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The diagonal and off-diagonal AC conductivity of two-dimensional electron
gases with contactless Corbino geometry in the quantum Hall regime

Christian Leth Petersen®
Mikroelektronik Centret, Technical University of Denmark, Denmark

Ole Per Hansen
The Niels Bohr Institute, Oersted Laboratory, University of Copenhagen, Denmark

(Received 29 April 1996; accepted for publication 15 July 1996

We have investigated the AC conductivity elements in the quantum Hall regime of two-dimensional
electron gases coupled capacitively to electrodes with Corbino geometry. The samples are GaAlAs/
GaAs single heterostructures, and the measurements are made at low frequencies, up to 20 kHz. The
diagonal conductivity is derived from magnetocapacitance measurements. It increases with
increasing frequency according to a power law at integer filling factors. The exponent of the power
law depends on both temperature and filling factor. Ratios between Hall conductivities at different
filling factors are obtained by inductive measurements of the circulating current. They are found to
agree with quantization in multipla @?/h at the integer filling factors. €1996 American Institute

of Physics[S0021-897@6)06320-7

I. INTRODUCTION proportional to the Hall conductivity if the magnetic field
changes with timésinceV X E= — gB/t). At integer filling
In this article we use a contactless method to investigatéactors wheres,,~0 this is the only contribution, and thus
the quantum Hall effect of a two-dimensional electron gaso,, can be obtained by measuring the transfer of charge
(2DEG). Such contactless techniques have recently been ajpetween the electrodéSThis charge transfer effect relies on
plied elsewhere, using the torque magnetometer métiod  very strong quantization in order to avoid backflow of charge
the inductive coil method. between the electrodes. Another approach is to short the
It is well known that the source-drain current of a probes on a Hall bar and measure the Hall current instead of
Corbino sample with a fixed magnetic field perpendicular tothe Hall voltage'?
the 2DEG plane depends only on the diagonal part of the We have detected the circulating current in our Corbino
conductivity tensor. This symmetry effect has long been usedamples with an inductive coupling. This current is basically
to detect the diagonal conductivity,, directly. a product ofo,, and the potential difference across the
The low frequency diagonal AC conductivity can be ob- 2DEG. The potential difference depends on the voltage divi-
tained by examining the magnetocapacitance of Corbingion between the impedances of the capacitive coupling and
samples with high-impedanceapacitive contacts. The con- 0f the 2DEG, which in turn is determined by the diagonal
version from capacitance to conductivity was previously acconductivity o,,. In the quantum Hall regime the variations
complished with either a discrétéor a distributed® imped-  In oy are much larger than imr,, and therefore the circu-
ance model. The distributed model as elaborated by Stern lating current will reflect the diagonal conductivity the stron-
one_dimensionaL but was used for the Corbino geometr)gest. As we shall demonstrate, it is, however, still pOSSibIe to
without analysis of the justification® derive the Hall conductivity at integer filling factors from the
A two-dimensional distributed model for capacitive cou- current.
pling to electrodes with Corbino geometry has been used for
many years to analyze nondegenerate 2DEGs on cryogenic
surface$® In the present work we shall adopt this so-called!l- EXPERIMENTAL SETUP
Sommer—Tanner mod&,which, to our knowledge, has not

previously been applied to degenerate semiCOI’]ducméaAlAs/GaAs heterostructures glued on top of a set of

ZDE.G.S' There is a §|gn|f|qant difference between the CONEorbino electrodes with a low-temperature gl(@eneral
ductivity results obtained with the Stern and Sommer-TanneEleCtric No. 7031 This sample preparation technique was
modells for certain sample geometries. .. . developed by TempletchThe sample holder with electrodes

It is harder to obtain the Hall conductivity,, directly. i shown in Fig. 1a). The radius of the disk electrode is 2.1
Usual Hall voltage measurements on Hall bars are not suite m; the inner and outer radii of the ring electrode are 3.1
since they give the Hall resistivity, and the usual Corblnoand 3.75 mm, respectively. We have used two heterostruc-

measurements only give the diagonal conductivity. tures with different characteristics: sample 1 with density of
However oy, can be made to appear by modifying the g 1. 115 11-2 and mobility of 11.2 T at 1.5 K, and

standard transport measurements. For example, the SOUrG&mple 2 with density of 1:410' m~2 and mobility of
drain current of a Corbino sample will contain a contributiongg -1 4t 1 5 K.

