PHYSICAL REVIEW B

VOLUME 27, NUMBER 10

15 MAY 1983

Quantized magnetoresistance in two-dimensional electron systems
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In a quantizing magnetic field, the resistance value of a two-dimensional electron gas between
any well-resolved magnetic levels in any open geometry is given by multiple fractions of h/e?.
Measurements in various geometrical configurations of Si(100) (metal-oxide-semiconductor)
transistor yield a well-defined and accurate plateau of these values.

Since the first report of the quantized Hall resis-
tance in a Si MOS (metal-oxide-semiconductor) sys-
tem by v. Klitzing et al.,! there has been considerable
interest in understanding the physical basis on which
this measurement yields the Hall resistance py, with
remarkable accuracy.™* For example, Laughlin? ex-
plained this phenomenon as a consequence of gauge
invariance and the existence of a mobility gap.
Halperin® extended Laughlin’s analysis to investigate
the existence of the extended states in a weakly
disordered two-dimensional (2D) system between
magnetic states and discussed the role of the edge
states in the quantized Hall conductance. All of the
explanations involve a coherent Hall current in a
nearly localized regime.

In this paper, we report a much simpler measure-
ment which gives exactly the same value as the quan-
tized Hall resistance of v. Klitzing et al. and Tsui
et al.> We measured two-terminal resistance of a pair
of contacts in any configuration of an MOS inversion
layer. For instance, in a conventional Hall bar, resis-
tance between any pair of contacts was measured
while the gate is biased against any of the inversion
layer contacts. Figure 1 shows two terminal resis-
tances between several pairs of these contacts at
H =15 T and 1.5 K as a function of gate voltage.
The sample is a Si(100) MOS field-effect Hall bar
structure. The Si substrate is 100-Q cm p type with
gate oxide thickness of about 1 um. The peak mobil-
ity is over 10* cm?/V's. The contact configurations
are shown in the inset of the figure. Prominent
resistance steps are shown with values
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where i is the number of filled magnetic states. The
values are reproducible and accurate for any pair of
terminals, in a limited step range to the precision of
our measurements, a few parts per 10°. Between
steps, resistance values vary among different pair of
contacts. Presumably it is due to the difference in
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various current paths when the system is not com-
pletely quantized. This result owes its origin to the
quantized Hall effect and may shed some light toward
the understanding of the phenomenon.

Consider the Hall bar geometry shown in the inset
of Fig. 1. If one applies a constant voltage between
the current probes (source and drain) at the quan-
tized Hall resistance step the entire voltage is mea-
sured across the Hall probes 1,5 or 2,4. Figure 2
shows such a measurement together with the Hall
resistance py, at 15 T as a function of gate voltage.
As reported by Englert and v. Klitzing® and by Tsui
and Gossard’ there is no potential difference between
resistivity probes 1 and 2 or 4 and 5. At the quan-
tized resistance steps, the externally applied voltage
will totally appear between any two probes on oppo-
site sides of the sample. As all the current passes
between the latter two probes, it follows that the ter-
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FIG. 1. Two-terminal resistance of Si MOS field-effect
Hall bar at H =15 T. The terminal pairs are marked on
each curve. The designations of the terminals are shown in
the inset for the sample sketch. The resistance steps for all
samples are shown to have values 4/ ie where the integer is
noted at the steps.
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FIG. 2. Hall voltage as a function of gate voltage at

H =15 T for supply voltage V,;, =10 mV. Also shown is the

Hall resistance Pxy with the steps at. the corresponding in-
teger as marked.

minals which supply the external driving current and
voltage are precisely defined by the quantized Hall
resistance pyy.

In a more general sense, consider an arbitrary
shape of 2D systems shown in Fig. 3. The current /
is supplied through a pair of contacts a and b. At the
quantized Hall steps the Hall voltage Vy=1p,, must
be developed along any arbitrary line between the
current contacts, i.e.,

d
J: Edl=Vy=Vy, .
Since Vy at ith step is also given by
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where N =eH /hc is the degeneracy of each magnetic
level and j, is the current density in the absence of
magnetic field, we conclude that the two-terminal
resistance
Vs Vi he
Rp=—-=—-=— . 3)
@y I ie?
The observed results of the quantized two-terminal
resistance of 2D electrons suggest a state of the sys-
tem at which the resistance between any pair of ter-

FIG. 3. Two-dimensional system of arbitrary shape and
arbitrary boundary contacts. The current / is applied
between a and b. Hall voltage Vj; equal to the applied vol-
tage ¥, at the quantum steps is developed between ¢ and d.

minals on the periphery is quantized and given by
h/ie? between i'" magnetic levels as long as the struc-
ture does not short out the Hall voltage (as is the
case for the Corbino disk geometry). The equiv-
alence of this to the Hall resistance not only makes
measurements in this effect simple but shows a spe-
cial property of the state between magnetic levels.
The system at this state is completely quantized and
has zero-dimensional freedom. A well-defined and
discrete current-voltage relationship between any two
points at the 2D boundary exists. The universality of
this property may well offer a clue to the origin of
the quantized Hall effect.
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