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1/3-shot-noise suppression in diffusive nanowires

M. Henny, S. Oberholzer, C. Strunk, and C. Scho¨nenberger
Institut für Physik, Universita¨t Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland

~Received 16 July 1998!

We report low-temperature shot-noise measurements of short diffusive Au wires attached to electron reser-
voirs of varying sizes. The measured noise suppression factor compared to the classical noise value 2euI u
strongly depends on the electric heat conductance of the reservoirs. For small reservoirs injection of hot
electrons increases the measured noise, and hence the suppression factor. The universal 1/3 suppression factor
can only asymptotically be reached for macroscopically large and thick electron reservoirs. A heating model
based on the Wiedemann-Franz law is used to explain this effect.@S0163-1829~99!09203-6#
o
e

l
tu
d
th

u
n

tt
a
u

th

um
c-
ho
of
g

e
te
s

is
o
u
t

tri

g

us
r
u

th

emi-
, the

eed
n or
f
een

r of

for
the

is
ry
s
, or

1/3
as-

ne

lly.

c-
n-
a-

in-
ise
ing

and
all

ec-
e
ac-
ch

/3
I. INTRODUCTION

Due to the quantization of the electrical charge in units
e, the electrical current fluctuates around its average valuI.
These fluctuations are known as shot noise.1 At zero tem-
perature, the spectral densitySI of shot noise is in genera
proportional to the average current and the charge quan
At finite temperatures, thermal fluctuations give an ad
tional contribution to the measured noise. In equilibrium,
spectral density of the thermal fluctuations~Johnson-Nyquist
noise! is given bySI54kT/R for a device with resistanceR.
From shot noise one can obtain information on the cond
tion mechanism not accessible from conventional resista
measurements, since it is directly related to the degree
randomness in carrier transfer caused by the electron sca
ing in the wire. If the number of transferred electrons in
given time interval is determined by a Poissonian distrib
tion, the current shows shot noise with a value given by
well known Schottky formula3 SPoisson5SI52euI u. This clas-
sical shot noise is observed in tunnel junctions or vacu
tubes, for example.4 Shot noise for wires connected to ele
tron reservoirs on each end is lower than the classical s
noise valueSPoissonby a factor that depends on the ratio
the wire lengthL with respect to characteristic scatterin
lengths like the elastic (l e), electron-electron (l e-e ,), and
electron-phonon (l e-ph) scattering lengths. In a ballistic wir
(L! l e), shot noise vanishes, since scattering is comple
absent.5 In the diffusive regime (L@ l e), excess noise varie
linearly with current only ifL! l e-ph . Two limiting cases
can then be distinguished. In the interacting~electron! re-
gime, i.e.,L@ l e-e , the electrons assume a Fermi-Dirac d
tribution with a locally varying temperature above the ph
non temperature. The noise is given by the Johnson-Nyq
noise of the mean electron temperature averaged over
whole wire length. Independent of material and geome
parameters, shot noise is reduced by a factor ofA3/4 from
the classical value.6 On the other hand, in the noninteractin
~electron! regime, i.e.,L! l e-e , the distribution functionf is
no longer a Fermi-Dirac function. For this regime vario
theories predict a fundamental shot-noise reduction facto
1/3. Using the random-matrix theory, Beenakker and B¨tt-
iker have calculated this factor.7 In their derivation, the con-
ductor is implicitly assumed to be phase coherent and
PRB 590163-1829/99/59~4!/2871~10!/$15.00
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factor is obtained as the ensemble-averaged value. In a s
classical picture, where no phase-coherence is required
fluctuations of the distribution functionf yield surprisingly
the very same suppression factor.8 It was pointed out by
Shimizu and Ueda that dephasing of the electrons ind
does not change the noise power in contrast to dissipatio
nonideal reservoirs.9 Moreover, the sequential transfer o
electrons through a series of tunnel barriers has also b
shown to lead to exactly the same noise reduction facto
1/3 in the limit of a large number of barriers.10 Recently, two
publications have provided additional theoretical support
the universality of the magic 1/3 suppression factor. In
first, a nondegenerate diffusive conductor11 is studied by
computer simulations, while in the second, the universality
extended to multiterminal diffusive conductors with arbitra
shape and dimension.12 Note that this reduction factor doe
not depend on any geometric parameter like length, width
thickness, nor on the sample resistance.

