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The longitudinal and the Hall impedances have been measured as a function of the frequency in a two-
dimensional electron gas at low temperatures. The frequency dependence of the longitudinal impedance can be
explained in terms of an equivalent paralleCR circuit. An effective inductance term arises due to the
capacitive coupling between edge states and is shown to scale/agof/different filling factors. In the
low-frequency range the relative difference between the ac and dc values of the Hall impedance is found to
depend quadratically on the frequency and to scale @5 These results are shown to be consistent with the
existing theoretical model based on the edge-state picture. Finally, the observed symmetry relations when
exchanging current contacts or reversing magnetic field are discussed.

[. INTRODUCTION Hall impedance is shown to decrease with increasing fre-
quency, and in the low-frequency regime this decrease de-
The transport properties of a two-dimensional electrorpends quadratically on the frequency and scales a5 I
gas(2DEG) have been extensively investigated, leading no-Sec. Ill we recall the approximated expressionsZef(w)
tably to the discovery of the integer and fractional quantumandZy,(w) developed by Christen and Biker and discuss
Hall effects®? Typical transport measurements are carriedthe limit of the validity of these equations by comparison
out under quasi-dc conditions with a low-frequencyWith the experimental data. In the edge-state picture the
(~10 Hz) alternating current in the range 1—100 nA. Micro- Physical origin of the inductive behavior of the longitudinal
wave frequencies have been employed to study edg@npedance is well explained by the capacitive coupling be-
magnetoplasmoRs® and finite-frequency scalingf Low-  tween edge channels. Keeping higher-order terms leads to
frequency(0—10 kH2 measurements have concentrated or@eneralized equations of which theCR model is an ap-
the small deviation of the quantized Hall resistance from theProximation. The theory of Christen and tker success-
dc valué with a view to defining a new ac resistance fully predicts the observed scaling of the equivalent-circuit

standar®® and to investigations involving a capacitively Parameters, both for the longitudinal and the Hall imped-
coupled gate*? or inductive probing of edge state @nces. Finally, in Sec. IV we show results for a four-terminal

transport3 cross sample for which all possible permutations of contacts

In this paper, we present the frequency dependédes0 and magneti_c field direqtion havg b(_aen measured. The large
kHz) of the longitudinal impedancg,, and the Hall imped- asymmetry in the equwalt_ant-qrcwt parameters observed
anceZ,, for samples with a Hall bar geometry and ohmic when inverting the magnetic field or inverting the current
contacts as used in normal quasi-dc investigations of th€ontacts can be understood when the direction of propaga-
quantum Hall effect. This work is stimulated by the theoret-ion of the edge states is taken into account.
ical paper of Christen and “Biker,}* who calculated the
low-frequency admittance of quantized Hall conductors us-
ing an edge-state formalism. Section Il deals with the fre-
guency dependence of the longitudinal and the Hall imped- For the investigation a number of Gad&lGa)As
ances. We fit the longitudinal impedance versus frequencynodulation-doped heterojunctigidJ) and single-quantum-
using the characteristic equation of a paradll@R circuit. In  well (QW) structures were grown by molecular beam epi-
this model, which is valid for all filling factors we show that taxy. We present results for two samples but stress that quali-
the inductance scales asvd/and the resistance asyl/The tatively similar frequency dependences have been obtained

Il. FREQUENCY MEASUREMENTS
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FIG. 1. Magnetoresistance trace measured at50 mK and f[kHz ]

under quasi-dc conditiond €100 nA at 10.7 Hg for (a) the HJ
sample andb) the QW sample. The inset shows a schematic of the FIG. 2. (a) Magnitude of the longitudinal impedan¢2,,| ver-
Hall bar geometry used. sus frequency ar=1 for the HJ sample measured Bt 50 mK.
The solid line is the predicted frequency dependence of the magni-

de of the impedance for the equivalent pardl€R circuit with
on a number of both electron and hole 2D systems. The H — 314 mH, R=6.94 K2, andC = 3.75 nF as described in the text.

