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Measurement of the Hall current density in a Corbino geometry 2D electron gas
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We have investigated the distribution of the Hall current in a Corbino geometry two-dimensional electron
gas(2DEG) under quantum Hall effect conditions by measuring the induced magnetic moment. The magnetic
moment near integer filling factor shows oscillations around the quantized value, which reflect a spatial
redistribution of the Hall current density. The results show that at integer filling factor the local Hall conduc-
tivity in a high mobility sample is not quantized. Between integer filling factor the normal Hall current with the
expected magnitud¥, ve?/h is measured, showing the reliability of the technigi#0163-18209)03911-9

Since the discovery of the quantum Hall effect, there have The sample consists of a squarex5 mn? piece of
been several experimental and theoretical investigations tGaAs-AlLGa, _,As heterostructure onto which two circular
determine the local current distribution when an integemi,Au,_,Ge contacts are diffused to form a Corbino geom-
number of Landau levels is filled. Inductive technigtiés etry. The solid inner contact has 0.5-mm outer radRysnd
have shown that bulk states are able to carry a substantigthe outer ring-shaped contact has 2.0-mm inner raBius
amount of Hall current in the quantized region, although theThe electron density and mobility at 4.2 K are, respectively,
bulk Hall conductivity o, could not be unambiguously de- 1.4x 10" cm 2 and 0.6<10° cn?/Vs and after illumina-
termined. In particular, the question whether a fully quan-tion with a light emitting diode(LED) increase to, respec-
tized Hall current can be supported exclusively by bulk statesively 2.6x 10'* cm 2 and 1.0< 10° cn?/Vs. A pair of thin
remains experimentally unanswered. Theoretical work haswvisted Cu lead wires are attached to the contacts with some
indeed shown that the charge distribution and Hall field asilverpaint. The sample is mounted in the torque
the quantum Hall plateaus may not be homogenéds. magnetomet&rwith the normal to the 2D plane making a

In this paper, we address the question of the current dis30° angle with the magnetic field. The magnetization signal
tribution using a technigque based on measuring the induceid calibrated using a 10 turn coil glued to the sample plat-
magnetic moment of the azimuthal dc Hall current in aform.

Corbino two-dimensional electron gé@DEG) driven by an To obtain the torquéM X B due to the Hall current in the
applied radial voltage/,. In a Corbino sample in a high- 2DEG, the magnetometer signals from field sweeps with the
magnetic field the current flows at the Hall angle with re-magnetic field reversed are summed and their respective sig-
spect to the radial-electric field and effectively will flow nals at zero applied voltage are subtracted. In this way, the
many times around the inner contact before reaching théead wire contribution, which changes sign upon field rever-
outer contact. The largest Hall current density will occur insal, and the background magnetizations of both the magne-
that part of the sample where the radial conductivity, is  tometer and the sample are eliminated. By taking the differ-
smallest(Hall angle closest to 90°), and as a result the conence of signals with reversed field direction the wire
tribution to the Hall current coming from the highly resistive contribution, which is proportional tb,B, is obtained.

interior of the 2DEG will dominate over any edge channel Data taken from measurements with constant applied
contribution. The induced magnetic moment, which is meavoltage are shown in Fig. 1. The induced torque is seen to be
sured with a sensitive torque magnetométéepends on the field independent, except near integer filling factor where it
current distribution in the 2DEG. shows oscillations around a constant value.
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00 2 4 6 8 10 FIG. 2. 0, as obtained using Eq1). The upper curve is at
T=4.2 K before illumination and has been shifted byt0 k() for
B(T) clarity. The middle curve is &= 1.2 K before illumination and the

lower curve is aff=1.2 K after illumination. The inset shows the

Elf' 1._|‘|I'he_torgue dﬁe to_the Hall currecrint for_severa.l values Ofequilibrium magnetization of the 2DEG @t=1.2 K after illumina-
V, before illumination wherev=1 corresponds t8=7.7 T, (a) at tion with zero applied voltage.

