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Quantum Suppression of Shot Noise in Atom-Size Metallic Contacts
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The transmission of conductance modes in atom-size gold contacts is investigated by simultaneously
measuring conductance and shot noise. The results give unambiguous evidence that the current in the
smallest gold contacts is mostly carried by nearly fully transmitted modes. In particular, for a single-
atom contact the contribution of additional modes is only a few percent. In contrast, the trivalent metal
aluminum does not show this property. [S0031-9007(99)08411-2]

PACS numbers: 72.70.+m, 72.15.Eb, 73.23.Ad, 73.40.Jn

In 1918, Schottky mentioned shot noise as a fundamerof left and right moving electrons, suppressing all shot
tal shortcoming of vacuum diodes. He realized that thenoise [4—8]. For a contact of size comparable to the
discreteness of electron chargeauses the current to be Fermi wavelengthig, electron transport is described us-
a Poisson process, and calculated the corresponding meing the Landauer-Bittiker formalism. In this formalism,
square current fluctuations to be equal to the product athe shot noise spectral density can be expressed in terms of
e and the average curreiitdivided by the total time of the transmission probabilities, of the conducting chan-
averaging [1]. This type of noise is present in all kindsnels [5],
of devices, including microscopic conductors. In the last )
decadg, it has become clear that it can actually be gsed P, = 2eV 2e” ZTn(l -T,), 1)
to obtain information on the electron transport mechanism h %

[2—12]. For example, in a ballistic quantum point con- ] ) i

tact (QPC) in a two-dimensional electron gas (2DEG), thevhere the sum is over all modes which fulfill the
conductances as a function of contact diameter shows aduantization condition set by the boundaries of the point
stepwise increase by integer multiples of the conductancgontact. The label indicates that we consider current
quantum,Go = 2¢2/h [13]. Recent 2DEG experiments fluctuations (A7%). From Eg. (1) we see that, for a
showed that shot noise was strongly suppressed at quafiode with a transmission probabili, close to 1, the
tized conductance values [2,3], in accordance with theoshot noise is indeed suppressed. If Bllare small, the
retical predictions [4—8]. In this Letter, measurementsclassical full shot noise formula; = 2el, is recovered.

of shot noise are performed for the first time to analyzdncluding the thermal excitations of quasiparticles for
the electronic transport properties of atom-size metallidinite temperatures leads to the following expression [7,8]:

contacts. v\ 202
For a metal, the size of an atom is comparable to half P, = 2eV cotr<e—) il ZTn(l - T,

the Fermi wavelength\; of the conduction electrons. 2kT ) h 5

Therefore, the equivalence of electronic properties of 2e? 5

QPCs in a 2DEG and in a metal is far from trivial. In +akT h ;Tn : (2)

particular, it inhibits a direct observation of the effect
of the formation of discrete electron modes in a metallicin equilibrium (i.e.,V = 0) or in the high temperature
QPC, i.e., quantization of the conductance. In fact, usindimit, the Johnson-Nyquist thermal nois&7G, is recov-
a combined scanning tunneling microscopy and atomiered. For zero temperature, Eq. (2) reduces to the shot
force microscopy setup [14] it has been shown that stepsoise formula (1). In the experiments described below,
in the conductance, observed when stretching the contaate are interested in the amount of noise above the ther-
are the result of atomic rearrangements (see also [15]nal noise, which we will call excess nois@™*°(I) =
Primarily, evidence for quantization of the conductanceP(/,T) — P(0,T).
in metals is derived from histograms of the conductance In order to obtain a stable atomic scale contact, we use
values, which, for gold [16] and sodium [17], show peaksthe mechanically controllable break-junction technique.
close to integer multiples affy. However, this evidence A notched, 99.998% pure, gold wire is glued on top of a
is not unambiguous, as demonstrated for aluminum, whiclphosphor bronze substrate, which is insulated with kapton
shows clear peaks near quantized conductance values fmil. This is mounted into a vacuum can and cooled
the histograms [18], while up to three modes contribute talown to 4.2 K. By bending the substrate, the wire is
the conductance ne& = Gy [19]. broken, after which contact between the fracture surfaces
In a ballistic QPC with perfect transmission of elec-is controlled using a piezoelectric element. For a more
trons there are no fluctuations in the occupation numbersomplete description of the technique, see Ref. [20].
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The noise level we are expecting is on the order ofdecreases at higher frequenciesfas. External vibra-
nV/\Hz. In order to measure such small signals, wetions (e.g., sound) and pickup of external electromagnetic
use the experimental setup schematically drawn in Fig. 1signals can be recognized in the Fourier spectrum. Ex-
The signal to be measured is first amplifieé® times ternal vibrations are mostly visible at low frequencies,
by two stages of low noise wide band preamplifiersin the same range wherg/f noise dominates, which is
(dc—1 MHz and 0.5 Hz—1 MHz, respectively). In order why we concentrate on the higher frequency part of the
to suppress the noise of the preamplifiers, we use twepectrum. Electromagnetic pickup, present despite care-
sets of preamplifiers in parallel and feed the signaldul shielding, is seen as sharp peaks and is removed when
into a spectrum analyzer, which calculates the crosswe take the difference (3). In addition, the preamplifier
correlation Fourier spectrum. The conductance of thenoise left over after taking the cross correlation is further
sample is measured using the dc voltage after the firsemoved this way. Furthermore, the effect of external vi-
amplifier; the bias current is sent using a battery (O-brations as well as/f noise is quadratic in the supplied
9 V) with a large series resistance, the latter being aturrent, while shot noise is linear. We verify that the ex-
4.2 K close to the sample. Since we are interested iess noise we measure has the proper current dependence.
contacts with resistance arourd k(}, and our wiring A typical example of the raw data}y (), we obtain
has a capacitance of around 250 pF, this introduces a losan be seen in Fig. 2a, where we show measurements on
pass filter with a cutoff frequency of around 50 kHz. Toa contact of8.4 k(), or 1.53Gy. The zero bias noise at
correct the measured spect®y (1), for the electronic low frequencies is in agreement with the expected thermal
transfer function of the system, we send white noBg,,  noise,4kTR. At higher frequencies, we observe a roll-
from a calibration source throughla() series resistance off, which is due to the frequency response of the setup.
and measure the frequency response of the sefilh ~ When applying a bias current the noise level increases.