. . 1 72 .
Sa_mple has 2 C"ilrlm':‘_rldens'ty of 1:850'" cm™* with a _mo- (b) Frequency dependence of the measured phase. The solid line is
bility of 36 m”V~"s"*. The QW sample has a well width of the predicted phase for the equivalexR circuit. (c) Schematic of
8.2 nm and a carrier density of 80" cm % with a mo-  the equivalent.CR circuit.

bility of 11 m?V~1s . Hall bars were patterned to have a

width d=250 um with 750 m between voltage probes. jol

The geometry is indicated schematically in the inset of Fig. Zo(w)= - , (D)

1. Typical magnetoresistance traces measured at 50 mK and 1+jwl/R-w’CL

under quasi-dc conditiond0.7 H2 with a current of 100 nA where w=27f is the angular frequency. In the low-

are shown in Fig. 1 for the HJ and QW sample. Millikelvin fraquency linear regime the longitudinal impedance is purely
temperatures are used in order to have the maximum numbg{q,ctive and can be approximated By,= 27 fL. From the
of filling factors in a dissipationless state and for the HJs|oped|z,,|/df it is possible to extract the value of the in-
sample to have access to fractional filling factors. Such lowjyctancel =314 mH of the equivalentCR circuit. Reso-
temperatures are, however, not essential as the quantitativRince occurs whew?CL=1, conditions under which the
form of frequency dependence turns out to be almost temimpedance is purely resistive. The maximum|2&§,| there-
perature independent, provided the temperature is sufffore allows us to deduce the value of the resistafte
ciently low so that the conductance is almost dissipationless-6.94 K). At high frequencies it is the capacitance that
under quasi-dc conditions. dominates and the equivalent capacitaBee3.75 nF can be
We begin by presenting results for the HJ sample. Figureleduced from the &/C decrease. The solid line in Fig(&
2(a) shows the frequency dependence of the modulus of this the characteristic of the equivalent parall€l R circuit,
longitudinal impedancdZz,,| for v=1. For the study an and the agreement with the experimental data is good, in
EG&G 5210 lock-in amplifier was used with tlieg option,  particular the circuit parameters correctly predict the ob-
which allows to simultaneously measure the magnitude oferved resonance frequency. The validity of tH@R model
the impedance and the phase. The ac current used was 1®0further confirmed by the measured phase of the voltage
nA at all frequencies. The impedani@&,,| increases linearly ~with respect to the injected current shown in Figb)2 At
from zero at low frequencies, and reaches a maximum befor®w frequency the voltage leads the current-byr/2 as ex-
decreasing at higher frequencies. This form of the frequencpected for an inductive behavior. As the frequency is in-
dependence is reminiscent of a driven simple harmonic ossreased the phase decreases, passing through zero on reso-
cillator with strong damping, the electrical equivalent of nance before saturating at a value-ofr/2 at high frequency
which is a parallelLCR circuit, which is shown schemati- where the impedance is dominated by the capacitance. The
cally in Fig. 2c). The complex impedance of such a circuit is solid line is the predicted phase for th€ R circuit model,
given by ie.,




12 992 W. DESRAT et al.

f[ kHz ]
0.8 , ,

L[H]
N
|
|

f[ kHz ]

FIG. 4. (a) Magnitude of the longitudinal impedance as a func-
tion of frequency for even filling factors#=2,4,...,14(closed
circles and odd filling factorsy=3,5 (open circle for the QW
sample measured 8t=50 mK. The solid lines are calculated for
the equivalent. CR circuit using Eq(3) as described in the texth)

The measured equivalent circuit inductance versus inverse filling
factor squared. The solid line is a least-squares fit to the data, the
slope of which gived =53 mH.

