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Observation of the integer quantum Hall effect by magnetic coupling to a Corbino ring
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Observation of the integer quantum Hall effect by magnetic coupling to a Corbino ring is reported. A
small solenoid is used to induce an ac azimuthal electric field in a high-mobility GaAs-Al Ga& „As Cor-
bino ring. The Hall voltage is measured between the inner and outer edges of the disk. The presence of
plateaus observed in the response is a clear indication that quantization in this geometry is the conse-
quence of bulk transport. The ac response and its frequency dependence are described by a model taking
into account the effect of the self-inductance and the capacitance of the Corbino disk.

I. INTRODUCTION

It is generally accepted that most four-terminal resis-
tance measurements on Hall bar devices operating in the
quantum Hall regime (e.g. , Refs. I and 2) can be de-
scribed using the edge-channel model of the quantum
Hall effect (QHE) proposed by Biittiker. In this model,
the transport properties of the sample are described in
terms of one-dimensional channels running parallel to the
sample edges. These channels are a consequence of the
upward bending of the Landau levels at the sample edges,
due to the confinement potential there. However, the
Buttiker model does not actually exclude the existence of
extended states away from the boundaries of a two-
dimensional electron gas (2DEG), rather, it asserts that
only edge states affect the accuracy of four-terminal resis-
tance measurements of the QHE in Hall bar topologies.
Therefore, experiments in which the edge channel model
is applicable will be unable to provide evidence for or
against the existence of states away from the boundaries
of a 2DEG.

Since the discovery of the QHE, there has been consid-
erable interest in the role of current carrying states in the
interior of a 2DEG. Early studies attempted to measure
the potential within a Hall bar by placing contacts across

the channel. However, such measurements can only be
performed at relatively high temperatures (above I K),
because the interior contact effectively decouples from
the 2DEG due to the low value of o.„„in the quantum
Hall regime.

If the topology of the 2DEG is changed from a Hall
bar to a Corbino ring, experimental situations can be con-
trived in which charge transport takes place in the ab-
sence of edge states and can be measured. Applying a
time-varying normal magnetic Aux to a Corbino ring will
give rise, by Faraday's law, to an azimuthal electric field
around the ring's channel. Because of the tensorial rela-
tionship of current to electric field in the quantum Hall
regime, the induced field causes a radial current to Aow
across the channel. This current, because of the ring to-
pology, is clearly edgeless.

The Corbino geometry was first used in gedanken ex-
periments proposed by Laughlin and Halperin, in
which a gauge invariance argument was put forward to
explain the QHE. It has been used in early experimental
studies by Syphers, Martin, and Higgins and Fontein
et al. Recently, renewed interest in the existence of
bulk states in the QHE, both experimentally and theoret-
ically, ' has highlighted the importance of the Corbino
geometry. It has been successfully used to measure the
Hall conductivity, o, , under QHE conditions by Dolgo-
polov et al. However, when compared with the wealth
of experimental work that has been performed on Hall
bar devices, it is surprising how little effort has been in-
vested in the Corbino ring where there is the possibility
of observing edge-free charge transport.

In this paper, we apply an ac technique to a Corbino
sample and present data, which clearly shows quantiza-
tion of the 2DEG under QHE conditions. Our experi-
ment creates a time-varying azimuthal electric field by us-

ing a small solenoid to modulate the Aux linking the ring.
A potential difference, arising from the displacement of
charge across the ring, is then measurable between the in-
side and outside edges. We observe well-defined voltage
plateaus at static magnetic-field values coinciding with
the Hall resistance plateaus in dc measurements. The
measurements are interpreted with the aid of a phenome-
nological model, that quantitatively describes the
response of the solenoid-Corbino system to an ac signal
by taking into account the self-inductance and capaci-
tance of the ring. It shows that the voltage plateaus ob-
served are a manifestation of the dissipation-free state of
the quantum Hall regime and that their amplitude is evi-
dence for the quantization of the conductivity of the
2DEG. Furthermore, it is shown that the ac technique is
highly sensitive to small values of the longitudinal resis-
tivity, p„, and can be used to probe the onset of break-
down in the QHE.