The excess noise then equals Apart from an increase in noise level over the entire
spectrum, we see a rapid rise at low frequencies, which

PE<(l) = Pv(fl) - Pv©O) Py (3) We attribute tol/f noise and external vibrations. The

Py — Py(0) excess noisePy (I), corrected for the transfer function

- . ccording to Eq. (3), is plotted in Fig. 2b and approaches
The labelV indicates that here we consider the spectral, | i spectrum for higher frequencies. At the highest

i i 2
degil':y_olf voltage flucltuanorﬁfkv >. [2'[1h]- - | 250 H frequencies, a small decrease is observed due to higher
aining one singie spectrum 1n the interva Z~order stray capacitance corrections, which we take into

100 kHz and averaging 10000 times takes about 1 m'na(:count in the error bars of Figs. 3 and 4. To show that
For each contact setting, we have to take several spectr, e are indeed measuring shot noise, we investigated the

one for calibration, one for thermal noise, and severa urrent dependence and verified the expected behavior

with different dc current biases. During this procedure, . o : : .
: . . 'given by Eq. (2), which is nearly linear for higher current:
the contact is verified to be stable by measuring th n Fig. 3, we compare the data for a contact with=

conductance between each two spectra. Measuring thleOZG to full shot noise,2el, and to Eq. (2) with
conductance twice with different polarity of the bias ~— ° T '

current eliminates dc offset of the preamplifiers.
For frequencies smaller than the inverse dephasing time

and obeying:f << eV, kT the spectrum of both thermal . ~
and shot noise is white, i.e., frequency independent. This g "f
is not the case for so-calleld f noise, which is generally ;> £
believed to be a consequence of defect motion and ‘e T 1
g ;
B 2
c @
DC voltmeter = g
|c_> u% 0.1}
calibration = L AL .
noise 1 10 100 1 10 100
source <‘“> []1 ohm Frequency (kHz) Frequency (kHz)
X100 X1000 spectrum
B vort analyzer FIG. 2. (a) Raw data for a gold contact 553G, at 4.2 K,
Sou?czge > <SAMPLE X100 X1000 without correction for the electronic transfer of the setup. The
= lowest curve shows the thermal noise, a few percent higher
10 ton . than the theoretical valu20 X 10~!8 V2, which is due to the
m 22K3 re-amps preamplifier noise. The upper curves are the total measured

noise for increasing current/ = 0.1,0.2,0.3,...,0.9 uA.
FIG. 1. Wiring diagram of the experimental setup for shot(b) Excess noise, calculated from the data in (a) and corrected
noise measurements on atom-size point contacts. The aregcording to Eq. (3). Note that the effect of mechanical
enclosed by the dashed lines indicates the part at 4.2 K. vibrations is visible at lower frequencies.
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mitted modes 1, = 1) plus a single partially transmit-

N ro :