00 04 0.8 12 16 slopeLy=314 mH. The very similar value of the measured
1/v impedance for all filling factors at high frequencies suggests
that the equivalent-circuit capacitan€,=3.75 nF, is inde-
FIG. 3. (a) Magnitude of the longitudinal impedance as a func- pendent of filling factor. The equivalent-circuit resistance for
tion of frequency for even, odd, and fractional filling factors mea- each filling factorR(v), can be determined directly from the
sured for the HJ Sample measuredTat 50 mK. The solid lines impedance at resonance. A p|0t Of the impedance on reso-
have been generated using Ed3) with Lo=314mH,  nance versus ¥/[Fig. 3(c)] reveals thaR(») shifts linearly
Ro=6.94 K2, and C,=3.75 nF.(b) The measured equivalent in- ity inverse filling factor according t&R(»)=Ry/v with
ductancel versus inverse filling factor squared. '_I'he solid Il_ne is aR0=6.94 K. Incorporating the experimentally determined
least squares fit to the dati@) The measured equivalent resistance scaling into Eq(1), a generalized expression for the magni-
R as a function of the inverse filling factor. . j .
tude of the impedance can be written
1 r

1
|Zxx(an)|_1: \/—2+ - >

calculated using the previously determined values. oC, [Ro/v] wbolv
andR. The fits generated using E@) are indicated by the solid

Having demonstrated the validity of theCR equivalent- lines in Fig. 3a). The good agreement for odd, even, and
circuit model for the case af=1 we now turn our attention fractional filling factors is notable and appears to validate our
to other filling factors. The measured frequency dependencanalysis. The simple scaling law that is able to correctly
of the longitudinal impedance is shown in FigaBfor both  predict the behavior for all filling factors suggests that the
odd,»=1,3,5, eveny=2,4, and fractionab=2/3,4/3 filling  size of the gap in the density of states at the Fermi level
factors. Other filling factors are either not dissipationless unplays no role in determining the equivalent-circuit param-
der quasi-dc conditions or out of field range={1/3). All eters.
the curves present a similar shape with a linear regime at low The frequency dependence of the longitudinal impedance
frequencies, a maximum at the resonance and a decreasefat the QW sample at odd and even filling factors shown in
high frequency. However, the parameters of the equivalenfig. 4(a@) is qualitatively identical to the frequency depen-
LCR circuit model are obviously filling-factor dependent. As dence of the HJ sample. The equivalent-circuit parameters
for filling factor v=1 we have determined the valuesC,  have been deduced for each filling factor and the tlepen-
andR for each filling factor. As can be seen from Fighg  dence ofL(v) is shown in Fig. 4b). The solid lines in Fig.
which plots the measured inductance as a function of inversé(a) show the predicted behavior of the equivale®@R cir-
filling factor squared, a remarkably simple scaling law existscuit model that is computed using Ed3) with L,
with L(v)=Lo/v?. A least-squares fit to the data gives a =52 mH, Ry=1.3 k2, and C,=29 nF. A good agreement

#=arctafiR(1— w?CL)/wL], 2)
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between experiment and the predictions of the equivalent- 0
circuit model is observed for all filling factors. While the
existence of a single scaling law for odd, even, and fractional
filling factors is at first sight surprising given their very dif-
ferent nature, we will see in Sec. Ill that the scaling of the -1
inductance with filling factor has its origin in the quantized _
Hall resistance and is thus independent of the size of the gap g
in the density of states at the Fermi energy. —
We emphasize that qualitatively identical results have
been obtained for all possible combinations of voltage con- g
tacts and for several samples of different mobilities and car-
rier densities. In all cases a good fit to an equivale@iR 3
circuit model with the same scaling between filling factors is (a)
observed. The characteristic valuesLofC, andR can vary
by approximately an order of magnitude for different con- 0 25 50
tacts for the same sample and between samples. Inverting the
magnetic field for a given pair of voltage contacts also typi-
cally leads to an order of magnitude change in the .Observ.(ad FIG. 5. (a) Variation of the magnitude of the Hall impedance
LCR parameters._There seems to be no systematic relat_lo&lzxy(w):|ny(w)|_|zxy(o)| as a function of frequency squared
between thé‘.CRf'mng paramgters obta!ned and the electri- for the QW sample for different filling factors measured Tt
cal characteristic&arrier density or mobilityof the sample.