II. SAMPLE AND EXPERIMENTAL SETUP

The experimental details are as follows: The Corbino
ring is etched into a GaAs/Al Ga& As heterostructure
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FIG. 1. dc measurements of Hall Rz and longitudinal R,
resistances as a function of the magnetic induction B at T=0.3

K. The measurement configuration is shown in the inset.
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with internal and external radii of, respectively, r& =4
mm and r2 =5 mm. Four pairs of AuGeNi contacts" are
arranged at 90' intervals, around the ring's periphery. At
a temperature of 4 K, the 2DEG mobility was p =42 T
and the charge density n =4.8X 10' rn . The Corbino
sample is mounted coaxially in the middle of a 1000-turn
superconducting solenoid, which produces a field of
B =53 pT per mA. The whole setup is located in the
center of a 14-T superconducting magnet (static field B ),
in a bath of He at a temperature of 0.3 K.

As a test of the sample quality, dc measurements of the
longitudinal resistance, R, and the Hall resistance, Rh,
were made as a function of B and are shown in Fig. 1.
These measurements used current contacts and voltage
probes located on the outer edge of the Corbino disk, as
shown in the inset of Fig. 1. This configuration is similar
to the usual four-terminal configuration for measure-
ments on a Hall-bar sample. The presence of the inner
edge is of no importance: it is decoupled from the outer
edge and the resistance is quantized at the usual values. '

These measurements attest to the high degree of homo-
geneity in the sample in spite of its large size.
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FIG. 2. Real and imaginary components of the voltage V„as
a function of the magnetic induction B for a range of frequen-
cies from 1 Hz to 1 kHz. The measurements configuration is
shown in the inset. The modulating field is B =212 pT. For
clarity, only the 1-kHz data have been displayed below B=4 T.

plateaus are manifestations of the dissipation-free state of
the quantum Hall regime (R „=0). The Corbino ring is,
in this case, behaving as a pure inductance and the volt-
age V, is proportional to an azimuthal current via the
Hall resistance Rz. The amplitude of a plateau may also
be thought of as a measure of the quantity of charge
crossing the ring due to the modulation in the magnetic

III. RESULTS AND INTERPRETATION
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Figures 2, 3, 4 display ac measurements made on the
sample. In these figures, the voltage V„ is measured be-
tween the edges of the Corbino ring and is represented in
terms of two phase components: Re( V„), the real com-
ponent, which is in phase with the solenoid current I
and Im( V„), the imaginary component of V„, in quadra-
ture with I . In all measurements, the amplitude of I
was kept at 4.0 mA, producing a field of B =212 pT.
The resulting induced azimuthal electric field was on the
order of E = 5 nV/cm at a frequency of v= 1 Hz.

It is apparent in Fig. 2 that for certain values of B, V„
becomes entirely real (i.e., in-phase with I ) and exhibits
plateaus, which coincide with those of R& in the dc mea-
surements of Fig. 1. It will be shown below that these
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FIG. 3. Frequency dependence of the i =2 and i =5 plateaus
at T=0.3 K. The inset shows an expanded scan of the i =2 pla-
teau up to 100 kHz.
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FIG. 4. Comparison between the experimental data and
model predictions. The upper part shows the real and imagi-
nary components of the experimentally measured V„. The lower
part shows calculated values of the same quantity. The compar-
ison has been made at two diA'erent frequencies: 111 Hz and 1

kHz. For clarity, only the 111-Hz data have been displayed
below B=4 T.

