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Quantum Hall efFect in the absence of edge currents
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Measurements of the Hall conductivity cr „onsamples of the Corbino geometry at integer and
fractional (i = s) filling factors have been carried out. Two different techniques of measurements
based on the Laughlin and Widom-Clark "gedanken" experiments were realized. The limits of the
two experimental techniques connected with their particularities and the breakdown of the quantum
Hall effect are presented. We have also investigated the charge transfer under the conditions of
inhomogeneous electron density.

The problem of current distribution in the quantum
Hall effect (/HE) regime has quite a long history. Ex-
periments with point potential probes in the plane of
two-dimensional (2D) electron gas 4 demonstrated un-
ambiguously that the current caused a change in the elec-
trochemical potentials of all internal contacts. Subject to
the existence of extended states (below the Fermi level)
in the plane of the 2D electron gas these measurements
would prove that the Hall current is distributed all over a
sample plane. However, the existence of extended states
transporting the Hall current over the plane of a real im-
perfect sample has not yet been proved experimentally,
nor has there been reliable experiment to measure o „di-
rectly. In Ref. 5 the current in the /HE regime is consid-
ered to be the charge flow in 1D channels at sample edges.
The theory developed in Ref. 5 and subsequent works did
not deny the presence of extended states in the plane of
2D electron gas. According to theorys these states do
not affect the accuracy of quantization in measurements
on the Hall bars. Many experiments (e.g. , Refs. 6 and
7) confirm the assumption about the existence of edge
currents.

Experiments excluding the influence of edge currents
on charge transfer in /HE have been realized recently. s s

In the present work (i) we report detailed results of mea-
surements performed by the technique;s's (ii) we have
realized an alternative method of measurement of o~„;
(iii) the breakdown of /HE has been investigated; and
(iv) the charge transfer under the condition of inhomo-
geneous electron density has been investigated.

I. SAMPLES AND EXPEMMENTAL
TECHNIQUE

In these measurements we used samples of the
Corbino geometry prepared either of Si—metal-oxide-
semiconductor structures or of GaAs/Al Gai As het-
erostructures. The metal-oxide-semiconductor field-
effect-transistor (MOSFET) parameters were as follows:

internal diameter 2ri = 225 lcm, external diameter 2rs =
675 lcm, SiOz was 1300 A. thick, mobility at maximum
y, = 2 ms/Vs at T = 1.5 K.

The majority of the experiments were carried out on
GaAs/Al Gai As heterostructures. One of the samples
(No. 1) was an ordinary Corbino disk having sizes 2ri =
0.9 mm, 2r2 ——3.9 mm, electron density N, = 3.3 x 10~~

cm z, and mobility p = 15 m2/Vs. The other four sam-
ples (Nos. 2—5) were constructed in a more complicated
manner. The sizes of the 2D layer were 2r~ ——2.02 mm,
2rs = 2.3 mm. Each sample had a gate with diameters
2ris ——2.06 mm, 2r2s = 2.26 mm, so that the gate cov-
ered only a part of a sample area with a spacing of 20
pm between the gate and the contact region (guarding
rings). The distance between the gate and 2D electron
gas was equal to 940 A.. Applying a negative voltage to
a gate, one could decrease the electron density in the
gated region of a sample. The electron density in the
guarding rings remained unchanged. In the homogeneous
case the typical values of electron density in these sam-
ples were N, = 1.9 x 10ii cm z (samples 2 and 5) and
N, = 3.2 x 10ii cm z (samples 3 and 4). The electron
mobility was 40 m /Vs.

Magnetic fields of up to 16 T were used, and the min-
imum temperature was 25 mK.

The experimental technique first described in Refs. 8
and 9 is outlined below: A magnetic field was applied
normal to the plane of the 2D electron gas and changed
linearly with time. Due to the azimuthal electric field,
E~, charge is transferred between contacts in a similar
manner to Laughlin's "gedanken" experiment. In the
general case a back charge transfer because of finite dis-
sipative conductivity o. can be present. However, at
minima of 0. the back charge transfer was negligible
during the experiment ( 1 h) at sufficiently low temper-
atures and low enough electric field due to the build-up
of charges in the contacts. The charge QT transferred
from one contact to the other was measured by means of
an electrometer.

