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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 energg@{—600 mK) and low frequency(—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

Shot noise refers to the time-dependent fluctuations it finite temperaturd’, the complete quantum shot noise,
the electrical current as a consequence of plagticle  written as equivalent Johnson-Nyquist noise temperature
nature of the electrons. In a quantum conductor, it isT* = S;/4Gkg, is [4,5]
expected to provide information complementary to the
current which probes the transmission of electwawves S I 22Tl — T,) ( eVps/2ksT {

In particular, shot noise is sensitive to the carrier statistics. >. 7T, tanh(;,‘;”} ’

A recent striking prediction is that the Pauli exclusion (1)
principle correlatesthe flow of electrons participating in

the current/ [1-6]. As a result, the spectral density of where eVps is the difference in chemical potential be-
current fluctuations is reduced below [1] the Poissoniariween reservoirs. Note that Eq. (1) reduces to Johnson-
value S; = 2el, which characterizes noise in classical Nyquist noise S; = 4GkgT for T > eVpg/2kg. For
conductors like vacuum diodes [7]. The aim of thiseVps/2kp > T, the noise increases linearly with volt-
work is to show the quantum suppression of Poissoniaage (or current) and the reduction factor is given by the
noise and to provide an accurate experimental test of thasymptotic slope of ™ versuseVps/2kg.

guantum noise reduction theory in mesoscopic systems. While theory is now well advanced, few experiments

A quantum conductor, defined over the size of the carare available. Low frequency measurements [9] have
rier coherence length,, elastically scatters the waves found indications of noise reduction using a quantum
of the incoming carriers emitted by the left and right point contact (QPC), a ballistic quantum conductor which
leads, thus producing electrical resistance. The multioffers good control of the conduction channel transmis-
channel Landauer formula [8] relates the conductancsion 7,. However, they failed to observe the character-
G = 2¢*/hY, T, to the transmissioff, of thenth prop- istic linear variation of§; with current because df/ f or
agating mode at the Fermi energy. Associated with scatelegraphic conductance noise. Shot noise has been found
tering, a partition noise is generated because a carrién a diffusive conductor with a reduction factor close to
emitted by a reservoir in an initial incoming state is sta-1/3, but in the incoherent transport regime [10]. Reduced
tistically scattered into one of the final outgoing statesshot noise has been recently observed in a QPC at high
The complete shot noise is in general the combinatiofrequency using 10 GHz bandwidth measurements [11].
of the thermal emission noise of the reservoirs and offhe oscillatory variation of the noise observed for mod-
the partition noise regulated by Fermi statistics. At zercerate transmission qualitatively follows predictions but, at
temperature, however, the flow of carriers emitted bylow transmission, the recovery of full shot noise was lack-
the reservoirs becomes noiseless and shot noise reactisg probably due to the high voltage bias used for mea-
the partition noise limit For a single conduction chan- surements. Up to now a quantitative test of the quantum
nel, a noise reduction factdr — 7, from the Poissonian reduction of shot noise was missing.
value S; = 2el is expected with vanishing noise for unit  The present experiment fills this gap and provides an
transmission. For many channels the reduction factor iexperimental validation of the theory. A noise correlation
> . T,(1 —T,)/C., T, [1,2]. Foradiffusive conductor technique allows us to perform absolute Johnson-Nyquist
it is 1/3 on average [3]. For a macroscopic conductor ofand shot noise measurements with noise temperature
size L a further (classical) reductiofy, /L occurs as each resolution of 10 mK on a QPC realized in a 2D electron
region of length equal té, produces uncorrelated noise. gas (2DEG). The measurement energy range, 50 times
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smaller than used in previous experiments, and the kH; _ —25

frequency meet the requirement of the linear transmissiol 100 Mg [ ! 300K 20} Liff mK 1
regime and dc limit for reliable comparison with theory. gél;.)'("" Zasl

The shot noise, white over at least one frequency decad: Thermalization .ol - ]
varies linearly with current for voltag&ps > 4kpT/e. 4.2K -§

It shows a crossover to Johnson-Nyquist noisekigf > (a) 3000 0SSy - oax 209 (b) ]
eVps/2 in excellent agreement with the predictions. The b} 0MK<T<42K  ©og——
shot noise, Poissonian at low transmissi@n, shows " op Gate Voltage V [mV]

the expectedl — T, reduction at larger transmission. ToA, 4_2Km
For >, 7, > 1, electron heating becomes important but hvre=EE PR F Flters)
can be quantitatively included. Good agreement with ° JB1 L'75AV1¢T_1‘TO
predictions for an ideal QPC is recovered with a small To B, ]A SPECTRUM
magnetic field improving the conductance quantization L ___° T MALYZER
and the 2D thermal conduction. TO GROUND 2Bl T T

