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Noise from backscattered electrons in the integer and fractional quantized Hall effects
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We report low-temperature experiments on noise (in equilibrium and in the presence of current Aow)

in Hall bars with 0.5-pm gates across them. The Hall bars were formed on high-mobility GaAs-
Al„Ga& As heterostructures, and by using the gate we were able to explore the noise characteristics
both in the integer quantized Hall effect and for fractional filling factors. In the integer quantized Hall
effect, the noise power exhibits plateaus where the resistance does, and it exhibits plateaus in spite of the
lack of clear resistance plateaus when the filling factor is fractional beneath the gate. The excess noise
found in the experiments is less than that predicted by the simple shot-noise formula.

Noise in resistors has been studied for many decades, '

and it has recently attracted some attention when the
resistor exhibits the quantized Hall effect. The quan-
tized Hall effect is a particularly interesting case because
it provides extremely accurate resistance values in a wide
variety of two-dimensional samples. In fact it is now
used as a standard for resistance and for the fine-
structure constant, so that ultimately, resistance noise in
this effect will limit the resolution to which the standard
can be read. The quantized Hall effect also forms an in-
teresting case because the usual diffuse scattering from
impurities and defects, which plays an important role in
the noise from classical resistors, does not affect the resis-
tance much (hence the very accurate quantization). The
quantized Hall effect can be viewed as a situation in
which the resistance is entirely due to the finite number
of charge-carrying channels (where each channel is
transmitted with probability of unity), so that there is no
reAection of the current by impurities anywhere in the
sample. A potential drawn up across the current path
by a gate [see inset to Fig. 1(a)j artificially reflects one or
more of the current channels. ' When a certain number
of channels is completely reAected, one also finds quan-
tized longitudinal resistance. The edge states propa-
gate not only without significant scattering, but without
much interchannel equilibration. Measurements of
equilibration lengths indicate that they can easily exceed
100 pm, which is more than an order of magnitude
greater than the equilibration length in the absence of the
quantized Hall effect. '

Noise in this essentially nonequilibrium system has
been studied at moderate temperatures, "' where noise
was measured in the integer-quantized Hall effect at tem-
peratures T~4.2 K. Related noise measurements on
ballistic electrons have been made in resonant-tunneling
structures' and in quantum point contacts' ' where
the shot-noise power density (the mean square fiuctuation
amplitude divided by the measurement bandwidth) is sub-
stantially smaller than one might predict with the simple
formula Sl—:((b,I) )Ib,v=2eI, where I is the current
through the resistor. ' ' Rather than the standard classi-
cal approximations, a more apt reckoning of the noise

comes from its relation to the transmission matrix that
governs the resistance. ' A complete description of the
noise in the quantized Hall effect, which includes the
effects of separate voltage and current probes, has been
given recently, and it too finds reduced shot noise.

We combine the barrier and quantized Hall effect ex-
periments and extend these measurements to lower tem-
peratures on a standard Hall bar (10 pm wide and 38 pm
long between the centers of the voltage contacts) with a
narrow Schottky contact gate (0.5 pm long) across it. By
applying a negative voltage to the gate, we deplete the re-
gion beneath it and raise a barrier to the current How

along the sample. The barrier reAects in sequence each of
the edge channels (Landau levels) where all the current
Aows —at least near equilibrium. As each edge channel
is reAected, ever larger quantized plateaus appear in the
longitudinal resistance RL =—R, 2 6 3 ( Vp

—V, )/13
(see the probe labeling in Fig. 1). In agreement with the
experiments on point contacts, ' ' we also find that the
shot noise is reduced below the value one predicts by as-
suming that the carriers are in equilibrium and that the
equilibrium noise (in the absence of current fiow) approxi-
mately tracks resistance measured by the probes. In ad-
dition, we find plateaus when the filling factor beneath
the gate is a rational fraction less than one, even though
no plateaus appear in the longitudinal resistance. More-
over, the shot noise does not simply track the longitudi-
nal resistance as one would predict for carriers in equilib-
rium.