If the sample has a gate it is possible to measure the
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charge Qg brought out of the 2D electron layer by chang-
ing the magnetic field in accordance with Widom and
Clark's "gedanken" experiment. ~~ It is sufficient to con-
nect both (inner and outer) contacts together and to mea-
sure a potential difFerence between them and a gate by
an electrometer. The arrangement of the experiment is
similar to that used in measurements~s ~4 of chemical po-
tential oscillations by the "fioating" gate technique. The
difference between the two experiments is as follows: To
observe the chemical potential oscillations it is necessary
for the electron system to be in equilibrium (o g 0),
while in Widom and Clark's experiment the thermody-
namical equilibrium must be absent.

In a number of experiments we were able to measure
charges Qz and QL, simultaneously on the same sample.

II. CHARGE TRANSFER BETWEEN CONTACTS

Filling factor
3 2 1
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FIG. 2. Potential difFerence between inner and outer con-
tacts in increasing and decreasing magnetic field. Sample 5,
T = 25 mK. The straight lines show slopes expected from
Eqs. (1) and (2) for filling factors ~~, 1,2,3,4.

Qz = b.H —(r~+r2), 0„~0.
0'~y 7f'

c 2
(2)

The results of experiments on the charge transfer were
qualitatively the same on all samples investigated. The
representative experimental curves for sample 5 are dis-
played in Fig. 2. A magnetic field of about 13 T was at-
tained in this experiment in 40 min so that the sweep rate
dH/dt = 5.57x10 s T/s. In agreement with Eqs. (1) and

We show the scheme of measurements of a charge
transferred between inner and outer contacts in Fig. 1.
A large capacitance Cp = 0.65 pF was connected in par-
allel to the electrometer, the other capacitances were
Cq - Cs = 0.001 p,F. It is easy to obtain the follow-
ing expression for the potential difFerence measured by
the electrometer:

C2ql + Clq2
CgC2+ CgCp + C2Cp

In our case V = Qz /Cp - (q~+ qs)/2Cp. The charges qy,

q2 are determined by the value of the nondissipative con-
ductivity at contacts and by the increment of magnetic
field ~ hence

(2) the experimental dependence V(H) is linear in the
ranges of magnetic field where 0» is small enough. The
expected slopes for the dependence V(H) corresponding
to conductivity a» ——ie2/h (i = s2, 1,2,3,4) are shown
alongside the experimental curves in Fig. 2.

Generally speaking, the coincidence of expected slopes
with experimental ones does not in itself prove the charge
transferring from one contact to the other because only
the local relation, j„=o»Ey, between electric field and
current density at contacts is needed for validity of the
formulas (2). Under experimental conditions the max-
imal value of transferred charge for sample 3 reaches
Qy = 4.5 x 10se (where e is an electron charge) at fill-
ing factor i - 1. It is the fact that the value Qz/e is
more than the number of electrons in the specimen plane
(3.4 x 10s) which proves that the charge transfer is over
the whole plane.

The experimental curves on intervals corresponding
to quantized charge transfer were straight lines with
good accuracy on GaAs/Al Gaq As samples. Analo-
gous curves on Si MOS structures were less perfect even
at minimal filling factors in the highest available mag-
netic fields. This is probably due to change with mag-
netic field of efFective radii determining the charges qq
and qs.

A straight-line interval with corresponding slope at fill-
ing factor i = ss implies the transfer of two electrons in
changing the magnetic fiux through the sample plane by
three quanta.

We should note that the shape of experimental curves
discussed above was the same irrespective of the presence
of a gate in the case of homogeneous electron density. In-
deed, the experimental dependences recorded on a sample
without the gate (sample 1) were identical with those on
other samples.

FIG. 1. Cross section of samples 2—5 and an equivalent
circuit of measurements. When registering only the trans-
ferred charge Co » Cq C2. The electrometer for measuring
the charge leaving the gated region is shown by the dashed
line. In this experiment Co » C2 » Cq.

