the Landauer-
mp pPp

Buttiker formula [1], we can write from Eq. (11) the to-
and the current changd/; in a compressible region tal current change such @/ = >, Al Tk , assuming
R.is that a fractionTg_ of the current changAlg_ induced by
one reservoir is transmitted to the other. Then, the con-
Alg = _< Avg A, (11) ductance satisfies the relatigh = (ez/h)ZR( Avg Tk, .
h Our Landauer-Biittiker formula for CF’s is more general
whereAwy _is the difference of the filling factors between than that in previous work [9,10], because it provides a
the two neighboring incompressible regiodsy;; = v.  simpler and clearer description for complex systems with
andAviy = v, — v.. Therelationsin Egs. (10) and (11) alternating compressible and incompressible strips. For

598



VOLUME 82, NUMBER 3 PHYSICAL REVIEW LETTERS 18 ANuARY 1999

example, we find thelfg, = Ointher > v, regionsinthe contrast to the noninteracting-electron edge states, we find
adiabatic transport regime, whilg;, = 1 inther < »,  that the current in a compressible region is not directly
regions, if there exists &, region across a segment of proportional to the difference of CF filling factors be-
a narrowv, 2DEG due to a gate voltage. In this case,tween the neighboring incompressible regions, which is at-
the conductance has the simple relati®n= (¢?/h)v,., in  tributed to the fact that the effective CF potential depends
good agreement with experiments [2]. We suggest thadn the distribution of currents near the edge. Our results
recent experimental results for the selective population ofor the transport properties of the CF edge states and the
edge states [3] can be understood by introducing channeleneralized Landauer-Buttiker formula are consistent with
mixings betweerg_'s. This description is different from those of the interacting-electron picture by Beenakker [4].
the previous CF edge theory [10], in which the channeMWe suggest that the present approach is also applicable
mixings occur between the silent and nonsilent modes. Ifor the edge states formed by nonuniform external mag-
the noninteracting-electron description, the current changeetic fields [16]. Details of the results will be published
is contributed from the energy levels intersecting with  elsewhere [14].
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