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Evidence for Bulk Current in Hall Bar Samples and Potential Screening
in the Integer Quantum Hall Effect
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The problem of current distribution in the integer quantum Hall regime was studied in Hall bar
samples of a two-dimensional electron gas (2DEG) by means of an inductive coupling technique. It was
found that in the absence of nearby metallic plates, such as gates, the total nonequilibrium Hall curren
is carried by 2DEG extended bulk states. The effects of potential screening on the current distribution
are demonstrated. The spatial distribution of the Hall current, as monitored by the voltage developed
across a small pickup coil, resembles the electrodynamic current distribution at zero magnetic field.
[S0031-9007(98)07888-0]
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The way current is distributed across a Hall ba
in the integer quantum Hall effect (IQHE) [1] was a
question in dispute since the discovery of the effect. Tw
contradictory models have been proposed to describe
spatial distribution of the Hall current. The bulk-stat
picture [2–6] considered the edges of a two-dimension
electron gas (2DEG) sample to be of no importanc
whereas the edge-state picture [7–13] suggested that
Hall voltage drops over a narrow region in the vicinit
of the physical boundaries of the sample. The latt
means that the Hall current flows in these narrow regio
which are called the edge states. During the past deca
experiments aimed to probe the current distribution a
electrostatic potential profile of a 2DEG in the IQHE use
various measuring techniques [14–23].

In the presence of an external applied magnetic fie
the current in the sample contains two parts. The fi
part is a diamagnetic current, i.e., an equilibrium curren
which exists in a closed Hall bar sample. This part, whic
flows near the edges of the sample, is a consequence of
edge confining potential [7]. The width of the edge regio
is of the order of a few magnetic lengths. It is a commo
belief that the equilibrium current is confined to the edge
The second part is a Hall current which is generat
or injected into the sample. This is a nonequilibrium
component and its spatial distribution could be ve
different from the distribution of the equilibrium part
The experiments described below are sensitive only to
distribution of the nonequilibrium part of the Hall current

Recently the authors proposed a new inductive coupli
method to probe the spatial current distribution in a 2DE
at IQHE conditions [24]. This experimental techniqu
couples a tiny pickup coil to a 2DEG. We monitore
variations of the pickup coil voltage, induced by a
alternating Hall current in the sample. The pickup sign
depends on the amplitude and frequency of the curre
and on its spatial distribution.
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Using the inductive coupling technique, we have show
[24] that for a Corbino geometry in the IQHE regim
the current distribution is extended into the bulk of th
sample. The conclusions from that research included
following: (i) in the IQHE plateaus, the extended state
at the Fermi energy are located only at the edges of
sample; (ii) in this regime, the bulk states at the Ferm
energy are localized. However, the extended bulk stat
at the Landau levels below the Fermi energy, carry
substantial amount of the Hall current. The distribution
the Hall current in the bulk depends on the details of t
electrostatic potential. The latter is strongly influenced
the geometry of the sample and by the attached conta
and gates. It was found also that the extended bulk sta
below the Fermi energy cannot screen external appl
electrostatic fields in the 2DEG plane.

The role of edge states versus extended bulk states in
IQHE can be quite different in a Hall bar geometry samp
In a Hall bar sample the electrical current is usual
fixed and both the longitudinal and transverse voltages
measured, whereas in a Corbino disk the voltage betw
the inner and outer Ohmic contacts is kept fixed, a
a Hall current is induced along the azimuthal directio
(usually it is not measured). Hence, the current injecti
mechanism into the Hall bar sample can enhance the rol
the edge states as current-carrying states. Figure 1 sh
a schematic view of the experimental setup. It includes
pickup coil and a 2DEG sample. The back gate shown
Fig. 1 was present only in the relevant experiment. T
2DEG samples used in this study were fabricated fro
GaAsxyAl 12xGaAs heterostructures. Rectangular shap
samples with typical dimensions of10 3 5 mm2 were
cleaved from the wafer and Ohmic AuyGeyNi contacts
were alloyed along the edge, as shown in Fig. 1. T
source-drain Ohmic contacts were alloyed along the ed
opposite to the coil, in order to increase the experimen
sensitivity of the pickup coil signal to changes in the spat
© 1998 The American Physical Society 5201
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10 mm