The remarkable fact, that the same reduction factor of
is derived from different theoretical models, has been
cribed to a numerical coincidence by Landauer.13 On the
other hand, this identity may not be so astonishing, if o
considers that the Drude conductanceG5G0Nle /L can also
be deduced quantum mechanically as well as classica
Both conductivity and noise rely on the same principles.14

Despite the remarkable universality of the reduction fa
tor 1/3 obtained from various theoretical models for the no
interacting electron regime, a clear experimental confirm
tion in the asymptotic limiteV@kT, in which shot noise is
much larger than thermal noise, is lacking. To clearly dist
guish the noninteracting from the interacting regime by no
measurements, a relatively high accuracy is needed allow
us to separate the two close-lying reduction factors 1/3
A3/4 from a measurement of noise, which by itself is a sm
quantity of order 10 pV/AHz.

The first experiment in this field was done by Liefrinket
al.15 using a two-dimensional electron gas, which was el
trostatically confined into a wire. A linear variation of th
noise with current was found. The measured reduction f
tors, however, were ranging from 0.2 to 0.45. Steinba
et al.6 found excellent agreement with theA3/4 theory for a
Ag wire of 30 mm length, but reported a value between 1
andA3/4 for a 1-mm-long wire, although theory16 predicts
2871 ©1999 The American Physical Society
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2872 PRB 59HENNY, OBERHOLZER, STRUNK, AND SCHO¨ NENBERGER
L! l e-e for this length at 50 mK. Schoelkopfet al. were the
first to study high-frequency~quantum-! shot noise of diffu-
sive wires.17 By comparing measured differential nois
dSI /dI with the 1/3 andA3/4 theories, good agreement w
found for the noninteracting regime. However, the absol
slope, i.e., the 1/3 reduction factor, was not measured in
asymptotic limit eV@kT. An approach that allowed us t
distinguish between the interacting and the noninterac
regimes, was introduced by Pothieret al., who measured di-
rectly the distribution functionf (E,x) of a wire by tunneling
spectroscopy.18

We will show in the present paper that the electron res
voirs connected to the wire are of great importance for
confirmation of the 1/3 suppression factor. Bounded by
limiting values 1/3 andA3/4, the measured noise-reductio
factor can in principle distinguish between the noninteract
(L! l e-e) and the interacting regime (L@ l e-e). This is, how-
ever, only true, if heating in the electron reservoirs is abs
As was remarked by Shimizu and Ueda, nonideal reserv
can lead to additional noise when a current flows through
conductor.9 Our experiments demonstrate that nois
reduction factors close toA3/4 can be measured, eve
though the wires are in the noninteracting regime. This
demonstrated to be caused by unavoidable reservoir hea
which results in a significantly increased measured slop
the shot noise in the asymptotic limit. We discuss noise m
surements of three Au wires that mainly differ in the size
the attached electron reservoirs. The sample with the thic
reservoirs, i.e., the highest reservoir heat conductiv
closely approaches the universal 1/3-shot-noise reduc
factor.

II. THEORY

A. Noise in diffusive conductors

The current flowing through a wire exhibits fluctuatio
DI 5I (t)2I around the average currentI. The spectral den-
sity of these current fluctuations, i.e., current noise, can
written as the Fourier transform of the current autocorre
tion function:19

SI~v!52E
2`

`

dteivt^DI ~ t1t0!DI ~ t0!& t0
. ~1!

In thermodynamical equilibrium Eq.~1! yields SI54kT/R,
called thermal or Johnson-Nyquist noise.2 Under current bias
the individual charge pulses of the electrons give rise to o
of-equilibrium noise known as shot noise. If the electro
pass rarely and completely random in time governed b
Poissonian process, one obtains the classical shot noisSI
52euI u as derived by Schottky.3 If in contrast the electron
stream is denser, correlations due to many-particle statis
induced by the Pauli principle or due to Coulomb interact
can significantly reduce shot noise.1 For \v!kT thermal
and shot noise display a white spectrum~frequency indepen-
dent!. In contrast, resistance fluctuations related to the
namics of impurities in the sample display in general
called 1/f noise proportional to 1/v over a large frequency
range.19 We restrict ourselves to a frequency range, which
high enough to safely neglect the 1/f noise.
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An elegant framework to describe the shot-noise powe
a mesoscopic device is the Landauer-Bu¨ttiker formalism.20 It
is valid in linear response and in the absence of inela
scattering. The current is carried by independent para
channels with a transmission probabilityTn . The conduc-
tance is then written asG5(e2/h)(nTn and the shot noise a
zero temperature reads21

SI52euVu
e2

h (
n

Tn~12Tn!. ~2!

A diffusive wire is described as an ensemble of many pa
lel channels. Random-matrix theory predicts a bimodal d
tribution function for transmission probabilities, which lea
to a suppression of shot noise by a factor of 1/3 compare
its classical value:7

SI5
1

3
2euI u. ~3!