Our experiments were performed on a small standard
Hall bar formed by wet etching of a two-dimensional
electron gas in a GaAs-Al Gai As heterostructure.
The Hall bar had a mobility of 132 m /V sec and a car-
rier concentration of 3.63X10' /m . The Hall bar was
10 pm wide, and it was spanned by a Schottky contact
gate (made of Ni-Cr/Au) 0.5 pm long. There were op-
posing voltage probes (8 pm wide ports) on either side of
the gate 15 pm away from its center as depicted in the in-
set of Fig. 1(a). Measurements of the Hall and longitudi-
nal resistances contained clear spin splitting of the Lan-
dau levels at B &2.3 T and some signature of fractional
occupation for 1&N &2. All measurements were made
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at RH —=824.6 3 Nh/e, and the longitudinal resistance
is zero. Any potential barrier raised by the application of
voltage to the gate rejects the edge states back toward
the source from which they were injected. If K edge
states are completely reAected, then the longitudinal
resistance measured across the gate is no longer zero, but
instead it too is quantized at
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FIG. 1. (a) The longitudinal resistance as a function of the
gate voltage at a field of B =3.75 T, where, in the bulk of the
sample, the Landau occupation was N=4. 0. As labeled, the
different line types refer to different rms ac currents enforced
through the channel. The inset contains a scale drawing of the
Hall bar; the dotted line illustrates the location of the gate level.
(b) Similar data for B =15.0 T, where the bulk filling factor is
N =1.0.

inside the mixing chamber of a dilution refrigerator in-
side a superconducting solenoid magnet, which was in-
side of an rf shielded room. For all measurements report-
ed here, the mixing chamber temperature was T+0.01
K.

At a certain magnetic field, in the bulk of the sample
(that part not beneath the gate) a certain number of Lan-
dau levels cross the Fermi surface, and these give rise to
the transport current. For integer occupation number
(when there are no extended states at the Fermi energy in
the bulk of the sample), the Hall resistance is quantized

For a magnetic field B=3.75 T, the bulk occupation was
X =4, and the application of a gate voltage generated a
series of plateaus in RL at rational fractions —,', , —,', and —,

'
as expected. Examples of such data are displayed as the
continuous line in Fig. 1(a). As the current impressed on
the channel increased, the quantization was gradually
suppressed until the classical Hall resistance was
recovered. The spin-split quantization is more readily
destroyed by the high currents; for instance, the plateaus
at V = —0.09 V and Vg & —0.25 V are killed by currents
of the order of 10 or 20 nA (and the Hall voltage is =0. 1

mV), but there is still some vestige of the plateau at
V = —0. 175 V for currents greater than 100 nA. There
are also more or less periodic oscillations between the
plateaus, which we suppose arise from Aharonov-Bohm
effects and backscattering beneath or near the gate ' as
the gate draws the Fermi level up around some propi-
tiously located impurity.

When the bulk occupation is %=1, there are also
current-dependent features in RI ( V ), but there are no
plateaus. Examples of these data appear in Fig. 1(b). We
associate the two main features (which are centered at
V~

= —0.21 and —0. 11 V) with partial reAection of edge
states having occupancy numbers —', and —,'. ' We sup-

pose that the fractional plateaus are not completely
formed because the transmission or equilibration of the
edge states is not ideal, and we further suppose that this
distinction from the integer case is a result of the many-
body correlation that results in the fractional states. The
gaps for the fractional effects are much smaller than for
integer filling factors, so potential variations beneath the
gate due to ionized donors might be more of a problem.
Given, however, that the fractional reflections have been
observed in larger samples, we doubt that this is the ex-
planation of our results. The fractional RI ( V~) features
are much more sensitive to current than for the integer
rejections, the classical resistance being nearly restored
at smaller Hall voltages (1 mV rather than 5 —6 mV). Re-
ducing the current to I =0.01 nA (where the voltage
drop is less than the nominal temperature of the dilution
refrigerator) caused further changes in the detailed shape
of the features, but no plateaus developed. It has been ar-
gued that there is no equilibrium fractional quantized
Hall effect in any quantum system. It may be that our
small sample size (effectively only the area beneath the
gate) allows enough quantum-mechanical interference to
disrupt the fractional quantization that is present in
larger samples where phase coherence of the carriers is
not important. The equilibration mentioned here is
different from the inter-Landau-level mixing, which
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occurs on much longer length scales (100 ftzm) in the in-
teger quantized Hall effect.