III. BREAKDOWN OF QUANTUM HALL
EFFECT IN CORBINO GEOMETRY

Our experiments were not the Grst attempt to mea-
sure a o» value in the Corbino geometry in the /HE
regime. Another experimental technique is described in
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Ref. 15. At a temperature of 1.5 K a sample was placed
in a magnetic field which was modulated at a frequency
100 Hz or more. (The relatively high modulation fre-
quency is needed because of back dissipative current. ) In
that work the quantized values of o. „werenot observed,
which was due, we believe, to a breakdown of the QHE
in Corbino geometry.

The QHE breakdown was responsible for determining
the shape of part of the curves in our experiments. The
experimental dependences, shown in Fig. 2, are very spe-
cific. The curve recorded in increasing magnetic field
reaches a maximum at a lower field than the starting
point of the linear region of the curve recorded in the re-
ducing field. To explain the decrease after the peak the
dissipative electron flow is necessary to be strongly de-
pendent on electric field. The influence of breakdown is
observed to be more pronounced on the series of experi-
mental curves obtained at three difFerent values of capac-
itance Co (Fig. 3). The decrease of the capacitance leads
to the increase of a slope of the linear region. The slope
is proportional to Co as long as the potential difference
between contacts is small enough. As the capacitance
Co decreases the increase of the maximum value of the
potential difference between internal and external con-
tacts tends to saturate. The experimental curve tends to
an ultimate shape which is symmetric about the integer
filling factor. After reaching this limiting situation, fur-
ther decreasing of Co does not cause any further change.
The ultimate curve obtained on the most homogeneous
sample only changes sign upon changing sweep direction.

Having stopped the sweep of magnetic field it was pos-
sible to stay at any point of ultimate curve for quite a
long time. The typical time period during which the sig-
nal measured changed appreciably was about 10 min.

Such an ultimate behavior could be achieved in differ-
ent ways (Fig. 4). The lower curve in Fig. 4 was obtained
in a similar way to those in Fig. 2. To record the two
upper curves the sample was warmed to a temperature
T 1 K in constant magnetic field H = 8.03 T. In this
way the equilibrium electron density corresponding to the
filling factor i —1 was reached. After cooling a potential
difference was applied between the source and drain of
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FIG. 4. Different ways to reach the ultimate curve. Sam-
ple 2, T = 25 mK, C0 ——0.65 pF. Parts of the experimental
records coincide with the ultimate curve regardless of prehis-
tory.

the sample. Then the voltage source was turned off and
the magnetic field sweep started. One can see, therefore,
that the ultimate curve does not depend on the way to
reach it.

From expression (1) we can see that there exists a triv-
ial possibility for the dependence V(H) to achieve such
an ultimate slope when varying Co. However, in this case
the curve would display a straight-line interval with slope
proportional to 0,„.Furthermore, the calculated abso-
lute value of V(H) would far exceed the experimental
result.

There is one more trivial possibility of existence of the
ultimate curve: In gated samples the voltage arising be-
tween contacts when sweeping magnetic field can be of
the order of a threshold voltage. However, observation of
the similar ultimate curve on an ungated sample causes
us to look for another interpretation.

As long as one should expect that in the case of van-
ishing cr the electric field, E, at contacts is larger than
that of in the bulk of the 2D electron gas it is possible
to connect the behavior of the ultimate curve with the
QHE breakdown in the following way: A potential drop
between the contacts results in a bending of the Landau
levels. If the electric field at the contacts is high enough
then electron tunneling from a contact to the 2D layer
takes place. The tunneling distance being of the order
of magnetic length is small as compared to characteristic
scale of the Landau level bending (Fig. 5). Tunneling cur-
rent Bows through an approximately triangular potential
barrier:

20-
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I, (T)
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6
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—— (h(u, /2 —Ae) i
3h eE

+ exp
~
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3h eE (3)

