
VOLUME 79, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 1 DECEMBER1997

E)
ctron

with

with a
tures
Multiterminal Capacitance Tensor Elements of Composite Fermions
and Anomalous Capacitance Peaks at Even Denominator Fillings
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We experimentally determine the propagation direction of fractional quantum Hall effect (FQH
edge states via the symmetry properties of the multiterminal capacitances of two dimensional ele
gases. Although strong asymmetries with respect to zero magnetic field appear, no asymmetries
respect to even denominator Landau level filling factorn are seen. This indicates that current-carrying
FQHE edge states propagate in the same direction as integer QHE edge states, consistent
composite fermion gauge effective electric field. We also observe anomalous capacitance fea
indicative of enhanced bulk conduction atn ­ 1y2, 3y2, and3y4. [S0031-9007(97)04624-3]
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In the remarkably successful composite fermion (C
approach [1,2] to the fractional quantum Hall effec
(FQHE) [3], a Chern-Simons gauge transformation a
taches an even number of flux quanta to each electr
yielding a composite particle which experiences a
effective magnetic fieldBeff ­ B 2 2mnhye, where
m ­ 1, 2, 3, . . . , B is the total magnetic field, andn is the
density of the two-dimensional electron gas (2DEG). Th
FQHE is then viewed as the integer quantum Hall effe
(IQHE) of CFs in the presence ofBeff. This approach is
supported by measurements of the FQHE energy gaps
and of Fermi surface effects atBeff ­ 0 [5–7].

In the IQHE regime, transport via magnetic edge stat
[8] within the Büttiker-Landauer picture has provided
unified description [9] of the IQHE and other transpo
phenomena [10]. The one-dimensional edge chann
responsible for the IQHE cannot be backscattered a
thus, are highly chiral: A reversal in the sign ofB results in
a reversal in their propagation direction. Early efforts [11
to generalize this single electron picture to the many-bo
FQHE regime did not take into account the CF pictur
Later, numerical model calculations of the ground sta
properties of FQHE edge states were carried out by treat
them as IQHE edge states of CFs [12]. A naive applicati
of these CF edge-state models implies that the propaga
direction of CF edge states will reverse whenBeff changes
sign. Recently, however, Kirczenow and Johnson [13] a
Chklovskii and Halperin [14] have argued that agauge
effective electric field, induced by the average motion o
gauge flux quanta attached to the CFs, must be includ
This results in CF edge states which all propagate in t
samedirection as electrons, irrespective of the sign
Beff. Until now, however, little experimental evidence
on the propagation direction of FQHE edge states h
been obtained. The relevance of results on edge magn
plasmons [15] to the propagation direction of FQHE edg
statesper seis unclear.

Recently, Chenet al. [16] have shown that the propa-
gation direction of edge states in the IQHE regime ca
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be experimentally determined via the symmetry properti
with respect toB of the capacitance tensor elementsof a
multiterminal sample. In this Letter, we report multiter
minal capacitance tensor measurements of a high mobi
2DEG, which by contrast is clearly in the FQHE regime
Our major results are (1) for the soft-wall potentialf of
our sample, the current-carrying FQHE edge states on
ther side of3y2 and1y2 all propagate in the same direc
tion as IQHE edge states, given bye=f 3 B. (2) Near
n ­ 1y2, 3y2, and3y4 sBeff ø 0d the average motion of
CFs in the diffusive regimeis also strongly chiral, with
the sign of chirality determined byB rather than byBeff.
Observations (1) and (2) are both consistent with a gau
effective electric field participating in the drift motion of
CFs. (3) Anomalous broad flat-topped peaks centered
filling factor n ­ 1y2, 3y2, and3y4 are observed in the
capacitance between the gate and a 2DEG contact dire
connected to it only by paths through the bulk.

