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Edge States in the Fractional Quantum Hall Effect Regime Investigated by Magnetocapacitance
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The magnetocapacitance between a two-dimensional electron system (2DES) and the gate electrode
on it has been measured in the fractional quantum Hall effect regime. By measuring the edge-length
dependence of the magnetocapacitance, we show that the conducting region (the edge state) is formed
along the sample boundary. The width of edge statesWed and the bulk conductivity of the 2DES are
estimated from the frequency dependence of the magnetocapacitance. The estimatedWe is much wider
than that expected from the one-electron approximation picture in the integer quantum Hall regime.
[S0031-9007(98)07725-4]
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The concept of edge state in the integer quantum H
effect (IQHE) [1,2] has been adopted by many experime
tal researchers, since this concept can explain not o
the IQHE intuitively but also a lot of the apparent cu
rious phenomena observed in the IQHE regime such
the nonscaling resistance with sample size [3], the no
local resistance [4–6], the influence of extra probes
resistance [7,8], and the gate voltage dependence of H
resistance [9–11], etc. When an ac capacitance betw
a two-dimensional electron system (2DES) and the g
electrode on the sample is measured in the IQHE regim
the magnetocapacitance shows quantum oscillations w
minima at the quantum Hall plateaus [12]. Until now
we have investigated the magnetocapacitance in the IQ
regime [13]. It was revealed that the minima are dete
mined mainly by the conductive region along the samp
edge, which should be attributed to the edge state. T
width of the edge state estimated from the capacitan
is much wider than the order of the magnetic leng
fl ­ sh̄yeBd1y2g, as expected from the one-electron a
proximation picture.

It is also expected that the edge state exists in
fractional quantum Hall effect (FQHE) regime. Theoret
cally, there have been mainly two pictures on the ed
state in the FQHE regime. One is the compressib
incompressible model proposed by Beenakker [14]. T
other is the many-branches model by MacDonald [15
The FQHE comes from the many-body effect of electro
and cannot be explained by the one-electron pictu
Since the edge state in the IQHE regime is regarded as
cross line between the Fermi level and the lifted Land
level due to the confinement potential, this picture cann
be simply adopted in the FQHE regime. The picture
the edge state in the FQHE regime is not as clear as
in the IQHE regime.

There have also been some calculations [16,17] a
experimental investigation on the edge state in t
FQHE regime. The existence of the edge state in t
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FQHE regime was evidenced by the nonlocal resistan
[18], the quantized conductance through a point cont
[19], the breakdown of diagonal resistance minima [2
and the multiterminal capacitance [21], etc. Howeve
the experiments on the width of the edge state are f
[22,23]. We have investigated the edge state in t
FQHE regime by the magnetocapacitance measurem
and estimated the width of the edge state.

The samples used in the magnetocapacitance meas
ment were made from the GaAsyAlGaAs heterostructure
wafer. The nondoped AlGaAs, doped AlGaAs, and th
GaAs cap layer were 60, 60, and 5 nm in thickness,
spectively. The electron carrier concentration and mob
ity of 2DES in the wafer wereNS ­ 1.3 3 1011 cm22

andm ­ 2.2 3 106 cm2yVs at 70 mK, respectively. The
samples were fabricated by the wet chemical etchi
and UV-lithography techniques. The capacitance w
measured by an ac capacitance meter. The details
sample fabrication and the measurement procedure w
described in Ref. [13]. The magnetocapacitance measu
ment was performed in a dilution refrigerator at temper
tures down to 35 mK placed in magnetic fields up to 16

In order to confirm the existence of a conductive regio
in the FQHE regime, that is, the edge state along t
sample boundary, we measured the magnetocapacita
of the samples with different edge lengths (Le ­ 2.8 mm,
4Le, 8Le) caused by the different types of fins, a
shown in the inset of Fig. 1, as similar to the previou
study in the IQHE regime [24]. The real parts o
magnetocapacitance of these samples are shown in Fig
where n is the filling factor of the Landau level. The
slight capacitance difference at zero magnetic field is d
to the increment of the gated area by the extra fins.
the other hand, the minimum capacitance values beco
larger by more than several times with the edge leng
The minimum values atn ­ 1 and 2 (IQHE regime) are
almost linearly proportional to the edge length, since t
bulk conductivity of 2DESssxxd is extremely small at
© 1998 The American Physical Society
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FIG. 1. Magnetocapacitance of the samples with various ed
lengths (2nL; n ­ 1, 4, and 8) due to different types of fins
as shown schematically in the inset. Main sample leng
L, width W , and fin width b are 1.4 mm, 0.4 mm, and
20 mm, respectively. Fin lengtha is sn 2 1db with n ­ 4 and
8. Modulation frequency and gate voltage in ac capacitan
measurement are 1 kHz and 1 mV, respectively.

n ­ 1 and 2, and the capacitance contribution from th
bulk state can be neglected. The contribution from t
bulk state atn ­

1
3 and 2

3 (FQHE regime) cannot be
neglected. We estimate the contribution from the ed
and bulk states separately, from the frequency depende
of capacitance minima in the following way.

