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We investigated the integer quantum Hall effect (IQHE) using an inductive method. The following
conclusions can be derived from our study: (i) When the Fermi energy is located between Landau
levels the only extended states at the Fermi energy are located at the physical edges of the sample.
(i) The extended states located at the bulk of the sample below the Fermi energy are capable of
carrying a substantial amount of Hall current, but cannot screen an external electrostatic potential.

PACS numbers: 73.40.Hm, 72.20.My, 73.20.Dx

Since the discovery of the integer quantum Hall effectinfluenced by the geometry of the sample and by the
(IQHE) [1], the role of bulk [2-5] versus edge [6—9] attached contacts.
states has been discussed theoretically. The results of The 2DEG samples used in this study were fabricated
many experiments [10—15] addressing this issue seem foom GaAs /Al,—,GaAs heterostructures. The electron
favor the edge picture over the bulk one. However, recentarrier concentration and the mobility of the samples
experimental studies [16—18] revived this controversiaweren = 2.1 X 10" cm 2 andu = 6.4 X 10° cn?/V's
guestion by giving evidences supporting the bulk pictureat 1.4 K, respectively. Rectangular shaped samples with
In these studies it has been shown that the electrostattgpical dimensions ofl0 X 5 mm? were cleaved from
potential varies in the bulk of the sample. It implied thethe wafer and Ohmic AlGe/Ni contacts were alloyed
existence of Hall current carried by the bulk states. at opposite sides. A 3000 turn pickup coil was placed

The magnetic coupling between a SQUID magnetomed.4 mm above the sample’s physical edge. The effective
ter and a two dimensional electron gas (2DEG) has beearea of the pickup coil was X 5 mn?. A schematic view
suggested for studies of current distributions [19]. How-of the geometrical setup is shown in Fig. 1.
ever, this method is extremely difficult to realize experi- An alternating current at frequeney, driven through
mentally since it requires the critical fiel. of the SQUID  the sample, produced an electromotive force at the same
to be higher than the typical magnetic fields used in IQHHrequency in the pickup coil circuit. A grounded metallic
experiments. Another variation of inductive coupling hasshield made of brass foil was used to screen any direct
been employed in a recent experiment [20] where an exteelectrostatic coupling between the pickup coil and the
nal solenoid was used in order to induce azimuthal electrisample.
field in 2DEG samples patterned in a Corbino geometry. The voltage which develops across the pickup coil de-
Although the authors observed well-defined Hall plateauspends on the distribution of the currents in the bar and on
they did not provide any information about the spatial dis-geometrical factors of the setup. Although the value of
tribution of the extended states at the Fermi energy. the pickup voltage can be estimated theoretically [19] for

In order to address the questions concerning the rolany given distribution of the current, we have performed
of edge versus bulk states in the IQHE we employed amn experimental calibration of the response of our pickup
inductive coupling, different from those mentioned abovecoil. We have found that for homogeneous current dis-
Our method utilizes a pickup coil in order to measure time4ribution, at a frequency of 6.4 kHz, the voltage response
dependent magnetic fields induced by alternating currentsf the pickup coil was25 nV/uA. In order to demon-
in the sample. Although the sensitivity limitations of strate the sensitivity of the pickup coil to changes in the
this method do not allow for a precise determination ofcurrent distribution, we have deposited a 1000 A thick and
the current’s spatial distribution, a quantitative analysisS500 wm wide Au film along the periphery of a sample hav-
of our data allows us to reaffirm the following important ing the same geometry. In this case, the pickup response
statements: (i) In the plateaus of the IQHE, the extendeihcreased t@5 nV/uA at the same frequency. Although
states at the Fermi energy are located at the edges tfis calibration gives smaller pickup response values than
the sample. (ii) In this regime the bulk states at thethose calculated theoretically, the relative change of the
Fermi energy are localized. However, the bulk states, asignals between uniform and edge distributions of currents
the Landau levels below the Fermi energy, may carry as consistent with the theoretical estimate. We believe that
substantial amount of the Hall current. The contributionthe discrepancy between the theoretical and experimental
of these bulk states to the Hall current depends on thabsolute values of the pickup response is due to partial
details of the electrostatic potential. The latter is stronglyscreening of the inductive coupling by eddy currents in the

0031-900796/76(12)/2149(4)$10.00 © 1996 The American Physical Society 2149



VOLUME 76, NUMBER 12 PHYSICAL REVIEW LETTERS 18 MRcH 1996

Filling factor, v
o
I
Pick—up Voltage [uV]