FIG. 3. Experimental curves at three different capaci-
tances Cp. 1.2 nF (solid), 2.8 nF (dashed), 30 nF (dotted).
Sample 1, T = 25 mK. The solid line is an ultimate curve
which does not change in decreasing the capacitance Co fur-
ther.

where Lt is the separation from the Fermi energy of elec-
trons in a contact to the mid-point between Landau lev-
els. Contributions of the two Landau levels to the current
are taken into account. The first term in the formulas
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FIG. 5. The bending of Landau levels near external metal
contact in an electric field. The lower level is completely
filled and the upper one is empty. Electron tunneling &om
the external metal contact to the empty Landau level causes
breakdown. (Electrons of the filled Landau level tunnel into
internal contact at the indicated direction of electric field. )

corresponds to the current through the upper level with
electron tunneling from external contact. The second one
describes the current through the lower level with elec-
tron tunneling to internal contact. For the sake of sim-
plicity the contacts are supposed to be symmetric and
the temperature T = 0.

Assuming the existence of a minimal registered cur-
rent determined by the time of an experiment to (I;„
QT/to), one can obtain the relation between electric
fields:

z i1-
o ( ~c) (4)
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FIG. 6. Experimental ultimate curve on sample 1 (circles)
and fit by means of Eq. (4).

which results with logarithmic accuracy from the equs
tion I = Im;„under the conditions

/ /(~,)s~s &) 1, (h~, )'~ b,e )& 1.
eE eE

Here Ec is an electric field at the contact at the inte-
ger filling factor. The interpolation formula (4) defining
the dependence V(H) is accurate at Ae = 0 and asymp-
totic at large b,e. If thermodynamical density of states is
constant within the Hall plateau, is ir then the relation

Filling factor

FIG. 7. Dependence of ultimate curve amplitude V on
filling factor. Sample 1, T = 25 mK.

IV. MEASUREMENTS OF CHARGE LEAVING
THE 2D ELECTRON LAYER

As long as the Hall conductivity is quantized when

o~~ —+ 0, changing the magnetic field gives rise to a
nonequilibrium electron density which differs from the
initial one by the value

6N, = EH(eip/hc), (6)

(4) with b,e = —b,H(ie/hc)(BN, /BeF) yields the ul-

timate shape of the curve. The electron density at any
point along this curve was assumed to be the equilibrium
one.

Expressions (3)—(5) written above are valid only for
even filling factors. In the case of odd filling factor one
should substitute spin-splitting energy for cyclotron en-

ergy in (3)—(5). The value of spin splitting depends on
the position of the Fermi level; therefore, the shape of
ultimate curve can be different for even and odd filling
factors. Moreover, the inequality (5) is not satisfied for
odd filling factors even at maximum magnetic field. Be-
low we discuss only the case of even filling factors.

Figure 6 shows for comparison the experimental depen-
dence with the curve plotted according to (4) using two
fitting parameters (V ~ and BN, /Bel;) for each cusp.
The agreement with the experiment is obtained for all
filling factors i = 2,4,6,8,10 at BN, /Be~ = 0.3m/vrh .
We can double check the above hypothesis by noting that
in strong magnetic field the separation between mobility
thresholds of neighboring Landau levels is close to hu, .
Then, the relation Vm

„
i sos should be valid for even

integer filling factors [see Eq. (3)]. This is indeed found
to be the case at the lowest filling factors (Fig. 7). The
deviation of experimental points from the expected de-
pendence at large filling factors is a consequence of more
rapid decrease of the energy separation between mobility
thresholds than her, o|: i i.

For the type of breakdown considered to occur, it is
necessary for the tunneling current to exceed the ther-
moactivation dissipative one, i.e., the temperature must
be suKciently low. Otherwise, the mechanism of nonlin-
earity discussed in previous papersls

—2o is realized.
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(Q2 gl)C0 + Q2C1 Q2 gl
V2 ——

C1C2 + C1C0 + C2C0 C2
(8)

Results showing Q~(H) and QL, (H) at several tempera-
tures are presented in Fig. 8. At the selected relation be-
tween capacitances Ce, Ci, Cs the charge Q~ is equal to
that qi crossing a circumference of radius ri. To make the
comparison easy the charge QL, is multiplied, in Fig. 8,
by the ratio of the squares ri/(r&2 —ri). After this both
curves must have equal slopes at a quantized value of
CTzy.