Characteristics of the three high-mobility GaAsy
AlGaAs heterostructures investigated are listed in Table
The sample geometry is shown schematically in the ins
to Fig. 1. An ac modulation voltageVeivt (typically
1 mV) is applied to contactG, a semitransparent metallic
surface gate composed of,300 Å of Cr, which covers
the edge of the 2DEG mesa and much of the bulk. T
out-of-phase currentIksvd (of order 10 pA) is then
simultaneously measured at the three diffused meta
2DEG contactsk ­ 1, 2, 3, using phase-sensitive curren
preamplifiers with impedance to ground#5 V. The
capacitance tensor elementsCG,k are obtained directly by
IksvdyfvVsvdg when in-phase current is negligible a

TABLE I. Sample parameters.

Sample nes1011ycm2d mscm2yV sd
EMC715 (dark) 2.6 1.1 3 106

EA65 (dark) 1.2 1.3 3 106

EA100 (dark) 1.3 1.2 3 106

EA100 (after LED) 2.1 3.0 3 106
© 1997 The American Physical Society 4457
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FIG. 1. Sample EA100 capacitance tensor elements
(a) CG,1, (b) CG,3, and (c)CG,2. (d) Two terminal capacitance
C2T , and simultaneously measuredrxx. Inset shows sample
geometry. Arrows indicate propagation direction of edge sta
for B . 0.

low v (typically 200 Hz). Gate and contact dimension
and separations were typically of order 1 mm.

Figures 1(a)–1(c) showCG,k of sample EA100 forT ­
0.3 K. Figure 1(d) shows bothrxx and the two terminal
capacitanceC2T , obtained by allowing two of the 2DEG
contacts to float [17]. We first discuss the IQHE regim
In contrast to the almost complete symmetry ofC2T, both
the “edge-connected” capacitancesCG,1 and CG,3 exhibit
a striking asymmetry upon reversal ofB. For positive
B, CG,1 exhibits a large background with superimpose
dips associated with the formation of incompressible sta
in the bulk. At negativeB, however,CG,1 drops nearly
to zero. CG,3 exhibits similar behavior, only in reverse
The “bulk-connected” capacitanceCG,2, on the other hand,
exhibits a large peak atB ­ 0, but falls off rapidly and
symmetrically asB deviates from zero. Qualitatively
similar results are obtained for the other samples.

Our results in the IQHE regime, previously observe
by Chenet al. [16] are conceptually simplest to under
stand whenn ­ integer. In this case, the bulk is incom
pressible and current is carried only in the edge chann
For positiveB, when the gate voltage changes, curre
injected from contact 3—the “edge-state sourcing co
tact”—remains unchanged, since it is determined only
the chemical potential in the ungated regions (see Fig
inset). However, current flowing into contact 1—th
“edge-state sinking contact”—is changed, since charge is
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accumulating under the gate. This results in a net curre
appearing at contact 1. No net current appears in co
tact 2 since it is directly connected to the gate only b
incompressible states in the bulk. WhenB is negative, the
roles of contacts 1 and 3 are interchanged as the edge-s
propagation direction reverses. This results in the ob
served asymmetry in the capacitance tensor elements.

The asymmetry is also present at nonintegern,
when the bulk is compressible. Indeed, it is almos
completely developed atB ø 60.05 T, even at high
temperatures [16,18]. This indicates that the asymmet
is classical in origin, appearing whenB is large enough
to change the transport from an isotropically diffusive
regime to one in which the Lorentz force is relevant [16]
A strong chirality occurs when the classical Hall angleuH

(where tanuH ­ m2DB) approaches 90±.
However, we note that even at highB, whereuH ø 90±,

a significant residual capacitance remains whenev
sxx fi 0, i.e., for nonintegern. This cannot be explained
by the simple Hall angle argument above. Rather, w
present a quantitative model based on the bulk transmiss
probabilities between various contacts in theungatedre-
gion [19]. A variation in gate voltage changes the
electrochemical potentialm beneath the gate, resulting in
a current flow through the bulk given byJ ­ e22s=m,
where s is the conductivity tensor. Thex and y
directions are indicated in the Fig. 1 inset, withJx rep-
resenting the bulk current propagating perpendicular
the sample edge, andJy representing the bulk current
propagating parallel to the edge and, hence, eventua
following the edge and reaching the edge-state sinkin
contact. Jx is, thus, proportional to the bulk-connected
capacitanceCG,2, as well as the edge-state sourcing
capacitance,CG,3 for positive B. The total current
density J ­ sJ2

