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Experimental Test of the Quantum Shot Noise Reduction Theory
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The quantum suppression of shot noise predicted for mesoscopic conductors is observed using
absolute measurements of the equilibrium and nonequilibrium electrical fluctuations of a quantum point
contact. The small energy (30 600 mK) and low frequency (1 10 kHz) used for measurements allow
for a reliable quantitative experimental confirmation of the quantum noise theory. The noise reduction
factor is found to be in excellent agreement with theoretical expectations, evolving from nearly unity at
low electronic wave transmission to nearly zero on a conductance plateau.

PACS numbers: 72.70.+m, 05.30.Fk, 73.23.Ps, 73.40.Lq
h

ic

o
ia
a
i
i
t
s
a
s
h
l

n

c
rr
ta
e
io

b
c
-

it
r

o

e

e,
ure

-
on-

t-
he

ts
ve
m
ch
is-
r-

und
to
ed
igh
1].
d-
at
k-
a-

um

an
on
uist
ture
on

es
Shot noise refers to the time-dependent fluctuations
the electrical current as a consequence of theparticle
nature of the electrons. In a quantum conductor, it
expected to provide information complementary to t
current which probes the transmission of electronwaves.
In particular, shot noise is sensitive to the carrier statist
A recent striking prediction is that the Pauli exclusio
principle correlatesthe flow of electrons participating in
the currentI [1–6]. As a result, the spectral density
current fluctuations is reduced below [1] the Poisson
value SI ­ 2eI, which characterizes noise in classic
conductors like vacuum diodes [7]. The aim of th
work is to show the quantum suppression of Poisson
noise and to provide an accurate experimental test of
quantum noise reduction theory in mesoscopic system

A quantum conductor, defined over the size of the c
rier coherence lengthlf, elastically scatters the wave
of the incoming carriers emitted by the left and rig
leads, thus producing electrical resistance. The mu
channel Landauer formula [8] relates the conducta
G ­ 2e2yh

P
n Tn to the transmissionTn of thenth prop-

agating mode at the Fermi energy. Associated with s
tering, a partition noise is generated because a ca
emitted by a reservoir in an initial incoming state is s
tistically scattered into one of the final outgoing stat
The complete shot noise is in general the combinat
of the thermal emission noise of the reservoirs and
the partition noise regulated by Fermi statistics. At ze
temperature, however, the flow of carriers emitted
the reservoirs becomes noiseless and shot noise rea
the partition noise limit. For a single conduction chan
nel, a noise reduction factor1 2 T1 from the Poissonian
valueSI ­ 2eI is expected with vanishing noise for un
transmission. For many channels the reduction factoP

n Tns1 2 Tndys
P

n Tnd [1,2]. For a diffusive conductor
it is 1y3 on average [3]. For a macroscopic conductor
sizeL a further (classical) reductionlfyL occurs as each
region of length equal tolf produces uncorrelated nois
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At finite temperatureT , the complete quantum shot nois
written as equivalent Johnson-Nyquist noise temperat
T p ­ SIy4GkB, is [4,5]

Tp ­ T

"
1 1

P
n Tns1 2 TndP

n Tn

√
eVDSy2kBT

tanhs eVDS

2kBT d
2 1

!#
,

(1)

where eVDS is the difference in chemical potential be
tween reservoirs. Note that Eq. (1) reduces to Johns
Nyquist noise SI ­ 4GkBT for T ¿ eVDSy2kB. For
eVDSy2kB ¿ T , the noise increases linearly with vol
age (or current) and the reduction factor is given by t
asymptotic slope ofTp versuseVDSy2kB.