. . ~* . =50 mK. The solid lines are least squares fits to the data, the slope
The measurements have been carried out in both a dl|ut|05lf which isdAZ,()/dw?. (b) |[dAZ,(w)/dw?| determined from
Xy . Xy

refrigerator and in a variable temperature cryostat. The wir
ing of both systems is very different, notably the dilution
refrigerator has a-200() lead resistance in series with the
sample (current and voltage probes Nevertheless, the
equivalent-circuit parameters determined for a given sample/
voltage probe combination are identical in both systemsan equivalent paralldlCR circuit. In this model an induc-
which indicates that they have an intrinsic, sample-relatedancelike term appears but it cannot be directly linked to a
origin. A more detailed discussion of the symmetry relationsphysical inductance in the 2DEG. This inductive behavior
when permuting current or voltage probes or inverting maghas already been predicted theoretically by Christen and
netic field direction can be found in Sec. IV. Buttiker.}* They studied the dynamic transport properties of
We have also measured the frequency dependence of tlketwo-dimensional electron gas within the edge-state picture
Hall impedanceZ,, in the same frequency range. At very and calculated the low-frequency admittance of quantized
low frequencyZ,(w) is equal to the dc quantized resistanceHall conductors. Here we recall the essential points of their
h/ve?, but as the frequency is increased the Hall impedancéheory. The work of Christen and Biker is based on the
decreases monotonically and tends to zero at high frequencgdaptation of the existing edge-state thédmyealing with
Hartlandet al1° measured the frequency dependence of théhe dc transport problem to the ac case.
difference AZ,(w) =|Zyy(w)|—|Z4,(0)| obtained by sub- If one co_nsiders_ an ideal four-terminal cross as repre-
tracting the dc Componeﬂixy(oﬂ_ They showed that in the sented in Fig. 6 with the current contadtsand | and the
frequency range 0-5 kHAZ,,(w) increased quadratically Voltage probesm andn, the resistance is given by
with the frequency. In Fig. @ AZ, () measured for the
QW sample is plotted as a function of the frequency squared;
we see that in the low-frequency regimé,(w) decreases
linearly with f2. In addition to the different sign for
dAZXy(w)/dw2 the variation observed by Hartland and co-
workers was also considerably smaller than that reported i,
here. It is possible to measure the low-frequency slopes
dAZXy(w)/dw2 and to plot them against the inverse filling
factor. This is shown in Fig. (6) whered|AZ,,(w)|/dw?
measured for the QW sample is plotted versus®1Note
that a logarithmic scale for both axes has been used for clar-
ity. The solid line drawn through the data points has a slope
of 1, indicating thatd|AZ,(w)|/dw? scales as 1P over
more than two orders of magnitude. As we will see in Sec.
Il the scaling ofdZ,,(w)/dw? with 1/1* is predicted by the
theory of Christen and Btiker.
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the low-frequency slopes if®) versus inverse filling factor cubed
and plotted on a log-log scale. The solid line through the data points
has a slope of 1.
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IIl. EXPRESSIONS FOR THE LONGITUDINAL 1y

AND HALL IMPEDANCES . . .
FIG. 6. Ideal four-terminal cross connecting electron reservoirs

In Sec. Il we have seen that the frequency dependence at electrochemical potentig; , i =1,2,3,4. The dashed lines repre-
the longitudinal impedance is empirically well explained by sent the edge channels for the case2.
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where the term$5,; are the dc conductances and are ex-ten and Bitiker can be considered as quite general and
pressed in terms of the quantized conductane)/h and  therefore independent of the actual physical origin of the
Dy is the 3x 3 subdeterminant of the conductance ma@ix capacitances that couple the edges of the sample.