A better understanding of these measurements can be
gained by considering a model of the Corbino ring-
solenoid system. For the Corbino, voltage to current re-
lationships can be written as

V =R „I +R~I„,
Vr R p Iy +Rxx Ir (2)

where I, and I are the radial and azimuthal current, V„
and V are the radial and azimuthal voltages. V is re-
lated to the total Aux threading the annulus 4 by
V = d& /—dt and the total Aux can be written as

+LI, where 4 is the external modulating Aux,
LI is the Aux due to the diamagnetic currents in the
2DEG, and L is the self-inductance of the Corbino ring.
The external ftux 4 linking the Corbino is related to I
by the mutual inductance M: @ =MI . The capaci-
tance, C, of the ring edges and the attached voltage cables
plays a crucial role. It is incorporated in the model by
writing

V, =ZI„ (3)

ja)MR~ I
V, = (R „+jcoL) (1—jcoCZ )

where

(4)

R~~+R~ +jmLRxx
Z.=

R„+jcoL

with Z=1/jcoC, which represents a capacitive element
connected between the edges of the ring. To obtain an
expression describing the voltage measured across C, we
solve expressions (1), (2), (3), and, assuming an ej ' time
dependence for all the fields, we obtain

induction. This charge is measured as a potential
di6'erence, which will depend on the capacitance at the
sample edges.

According to Laughlin, an integer number of charges
cross the channel for every quantum of Aux change,
P=h/e. This explains the increasing height of the low
index plateaus in Fig. 2. However, as B decreases pla-
teaus become narrower, as do the dc Shubnikov —de Haas
oscillations in Fig. 1, and the higher index peaks show
sharply decreasing amplitude with decreasing B. We at-
tribute this to breakdown of the QHE at lower critical
current values for these plateaus, which leads to
significant values of R„and to a reduction in the ampli-
tude of V, .

In Fig. 2, Im( V„) is seen to have peaks that Aank the
plateaus in Re( V„). The position of these peaks is fre-
quency dependent, tending to increase separation as the
frequency is increased. Also, both Re(V„) and Im(V„)
clearly show greater detail of the high-order plateaus
when the frequency is increased. For example, at v=1
Hz no signature of plateaus with index larger than i =20
has been seen, whereas at v=10 kHz (not shown in Fig.
2) we have observed peaks up to i =60.

In the limit R„&&coL, which occurs in the region of the
QHE resistance plateaus, expression (4) can be simplified
to

M 1 ICR, - (6)

This result shows that V, will be in antiphase and directly
proprotional to I . Given that 1/R& =ie /h, where i is
an integer, the incremental change in plateau height, as i

increases, should be constant. Also, the independence of
V„on frequency is worth noting. This perfectly agrees
with Laughlin's description in which the quantity of
charge transferred across the channel depends on the
change in Aux AN, not on the rate of change of Aux,
d C /dt. '

As R increases, the magnitude of V„decreases and at
the same time the dissipation introduces a component in
quadrature with I . It is' evident from Eqs. (4) and (5)
that a change over from purely real to mixed real-
imaginary behavior in V„will occur when R„„=~L.
This explains the increasing separation of the peaks in
Im( V„) that flank the plateau in Re( V„). It also explains
the frequency dependence of the i =5 peak in Fig. 2.
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This peak is barely visible at 1 Hz, but clearly emerges at
1 kHz, the eff'ect being more pronounced in Im( V„). In
this case, R„ is comparable to coL at these frequencies.
Similar changes in plateau width have also been observed
when V„was measured as a function of temperature at
fixed frequency. The plateaus became narrower as the
temperature increased, although their amplitude
remained constant. In this case, the change in plateau
width can be ascribed to increasing R with tempera-
ture.