The equivalent circuit of the sample used for th
analysis of frequency dependence [13,23] is shown
the inset of Fig. 2. In this equivalent circuit model, th
capacitance from the bulk state is treated as a distribu
circuit of the resistive plate with conductivitysxx and
becomes complex. The capacitance due to the ed
statesCed is assumed to be purely capacitive (real) an
independent of frequency, since the conductivity of th
edge state is high enough and there is almost no ene
loss in the measured frequency range. We add a se
resistancesRed relating to the energy dissipation at th
boundary between the edge state and the Ohmic cont
The measured effective capacitancesCd at frequencys fd
is expressed as

C ­ Cbssxx , fd 1 Cp
e sRe, fd , (1)

where1yCp
e ­ 1yCe 1 ivRe andv ­ 2pf.

The bulk capacitancesCbd can be calculated by the one
dimensional resistive plate model [13] and is given as

Cbssxx , fd ­ sC0 2 Ced
tanhsZd

Z
, (2)
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FIG. 2. Frequency dependence of the capacitance minina
the sample withLe at variousn. Modulation gate voltage is
1 mV. Solid curves are calculated (see text). Inset shows
equivalent circuit model of the sample.

whereZ ­ fivsC0 2 Ced sDy4Ldysxxg1y2, andD andL
are the sample width and length, respectively. TheC0 is
the capacitance atf ­ 0 or sxx ­ ` andRe ­ 0, which
is substituted for the zero magnetic field capacitance, sin
sxx is large enough andCe is zero at zero field.

In Fig. 2, the frequency dependence of capacitan
minima of the sample withLe is shown atn ­

1
3 , 2

3 ,
1, and 2. The frequency dependence of capacitance
the low frequency regions f , 100 kHzd is determined
mainly by thesxx. The decreasing rate of capacitanc
with f increases with largersxx. The rapid decrease of
capacitance above 100 kHz is due to the series resista
The solid curves are calculated from Eqs. (1) and (
by using three parameterssCe, sxx , Red. The obtained
parameters are listed in Table I in the sample withLe.
We determinedCe of the samples with various edge
lengths from such fits of the frequency dependence
the measured capacitance. In Fig. 3, thus determinedCe

at variousn is plotted versus sample edge length. Th
edge capacitancesCed is linearly proportional to the edge
length, except for theCe at n ­

1
3 in the sample with

8Le. It clearly confirmed that theCe at the FQHE regime
comes from the sample edge, as observed in the previ
experiment of the IQHE regime.

TheCe at n ­
1
3 in the sample with8Le deviates from

a linear dependence on the edge length. The reason
the deviation is not clear. One of the speculations
the deviation is as follows. As the magnetic field value
of capacitance minima in the8Le sample are lower than
those in the other samples, the electron concentration
4701
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TABLE I. Obtained parameters of the sample withLe at 35 mK. The modulation gate
voltage in the ac capacitance measurement is 1 mV, except for the data in parenth
(0.5 mV).

Filling factor
snd

1
3

2
3 1 2

Ce (pF) 6.4 26 2.0 2.5
We (mm) 2.8 (1.9) 12 (8.0) 0.89 1.1
sxx (S) 1.1 3 10211 9.3 3 10210 1 3 10214 5 3 10214

Re (kV) 115 46 33 40
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the 8Le sample is smaller than that of the other sampl
which may be caused by the accidental fluctuation
2DES in the wafer. This lower electron concentratio
may enhance the inhomogeneity of 2DES, and the ed
state becomes a percolative conductive channel, wh
spreads into the bulk area in the fin. TheCe is enlarged
at n ­

1
3 . On the other hand, theCe at n ­

2
3 does not

deviate appreciably from the linear dependence. Since
width of edge state atn ­

2
3 estimated from theCe is

comparable to half of the fin widthsby2 ­ 10 mmd, as
shown in Table I, the edge state almost fills in the fin
of the sample. In such a case, the slope of the line
uniquely determined by the fins’ area and the deviatio
does not occur.