The QPC is realized by electron beam lithography - |
using a split gate scheme [12] in a high mobility Si SH?IE:)LrBIéD BOX RE SHF&?.%(ED BOX

S5-doped GaAgGa(Al)As heterojunction. The 100 nm

deep 2DEG of densityl.1 X 10" m~2 and mobility FIG. 1. (a) Schematic measurement circuit. (b) QPC conduc-

200 m2 V-! s ! has a Fermi energy of 45 K and elastic tance vs gate voltage fd# = 0. The black points show the
values ofG and gate voltage where noise is studied.

mean free pathl, = 12 um. The measurements detect

the spectral density of the voltage fluctuations across the

QPC at fixed transmission for a series of fixed currents

[13]. They are realized in the spirit of noise thermometry.tant point contributing to the success of the experiment is

First, at zero current, the equilibrium noise is measuredhe efficient low temperature photon filtering, from radio-

while sweeping the temperature from 30 to 600 mK.frequency (100 MHz) to far infrared (THz) range. Lossy

The accurate knowledge of the voltage gain provides anicrocoaxes for all leads and a shielded low temperature

check that the Johnson-Nyquist relati®p = 4k3T/G is  experimental box result in a photon temperature close to

obeyed for the mesoscopic conductor within a few percenthe sample temperature [15]. This filtering ensures ther-

accuracy. Then, at fixed temperature, the current is swephalization of electron traps contributing tg f noise and

and Sy is converted into temperature using the previougeduces the broadband voltage fluctuations from the hot

calibration. The absolute noise measurements are limitegarts of the external circuit which on microscopic time

only by the thermometer accuracy and statistical errors. scales may affect electron transport [16,17].

To ensure accuracy and reliability, the voltage fluctua- Figure 1(b) shows the two first plateaus of the QPC
tions of two symmetric pairs of contacts locat2@ um  conductance versus gate voltage measured at 38 mK and
from the QPC are independently measured by two ultrazero magnetic field. The black points correspond to the
low noise amplifiers and a spectrum analyzer calculatexed values of G where the noise is studied. Here,
the cross-correlation spectrum of the outputs as shown ithe QPC conductance is calculated from an ac lock-in
Fig. 1(a). This technique removes from the detected sigmeasurement of the resistance. The differential resistance
nal the uncorrelated voltage noise of the amplifiers and thehanges by less than 5% as the dc current is varied
thermal noise of the leads. Using the calibration abovemaintaining the bias voltag€pg less thanl00 uV. For
the noise temperaturé™ can be reliably extracted from the following noise measurements whet®ps/2kp <
the total detected signakzT*/G + S;/G*>. HereSi is 600 mK this ensures that the transmission is nearly energy
the small white current noise of the external circuit notindependent. But, for better accuracy, the differential
removed by correlation. Typically§; /4Gkg = 450 mK  conductance is monitored during noise measurements and
for G = 2¢?/h. Drifts in G and Sj, less than 1%, kept constant using gate voltage feedback.
lead to errors below the statistical errcegy (Af7) /2 Figure 2 shows the results of noise measurements for a
=6 mK for a bandwidthA f acquisition timer product of conductance?/h corresponding to a transmissiéh =
2 X 10° and detector noise temperatifg (Ty = 2.3 K 1/2 of the first mode. The voltage fluctuation spectral
for G = 2¢%/h). The measurements, in the kHz fre- densitySy, averaged over a 500 Hz bandwidth around 6
guency range, show negligible/ f noise because of the kHz, is plotted versus the dc current. The three series
small currents and temperatures used. Indeed, the copnf experimental points correspond to sample temperatures
ductance noise spectral densify ~ kgT/f [14] gives of 38, 80, and 180 mK. At low temperature, the noise
a 1/f to shot noise ratio scaling a%z7/f: By using varies linearly with current within the statistical accuracy.
currents and temperatures 50 times less than in previotkhe slope ofT* = Sy G/4kp plotted againstVps/2kp
experiments, the 100 kHE/f corner frequency typically is found to be 0.49. It is smaller than the unit slope
observed [9] is lowered below 100 Hz. Finally, an impor- expected for Poissonian shot noise and very close to the
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eV, 2k, [mK] FIG. 3. QPC noise temperature vs bias in temperature units

for G/(2¢%*/h) = 1/6, 1/4,1/2, and3/4 at fixedT = 38 mK.
FIG. 2. Spectral density of the QPC voltage fluctuations, alsdFor clarity, data for differeniG are offset by 100 mK. The
expressed as noise temperature, for transmisgior- 0.5 and  dotted lines are not fits but predictions of Eq. (1).
for T = 38, 80, and 180 mK, as a function of the current or
of the average voltage expressed in relevant temperature units.
The dotted lines, not fits, are predictions of Eq. (1).