with row k and columm omitted. In order to describe the ac ~ We now turn our attention to the frequency dependence of
transport in the 2DEG, capacitive terms have to be taken intthe magnitude of the Hall impedance. Both our results and
account. This consideration leads to the notion of ac condudhose of Hartland and co-workéPsshow that AZ, ()
tances(admittancesG ,5(w) that can be written as a devel- =|Z,,(®)|—|Z,,(0)| depends quadratically on the fre-
opment inw terms up to the first or second’ order. By quency, ie., AZ,(w)xw?. From Eq. (6), |Zy/(w)]
inserting these ac conductances in E).one can calculate = \/1/g°+ w?(c, 24— C, 19 */g”. Performing a Taylor expan-
the expression of the low-frequency impedamigm,(w).  sion aroundw=0 gives AZ, (w)~3w*(C, 24— C,19%/9%
Christen and Btiiker showed that for an ideal four-terminal Thus|AZ,(w)| is predicted toincreasequadratically with
cross the longitudinal and the Hall impedances can be writfrequency in agreement with the results of Hartland and

ten up to first order as follows: co-workerd® but in disagreement with the quadratic decrease
shown in Fig. 5. However, for the case of an ideal four-

B . Cuis terminal cross presenting a perfect symmetry the diagonal
Zil(@)=Z1234~ ] “’g_! (5 capacitances,, ;3 andc,, 4 are expected to be almost equal,

suggesting that Eq6) should be modified to incorporate the
higher-order terms.
Cu2a—Cpi3 ©6) Buttiker and Christen have expressed the equations of
g2 ' Zy(w) andZ,,(w) up to the second order tWdby writing
the dynamical conductanc&,s(w) with a second-order
where g=(v€®)/h is the quantized conductance at filling term K ,4(w), which represents the charge relaxation. Here
factorv andc,, \ is the electrochemical capacitance betweenye propose to consider only first-order ac conductances but
edge statek andl. We see that Eq5), which is an approxi-  to retain the higher-order terms. The complex expressions for
mation including only terms up to first order and conse-the longitudinal and the Hall impedances including all
quently only valid in the low-frequency range, predicts thathigher-order terms are given ¥y
Z.(w) varies linearly with frequency and scales as?lih
perfect agreement with our results. For the equivalsBR jway+ wla,
circuit model the characteristic inductance can be written as Zy(w)=2Z153{w)= - 5 — (7)
Lo=c,.14(h/e?)2. The physical origin of the inductive term 1tjwaztoastjo’as
in the Christen and Btiker model can be simply understood an
as the capacitive coupling between the edge states associatedd
with the current path and the edge states between the voltage
contacts via the diagonal chemical capacitaoges. Zo(@0)=Z1304 0)=
When invoking the predicted scaliffy,( ) with 1/v> we Y '
have implicitly assumed that the electrochemical capacitance
is magnetic field independent. However, in the edge-statwhere the coefficientsy; and B; are combinations of the
picture the electrochemical capacitance is given djy  €lectrochemical capacitancegy (the . subscript has been
=c51+D1_1+D2_1,whereco is the geometrical capacitance omitted for simplicity and the quantized resistanbére
in series with the quantum capacitands and D,.2* This = /9!
poses a number of problems; notably both the geometric and ) )
the quantum capacitances are predicted to be weakly mag- a;=C13/9% 1= —[CutCsl/g7,
netic field dependent while the simplevi/scaling ofZ,( )
observed experimentally suggests that they are rigorously — @»=[C1Co3—C1C2ol/9°%,  Ba=[C11Ca3—C3sl/ g3,
field independent. The microscopic description of the elec-
trostatics of edge states is far from triiabut a simple 3= B3=[Cq1+ Cyo+ Cya+ Copt Cozt Casl/g,
estimaﬂe of the size of the geometric capacitance gojes
~10 **F, which is much smaller than the experimentally — 0B =2 402 4 a2 _
determined values of,,~10 1%-10"*? F, corresponding to 4= PB4=[Ciy+ Cigt Coat C15(C12H C23) ~ CaxC1at C20)
characteristic inductancesy~1—100 mH. This suggests