T=1.2 K. The lead wire contribution to the torque and the product
o«B (dashed of the radial conductivity and the magnetic field are
seen to be proportional to each othés) at T=4.2 K. The torque K in Figs. Xa) and 2 do not reflect a homogeneous Hall
due to the Hall current fol,=100 mV and the product,,B current density and a plateaudn, . A plateau ino, would
(dashel before illumination are shown. The significance of the correspond to a torque falling on a linear curve passing
dashed straight line is discussed in the text. through the origin, shown in Fig.(t). This behavior re-
quires an initial decrease and subsequent rise of the torque,
To understand the data we calculate the induced magnets is only observed at=4.2 K for v=1, whereo,,>0, but
moment for a homogeneous current distribution, which im-not atT=1.2 K whereo,,~0. We believe that the oscilla-
plies a simpler ! dependence of the radial-electric field. tions are caused by a field-dependent, inhomogeneous Hall
The following relation between the induced magnetic mo-current density in the bulk of the 2DEG and not by variations
mentM, and the bulko,, can be obtained in the total Hall current, which would imply a serious loss of
quantization near integer filling factor.
To prove that the observed oscillations are also not con-
1 _4[Re _, Oxy nected to breakdown of the quantum Hall effect, we note that
Mz:i"xyvrsm R, =7 U_XX“S’ @D the torgue signals in Fig.(4) are independent of the applied
dc voltage up to at least 100 mV. Furthermore, we have
checked that the widths of the radial resistivity minima do
whereSis the surface area between the two circular contactsot vary(within 5%) for voltages in the range 10 to 100 mV.
and the two equalities hold, respectively, for constant appliedf we compare these numbers to the Hall voltage in a Hall
voltageV, and current, . Sinceoy, is proportional toB 1, bar geometry, we see that our excitation voltages would cor-
a constant torque in Fig. 1 is expected according to the firstespond to injected currents of less than 100 nA across a
part of Eq.(1), which connects our results to normal Hall bar several 10Qem wide Hall bar, which are acceptable values.
measurement¥. Figure 2 showsr,,' obtained using Eq(1) Furthermore, typical values for breakdown voltages in much
and the results presented in Fig. 1. These curves exhibit themaller Corbino disks of about 1Q0m wide have been
linear behavior of the Hall effect at noninteger filling factor found to be of order 1 \¥* Our applied voltages are therefore
and the overall slope of the Hall curves is as can be expectegbout two orders of magnitude below the breakdown thresh-
on the basis of Eq1) and the sample parameters within the old.
uncertainty of about 20% of the torque calibration. To corroborate this point, we also performed measure-
Therefore, we conclude that away from integer filling fac- ments with a constant applidd. In principle such an ex-
tor the Hall current is a bulk current with a density propor- periment is not a good probe of the almost zero-current state
tional tor ~* and Oy IS given byve?/h. These conclusions near integer filling factor, but it does allow us to confirm the
could not be drawn from previous measurements, althougreliability of the experimental data at constant voltage. In
experiments using inductioi, as well as experiments on the addition, the radial current is injected across a rather large
Hall voltage distribution with electrodes in the interior of the (1-mm inner diameter and 1.5-mm wid@orbino disk, keep-
2DEG (Refs. 11-1Bare in agreement with our observation ing the current density relatively small. We show in Fig. 3
of a bulk current. the magnetic moment and the measured voltage across the
We now turn to the behavior df1, near integerv at T 2DEG nearr=2 atT=1.2 K. Using Eq.(1) it can be seen
=1.2 K and remark that the oscillations observed atl.2  that in the constant current modé,/V, is proportional to
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to a larger magnetic moment when the highest carrier density
is at the outer edge and smaller at the inner edge. To estimate
the magnitude of such an effect we may assume that the
highly resistive state of the sample is nucleated near the con-
tacts and moves in a ringlike structure from outside to inside
as the field in increased. Consequently, the radial voltage
drop and the Hall current density will be largely localized
within this region. Taking the extreme case that all of the
current is moving from the outside to the inside, the geo-
metrical factor SIn"Y}R,/R;) increases from w(Rg
—R?)In"YR,/R,) (away from integer filling to 7R3 (begin-
ning of the plateay decreases tOTRf (at the end of the
plateay, and finally increases back to the initial value. We
N T obtain extremal values of about 3.0 and 0.19 times the ex-
33 35 3.7 3.9 41 43 pected M, assuming a homogeneous current. Experimen-
tally, the variations are in the range of 1.3 to 0.8, showing