Pick-up Coil
R s .I|x.\\\\I...I...I.—_4

(a) H -4 -2 0 2 4

FIG. 1. The experimental setup. Lateral () and top (b) views=IG. 2. Inductive voltage in the pickup coil for a back gate
of the 2DEG and the pickup coil. voltageV, = 0.5 V at a frequency of 6.4 kHz. The left axis
depicts the number of filled Landau levels needed to produce
the same signal, assuming that the current flows within a
i i . distance of500 um from the edge. V. clearly shows well-
metallic shield. These currents were found to be sensitiveesolved picks in the middle of Hall plateaus. Plateaus with

to the conductivity of the shield and varied with tempera-v = 2,4 are already saturated, whereas= 6 still has nonzero
ture. The calibration values mentioned above are givetpngitudinal resistance. The insets show a schematic view of
for low temperatures where the pickup response was foun?a?nzample and the longitudinal resistivity measured on the
. : ; wafer.

to be temperature independent. Since the distance of the
shield from the sample is relatively large 400 xm) and
because the dielectric constant of the media is an order of At first, this result seems to be surprising since for the
magnitude smaller than that of GaAs, we do not expect thestimated values of the capacitance of our samples such
shield to significantly alter the potential distribution in the values ofV, cannot produce or modulate a Hall current
sample. of the observed magnitude. Indeed, there is no signal at

A standard four probe measurement of the IQHE in outthe pickup coil at the entire range of the magnetic field
Hall bar samples resulted in the experimental curve for thdesides the regions corresponding to Hall plateaus. The
longitudinal resistivityp,, shown in the inset of Fig. 2. resolution to this apparent “mystery” becomes clear when
Since the lowest temperature of our experimental setup wamne assumes that at the Hall plateaus the entire bulk of the
1.4 K and the highest magnetic field was 5.5 T, only thesample becomes an insulator, while the edges are conduct-
plateaus withv = 2,4 showed experimentally zero values ing. In such a situation, the electric potential of the sample
of the longitudinal resistivityp,.. should approach the value &f, as the distance from the

In the first part of our investigation a metallic gate edge becomes larger than the distance to the back gate.
has been deposited on the bottom surface of the samphgpplying V, under such conditions is equivalent to the ap-
(back gate)250 um from the 2DEG. We have applied plication of Hall voltage to a Corbino geometry sample. It
an alternating voltagé’, between the back gate and the results in a Hall current of the observed magnitude, circu-
2DEG and monitored the signal in the pickup cBjl. as lating along the sample’s boundaries. Since the direction
the magnetic fieldd was swept in the range betweers  of the current should be reversed when the polarity of the
and 5 T. The results of this measurement are shown imagnetic field is changed, the pickup signal should also re-
Fig. 2. The amplitude and frequency of the applied gateverse its sign under such an operation as indeed one finds
voltage were varied in the range of 0.05-0.5 V and 0.2-by inspecting Fig. 2.

30 kHz, respectively. The existence of extended states in the bulk of the
The peaks inV,. are clearly observed for values &f  sample at the Fermi energy is equivalent to introducing
for which the longitudinal resistivity vanishes. According extra edges to the sample. Furthermore, it would increase
to our calibration, the values of the peaks correspond tthe distance from the edge at which the electric potential

a currentV,ve?/h flowing around the periphery of the attains its maximal valu&,. In addition, if the extended
sample, where is the number of occupied Landau levels states below the Fermi energy were able to partially screen
below the Fermi energy. the external voltage, the Hall voltage developed in the
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sample would have been smaller thep. All of these BL
effects would tend to diminish the signal measured by the | e
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possible since the Hall voltage cannot excégdand the . :
current cannot flow any closer to the pickup coil than ' T i
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important conclusions:(i) At the Hall plateaus the only 3 T e
extended states at the Fermi energy are located alon¢® | f_[__|
the sample’s edges. (i) The extended states below ths | —[ T
Fermi energy, though capable of carrying Hall current, SXeh
as will be shown latergannot screen the external electric
field. This is the first direct observation of this property
which is implicit in the bare existence of the IQHE. Our
experimental resolution provides us with an upper bounc | : . .
of 0.5 mm (10% of the sample’s width) to the distance ' r‘ | i
from the edge in which the current flows. - P | | [
Within the measuring range of applied voltages and fre- | g ] |i f i J'
guencies, the signal was found to depend linearly on thes | YW LA e k]
parameters. However, at voltages exceeding 1 V, devia ¢ 1 : ! 4 5
tion from linearity was observed and the dependence o: HLE
the signal on the applied voltage was weaker (not shown}IG. 3. Solid line—Hall current in a sample having a
A possible source for this nonlinearity could be the on-Corbino geometry as deduced from the pickup signal. The