H (external dc field)

Pickup Coil

10 mm

2DEG

0.4 mm

I(ac)

Back gate (optional)
5 mm

FIG. 1. The experimental setup. The pickup coil was electro
statically shielded and is coupled to the 2DEG only inductively

current distribution. The back gate, located 350mm below
the 2DEG, was at ground potential in all relevant measur
ments. Figure 1 depicts the dimensions of the pickup co
and the distances between the sample and the coil. T
pickup coil was made from 3000 turns of a copper wir
having a diameter of 50mm winded around an insulating
core. The coil was placed,400 mm above the physical
edge of the sample. The schematic drawing of the samp
represents a typical Hall bar sample used in this study.

An alternating current at frequencyf0, driven between
these Ohmic contacts, produced a time-dependent alt
nating magnetic flux at the pickup coil. The latter induce
an electromotive force (emf) at the pickup coil circuit
That emf signal was measured by a standard lock-in tec
nique. The calibration constant was180 6 10 nvymA at
26 kHz, when the total injected current flows undernea
the pickup coil. The error bar is due to small variation
of the sample’s size and its position relative to the coi
The pickup voltage varied with temperature and saturat
at low temperatures below 40 K. The calibration consta
given above was measured at liquid helium temperature

At first, we measured the current distribution in a
back gated Hall bar sample. Two samples were me
sured. The first sample (denoted as sampleA) had car-
rier concentration of2.4 3 1011 cm22 and mobility of
3.2 3 105 cm2yV s. The second sample (B) had carrier
concentration of1.8 3 1011 cm22 and mobility of 2 3

106 cm2yV s. These numbers were measured at 1.5 K

FIG. 2. The pickup voltage (left axis) and longitudinal resis
tance (right axis) versus the external magnetic field. (a) samp
A: solid line,1H, 1V ; dotted line,2H, 2V ; short dashed line,
1H, 2V ; long dashed line:2H, 1V . All configurations were
measured in the presence of a grounded metallic back gate
correspond ton ­ 2. (b) SampleB: solid line,1H, 1V ; short
dashed line,1H, 2V . Both traces correspond ton ­ 2. (c)
SampleB: solid line, 1H, 1V ; short dashed line,1H, 2V .
Both traces correspond ton ­ 4.
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The amplitude of the injected current wasI ­ 0.5 mA at
a frequency of 26 kHz at all experiments.

Figure 2 shows traces of the pickup coil voltage (le
axis) and the longitudinal resistance (right axis) versus t
external magnetic field for various directions of magnet
field and polarities of the applied voltage. Figure 2(a
presents traces measured for integer filling factorn ­
2 at 4.2 K. The traces fors1H, 1V d and s2H, 2V d
give the maximum signal at the pickup coil accordin
to our calibration constant. It means that within ou
experimental resolution theentireHall current flows along
the edge underneath the pickup coil. Note that1V
and 2V mean to change the grounded contact. T
same result is demonstrated for the high mobility samp
(sampleB) for n ­ 2 [Fig. 2(b)] andn ­ 4 [Fig. 2(c)]
at 2.17 K. The curves corresponding tos1H, 2V d and
s2H, 1V d in Fig. 2(a) show zero pickup signal, within
our experimental resolution. It means that theentireHall
current flows along the short edge opposite to the c
(cf. Fig. 1). The same result is shown to occur in th
high mobility sample (sampleB) in Figs. 2(b) and 2(c).
Note that according to the edge-state picture, half of t
current injected into the sample should flow along ea
edge. This in turn means that the voltage across the c
should have been about 45 nV, which is half of the fu
signal expected for 0.5mA of injected current at 26 kHz.
The fact that the Hall current flows alongoneof the edges
only contradicts the edge-state picture.