For the noise measurements, two of the voltage probes
[1 and 2 in the inset of Fig. 1(a)] on the same side of the
sample, but on either side of the gate, were connected to
the input of a room-temperature, battery-powered volt-
age preamplifier (Brookdeal 5004), and the output of the
preamplifier went through filters and a buffer to a com-
mercial spectrum analyzer (HP3582a) located outside of
the shielded room. The spectrum analyzer would only
measure up to 25 kHz and the nominal noise floor of the
preamplifier was 6 X 10 ' V /Hz. Because of the band-
width limits, the spectrometer never reached the white-
noise regime of the noise from either the sample or the
room-temperature calibration resistor (15 kQ wire
wound). Gate bias and current bias for the noise mea-
surements were applied by batteries, and these circuits
were isolated from all other electronics.

Examples of power spectra recorded when the bulk of
the sample was in the N =4 state are contained in Fig. 2.
Throughout most of the available region of the spectrom-
eter, the spectrum maintains approximately a 1/f depen-
dence, crossing over to an approximately white spectrum
only above 20 kHz. A 1/f dependence in this frequency
range is consistent with other measurements. ' Strictly
speaking, this places the data outside of the realm of the
available theoretical predictions, which are concerned
with the white region of the spectrum at higher frequen-
cies. The various spikes and corruptions of the 1/f
dependence seemed to result from external noise sources
and were picked up from the power connections of the
spectrum analyzer or by the antennae formed by the cir-
cuit wiring. It is clear that the barrier raised by the gate
affects the noise level more or less equally throughout the
frequency range. We attribute this to an increase in the
(white) Johnson noise which underlies the fiicker noise.
As the barrier height increases, so does the noise power,
and this is typical of all of our measurements. The
characteristic noise power density Sv is computed from
each such spectrum by averaging through the (relatively)

o o

~ B = 3.75 T (N = 4)
o B=15.0T (N=1)

quiet region between 20 and 25 kHz, and these are plot-
ted below to indicate the Johnson or excess noise levels in
the sample under the particular conditions (gate voltage
or current) being studied. There is a small remnant fre-
quency dependence of the spectrum in the region over
which we have averaged, but the contribution of this fre-
quency is about an order of magnitude smaller than the
changes in the white part of spectrum that interests us.
Since the spectrum is crossing over from 1/f to fiat in
this range, and the crossover depends on the gate voltage,
we have not attempted to extract the pure Johnson noise
by fitting and subtracting the Vg-dependent Aicker noise.
It was also not possible to fit Hooge's rule to the 1/f
spectrum and remove it, since the 1/f part of the spec-
trum did not increase as fast as R . Given all of these
open questions about the nature of the Qicker noise, we
think that it is wiser to display the raw data and issue this
caution that the noise plotted below is biased a few per-
cent higher as the gate voltage goes more negative.

The gate voltage dependence of the Johnson noise
power density was measured for bulk filling factors
N =4.0 and 1.0, and the results appear in Fig. 3. In each
case there are plateaus in S~(V ) approximately where
the longitudinal resistance contains plateaus. The abso-
lute calibration of the spectrometer and the noise temper-
ature of the sample were made by substituting a wire
wound, 15 kQ commercial resistor for the sample under
the assumption that its noise spectrum in the same fre-
quency range would indicate the Johnson noise from 15
kA at 292 K. Since the noise spectrum in the calibration
spectrum was not white (in fact, the 1/f roll-off was
slower than from the sample), the temperature calibra-
tion is on the high side. Applying this calibration and the
Johnson noise formula to the sample, we infer a sample
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FIG. 2. Noise spectra at T=1.2 K between two voltage
probes with no imposed current at several gate voltages. The
gate lies between the probes.

FIG. 3. Noise power densities averaged over the range be-
tween 20 and 25 kHZ for the bulk filling factors of 4.0 (V) and
1.0 (o ). There was no net current in the sample.
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temperature of about 0.4 K, which is rather high as ex-
pected.

The Sv( V ) approximately parallels RL ( V ), which is
essentially the prediction for the equilibrium noise given
by Buttiker. The Johnson noise density is proportional
to the two-probe resistance

St =4kTR t 2. t 2
~ h je [1V —(K+r)],

20

c' ~
V&

= -0,05 ( Rx10 )
o ~ 'ttg = -0.175

IO—0
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where R, z. t 2=RH(Vg=0)+RL(Vs) is the two-probe
resistance between the voltage probes. The formula al-
lows for the partial reflection of the highest Landau level
beneath the gate with probability r. The ratios of the
noise power densities between successive plateaus are ap-
proximately 2 for both steps. For 1V =4.0 in the bulk
and r =0, the formula leads to fractions 4 3

and —,',
which do not describe the triangles in Fig. 3 with great
quantitative accuracy. (Neither does the noise power
track the bare four-probe resistance. ) Nevertheless, the
increases in the noise density are of the right order of
magnitude, and we attribute them to mechanisms dis-
cussed by Buttiker.