:source voltage is 0.5 V at a frequency of 26 kHz. Dotted
set of the breakdown of the IQHE. Such a breakdown I%ine—HalI current calculated according to Eqg. (1). The inset

eXpeCte_d to result in a cyrrgnt distribution which is_ex'shows a schematic view of the experimental measuring circuit.
tended into the bulk. This, in turn, decreases the signal

measured by the pickup coil.

Although the experiment described above indicates thawherel, is the dissipative current that flows between the
the Hall current flows in the vicinity of the edge, it should inner contact and the edge. This current vanishes for
not be concluded that such a nonuniform distributionCorbino geometry samples at the IQHE plateaus, and the
between the bulk and the edges is an inherent property @fxpected value of the Hall current Iy = V,/R,,. At
the IQHE. On the contrary, it is the proximity of the back these region®’, equalsVouce (cf. Fig. 3). In the dissi-
gate to the 2DEG (their separation is much smaller thampative regimes, namely, in between plateaus and at small
the dimensions of the sample) that causes the electrostatialues of magnetic fields, the Hall current is practically in-
potential to be flat far from the edges and to chang&py dependent oR,, as long as the latter is much smaller than
in the vicinity of the sample’s edges. Therefore we cannoR,. SinceR, = 0.5 MQ andR,, is of the order ofp,,,
resolve questions concerning the contribution of bulk statemeasured in Hall bar geometry, we expect this inequality
to the current based on this experiment. to hold. Accordingly, we also expeét. in these regions

In order to address this issue we fabricated two sample® be much smaller thaW,,.c., thus resulting in a smaller
in which the back gate was replaced by additional Ohmigignal in the pickup coil. FoR,,, we use the values ob-
contacts which were alloyed in the interior of the 2DEG. Intained from the four probe measurement. The good agree-
the first sample, the inner contact occupied almost its entirment between the pickup signal afg given by Eq. (1)
area, thus defining a strip of 2DEG along the edges. Suchiadicates that indeed the pickup coil measures the circulat-
geometry is usually referred to as Corbino geometry. Théng current in the sample. One should note that the latter
experimental setup is presented in Fig. 3. We applied aonsists of a constant diamagnetic current and a time-
source voltage and measured the current flowing in thelependent Hall current induced by. The pickup coil is
circuit and the voltage drop across the shunt resistor. Asensitive, of course, only to the second component. This
alternating voltage drop,, which developed between the measurement also provided us with an additional calibra-
inner contact and the Ohmic contact located at the samplet®on of the pickup response, which was consistent within a
edge, resulted in a pickup signal that corresponded to a Haliéw percent with the previous calibration procedure.
current of the same value as in the previously described A second sample with two inner contacts having di-
experiment, namely] = V,ve?/h. Figure 3 shows the mensions ofl00 um X 100 um (see inset of Fig. 4) has
pickup coil response and the Hall current calculated usingpeen measured using the same technique. The pickup sig-

Vi — Ry, nal versus the magnetic field when an alternating voltage
In = T Vsource Was applied to the device is shown in Fig. 4. The
pickup coil signal at integer filling factors in this case
_ Vsource = Vonunl[1 + (Ro + Ryx/Rshunt)] (1)  dropped significantly relative to the value measured for
Ry ' the sample shown in Fig. 3. Since the total Hall current
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FIG. 4. Pickup coil signal for various contact configurations
as shown in the inset.
frequency of 26 kHz. (a) Solid line—voltage applied to both
point contacts. (b) Dashed line—one contact left floating.
(c) Dotted line—one contact grounded.

in this configuration should be the same in both cases, th

geometry samples, and further investigation addressing
this problem for the Hall bar geometry is required. The
main difference between the two geometries, at the IQHE
regime, is the necessity to inject external current from the
Ohmic contact into the 2DEG for the Hall bar geometry.
The current injection mechanism could significantly en-
hance [22] the role of the edge currents.
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