The explanation for the observed signal is based on
screening properties of the 2DEG. As mentioned befo
the 2DEG at the Hall plateaus cannot screen exter
electrostatic field in the bulk of a 2DEG. The edges a
conducting and are at sources6V d and drain (ground)
potentials correspondingly [24]. The potential at a give
point in the bulk 2DEG approaches the ground potential
the back gate, as the distance between this point and
edge becomes larger than the distance between this p
and the back gate. Therefore, the Hall voltage drops ov
a region (, 350 mm) at oneedge, which is biased by the
source voltage. Since both the bulk and the second e
are at ground potential, the electrical field is zero at th
edge. Therefore, the entire Hall current flows only alon
one edge. This Hall current, flowing at the edge in agated
2DEG Hall bar sample, should not be confused with th
so-called “edge” currents, discussed above. It is only t
proximity of a grounded equipotential plate (the back gat
which causes the Hall voltage to drop from the applie
voltage to zero within 350mm distance from the sample’s
edge. The Hall current, being proportional to the potent
gradient, is also expected to flow only at this region.

In order to resolve the question of bulk versus edg
states, as current-carrying states, it is therefore necess
to reduce undesired gating effects of the 2DEG. Becau
of the relatively large dielectric constant ofGaAs (´ ,
10´0), the most effective gating is produced by the bac
gate. Therefore, the back gate was removed, and
sample was attached to its holder using an insulating pa
ft
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Inductive measurements were performed on samp
without a back gate. The results are presented in Fig
We tested two samples with different mobilities in orde
to verify that the results are sample independent. T
samples used in this part of the research were sam
C [Fig. 3(a)] and sampleB [Fig. 3(b)]. The former
sample had carrier concentration of1.6 3 1011 cm22 and
mobility of 7.7 3 105 cm2yV s.

From both plots of Fig. 3 it can be concluded that th
distribution of the Hall current at the IQHE regime is no
much different from the electrodynamic current distr
bution at zero magnetic field. Within our experiment
resolution, the pickup signal remains constant at t
value corresponding to the current distribution at the dis
pative regime (rxx fi 0), which is governed by Kirchoff’s
law and is distributed in the bulk. Note that the value
the pickup voltage predicted by the edge-current mod
should be increased to 45 nV at the Hall plateaus,but no
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FIG. 3. The pickup voltage and longitudinal resistance vers
external magnetic field atn ­ 2. The samples were attache
to the sample’s holder by an insulating paste which preven
gating by a back gate. (a) SampleC. (b) SampleB.
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FIG. 4. The pickup voltage (left axis) and longitudinal re
sistance (right axis) versus the external magnetic field f
sample A. The range of the magnetic field corresponds
n ­ 2. Solid line, 1H, 1V ; dotted line, 2H, 2V ; short
dashed line,1H, 2V ; long dashed line,2H, 1V . The inset
shows a trace of the longitudinal resistance versus the magn
field up to 6 T. The sample was “partially” gated due to th
presence of a floating “back gate” formed by a silver paste.

change in the pickup signal was observed. Our resolut
provides us with an upper bound of 5 nV (the noise)
the relative change in the pickup voltage. Therefor
we can state that no more than 5% of the total inject
current flows at the edge. This experiment proves that
nonequilibrium Hall current in a Hall bar geometry samp
is carried by bulk states located below the Fermi level.

We have also performed experiments on the sam
with the metallic back gate (sampleA) which was left
floated (the potential at the back of the sample attain
undefined constant value). The experiment presented
Fig. 4 used a silver paste to hold the sample to its hold
The paste covered roughly half of the sample’s area at
center. Figure 4 indicated that as one enters the IQH
regime the current density is indeed weighted towards t
edges. Figures 2 and 4 are instructive since they dem
strate that any metals connected to a defined potentia
left floating, in the close vicinity of the GaAs substrate
significantly affect the electrostatic potential profile in th
2DEG. We would like to draw the attention of the reade
to the fact that almost all experimental setups in whic
IQHE has been observed do not meet the requirem
of having no gates or metallic holders, and therefore t
conclusions extracted from these experiments, regard
the electrostatic potential profile in the sample, should
taken with reservation.