The frequency dependence of the i=2 and i =5 pla-
teaus is presented in Fig. 3. For i =2, the most striking
feature is the frequency independence of V„. In perfect
agreement with the prediction of Eq. (6), this behavior is
observed over almost two decades of frequency, namely,
between 50 Hz and 2 kHz. The frequency dependence
occurring above 2 kHz is due to the first resonance of the
solenoid coil at 70 kHz, as shown in the inset of Fig. 3.
The attenuation of the signal below 50 Hz is due to the
finite input impedance RJ of the lock-in amplifier used.
This can be seen by considering that the voltage mea-
sured at the Corbino edges is shunted by the capacitance
C, by RL and by the Corbino source-drain impedance
Z, =(2vro „„) 'ln(r2/r, ). The last term may be neglect-
ed on plateau i =2, where we have measured Z, & 10' Q
at T=0.3 K. At low enough frequencies, when
RL ( I/AC, the input impedance of the lock-in modifies
the response of the circuit and the measured voltage de-
creases. With RL =100 MQ and C=0.25 nF, deviations
are expected at around 40 Hz, in very good agreement
with the behavior depicted in Fig. 3. For the i =5 pla-
teau the situation is rather di6'erent. The condition
R „«coL is not satisfied over the whole range of
measuring frequencies and as a result no saturation of the
measured voltage is observed.

The change over from a frequency-independent regime
to one in which the amplitude of the signal becomes pro-
portional to the frequency can be readily understood by
considering the e6'ect that a nonzero value of R will
have on the azimuthal current Aowing around the ring.
In this case, there will be a component of the azimuthal
current that depends on the induced azimuthal electric
field, and hence on frequency through d @/dt. The
change over will occur when co=R /I. , which, at 100
Hz and with L = 15 nH, probes resistance values on the
order of pQ.

The high sensitivity of this magnetic coupling method,
to changes in R„,makes it an ideal probe into the early
stages of breakdown of the 2DEG. The method allows
I to be varied by changing the amplitude of I, and to
investigate small resistance changes by frequency-
dependent measurements. Furthermore, the ring
geometry requires no contacts for the injection of current
in the 2DEG, which eliminates the strong dissipative re-
gions that always occur at the diagonal corners of a Hall
bar sample, due to squeezing of equipotentials near the
metal-2DEG interface.

Figure 4 shows a comparison, at two di8'erent frequen-
cies, between the theoretical expressions (4) and (5) and
the ac measurements of Fig. 2. The values for R and
R& used to calculate V, were taken from the dc measure-
ments of Fig. 1 and the ratio M/C has been adjusted to
reproduce the value measured for V„on the i =2 plateau.
With only one adjustable parameter, the agreement be-
tween the model predictions and the experimental data is
quite remarkable. The plateaus in Re( V„) and the associ-
ated peaks in Im(V„) are very well described: The in-
creasing plateau height with plateau index is seen at high
field, as is the change over to decreasing peak height
below 8 =2 T. The frequency dependence of Re( V„) and
Im(V„) is also well reproduced, including the striking
behavior of the i =5 peak. It is apparent in Fig. 4 that
broadening of the plateau occurs with increasing frequen-
cy and that the peak height, of those regions that are not
fully developed as plateaus, increases.

There is, however, a clear discrepancy between the ex-
perimental data and the model predictions for the magni-
tude of Re(V„) on the plateaus in the high-field region.
In agreement with our analysis, the experimental data do
display a constant incremental change of amplitude as
the plateau index increases. However, this increment
should, if our model is complete, be equal to one-half of
the amplitude of the i =2 plateau. Clearly, the experi-
mental data show a value that is significantly less than
this. The origin of this constant off'set is not yet under-
stood and deserves further study.

IV. CONCLUSIONS

In conclusion, the observation of the QHE by magnetic
coupling to a Corbino ring has been reported. A phe-
nomenological model has been developed to describe the
ac response of the Corbino ring and measurement system,
and a clear signature of the dissipation-free regime of the
QHE has been observed in the form of voltage plateaus.
These plateaus result from charge movement across the
ring giving evidence that the QHE can exist as a conse-
quence of bulk charge transport. Moreover, it has been
shown that the self-inductance of the Corbino disk plays
a fundamental role in interpreting the frequency response
of the system. The magnetic coupling method, because it
is highly sensitive to small changes in the longitudinal
resistance of the 2DEG, is potentially a powerful tool for
the study of the onset of breakdown phenomena in the
quantum Hall regime.
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