x 1 J2
y d1y2 is proportional to the density

of states beneath the gate, i.e., the two-terminal capa
tanceC2T. Thus,Jx ~ C2Tyf1 1 srxyyrxxd2g1y2, where
we have used the expressionssxx ­ rxxysr2

xx 1 r2
xyd

and sxy ­ rxyysr2
xx 1 r2

xyd. The measuredC2Tyf1 1

srxyyrxxd2g1y2, shown in Fig. 2 for EA100, exhibits
excellent qualitative agreement withCG,2. Our model is

FIG. 2. Comparison of CG,2 with measured C2Ty
f1 1 srxyyrxxd2g1y2, for sample EA100.
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further supported by measurements (not shown) ofCG,k
with a dc bias on the gate, in which case the filling fact
nG under the gate differs from that in the ungated regio
nU . While for positive B C2T shows only dips corre-
sponding to integernG , CG,2 and CG,3 show additional
dips corresponding tonU ­ integer. These additional
dips are, of course, accompanied by corresponding pe
in CG,1 [17]. Thus, measurements ofCG,k are strongly
influenced by the bulk transport properties of the ungat
regions.

We now discuss our data in the FQHE regime. B
simple analogy with the capacitance asymmetries obser
atB ­ 0, the question arises as to whether any such asy
metrical features appear inCG,k at Beff ­ 0, indicating
a reversal in the FQHE edge-state propagation directi
As is apparent in Fig. 1, atn ­ 1y2 no sudden transition
nor clear signature of an asymmetry is present inCG,1 and
CG,3. Similarly, although the presence of nearby featur
associated with the fractions4y3 and 5y3 make the situ-
ation less clear, atn ­ 3y2 no definitive signature of an
asymmetry is apparent. All three high-mobility sample
show qualitatively similar behavior.

The absence of any distinct features asymmetric w
respect toBeff ­ 0 is one of our major results. It indicates
that CFs in current-carrying FQHE edge states propag
in the same direction as electrons in IQHE edge stat
determined byB rather thanBeff. This can be understood
with the model of a fictitiousgauge electric fieldEeff ­
2sJ 3 B̂dmhye2 arising from the average motion of the
attached flux tubes whenever there is a net CF d
current of CFs [13,14].Eeff exerts a forceekyl 3 Beff,
which exactly cancels the average effective magnetic fo
2ekyl 3 Beff. As a result, theaverageforce seen by
CFs is the same as for electrons, yielding a CF edge-s
propagation direction also the same as for electrons. T
picture does not contradict the results of CF geomet
resonance experiments [6], since they occur in the ballis
regime where theindividual CF magnetic force2eyF 3

Beff is much larger than the average force2ekyl 3

Beff [13,20]. As verification that the FQHE edge state
are well defined (in addition to the presence of stro
minima in Rxx at fractional n), we also measured the
gate-induced reflection of FQHE edge states in the sa
wafers, observing several fractionally quantized platea
in Rxx in good agreement with the Landauer-Büttike
formalism [21]. In addition, our observation of anomalou
capacitance peaks at even denominatorn, to be discussed
below, clearly indicates the formation of CFs.