To conclude, we performed inductive coupling mea
surements on a 2DEG Hall bar sample in the IQH
regime. We showed that the gating effects complete
change the electrostatic potential profile of the 2DEG, a
as a result the Hall current distribution is distorted. W
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also found that under the conditions, where the surroun
ing of the 2DEG contained no metallic plates (such as t
back gate), the current distribution in the IQHE regim
remained the same as in the dissipative regime. No red
tribution of the current was observed at the Hall plateau
These measurements prove that the Hall current at
IQHE plateaus is carried mostly by extended bulk stat
located below the Fermi level. In view of our results, w
believe that special care has to be taken in all experime
which aim to probe the current distribution in the dissipa
tionless regime of the IQHE.
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(GIF).

[1] K. von Klitzing, G. Dorda, and M. Pepper, Phys. Rev
Lett. 45, 494 (1980).

[2] H. Akoi and T. Ando, Solid State Commun.38, 1079
(1981).

[3] R. B. Laughlin, Phys. Rev. B23, 5632 (1981).
[4] R. F. Kazarinov and S. Luryi, Phys. Rev. B25, 7626

(1982).
[5] S. V. Iordansky, Solid State Commun.48, 1 (1982).
[6] J. Avron and R. Seiler, Phys. Rev. Lett.54, 259 (1985).
[7] B. I. Halperin, Phys. Rev. B25, 2185 (1982).
[8] A. H. MacDonald, Phys. Rev. B29, 6563 (1984).
[9] D. J. Thouless, J. Phys. C18, 6211 (1985).

[10] J. K. Jain and S. A. Kivelson, Phys. Rev. Lett.60, 1542
(1988).

[11] M. Büttiker, Phys. Rev. B38, 9375 (1988).
[12] D. B. Chklovskii, B. I. Shklovskii, and L. I. Glazman,

Phys. Rev. B46, 4026 (1992).
[13] K. Shizuya, Phys. Rev. Lett.73, 2907 (1994).
[14] G. Ebert, K. von Klitzing, and G. Weimann, J. Phys. C

18, L257 (1985).
[15] H. Z. Zheng, D. C. Tsui, and A. M. Chang, Phys. Rev.

32, 5506 (1985).
[16] B. J. van Wees, E. M. M. Willems, C. J. P. M. Harmans

C. W. J. Beenakker, H. van Houten, J. G. Williamson, C. T
Foxon, and J. J. Harris, Phys. Rev. Lett.62, 1181 (1989).

[17] B. W. Alphenaar, P. L. McEuen, R. G. Wheeler, and R. N
Sacks, Phys. Rev. Lett.64, 677 (1990).

[18] P. L. McEuen, A. Szafer, C. A. Richter, B. W. Alphenaar
J. K. Jain, A. D. Stone, R. G. Wheeler, and R. N. Sack
Phys. Rev. Lett.64, 2062 (1990).

[19] P. F. Fontein, P. Hendriks, F. A. P. Blom, J. H. Wolter
L. J. Giling, and C. W. J. Beenakker, Surf. Sci.263, 91
(1992).

[20] N. Q. Balaban, U. Meirav, H. Shtrikman, and Y. Levinson
Phys. Rev. Lett.71, 1443 (1993).

[21] S. Takaoka, K. Oto, K. Kurimoto, K. Murase, K. Gamo
and S. Nishi, Phys. Rev. Lett.72, 3080 (1994).

[22] R. J. F. van Haren, F. A. P. Blom, and J. H. Wolter, Phy
Rev. Lett.74, 1198 (1995).

[23] R. G. Mani, Europhys. Lett.36, 203 (1996).
[24] E. Yahel, D. Orgad, A. Palevski, and H. Shtrikman, Phy

Rev. Lett.76, 2149 (1996).