For bulk filling factor 1.0, there are also plateaus in the
noise in spite of the absence of such plateaus in the longi
tudinal resistance. This is astonishing in view of the for-
mula above, but strictly speaking, the formula applies
only to the integer-quantized Hall effect. Taking the for-
mula as a guide, we would have expected the Johnson
noise to have about the observed amplitude and to have
features similar to the resistance curve. Instead of the
complicated structure present in the resistance, the noise
density is relatively smooth and indicates successively
reflected edge states of fractional filling factor —we sup-
pose —', and —,'. The reason for the difference between

RL(Vs) and Si (Vg) is not obvious. We would have ex-
pected that the reflection coefficient in the resistance
measurement was very near to the equilibrium value, and
that the further reduction of the measurement current
would not have lead to clearly defined plateaus at filling
factors —,

' and 2 that appear in samples with different
configurations. '

We also measured the shot noise between the voltage
probes in the presence of drive current. The usual formu-
la for the noise density SI=2eI does not describe our
data well at all. According to this the noise Sz should be
approximately proportional to the square of the four-
probe resistance, because R, 2. , 2 =RH( V~ =0)+RL ( Vg ).
Examples of the contradiction in the case of N =4 bulk
filling factor are presented in Fig. 4, where the open sym-
bols are Si,(I), and the solid symbols are RL(I). Clearly
the proportion between the resistance and the shot noise
is violated. The classical shot noise formula does not
even provide an order of magnitude estimate; for in-
stance, it predicts Sz-—3 nV /Hz for V~= —0.05 and
I=200 nA, which is more than 2 orders of magnitude too
large. We have found many instances where S~~RL
remains approximately true, but certainly there are many
where it is not. As is obvious in Fig. 1, frequently the
resistance decreases as the current increases owing to hot
electron effects: the quantized Hall effect becomes the
classical Hall effect. It is rare that the noise power drops
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FIG. 4. Selected comparisons of the excess (shot) noise power
density (open symbols) and the dynamic resistance measure-
ments (solid symbols) as a function of the dc current through
the sample. The classical shot noise is so much larger than the
observed signals that it is off the top of the graph even for
Vg

= —0.05 V.

as I increases, and on those occasions where it does it al-
ways increases as I approaches very large values and the
Hall resistance approaches the classical regime. Even
when the electron heating increases the resistance, there
is no guarantee that the shot noise will track as is demon-
strated by the V = —0.05 V data in Fig. 4.

Some sort of oddity in the shot noise is not too surpris-
ing in view of recent theoretical predictions that shot
noise should depend delicately on the transmission
coefficients in the quantized Hall effect. Typically it is
supposed to be below the classical value; this is in agree-
ment with our results. The precise form that was predict-
d 20

S,= " "" "' (V —V)
e [+—(K+r)]

suggests that the open circles in Fig. 4 should show no
effect at low current, because at V = —0. 175 an integer
number of Landau levels are reflected and the partial
reflection coefficient ~ =0 for all currents less than = 100
nA. This is reasonable and consistent with Fig. 4, where
nothing much happens until I)200 nA. In contrast, for
the Vg

= —0.05 V results, we would have expected
St - l/r to track the inverse of RL -r. (Since these data
are from the riser to the first plateau K =0.) In the low-
current regime I(20 nA, we do not expect the linear
response equations fo: the resistances to break down in
any serious way, so evidently, there is some other physics
to consider.

We have observed equilibrium excess noise in the quan-
tized Hall effect from a high mobility CxaAs heterostruc-
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ture Hall bar with a short gate. Clear integer plateaus in

Rl ( V~) and the absence of their fractional counterparts
indicate that the equilibrium or coupling range for the
integer-quantized Hall effect is different from that for the
fractional effect. The equilibrium noise power densities
in both the integer and fractional regimes are consistent
with recent predictions and with the notion of edge
states controlling the transport physics in both regimes.
The shot noise from the samples violates predictions

based on classical formulas. The shot noise results, how-
ever, are partly in agreement with these theoretical pre-
dictions, but one or two puzzles remain to be resolved.
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