Our samples were square (X3.5 mnf) pieces of

The magnetocapacitance of the Corbino samples was
aElectronic mail: clp@mic.dtu.dk measured with a Thompson briddé*as shown in Fig. (b),
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FIG. 2. Real and imaginary parts of detector voltages ftahctapacitance

FIG. 1. () Corbino electrodes(b) capacitance bridge, an@) counter- brjdge apd(b) counterwound coiIs_as functions of the magnetic field ob-
wound coils for inductive measurement of circulating current. tained with sample 1 af=1.5 K, with a frequency of 10 kHz.

2DEG and the resistive impedance of the 2DEG. However,

while for the circulating current we have used two counter- o ;
: : . as we shall demonstrate, a quantitative analysis allows the
wound coils placed around the sample, the Corbino bein ; .
xtraction ofa,, from the coil voltage.

located in the center of one coil. This is illustrated in Fig.
1(c). The major contribution to the voltage across the coils
comes from the inductive coupling to the circulating current,
and the voltage is simply proportional to the curréampart The magnetocapacitance can be extracted directly from
from a 90° phase shift the bridge voltage, but in order to calculate the diagonal
The measurements were performed by a two-phaseonductivity from the capacitance some sort of model is nec-

lock-in detector with frequencies in the range of 2.5-20.0essary. We have used the distributed impedance model of
kHz at liquid He temperaturgd.5 and 4.2 Kand magnetic Sommer and Tanner, which is based on the idea that the
field strengths up to 7.5 T. The phase setting of the lock-i2DEG above the measuring electrodes is capacitively
detector was zero at all frequencies, and the voltage over theoupled to them with a capacitance per squég,. If an

IV. MAGNETOCAPACITANCE

1:1 transformer was 4.0 V root-mean-square. electrode is kept at potential, and the potential in the
2DEG is denoted by, this leads to the partial differential
equation

Ill. DETECTOR VOLTAGES

iwCD
Typical outputs from the circuits in Figs.(d) and Vav= (V=Vo). (1)

1(c) are shown in Fig. 2. The peaks in the voltages appear XX

at integer filling factors, i.e. at plateaus in the Hall conduc-If we assume cylindrical symmetr¥,®V is given by
tivity. The voltage from the capacitance bridge Figa)2 AV(r) 1 aV(r)
resembles the data from previous magnetocapacitance V2V= - ,
measurements.® No influence fromgB/Jt was observed.
Only one Shubnikov-de Haas period is observed in Figand we arrive at a Bessel differential equatigitlere we may
2(a), and it coincides with previous DC Hall-bar measure-note that the first order derivative in E() makes the dif-
ments on the same heterostructtft@his suggests that the ference as compared to the one-dimensional model of $tern.
electron density is not significantly perturbed by the elecdn writing down the solutions corresponding to the three
trodes. In Corbino samples with evaporated contacts, th€orbino areas, disk, gap and ring, we omit the second kind
stronger coupling could cause alternating depletion and erBessel term in the disk area, in order to ensure that the so-
hancement of the density under the electrotes. lutions remain finite at =0. This then results in three equa-
From Fig. 2 it is clear that the behavior of the coil volt- tions with five integration constants. Continuity requirements
age is qualitatively identical with that of the bridge voltage on V(r) and its first derivative at=r, andr =r, give four
apart from the 90° phase change introduced by the inductivequations for the determination of the constants. As a fifth
coupling. This is due to the division of the Corbino electrodeequation we use the requirement of charge conservation in
voltage between the capacitive impedance of coupling to théhe flow of current between the disk and the ring.