While theory is now well advanced, few experimen
are available. Low frequency measurements [9] ha
found indications of noise reduction using a quantu
point contact (QPC), a ballistic quantum conductor whi
offers good control of the conduction channel transm
sion Tn. However, they failed to observe the characte
istic linear variation ofSI with current because of1yf or
telegraphic conductance noise. Shot noise has been fo
in a diffusive conductor with a reduction factor close
1y3, but in the incoherent transport regime [10]. Reduc
shot noise has been recently observed in a QPC at h
frequency using 10 GHz bandwidth measurements [1
The oscillatory variation of the noise observed for mo
erate transmission qualitatively follows predictions but,
low transmission, the recovery of full shot noise was lac
ing probably due to the high voltage bias used for me
surements. Up to now a quantitative test of the quant
reduction of shot noise was missing.

The present experiment fills this gap and provides
experimental validation of the theory. A noise correlati
technique allows us to perform absolute Johnson-Nyq
and shot noise measurements with noise tempera
resolution of 10 mK on a QPC realized in a 2D electr
gas (2DEG). The measurement energy range, 50 tim
© 1996 The American Physical Society
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smaller than used in previous experiments, and the
frequency meet the requirement of the linear transmiss
regime and dc limit for reliable comparison with theor
The shot noise, white over at least one frequency dec
varies linearly with current for voltageVDS . 4kBTye.
It shows a crossover to Johnson-Nyquist noise forkBT .

eVDSy2 in excellent agreement with the predictions. T
shot noise, Poissonian at low transmissionT1, shows
the expected1 2 T1 reduction at larger transmission
For

P
n Tn . 1, electron heating becomes important b

can be quantitatively included. Good agreement w
predictions for an ideal QPC is recovered with a sm
magnetic field improving the conductance quantizat
and the 2D thermal conduction.

The QPC is realized by electron beam lithograp
using a split gate scheme [12] in a high mobility
d-doped GaAsyGa(Al)As heterojunction. The 100 nm
deep 2DEG of density1.1 3 1015 m22 and mobility
200 m2 V21 s21 has a Fermi energy of 45 K and elast
mean free pathle . 12 mm. The measurements dete
the spectral density of the voltage fluctuations across
QPC at fixed transmission for a series of fixed curre
[13]. They are realized in the spirit of noise thermomet
First, at zero current, the equilibrium noise is measu
while sweeping the temperature from 30 to 600 m
The accurate knowledge of the voltage gain provide
check that the Johnson-Nyquist relationSV ­ 4kBTyG is
obeyed for the mesoscopic conductor within a few perc
accuracy. Then, at fixed temperature, the current is sw
and SV is converted into temperature using the previo
calibration. The absolute noise measurements are lim
only by the thermometer accuracy and statistical errors

To ensure accuracy and reliability, the voltage fluctu
tions of two symmetric pairs of contacts located20 mm
from the QPC are independently measured by two ul
low noise amplifiers and a spectrum analyzer calcula
the cross-correlation spectrum of the outputs as show
Fig. 1(a). This technique removes from the detected
nal the uncorrelated voltage noise of the amplifiers and
thermal noise of the leads. Using the calibration abo
the noise temperatureT p can be reliably extracted from
the total detected signal4kBTpyG 1 Sc

I yG2. HereSc
I is

the small white current noise of the external circuit n
removed by correlation. Typically,Sc

I y4GkB . 450 mK
for G ­ 2e2yh. Drifts in G and Sc

I , less than 1%,
lead to errors below the statistical errors.TN sDftd21y2

.6 mK for a bandwidthDf acquisition timet product of
2 3 105 and detector noise temperatureTN (TN ­ 2.3 K
for G ­ 2e2yh). The measurements, in the kHz fr
quency range, show negligible1yf noise because of th
small currents and temperatures used. Indeed, the
ductance noise spectral densitySG , kBTyf [14] gives
a 1yf to shot noise ratio scaling asIkBTyf: By using
currents and temperatures 50 times less than in prev
experiments, the 100 kHz1yf corner frequency typically
observed [9] is lowered below 100 Hz. Finally, an impo
z
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FIG. 1. (a) Schematic measurement circuit. (b) QPC cond
tance vs gate voltage forH ­ 0. The black points show the
values ofG and gate voltage where noise is studied.

tant point contributing to the success of the experimen
the efficient low temperature photon filtering, from radi
frequency (100 MHz) to far infrared (THz) range. Loss
microcoaxes for all leads and a shielded low temperat
experimental box result in a photon temperature close
the sample temperature [15]. This filtering ensures th
malization of electron traps contributing to1yf noise and
reduces the broadband voltage fluctuations from the
parts of the external circuit which on microscopic tim
scales may affect electron transport [16,17].