At the highest temperature T = 0.88 K we did not
observe the charge leaving the 2D layer. There were only
oscillations of the chemical potential of 2D electrons in
quantizing magnetic field. ~ It is interesting that there
exists charge transfer in the absence of the charge leaving
the 2D layer.

The conditions for observing the charge transfer are
not so rigorous as those to register the charge Ql, . In
the first case the characteristic time ~ is of the order of
Coo ~ iri. , where o. is a geometric factor. In the second case
this time is Co. n, where C is the electrical capacitance
between a gate and the 2D layer. The accuracy of the
experiment grows in increasing v, which can be obtained

where i0 is the integer filling factor. In accordance
with Eq. (6), when starting from the magnetic field
H = hcN, /ei, the change of filling factors is equal to

Ai/i = (AH/H)(ip/i —1).

A method of measurement of the charge Ql. leaving the
2D electron layer was proposed by Widom and Clark. ii
In order to realize it experimentally one needs to connect
a second electrometer to the sample (in Fig. 1 it is drawn
by the dashed line), the relation between capacitances
b~i~g Co && Cg && Ci . Using the two electrometers
one can check both QT and QL, on the same specimen
simultaneously. In our experiment the capacitance Co
was so large that the signal registered by the electrometer
Vq coincided with one measured when short-circuiting the
capacitor:

by increasing the capacitance. The largest value of ca-
pacitance C0 was restricted because of finite electrometer
sensitivity. In our experiment it was Ce/C 10 .

As the temperature decreased the hysteresis caused by
the change of the charge in the 2D layer appeared in

the dependence Ql. (H). The solid curve at the lowest

temperature is shown in Fig. 9. One can see that the
lines Qz (H) and Ql, (H) are not parallel in the intervals
of magnetic field where the slope should be proportional
to the conductivity a „.The slope of the curve QL, (H)
was usually less than that of QT(H). The former was

slightly larger when starting from the magnetic field cor-
responding to an integer filling factor. (To create the ini-

tial equilibrium electron density in this case, the sample
was heated up and then cooled down in a constant mag-
netic field before starting, as was mentioned above. ) The
increase of the slope was also observed in cycling, i.e. , in

changing the magnetic field sweep direction within the
hysteresis curve (in Fig. 9 shown by arrows).

For all filling factors the width of peaks on the curve

Ql, (H) was less than that on QT (H).
It would seem reasonable to explain the discrepancy

of the slopes by the finite value of o . The influence of
back current on the value of QL, (H) would increase when

decreasing the sweeping rate. In Fig. 10 the dependence

Qi, (H) for filling factor i = 2 is displayed at two sweep-

ing rates. Since the value of slope does not depend on
magnetic Beld sweeping rate there must be other reasons
responsible for the small slope of curve QI, (H).

We can suggest two possible reasons: First, it is pos-
sible that charge is not brought out of the whole region
covered with the gate. The area of the active region de-

pends on both the filling factor value at the start and
a sample prehistory. In starting from an integer filling

factor the area is maximum, though it might not have

been the same as the whole gate area.
Furthermore, it is necessary to suppose that there is
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FIG. 8. Simultaneous measurements of charges QT and

Qi, at different temperatures. The charge QL, (small loops)
is multiplied by a square ratio for convenience of comparison.
Sample 3: Co ——0.65 p,F, C2 ——0.03 pF, Ci ——0.001 pF.