1
Zy(w)= Z13,2425 t]w

g+jwpBi+ wzﬂz
1+jwBs+ w?Ba+jw’Bs

®

2
that something is either missing from the model or that the —C11(Cop Cogt C33)]/ 9%,
detailed microscopic picture of edge-state transport needs re- ) ) )
fining in order to obtain a quantitative agreement. It has been a5= 5=[C11C53F C22CT5F C33CT,— C11C22Ca3
suggestetthat the capacitive coupling can arise because of
charge accumulation at the edge due to the Hall effect with- —2C1,C15C,4/ 9.
out invoking the presence of metallic edge channels. Further-
more, inductive imaging of the edge chanf&lbave re- Comparing Eqgs(1) and (7) we see that the equivalent

vealed that significant charge buildup can occur along on& CR circuit model and the Christen and @ilker model are
edge of the sample, the extent of which is too large to bdormally identical provided thatv,= a5=0. In addition the
consistent with the usual quantum-mechanical description gbredicted scaling of , C, andR s in agreement with experi-
edge state$” However, the transmission formalism of Chris- ment. Comparing equivalent terms we see that the induc-
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FIG. 7. Longitudinal imped-
ance as a function of the fre-
quency measured dt=1.5 K for
(@ and (b) a positive magnetic
field and (c) and (d) a negative
magnetic field. Panel&),(b) and
(c),(d) differ in the relative posi-
tion of source and sinkground
current contacts as illustrated for
the schematic cross in the inset of
each figure. For each configura-
tion |Z,, has been measured for
all four possible positions for the
sink current contact. The pair of
current contacts used is denoted
by the different symbols as fol-
lows 12 or 21 {V), 23 or 32 (0),
340r43 Q),41o0r 14 Q).

[kQ]

Xx

zZ

o 1 KQ]

Z

0 25 50 "o 25 50
f[KHz ] £[ KHz ]

tanceL=a;x1/v?, the resistanc®=a,/a3>1/v, and the the 2DEG can be viewed as a mixing of the transverse and
capacitanceC= — a,/ a4 is independent of filling factor. the longitudinal Hall voltages due tg(w) andl(w), re-
Taking the magnitude of the Hall impedance and perform-spectively, via the capacitive coupling. This consideration
ing a Taylor expansion around=0, we obtain after some leads to the expressiov,(w)=iwC(h/ve?)?l,(w), which
algebra an expression of the form confirms the prediction thaZ,,(w) is proportional to the
quantized resistance squared at low frequency.

Y
|ny(w)| =1/g— _3w2+ 0(w4)!
g IV. SYMMETRY CONSIDERATIONS

where y has the dimensions of capacitance squared. This In order to investigate the symmetry relations when per-
demonstrates that when all terms are included the Hall immuting voltage and current contacts we have fabricated
pedance is predicted to vary quadratically at low frequenciesamples with a four-terminal cross geometry from some of
in agreement with experiment. In addition the model alsathe remaining QW material. Each of the four arms of the
correctly predicts the experimentally observed scaling of the&ross were 25um wide and approximately 75@m long.
low-frequency Hall impedanc«:tAny(w)/dwzoc1/1/3 shown  The carrier concentration and mobility for the cross samples
in Fig. 5. Asy is a complicated combination of the sums andare identical to that measured for the conventional QW Hall
differences of the capacitance terms of the formbar samples. The simple cross geometry facilitates the inves-
CyxiCmn (K,I,m,n=1,2,3,4) it is not possible to determine un- tigation of all different possible current and voltage probe
ambiguously from a theoretical viewpoint the signjofWe  configurations. We have verified that exchanging the voltage
speculate that depending on the values of the sample specificobes yields no change in the measured signal except the
electrochemical capacitanceg can be either positive or expected 180° phase change. It is therefore sufficient to con-
negative, which would explain the different signs for sider the effect of different permutations of the current
dAZXy(w)/dw2 observed by Hartland and co-workers andsource and sink contacts. This is summarized in Fig. 7,
ourselves. which shows the longitudinal impedance for all possible per-
Here we propose to explain how E(h), which results mutations of current contacts in both positive and negative
from the edge-state-based theory, could be found more intunagnetic fields measured at filling factor=4. All curves
itively by assuming the local picture of electronic transport.show the characteristic damped resonance consistent with an
Let consider a 2DEG with a dc curreht flowing along the  equivalentLCR circuit. In Fig. 7 two distinct cases are ap-
x axis and a magnetic fielB, applied perpendicular to the parent: in(b) and(c) we observe almost identical curves with
electron plane. A Hall electric fiel&,, appears along thg a large characteristic inductance and resistance whil@)in
direction, resulting in the accumulation of static charges atnd(d) the curves are all different and the characteristic in-
the edges. The injection of an ac current in the sample leadductance and impedance are approximately an order of mag-
to an oscillating Hall electric field whose direction changesnitude smaller. In addition the resonant frequency
periodically and induces a dynamic transport of charges fronf~12 kHz) corresponding to the conditias?LC=1 is the
one edge to the other. In this capacitorlike behavior the resame for all curves, which implies that the produ@ is a
sulting displacement current can be written in the generatonstant. The observed symmetry can be qualitatively sum-
form I (w) = —iwCV,(w). Finally the dynamic transport in marized as follows. Exchanging the source and sink for cur-
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rent contacts or inverting the magnetic field changes the V. CONCLUSION
characteristics by an order of magnitude. Simultaneously ex-
changing the current contacts and inverting the magnetitaf