Figure 1(b) shows the two first plateaus of the QP
conductance versus gate voltage measured at 38 mK
zero magnetic field. The black points correspond to
fixed values ofG where the noise is studied. Here
the QPC conductance is calculated from an ac lock
measurement of the resistance. The differential resista
changes by less than 5% as the dc current is va
maintaining the bias voltageVDS less than100 mV. For
the following noise measurements whereeVDSy2kB ,

600 mK this ensures that the transmission is nearly ene
independent. But, for better accuracy, the different
conductance is monitored during noise measurements
kept constant using gate voltage feedback.

Figure 2 shows the results of noise measurements f
conductancee2yh corresponding to a transmissionT1 ­
1y2 of the first mode. The voltage fluctuation spectr
densitySV , averaged over a 500 Hz bandwidth around
kHz, is plotted versus the dc current. The three ser
of experimental points correspond to sample temperatu
of 38, 80, and 180 mK. At low temperature, the noi
varies linearly with current within the statistical accurac
The slope ofTp ­ SV Gy4kB plotted againsteVDSy2kB

is found to be 0.49. It is smaller than the unit slop
expected for Poissonian shot noise and very close to
2779
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FIG. 2. Spectral density of the QPC voltage fluctuations, a
expressed as noise temperature, for transmissionT1 ­ 0.5 and
for T ­ 38, 80, and 180 mK, as a function of the current o
of the average voltage expressed in relevant temperature u
The dotted lines, not fits, are predictions of Eq. (1).

predicted value of1 2 T1 ­ 0.5. At 4 and 9 kHz a
similar study gives values of 0.50 and 0.52, respective
This consistency accurately confirms that the noise
white over this frequency range. When increasing t
temperature the zero bias noise increases according to
Johnson-Nyquist formula. For finite bias, the variatio
with I shows the crossover from a quadratic to nea
linear law whenVDS . 2kBTye. This demonstrates the
predicted transition from Johnson-Nyquist to shot nois
We emphasize that the three dotted curves are not fits
a comparison of the data with Eq. (1) usingT1 ­ 1y2
(there is no adjustable parameter).The agreement with
theoretical expectations, within the calculable statistic
deviations, is nearly perfect.

The transition from nearly suppressed shot noi
to nearly classical shot noise is well demonstrat
by Fig. 3, which shows the data in temperature un
for transmissionsT1 ­ 3y4, 1y2, 1y4, and 1y6 at low
temperature. When decreasingT1, the slope of the
linear variation with current increases as predicted,
contrast with the high bias result of Ref. [11]. From
the best slopes using only the data foreVDS . 3kBT ,
one finds noise reduction factors of0.25, 0.49, 0.74,
and 0.86, respectively. The excellent agreeme
with the 1 2 T1 prediction is also demonstrated b
the comparison with the dotted curves calculated us
Eq. (1). This is also shown by Fig. 4 where the reductio
factor (filled triangle) is plotted as a function of the QP
conductance normalized to2e2yh, i.e.,

P
n Tn. The

dotted curve is the calculation for an ideal QPC wher
when increasing transmission from zero, each mode
2780
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FIG. 3. QPC noise temperature vs bias in temperature un
for Gys2e2yhd ­ 1y6, 1y4, 1y2, and3y4 at fixedT ­ 38 mK.
For clarity, data for differentG are offset by 100 mK. The
dotted lines are not fits but predictions of Eq. (1).

successively transmitted. The first four points agree w
this ideal picture. When increasing the transmission,
additional source of noise becomes important. As sho
later, the deviation from the ideal picture is, howeve
strongly reduced upon applying a small perpendicu
magnetic fieldH.