The width of edge statesWed is calculated on the
assumption thatCe is a capacitance of a parallel capacito
with an area of edge state under the gatesLeWed. The
obtained widths at the IQHE regime (n ­ 1 and 2) are
almost the same as those determined by the previo
experiment between 0.4 and 4.2 K [13]. It is als

FIG. 3. Edge length dependence of the edge capacitanceCe
at variousn. It is noted thatCe at n ­ 1 and 2 are almost the
same.
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confirmed thatWe andsxx are practically independent of
temperatures (35–100 mK) in this measurement. Fro
these results, it is considered that the edge state at
IQHE regime (n ­ 1 and 2) does not change appreciab
below 4.2 K. The obtained values ofRe are of the order
of the quantized resistancehysne2d ­ 25.8yn kV which
is observed between the edge state and the Ohmic con
in both FQHE and IQHE regimes.

The temperature dependence ofWe and sxx at n ­
1
3

and 2
3 is shown in Fig. 4 between 35 and 100 mK. Wit

increasing temperatures, theWe does not change appre
ciably though thesxx increases an order of magnitude
From these results, theWe is not influenced by thesxx

and the edge state is clearly separated from the bulk st
The width of edge state at the FQHE regime is muc

wider than the order of the magnetic length, which is e
pected from the one-electron approximation picture. Su
a wideWe was also observed in the IQHE regime [13,24
and was explained by the compressible-incompressi

FIG. 4. Temperature dependence of the edge state widthWe

and the bulk conductivitysxx in the FQHE regime (n ­
1
3 and

2
3 ). Solid lines are provided as a guide to eyes.
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model [16]. In this model, the screening effect of elec
tron interactions near the sample boundary is taken in
account. The spatial distribution of the lifted Landau leve
originating from the confinement potential becomes flat
the compressible region, where the electron concentrati
can vary. Since the edge state observed by the cap
itance is considered to be the compressible region, t
wide We can be explained qualitatively by this model
The reason why the wideWe in the FQHE regime is
also observed is not clear at present. One possible sp
ulation is that the compressible-incompressible model
also valid in the FQHE regime. In the FQHE regime
the energy gap atn ­

1
3 and 2

3 is formed by the many-
body effect among electrons, while the energy gap
the IQHE region comes from by the Landau levels i
the one-electron approximation picture. The incompre
sible region, where the carrier concentration is fixed du
to the gap, is brought about in the bulk area. Near th
sample edge, the carrier concentration (the filling facto
decreases due to the confinement potential, and the ene
gap vanishes. The compressible region in which the ca
rier concentration is changeable is formed and the ed
state spreads out.

It is observed that the evaluatedWe in the FQHE
regime depends considerably on the modulation gate vo
age in the ac capacitance measurement. As shown
Table I, the determined 1 mV modulation voltage is abou
30% larger than that at 0.5 mV in the FQHE regime
though theWe in the IQHE regime is hardly affected
in this voltage range. An immediate explanation for th
modulation voltage dependence would be that there is
significant electron heating by the modulation voltage
however, this is contradictory to the observation that th
measuredWe does not change with bath temperatures b
tween 35 and 110 mK, while thesxx changes consider-
ably, indicating that the electron temperature is affecte
by the bath temperature. Another possible explanation
that the modulation voltage causes excitations of the co
posite fermions (CF) as follows: The concept of the C
has been proposed to explain the FQHE [25]. In this pi
ture, the FQHE is regarded as the IQHE of the CF at abo
n ­

1
2 , where the CF consists of an electron and tw

quantum fluxess2hyed. The CF experiences the effec-
tive magnetic field asBeff ­ B 2 B1y2, whereB1y2 is the
magnetic field atn ­

1
2 . The Landau level gap of the CF

at n ­
1
3 (14.5 T) in this sample is estimated as 0.8 meV

if we assume an effective CF mass 10 times larger th
that of the electron in GaAs [26] andBeff ­ 4.8 T. This
value is comparable to the modulation voltage and su
gests that there could be a significant excitation across
Landau level gap.

TheWe at n ­ 2
3 is much wider than that atn ­ 1

3 , as
shown in Table I. This wideWe may also be explained by
the above-mentioned effect in the following way. Sinc
the magnitude ofBeff at n ­

2
3 is half that atn ­

1
3 , the
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Landau level gap atn ­
2
3 is also half that atn ­

1
3 .

The edge state atn ­
2
3 is much more influenced by the

modulation voltage than that atn ­ 1
3 . TheWe at n ­ 2

3
may broaden still more by the modulation voltage.

In summary, we have confirmed definitely the existenc
of the edge state in the FQHE regime from the magn
tocapacitance measurement on the samples with vario
edge lengths. TheWe andsxx were determined from the
frequency dependence of capacitance minima. The te
perature dependence ofWe andsxx in the FQHE regime
was measured. With increasing temperatures from 35
100 mK, theWe is practically constant while thesxx in-
creases an order of magnitude. Thus determinedWe is of
the same order ofWe in the IQHE regime and is much
wider than that expected from the one-electron approx
mation picture.
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