field does not change the order of magnltgde. IndlV'du""lﬁlling factors has been empirically shown to resemble that of
curves do, however, change as can most easily be seen Whgiya 411 LCR circuit. The parameters of the equivalent-
comparing Figs. @ and 7d). In particular it can be seen cjrcyit model scale with filling factors. The inductance
that Onsager-Casintft reciprocity relation Zymi(+B)  scales as 1, while the resistance scales aw Hnd the
=Zmn(—B) is obeyed. ~ capacitance is independent of filling factor. The observation
This rather large asymmetry observed when exchangingf an inductancelike behavior has been theoretically pre-
the current source and the current sink is at first sight surdicted by Christen and Btiker,}* who calculated the imped-
prising, since the impedance is measured by applying an aknce by extending the transmission probability formalism to
ternating current that continuously reverses direction. Howthe ac case. When higher-order terms are retained a formal
ever, the symmetry of the problem is broken by the directiorequivalence exists between theory and &R equivalent-
of the edge-state propagation, which is determined solely bygircuit model. The theory also correctly predicts the observed
the direction of the applied magnetic field and not the direcscaling ofL, C, andR with filling factor. The Hall imped-
tion of the applied current. Although the Hall electric field in ance is found to vary quadratically with frequency as previ-
the bulk of the sample reverses when the current direction igusly reported? When higher-order terms are included the
reversed, the sign of the “renormalized” Hall electric field at Christen-Butiker model predicts a quadratic variation of the
the edge of the sample remains unchanged and hence thill impedance that scales asvi/again in perfect agree-
direction of propagation of the edge states remains untent with experiment.

changed. In the ac transport measurement the sink current Even though the applicability of the edge-state picture
Qover a wide range of experimental conditions seems doubt-

ful, the transmission probability formalistprovides valu-
g.ble insight into the dc quantum Hall effect and when
extended to the ac case correctly predicts the frequency de-

is illustrated schematically in the insets of Fig. 7 where thepgndt_ar]ce of the impedance mc_ludlng the observgd scahlng
edge state leaving the current source is shown as a solid lin .Ith filling factor and therefore gives some theoretical basis

This reasoning has been invokédo explain why capaci- or the empirically determinedLCR equivalent-circuit

tance coefficients in multilead conductors are uneven underr”c’del'
magnetic field reversal. Similar observations for electrons on

the surface of liquid helium have also been explained in
terms of the direction of propagation of edge magneto- We are grateful to M. Bitiker for a critical reading of the
plasmong. mansucript and useful discussions.

The frequency dependence of the longitudinal impedance
a two-dimensional electron gas at integer and fractional

contact oscillates betweenV. Therefore, the edge state that
leaves the sink contact is at ground potential while the edg
state that leaves the source contact is at a potehtiél This
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