The extra noise found forH ­ 0 at large transmis-
sion arises from electron heating and also probably fro
mode mixing. Heating, in zero field, is easy to predi
and can be included quantitatively. The correspondi
increase of thermal noise varies linearly with current
the regime of electronic thermal conduction and can
mistaken for shot noise [6,18]. Indeed, below 200 m
the thermalization length of electrons with phonons
larger than the sample size [19]. Therefore a heat fl
I2y2G flows on each side of the QPC through the 2
leads up to the Ohmic contacts by electronic thermal co
duction. According to the Wiedemann-Franz law, th
electron temperatureTe defined within a few electron-
electron collision lengthslin is given by T 2

e ­ T 2 1

s24yp2dsGyGmds1 1 2GyGmdseVDSy2kBd2, whereGm is
the conductance of all 2D leads in parallel. Here, Jou
heating in the leads has been included and the meta
Ohmic contacts are assumed to be at the lattice temp
atureT . One easily sees that for a conductance plate
sTn ­ 0 or 1), the Johnson-Nyquist noise is no longe
constant with current but asymptotically increases linea
with bias, like shot noise, with a noise temperatureT p ­
Te . s24Gyp2Gmd1y2s1 1 GyGmd1y2seVDSy2kBd. More
generally, replacingT by TesVDS , T d in Eq. (1) gives for
any transmission an effective increase of the noise red
tion factor for large conductance. The dashed curve
Fig. 4 gives the new reduction factor for an ideal QPC ca
culated using the experimental value ofGm ­ 0.004 V21
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FIG. 4. Noise reduction factor vs the conductance forH ­ 0
(filled triangles) andH ­ 0.23 T (open triangles). Predictions
for no mode mixing without (dotted curve) and with (dash
curve) the calculable heating effects forH ­ 0.

known with 20% accuracy. The quantitative account
heating effects considerably improves the agreement w
the data. The remaining deviations can be attributed
mode mixing. Indeed, the.0.1s2e2yhd modulation of the
conductance plateaus observed below 200 mK are cha
teristic of a nonideal QPC. Mode mixing gives more fre
dom to an electron to be partitioned and thus increa
noise. For example, for a conductanceG ­ 2e2yh ob-
tained withT1 ­ 0.9 andT2 ­ 0.1 the noise suppression
is only 82%.

The suppression of the additional noise upon apply
a magnetic field, even weak, is the result of two effec
First, mode mixing is reduced because of the ra
increase of the 1D subband energy separation. Ind
for a field of 0.23 T the first and second platea
already show less than 2% modulation. Second, the fi
corresponds to a Shubnikov–de Haas resistance min
of the leads.1y10 the zero field resistance (filling facto
20). The estimation of the resulting increase of t
2D thermal conduction tells us that heating effects a
strongly reduced. However, the fact that the resista
of each lead is not known in detail precludes us from
quantitative description of heating in this regime. T
agreement between the data in magnetic field and
prediction for an ideal QPC is, however, satisfying.

In summary, absolute noise measurements at very
energies and in the dc limit have been performed using
simplest mesoscopic system, a QPC. Two key predicti
of mesoscopic noise theory—the suppression of Pois
nian shot noise and the evolution with temperature fro
shot noise to Johnson-Nyquist noise—have been conv
ingly validated. While the scattering picture of quantu
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transport has been well tested through conductance m
surements, the present work shows that, within reas
able experimental accuracy, this picture is also the cor
one to accurately describe noise, a fundamentally dif
ent physical quantity. The method of noise measurem
based on correlations has proven to be very efficient
can be easily reproduced provided care is taken abo
noise filtering and heating effects. We thus expect t
in the future noise study will become more common
provide complementary information on mesoscopic c
duction not given by conductance.
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