Nagaev proposed a semiclassical approach to determ
the noise in a diffusive wire.8 Starting from a kinetic equa
tion for the electron occupation probabilityf (E,x), current
noise is shown to be related to the fluctuations of the oc
pation number given byf (12 f ). Explicitly, the following
equation was derived:

SI54GK E
2`

`

f ~E,x!@12 f ~E,x!#dEL
wire

. ~4!

In this approach, phase coherence is not required in con
to the random-matrix theory. Furthermore, it has the adv
tage that inelastic scattering processes can easily be inclu
They are introduced by scattering integralsI ee for electron-
electron scattering andI ph for electron-phonon scattering.f
can be obtained by the following diffusion equation:

D
d2

dx2
f ~E,x!1I ee~E,x!1I ph~E,x!50, ~5!

whereD is the diffusion coefficient of the electrons.22 The
boundary conditions are given by Fermi-Dirac distributio
with f (E,0)5@exp(E/kT)11#21 for the left reservoir and
f (E,L)5$exp@(E2eV)/kT#11%21 for the right reservoir. It is
assumed that the reservoirs keep the two ends of the wir
constant electrochemical potential 0 andeV, respectively,
and at a constant temperatureT ~Fig. 1 bottom left!. If in-
elastic scattering is absent~noninteracting regime!, the solu-
tion of Eq. ~5! is a linear combination of the two reservo
distribution functions (0<x<L):

f ~E,x!5
L2x

L
f ~E,0!1

x

L
f ~E,L !, ~6!

which has the shape of a two-step function~Fig. 1 bottom
right!. Inserting this into Eq.~4! one obtains for the noise

SI5
2

3F4kT

R
1

eV

R
cothS eV

2kTD G . ~7!
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PRB 59 28731/3-SHOT-NOISE SUPPRESSION IN DIFFUSIVE NANOWIRES
This equation is identical to the result obtained with t
Landauer-Bu¨ttiker formalism and describes the crossov
from thermal noise atV50 to an asymptotic shot-noise be
havior SI5

1
3 32euI ufor eV@kT. As mentioned above, th

same reduction factor also results from a model using
quential tunneling through a series of tunnel barriers.
though various theories predict a universal 1/3 noi
reduction factor for the noninteracting regime, no experim
has yet confirmed the 1/3 slope in the asymptotic limiteV
@kT.

Another special case arises ifL@ l e-e . The electrons can
exchange energy among each other and are, therefore,
local thermodynamic equilibrium. Hence, the occupat
probability f (E,x) is described by a Fermi-Dirac distributio
with a local electron temperatureTe(x) at the electrochemi-
cal potentialm(x)5(x/L)eV:

f ~E,x!5
1

e[E2m~x!]/kTe~x!11
. ~8!

The temperature profileTe(x) along the wire can again b
calculated from Eq.~5!, which reduces to a heat-flow equ
tion:

£0

2

d2Te
2

dx2
52S V

L D 2

1GS k

eD 2

~Te
52T5!, ~9!

where £05(p2/3)(k/e)2 is the Lorenz number andG is a
parameter describing electron-phonon scattering. Equa
~4! turns now intoSI54k^Te&x /R. Hence, the excess nois
is now solely due to thermal noise of the hot electrons andSI
is determined by the electron temperature averaged ove
whole wire length. ForL! l e-ph the electron-phonon term
can be neglected and an analytical solution exists for
temperature profile~inset Fig. 2!:23

Te~x!5AT21
x

LS 12
x

L DV2

£0
. ~10!

This leads to

FIG. 1. The electron-distribution function of a wire connected
two large reservoirs at its ends is shown for the case of an app
voltage V. In the reservoirs and at the wire ends the distribut
function is a Fermi-Dirac distribution at the chemical potential
andeV ~bottom left!. Within the wire it is a two-step function if no
inelastic scattering is present,L! l e-e ~solid line! or it is a Fermi-
Dirac distribution with an effective electron temperaturekTe being
of the ordereV if L@ l e-e ~dashed line!.
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SI5
2kT

R F11S n1
1

n DarctannG , ~11!

with n5A3eV/2pkT. For eV@kT one obtainsSI5A3/4
32euI u.0.4332euI u.