successively transmitted. The first four points agree with

this ideal picture. When increasing the transmission, an

additional source of noise becomes important. As shown
predicted value ofl — 7; = 0.5. At 4 and 9 kHz a later, the deviation from the ideal picture is, however,
similar study gives values of 0.50 and 0.52, respectivelystrongly reduced upon applying a small perpendicular
This consistency accurately confirms that the noise isnagnetic fieldH.
white over this frequency range. When increasing the The extra noise found foH = 0 at large transmis-
temperature the zero bias noise increases according to te®n arises from electron heating and also probably from
Johnson-Nyquist formula. For finite bias, the variationmode mixing. Heating, in zero field, is easy to predict
with I shows the crossover from a quadratic to nearlyand can be included quantitatively. The corresponding
linear law whenVps = 2kzT/e. This demonstrates the increase of thermal noise varies linearly with current in
predicted transition from Johnson-Nyquist to shot noisethe regime of electronic thermal conduction and can be
We emphasize that the three dotted curves are not fits bumtistaken for shot noise [6,18]. Indeed, below 200 mK
a comparison of the data with Eq. (1) usifg = 1/2  the thermalization length of electrons with phonons is
(there is no adjustable parameterJhe agreement with larger than the sample size [19]. Therefore a heat flux
theoretical expectations, within the calculable statistical/?/2G flows on each side of the QPC through the 2D
deviations, is nearly perfect leads up to the Ohmic contacts by electronic thermal con-

The transition from nearly suppressed shot noisaluction. According to the Wiedemann-Franz law, the

to nearly classical shot noise is well demonstratecelectron temperaturd, defined within a few electron-
by Fig. 3, which shows the data in temperature unitelectron collision lengths;, is given by 72 = 72 +
for transmissionsT; =3/4, 1/2, 1/4, and 1/6 at low  (24/72)(G/G,)(1 + 2G/G)(eVps/2kg)?*, whereG,, is
temperature. When decreasirfj;, the slope of the the conductance of all 2D leads in parallel. Here, Joule
linear variation with current increases as predicted, irheating in the leads has been included and the metallic
contrast with the high bias result of Ref. [11]. From Ohmic contacts are assumed to be at the lattice temper-
the best slopes using only the data fevps >3kgT, atureT. One easily sees that for a conductance plateau
one finds noise reduction factors 6f25, 0.49, 0.74, (T, = 0 or 1), the Johnson-Nyquist noise is no longer
and 0.86, respectively. The excellent agreementconstant with current but asymptotically increases linearly
with the 1— T, prediction is also demonstrated by with bias, like shot noise, with a noise temperatilife=
the comparison with the dotted curves calculated using’, = (24G/72G,)"*(1 + G/G,)"/*(eVps/2ks). More
Eq. (1). Thisis also shown by Fig. 4 where the reductiorgenerally, replacing” by T.(Vps, T) in Eq. (1) gives for
factor (filled triangle) is plotted as a function of the QPC any transmission an effective increase of the noise reduc-
conductance normalized t@e’/h, i.e., >,7,. The tion factor for large conductance. The dashed curve in
dotted curve is the calculation for an ideal QPC whereFig. 4 gives the new reduction factor for an ideal QPC cal-
when increasing transmission from zero, each mode isulated using the experimental value®f, = 0.004 Q!
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transport has been well tested through conductance mea-

A H f O Tesla surements, the present work shows that, within reason-
‘a A H=0.23 Tesla ) > ;
. able experimental accuracy, this picture is also the correct
% 0.8 A prediction for one to a_ccurately _describe noise, a fun_damentally differ-
g Y " no mode mixing ent physical quantity. The method of noise measurements
S 06 ] based on correlations has proven to be very efficient and
B | A _________ heating effects can be easily reproduced provided care is taken about rf
3 included for H=0 noise filtering and heating effects. We thus expect that
e 041 : A A in the future noise study will become more common to
o L AA . TS provide complementary information on mesoscopic con-
S g2L FAAWA duction not given by conductance.
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FIG. 4. Noise reduction factor vs the conductanceHor= 0
(filled triangles) andd = 0.23 T (open triangles). Predictions
for no mode mixing without (dotted curve) and with (dashed
curve) the calculable heating effects fir= 0.
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