@

ar? rooor
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FIG. 3. Parametric plot showing the measured magnetocapacitaalie -
line) and a fit with the Sommer—Tanner modéashed lingobtained using 4
sample 1 af=1.5 K, with a frequency of 10 kHz. -9 r i
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FIG. 4. The frequency dependence of the diagonal conductivity at integer

wherel is the current through the Corbin¥; is the po- filling factors. The data were obtained using sample 1.
tential of the disk electrode, and, is the potential differ-
ence between the disk and ring electrodes. . .

We have investigated the i%ﬂuence of the square geomr-2 the requirement, in order that 'V/or can be neglected

. . ; in EqQ. (2), isr,/(r,—r4)>1. If the Stern model is used to

etry of the samples by additionally solving Ed) numeri- . . L : oo
cally in rectangular coordinates. The resulting values otderlve the diagonal conductivity of a system with a cylindri-

o ; . X . cal electrode that does not fulfill this requirement, the result
Cet coincide with those obtained analytically assuming cy- . : : e
cen becomes inaccurate. In particular for the ultimate limit
lindrical symmetry.

. . . r,=0 (a point disk electrodethe error in the calculated con-
Figure 3 shows a parametric plot of a typical magneto- Co o h . .
; . o - ductivity is around 300%. With the radii used by Goodall et
capacitance result along with a fit with E(B). As fitting 5 ,
. . al,”> we find the error to be only a few percent.

parameter we have used the radiysof the disk electrode.
The fitted value is 2.6 mm, to be compared with the geo-
metrical value of 2.1 mm. The fitted value does not have aV' DIAGONAL CONDUCTIVITY
direct physical significance, since all three radii are fitting  The diagonal conductivity can easily be derived from
parameters. We keep two of the effective radii fixed at theparametric plots like Fig. 3. This is so because the parameter
geometrical values in order to simplify the fitting procedure.of the experimental datdFig. 2) is the magnetic field,
The difference between the geometric and fitted radii isvhereas the Sommer—Tanner fit is parameterized by the di-
likely caused by a slight misalignment of the sample withagonal conductivity. The procedure for obtaining the magne-
respect to the electrodes, and by the fact that the dielectrimconductivity is as follows. Choose a magnetic field value
constant in the spacing between sample and electrodes is Bt and look at the corresponding experimental capacitance
that of vacuum, as assumed in the model. data point on the parametric pl@Eig. 3). Now determine the

The peaks in the capacitance data are not revealed iclosest model capacitance data point in the plot. This data
Fig. 3. This is so because the only changing parameter in thgoint corresponds to a value of the diagonal conductivity
capacitance is the diagonal conductivity, and therefore alb,,. Thus o,,(B) is obtained. Fig. 4 shows the result of
peaks lie on the same curve. Away from the integer fillingplotting the extracted values of the diagonal conductivity at
factors the diagonal conductivity is large, corresponding tdnteger filling factors as a function of frequency. It is seen
an almost pure capacitive sign@round 4.35 pF in this ex- how the conductivity increases with increasing frequency ac-
ample. At the integer filling factors the diagonal conductiv- cording to a power law. This has been observed
ity becomes significantly smaller, and the capacitance startsreviously®>® The exponents of the power laws are found to
to move out along a curve which is determined by the geomincrease as temperature falls, and are largest for the lowest
etry of the sample. filling factors. Thus, the stronger the quantization, the stron-

Previously, magnetocapacitance measurements on dger frequency dependence observed. There seems to be a
generate 2DEGs with Corbino geometry were analy2ed small departure from the power law dependence at the 20
with the one-dimensional Stern model, that was develope#Hz data points. However, it is not obvious whether this is a
for use on slim rectangular metal—-oxide—semiconductor fieldrue effect or an instrument artifact. Further measurements at
effect transistofMOSFET) structures. The Stern model can higher frequencies are needed to clarify this.
successfully be applied to thin ring electrodes with large ra- A possible objection to the presefaind previousresults
dii. For an electrode with inner radiug and outer radius for o,,() in the quantum Hall regime is that the measure-
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thato,, is constant over the extent of the peak, and thus the
plateau formation is also directly observable in the paramet-
ric plot of Fig. 5. It is possible to obtain quantitative results
for the Hall conductivity at the smallest integer filling factors

§ by using the Sommer—Tanner model.