A striking feature of the CF theory is the impli-
cation that at Beff ­ 0 there exists a Fermi surface
with a well defined Fermi wave vectorkF ­ s4pnd1y2.
Since the measuredCG,k depend strongly on the bulk
transport properties of the ungated regions, one mig
expect that they would exhibit a CF Fermi surface sign
ture nearBeff ­ 0. In Fig. 3(a), we showCG,2 for sample
EMC715 at 0.3 K. A distinct broad flat-topped peak
centered aboutn ­ 3y2, is apparent. The peak has
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FIG. 3. Sample EMC715 capacitance tensor elemen
(a) CG,2 and (b) CG,1 and CG,3, near n ­ 3y2. An anoma-
lous capacitance peak centered atn ­ 3y2 appears inCG,2.
(c) Same as (a), but for several different temperatures, wit
curves vertically offset for clarity.

sharp turn-on atB 2 B3y2 ­ DB3y2 ø 60.26 T, yield-
ing a normalized half-width ofDB3y2yB3y2 ø 0.036. A
smaller “copy” of the peak [Fig. 3(b)] is apparent in
CG,3, while an inverted peak (or broad flat-bottomed
dip) is visible in CG,1. To within experimental error,P

k CG,k ­ C2T, which is flat and featureless between
n ­ 1 and 2. The inverted peak inCG,1 is expected
from current conservation. The presence of these fe
tures indicates anenhancement in the bulk conductivity
nearBeff ­ 0. As temperatureT is increased [Fig. 3(c)],
the peak becomes smaller and rounded, nearly disa
pearing by 1.2 K. Qualitatively similar features are
observed in CG,2 for sample EA100 [Fig. 4(a)]. At
0.3 K, a broad “peak” or enhancement is seen, centere
at n ­ 1y2 and extending from,9.8 T to ,12.0 T.
The normalized width of this feature isDB1y2yB1y2 ø
0.16. As temperature is increased the peak diminishe
becoming nearly absent by 0.8 K. By contrast,rxx

shows no sharp features around1y2, exhibiting instead
a gentle, temperature insensitive minimum. Figure 4(b
showsCG,2 nearn ­ 1y2 from sample EA65. Although
fewer FQHE states are visible, the broad enhanceme
feature centered atn ­ 1y2 is again present, with a
normalized width of DB1y2yB1y2 ø 0.16, and remains
visible at T ­ 0.9 K, even though the minimum due to
the 1y3 state is disappearing. Finally, Fig. 4(c) shows
4459
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FIG. 4. Anomalous capacitance peaks, for a few different temperatures, observed (a) near1y2 for sample EA100, (b) near1y2
for sample EA65, and (c) near3y4 for sample EA100 after LED illumination.
-
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CG,2 from sample EA100 over the range2y3 , n , 1.
A broad peak with a flattened top is centered atn ­
3y4, and decreases rapidly with temperature, disappear
by 1.2 K.

The presence of these anomalous features at ev
denominatorn cannot be attributed to changes in the
DOS of the gated 2DEG region, since in that case
peak near1y2 would appear forC2T and for all CG,k ,
contrary to what we observe. Rather, we speculate th
the observed anomalous capacitance features are
to the bulk transport properties of regionsoutside the
gate, which, as we have seen, strongly influence t
multiterminal capacitances. In surface acoustic wa
(SAW) experiments Willetet al. [5] have observed an
enhancement insxxsq, vd at n ­ 1y2, when the wave
vector q is (roughly) larger than both the inverse CF
mean free path and the inverse CF cyclotron diamet
Although our data are at frequenciesv many orders
of magnitude lower, the anomalous capacitance featu
show certain qualitative similarities withsxxsq, vd. We
hypothesize that the diffusion of charge carriers in th
bulk is enhanced approaching even denominatorn due to
the presence of a well-definedkF , giving rise to a peak
in the bulk-connected capacitanceCG,2. Interestingly,
the capacitance peak widths nearn ­ 1y2 are similar
to the widths of the CF mass divergence observed
Du et al. [22], DB1y2yB1y2 ø 0.18, as well as to the
half-widths of peaks in the CF thermoelectric powe
DB1y2yB1y2 ø 0.14 andDB3y2yB3y2 ø 0.04, observed in
Ref. [7]. Finally, we note that the capacitance feature
characteristic temperature of order 1 K is similar t
that predicted for the flux-binding energy of CFs [23]
Clearly, these features will provide an interesting area f
future work.
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