Nf " [ ted mode (full curve). All measured points are at or

8 i 1 —T=0.99, T.20.03 T/l/ above this curve, as is _expected. From our measure-
g o T — T,=1.00, T,=0.02 - I 1 ments we cannot determine the complete{gt_g}, since

g j ./i/ we have only two_measured parameters (i.e., conduc-
2 sl f ‘ /E/ ........... tance and shot noise), and we can obtain at most two
@ A R T el a independent parametef,. To visualize the effect of

S [/ T contributions of different modes to the conductance, we
uJ °'°odj ~ 02 """ : ) use the model described in the inset of Fig. 4. In this

Bias rent (OSA) 08 10 model the conductance betweém — 1)G, and nG, is
built up asG = (n — 2)Gy + (T,—1 + T, + T,+1)Go,

FIG. 3. Measured excess noise values for a contact witwhere the three partially open channels have transmis-

G = 1.02G,, as a function of bias current. For comparison Wesjons which increase linearly, and the sum(bf— T,,_)

plot full shot noise2el, and Eq. (2) for the case of one single andT,., is a constant fractionr. This model has no

partially transmitted wave (i.eZ;; = 1 and7, = 0.02) and for . ; .
the case of two equally transmitted wavelg & 7, = 0.51).  Physical basis but serves merely to illustrate the extent

A good description of the data is obtained with = 0.99 and  to which additional, partially open channels are required
T, = 0.03. to describe the measured shot noise. The corresponding
behavior of the excess noise as a function of conduc-

) o o tance, calculated from Eq. (2), is shown as the dashed
different combinations of transmission values. As can b&,ves in Fig. 4 forx = 5%, 10%, and 20%. We see
seen in the figure, the data are well described by ONghat for G < G, the data are very close to the= 0%
almost fully transmitted mode together with one mOdecurve, while forG, < G < 2G, the data are closer to the
with a very small transmission probability. x = 10% curve. In particular, the minimum & = G,

A number of contacts with conductances in the rangeg very sharp, while also a minimum neér = 2G, is
(0.7-4.1)Go have been similarly analyzed. In Fig. 4, we jsihle. ForG > 2G,, the contribution of other partially
plot the excess noise values corresponding to the megpen channels continues to grow. Each point is measured
sured voltage noise at maximum bias currel® wA)  for 5 different contact, and the contribution of modes
as a function of conductance for 27 different contactstq the conductance of each contact can, in principle, be
The figure shows that all values are small, 'compareq\,idew different. For example, just abo&, we find a
to 2el. A smallest va_llue 0f(0.02 = 0.005)2el is ob- point with x < 5%, while the next point has > 20%.
served for a contact with conductance very néar FOr  Hence, the scatter in the data compared to any of the
comparison, we show the expected behavior, based qf)res is not due to statistical errors but is a result of
Eq. (2), when the conductance is due to only fully transyne inrinsic variation in the properties of the contact.

It should be stressed that the results described above
are obtained in a gold QPC. We performed similar
Y g 0 experiments on aluminum, which showed much weaker
Y B suppression of shot noise. For Al contacts betw@86
i 04 and 2.5G, the obtained shot noise values vary from 0.3
{ R e to 0.6(2el). These values fit the theory only if one
i ] ® Conductance (2é/h) assumes contributions from a much wider set of modes.

03}F

02}

3 g : ; In particular, the conductance @ = G is not carried by
NP : one fully transmitted mode but by at least two partially
‘ 5 transmitted modes instead.
In model simulations for gold, Brandbyget al.[22]
find nearly full transmission of the channels Grnear 1
and3Gy. However, they report two half-opened channels
aroundG = 2Gy, which is at variance with the present
Conductance (2€/h) experimental results.
FIG. 4. Measured excess noise values for 27 gold contacts at For atomic-size contacts Of superconductors, Scheer
4.2 K with a bias current 08.9 #A. Comparison is made with €t al. [19,23] performed experiments on current-voltage
calculations in the case of one single partially transmitted modeharacteristics in the superconducting state. This was
(full curve) anq for various amounts c_)f cor_ltributiqns of other ysed to demonstrate that the number of conducting chan-
modes according to the model described in the inset (dash<eEe|s in a single atom contact is determined by the num-
curves). In the limit of zero conductance, these curves al . .
converge to full shot noise, i.2.9 X 10-25 A2/Hz. Inset: er of valence orbitals [23,24]. Howevgr, reservations
transmission of modes in the case of= 10% contribution ~Were made about the results on gold, since the proxim-
from neighboring modes. ity effect was used to induce superconductivity in a gold

Excess noise (2el)

01} 4 PN

0.0
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