FIG. 9. Measurements of charges Qr and QL, on sample

3 at temperature T = 25 mK. The charge Qr, (small loops)
is multiplied by a square ratio. Co ——0.65 pF, C2 ——0.03 pF,
CI = 0.001 pF. The increase of the slope of curve Qi, (H) in

the range of magnetic fields 6—7 T was obtained by changing

sweep direction within the hysteresis loop.
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FIG. 10. Dependence qi, (H) at two sweeping rates of
magnetic field: dH/dt = 5.57x 10 T/s (solid) and dH/dt =
1.39 x 10 T/s (dashed). Sample 3, T = 25 mK.

no quantized transport, at least over one of the guarding
rings; otherwise, the active region is determined exclu-
sively by radii of those rings. This suggestion was veri-
fied in experiments with inhomogeneous electron density
controlled by a gate. Applying a negative voltage to the
gate, it was possible to realize four difFerent positions of
Fermi level with respect to quantum levels as shown in
Fig. 11. Experimental observation of the charge Qr, in
case (c) of Fig. 11 would prove that both guarding rings
are active. Regions of magnetic fields and gate voltages
corresponding to the difFerent situations of Fig. 11 were
determined by measuring the charge QT (Fig. 12). On
most of our samples at strong depletion of the region be-
low the gate (i ( 1) we did not observe the charge leav-
ing the 2D layer, which implies the absence of quantized
transport over one of the rings. Yet sample 5 demon-
strated a small hysteresis loop at strong depletion below
the gate (see the middle curve in Fig. 13). Only on this
sample did the slope of dependence Ql, (H) coincide with
the expected one (upper dashed line in Fig. 13).

The second reason that could give rise to different
slopes of the curves QT (H) and QL, (H) is connected with
the large potential difference between the inner region of

a 2D layer and contacts due to the change of the charge
in the 2D layer. In our experiment this potential differ-
ence was of the order of 1 V, so the back charge flow into
the region below a gate could be at least partially due to
the /HE breakdown caused by electron tunneling. Thus
the /HE breakdown can affect the shape of both curves
QT (H) and Ql, (H).

Another way to measure a charge leaving the 2D elec-
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FIG. 12. A set of records qT (H) at various gate volt-
ages for sample 3 at temperature T = 25 mK. The regions of
quantized Hall conductivity in the guarding rings are roughly
marked by vertical dashed lines. DifFerent positions of Fermi
energy with respect to Landau levels are denoted by letters
(see Fig. 11). Digits with and without apostrophes point out
the values of quantized Hall conductivity in a gated region
and in the guarding rings.
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FIG. 11. Positions of Fermi energy with respect to quan-
tum levels in the sample with inhomogeneous density.

FIG. 13. Dependences QT (H) (solid) and Qr, (H)
(dashed) at different gate voltages. Sample 5, T = 25 mK,
threshold voltage Vtg ———0.25 V. Positions of Fermi energy
with respect to quantum levels are indicated by letters in ac-
cordance with Fig. 11. Vertical dashed lines roughly restrict
regions corresponding to different positions of Fermi energy.
Digits indicate values of quantized Hall conductivity in e /h
(digits with apostrophes correspond to quantized conductiv-
ity below the gate). The plateau on the lower curve in the
region of high magnetic fields may have been connected with
magnetic freezing out of the conductivity at small density of
2D electrons below the gate. We should note that depleting
a gated region entirely caused the signals to vanish rapidly.
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tron layer follows from Eq. (1). Changing the ratio be-
tween capacitances Cq and C~ enables us to measure
charges qi and q2 separately. The difference q2

—qi mea-
sured in such a way agrees satisfactorily with the charge

I.

V. ACCURACY OF cr „C}UANTIZATION

As one can see from our measurements so far, the accu-
rate experimental determination of the conductivity cr»
is a more complicated problem than the measurement
of resistivity p». There are two main reasons for this.
First, the capacitances Cy and Cg must be identical. Oth-
erwise, the deviation from the straight line on a depen-
dence QT (H) arises because the charge leaving the 2D
layer is added to the transferred one. Secondly, the accu-
racy of o» determination is limited by the finite width
of the Corbino disk, since the slopes on the dependence
QT (H) are proportional to the square of an efFective ra-
dius which can difFer from the geometrical one because
of sample inhomogeneity. The sample with close internal
and external radii is required for the precise measure-
ment of o». The sample size usually does not exceed
several millimeters and the minimal width of the ring
must be large compared to the magnetic length. So the
best accuracy can be estimated at 10 4 to 10 s.