/>\ VIl. OFF-DIAGONAL CONDUCTIVITY
2 ] The Sommer—Tanner model can be used to analyze the
>Q circulating current in the Corbino sampsGenerally it can
£ be written
i= a
1 ly= fo Jo(r)dr=oy,[V(0)=V(r3)], 4

where J, is the circulating current density. Thug is the
product of the Hall conductivity and the potential difference

-12 . : . : in the 2DEG between the center of the Corbino sample and
-9 -6 -3 0 the outer edge of the ring electrode. This potential difference
Re Vp (uV) depends only on the diagonal conductivity.

The circulating current corresponding to filling factor
one (o4, = e?/h) can be calculated with the Sommer—Tanner
FIG. 5. Parametric plot showing the inductive coil voltagelid line) and ~ model using the parameters obtained from the fits to the
fits with the Sommer—Tanner modetiashed lines from sample 1 at  capacitance data. This current can then be scaled to fit each
T=15 K, with a frequency of 7.9 kHz. of the observed peaks in the coil signal. The scaling factor
will be different for each of the peaks, and since the current

ments were all performed on electrons embedded in semias calculated for filling factor one, the scaling factor should

conducting material. At strong quantizations the conductivity®® given by

of the 2DEGs is so small that currents in the semiconductor =, (5

might influence the signal from the samples. Such a contri- ) - . . .

bution would have a frequency dependence similar to the on&nerev is the filling factor andy the inductive coupling. In

observed. Therefore, part of the frequency dependence couffder to get the absolute valuesiofi.e. o), it is necessary

originate from the semiconductor surroundings. to know the coupling constang. Unfortunately, y is not
Theoretical work on the frequency dependence has use_la'lown with sufflc_lent accuracy in the present experiment. It

the concepts of percolatibhand localizatiort5” However, IS however possible to determine ratios between Hall con-

a comparison with the experiments is not straightforward. ductiv_itie_s at differ_ent integer fiI_Iing factors_ without knowing
x- This is done simply by taking the ratios of the scaling

VI. CIRCULATING CURRENT

The circulating current in the Corbino samples was de- 3
tected by means of the counterwound coils. The voltage from o Sample 1
the coils should be simply proportional to the current, apart » Sample 2
from a phase turn of 90°. In reality there is an extra constant 2.5 1
contribution to the signal that comes from wires in the vicin- 8
ity of the coils. After having corrected for this contribution, & o | 4/2
and rotated the data to compensate for the inductive phase
turn, the result is as shown in Fig. 5. This graph is directly 2

) . : O L

proportional to the circulating current. The constant of pro-  © 1.5 M
portionality depends on the strength of the inductive cou- o
pling. £ 1t

The extra information present in the voltage from the 8
coils as compared with the voltage from the capacitance 1/2 A A
bridge becomes apparent by comparing Fig. 3 to Fig. 5. All 05
the peaks in the data depicted in the parametric plot of Fig. 3
lie on a single curve. In Fig. 5 on the other hand, each peak 0

has an individual curvature. This is direct evidence of an- 101
other changing parameter besides,. This extra parameter

is the Hall conductivity. It can also be seen that, for a given f (kHZ)
peak in the coil voltage, the curvature remains approximately

the same for the entire extent of th_e peak, i.e. a givgn p?aIkIG. 6. Ratios between scaling factors at various integer filling factors. The
moves back and forth along one single curve. This impliesemperature is 1.5 K.
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