that the Hall current redistribution is much more modest.
FIG. 3. The magnetic moment of the Hall current near2 ~ However, this model does qualitatively describe our results.
whenl, =1 uA, and the induced radial voltagé (dashed, which The field range of the fluctuations M, coincides with
has been scaled such that the maxima of the two peaks coincidthe range where the diagonal conductance approaches zero.
For comparison the ratitM, /V, and the corresponding torque at This result indicates that the Hall current deviates as soon as
constant voltage(dashed are also shown. All curves are & integer filling factor is reached in some part of the Corbino
=1.2 K before illumination. ring, leading to a zero-radial conductance of the whole de-
vice. Indeed, the fluctuation at=2 persists in the measure-
oyySIN"YR,/Ry), since bothM, and V, contain the factor ments aff=4.2 K (o,,~0), but nearw= 1, where the mini-
0w - Therefore,M,/V, has been plotted as well in Fig. 3 mum of o, is much less pronounced, we find the expected
and it is clear that the results are fully equivalent to thebehavior for the torque, with a plateau in,,. It is also
constant voltage measurements. Since the excitation voltagteworthy thatV, deviates from the expected values only
varies substantially at constant current, these results indicatgithin the field region where the equilibrium magnetization
that breakdown effects are not relevant to our data. displays a jump, showing that the small inhomogeneity indi-
As a final consistency check we note that the wire contri-cated by the sharp magnetization jump already causes a sub-
bution to the observed torque in Fig. 1 is proportional to thestantial Hall current density redistribution. This result dem-
product of theo,, and the magnetic fielB, and Fig. 2 shows onstrates how sensitive the bulk Hall current distributions to
that the magnitudes ef,, at equal filling factor but different sample imperfections, a fact considered to lmaditio sine
density are the same within experimental accuracy. qua nonto observe the quantum Hall effe@®HE).X° Our
To obtain information on the importance of density inho- results thus clearly show that the local Hall current is not
mogeneities in our sample, we have measured the de Haaguantized when the 2DEG becomes insulating under QHE
van Alphen magnetization, shown in the inset to Fig. 2, ofconditions.
the same 2DEG sample with wires and contacts but without This conclusion is in line with earlier observations done
applied voltage. We observe a sawtooth-like magnetizationyith contacts in the interior of the 2DE@Refs. 11-13 or
with magnetization jumps at both even and odd filling fac-with ac experiments measuring the radial Hall current across
tors, characteristic for an uncontacted, high mobilitya loaded Corbino device However, our experiment mea-
2DEG? This is an important result, since it shows that thesures equilibrium properties and does not involve any inte-
contacts and wires connected to the 2DEG do not signififior contacts.
cantly disturb the density and the potential landscape at the We would like to point out that the picture of a local
edges. The field width of the magnetization jumps is a meafilling factor resembles the description of the integer quan-
sure for the degree of disorder and it corresponds to at mostim Hall effect(IQHE) in terms of a percolation transitidh,
a 5% density variation across the sample. in which the electron states fall in two distinct classes: local
Our experimental results can be summarized as followsfibers and global fibers. Whereas global fiber states encircle
M, in the Corbino geometry reflects,, accurately between the central contact and contribute to the total Hall current,
Hall plateaus. HoweverM, does not show the quantized local fibers encircle a point within the Corbino ring and
value of oy, at integer filling, as naively expected, but in- cause an inhomogeneous Hall current density, but do not
stead exhibits a sizable oscillation. Experimentally, inhomo-contribute to the total Hall current. While in this thebithe
geneities in the sample are found to be small even in théotal Hall current exhibits quantization, its distribution over
presence of wires and contacts, while nonlinearities in thehe sample interior is inhomogeneous and varies with mag-
current(breakdown do not occur. netic field. This picture is at least in qualitative agreement
These results clearly point to a macroscopic redistributiorwith our experimental results.
of the Hall current going back and forth between inner and Summarizing, we have obtained a clean measurement of
outer contact as we sweep through integer filling factor. Thighe Hall current distribution of a 2DEG in a Corbino geom-
type of change in the current distribution would indeed leadetry by measuring the associated magnetic moment with a

(a.u.)

B(T)
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