In starting from an integer filling factor in high mag-
netic field the measured value of the Hall conductivity
coincides with iae /h within 2% accuracy. The value
of cr» measured at a 0'~~ minimum demonstrates very
weak dependence on the filling factor with small devia-
tions from i0e /h at plateau edges, discussed below.

About 60 curves QT(H) were recorded on the geomet-
rically equivalent samples 2—5 to determine the slopes for
filling factors i = 1,2,3,4 at difFerent voltages on the gate.
Forty curves measured on sample 3, analogous to those
shown in Fig. 12, were used to determine the value of the
stochastic error. The root-mean-square error in our ex-
perirnental data for the conductivity o» was found to be
equal to 3%. To calculate the absolute value of the Hall
conductivity the expression (2) with geometrical values
of radii is used. The mean value of o» on sample 3 re-
duced to the filling factor i = 1 was less than e2/h by 7%.
The same value was found for the other samples and in
the case when the charge transfer was controlled by the
guarding rings. It should be noted that the value of o»
determined from such experimental curves is referred to
the edge of the plateau following Eq. (7).

Before discussing these results one needs to consider
the opportunity to relate the slope of the experimental
curve to a certain filling factor. According to Eq. (7),
the expected change of Blling factor in sweeping magnetic
field is not great. The measurements of a charge leaving
the 2D layer show that the real change of the Glling factor
is greater than the expected one: A change Di/i = 5% is
observed for i = 2 at the lowest temperature. Therefore
the experimental points on the plateau presented in Refs.
8 and 9 should be shifted to the center. Nevertheless,
the slope of the curve obtained when starting from a

noninteger Ailing factor corresponds to cr & at the plateau
edge.

Since the curves used to determine the mean value of
o „correspond to the plateau edges of the dependence
o» on H, one of the possible reasons for the observed
discrepancy is that the plateau edges bend down by 4—
7%. One can see such bending in Fig. 3(a) of Ref. 9.
Another possibility is that the efFective radius is 3.5%
less than the mean one. The effective radius must be
within the interval limited by geometrical dimensions, so
in our case it can change by 10%. The effective radius will
be less if the dissipative conductivity does not vanish in
the external part of a sample for some reason. However,
the last assumption contradicts the fact that the lower
value of o.

~& was also obtained on sample 5 in which both
guarding rings were active.

On two samples (2 and 5) we observed the nonzero
signal QT (H) at the fractional filling factor i = s. The
largest value of a slope on the dependence Qz (H) corre-
sponds to the conductivity o „h/ez = 0.63 6 0.03. The
quantized charge transfer could be observed when the
fractional filling factor was realized either in the whole
sample or in the guarding rings only.

VI. CONCLUSION

The experimental results discussed above prove that in
the @HE regime charge can be transferred over the plane
of a 2D electron gas through delocalized states of Landau
levels below the Fermi level. To investigate the electron
transport below the Fermi level in Corbino geometry two
types of experiments can be used: (i) measurement of
a charge transferred between contacts and (ii) that of a
charge leaving a 2D electron layer. The first experiment
can be easily realized. It is more convenient and does not
impose the rigorous requirements on the residual value of
diagonal conductivity. The maximal potential difFerence
between contacts reached in this experiment is limited by
the @HE breakdown caused by electron tunneling from
a contact to a 2D layer.

In experiments with inhomogeneous electron density
it has been found that the quantized charge transfer is
determined by the regions adjoining contacts if between
them there is a region with the dissipative conductivity.

In our opinion one of the problems for future experi-
ments is to determine the minimal ring width at which
the quantized value of Hall conductivity can be real-
ized. Another problem is to increase the accuracy in
measuring the Hall conductivity. It is necessary to fab-
ricate samples with the same radius rq, but with smaller
width Lr = r2 —rq. Reasonable sizes rq —0.1 cm and
Ar = 10 cm would ensure the accuracy in determining
0 „notworse than 1%.
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