Figure 2 displays the expected noise vs applied volt
for the noninteracting regime according to Eq.~7! and for the
interacting electron picture according to Eq.~11!. Both
curves start atV50 with thermal noise and separate into tw
straight lines with different slopes foreV@kT. The figure
suggests that at leasteV/kT*10 is necessary in order t
distinguish the two regimes by the measured asympt
slopes. An experiment under such highly nonequilibriu
conditions requires special care in the treatment of diss
tion due to the large unavoidable power input. In particul
one has to consider how energy is removed in the reserv
attached to the wire.

B. Reservoir heating

The theory described above assumes ideal boundary
ditions for the electrons at the immediate wire end. The el
trons in the reservoirs are described by a Fermi-Dirac dis
bution with a constant electrochemical potentialm and a
constant bath temperatureT independent of the current flow
ing through the wire. This assumption is only correct f
reservoirs of infinite size with infinite electric and heat co
ductivities. For real reservoir materials, e.g., Au, Ag, and C
the actual size and heat conductance of the reservoirs
matter. In the following sections we discuss the differe
contributions that can give rise to a temperature increas
the reservoirs caused by the generated powerV2/R, which
has to dissipate in the reservoir and substrate. It will turn
that noise is substantially affected in the noninteracting
gime, if the reservoir temperature rises. The heat flo
through a chain of different thermal resistors connected
series~see Fig. 3!. We start at the top of the heat chain whe
the electronic heat spreads out radially into the whole re
voirs. We take the radius of the two inner semicircles to
r 15 l e-e/2. For the noninteracting regime these semicirc
may be considered as part of the wire itself~the inner white
part in Fig. 3!. This is justified since the 1/3 suppression h
been shown to hold independent of the wire geometry,

ed
FIG. 2. Calculated noise power for the noninteracting regi

L! l e-e ~lower curve! and for the interacting regime whereL@ l e-e

~upper curve!. To distinguish between the two regimes in th
asymptotic limit a ratio of at leasteV/kT.10 is required. The inse
shows the temperature profile in the interacting regime along
wire for eV/kT520.
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2874 PRB 59HENNY, OBERHOLZER, STRUNK, AND SCHO¨ NENBERGER
long as the wire is shorter thanl e-e .12 Since a change in
temperature is only defined over distances larger thanl e-e ,
we assume a constant temperature in this inner region.
is the highest temperature and denoted withTe,hi . Going
radially outwards, the power spreads by electronic heat
fusion in the electron gas, which is described by a therm
spreading resistanceRe-di f f , similar to the well known elec-
trical spreading resistances. The transfer of energy from
electron gas to phonons in the reservoirs can be neglecte
to a radius of orderl e-ph . For higher radii the electron
phonon scattering length provides a natural cutoff for
electronic heat diffusion. We, therefore, define the larg
radiusr 0 to be the smaller of eitherl e-ph or the planar reser
voir sizeLres . At this distance the electron temperature h
dropped toTe,lo . In the heat-chain model, the thermal res
tance for the conversion of energy from electronic to latt
degrees of freedom follows next. First, energy flows into
phonon system of the reservoir resulting in a difference
tweenTe,lo and the reservoir phonon temperatureTph . The
corresponding thermal resistance is denoted byRe-ph . Then,
a thermal-boundary resistanceRK ~Kapitza resistance! may
give rise to a difference in phonon temperatures of reser
Tph and substrateTsub. Finally, the generated heat is tran
ferred into the cryogenic bath, held at the constant bath t
peratureTbath . This thermal anchor to the bath has the th
mal resistanceRs . The temperature difference over ea
thermal resistor is proportional to the thermal resistance
the powerP flowing through it. The minimization of all ther
mal resistances in the complete heat chain is essentia
preventTe,hi to rise and thus to prevent the injection of h
electrons into the wire. This is particularly important for th
noninteracting regime, since it turns out that a tempera
rise in this regime results in substantial additional noise
the asymptotic limit. This can be understood from t
asymptotic behavior of Eq.~7! for eV@kT, which contains a
temperature-dependent offset in addition to the term linea
I:

SI5
1

3
2euI u1

8

3
kT/R. ~12!

FIG. 3. The powerV2/R produced in the wire has to be diss
pated in the reservoirs and in the substrate. For that it has to p
series of thermal resistors. First, it is distributed in the reservoir
diffusion. Then, the heat is transferred by electron-phonon sca
ing into the phonon system of the reservoir from where it flows i
the substrate and finally into the cryogenic bath kept at the cons
temperatureTbath . Over every thermal resistor a temperature dr
proportional to the resistance and power is induced.
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For the temperatureT, we have to insertTe,hi into Eq.~12! as
the temperature of the injected electrons. IfTe,hi scales lin-
early with the currentI, the measured slope will be large
than 1/3. It is quite remarkable that in the interacting regi
an increase ofTe,hi has only a minor effect for the measure
noise. As the linear asymptote foreV@kT passes through
the origin, the correction to the slope is only of second or
in kT/eV.

Next we estimate the increase of the four temperature
the heat chainTsub,Tph ,Te,lo , andTe,hi , when a heat cur-
rent flows through the chain. The connection between sam
and cryogenic bath determines the increase ofTsub. We will
see later in the experimental section that its dependenc
the powerP is phenomenologically best described as

Tsub5~Tbath
2 1aP!1/2, ~13!

wherea describes the thermal coupling of the sample to
cryogenic bath.

A possible difference betweenTph and Tsub is due to a
Kapitza resistance and can be written as24

Tph5S Tsub
4 1

P

AsK
D 1/4

. ~14!

A denotes the area of the reservoir andsK is a parameter
specific for the interface between reservoir and substrate.
cause of the large size of the reservoirs in this work, this
small effect, but was added here for completeness.

To calculate the difference between electron tempera
Te,lo and phonon temperatureTph in the reservoir, we as-
sume for simplicity that the electron temperature is const
over the whole reservoir. When we multiply Eq.~9! with the
electrical conductivitys, the second term on the right-han
side s(k/e)2G(Te,lo

5 2Tph
5 ) is the power per volume dissi

pated by electron-phonon scattering and can be set equ
V2/RAt.s is now the electrical conductivity of the reservo
and t its thickness. We obtain

Te,lo5FTph
5 1

V2

R

Rh

GAS e

kD 2G1/5

, ~15!

where we have introduced the sheet resistance of the re
voir Rh51/(st). The parameterG is known from noise
measurements on long diffusive wires (L@ l e-ph),

24–26 and
can be used to determine the electron-phonon scatte
length24 l e-ph51.31/AT3G.

Finally, in order to determine the temperature in the w
Te,hi , we have to calculate the temperature gradient in
reservoir due to radial electronic heat diffusion from the
ner semicircles with radiusr 1 to the outer ones with radiu
r 0 ~see Fig. 3!. Using cylindrical symmetry the heat-flow
density is given by

jW52k¹W T5
P

2prt
eW r , ~16a!

wherer is the radius of a semicircle betweenr 1 andr 0 ,t the
thickness of the reservoir, andk the electronic thermal con
ductivity derived from the Wiedemann-Franz lawk
5£0Ts, the latter has been shown to be valid in sm
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PRB 59 28751/3-SHOT-NOISE SUPPRESSION IN DIFFUSIVE NANOWIRES
wires.6,26 Integrating over the temperature gradient¹W T with
the boundary conditionT(r 0)5Te,lo , yields for Te,hi
5T(r 1):

Te,hi
2 5Te,lo

2 1b2V2, ~16b!

with

b5A 1

p£0

Rh

R
ln

r 0

r 1
. ~16c!

For large applied voltages, the second term on the right-h
side of Eq.~16b! dominates and a linear dependence of
electron temperature with respect to the applied voltag
obtained:

Te,hi5bV . ~16d!

When inserting Eq.~16d! into Eq.~12!, the increase in noise
DSI can be calculated and one obtains for the additio
slope

DSI

2eI
5

4

3

k

e
b5

4

3
A 3

p3

Rh

R
ln

r 0

r 1
. ~16e!

Hence, even in the independent-electron regime the m
sured slope is always larger than 1/3. The increase in slop
determined by the ratioRh /R and the geometrical param
eters r 0 and r 1 . The electrical parametersRh and R are
known accurately. For the radii natural cutoffs have be
introduced:l e-e/2 for r 1 and the smaller of eitherl e-ph or the
reservoir sizeLres for r 0 . Though the assumed values forr 0
and r 1 are correct on physical grounds, a more rigoro
theory may give a slightly different prefactor. Sincer 0 and
r 1 enter Eq.~16e! only logarithmically, corrections are smal
Both l e-e(T) and l e-ph(T) display a power-law dependenc
on temperatureT effectively resulting in the cutoff term
ln(r0 /r1) to be temperature dependent as well, albeit wea
only proportional to ln(T). This weaker temperature depe
dence will be neglected in the following. Forr 0 and r 1 ,
values typical for the experiment will be used.

In the following we compare the magnitude of the te
perature increase caused by electronic heat diffusion u
Eq. ~16b! and electron-phonon scattering using Eq.~15!. In
Fig. 4 the relative increaseDT/T is plotted as a function o
bath temperatureT for fixed eV/kT520, which is a typical
value used to distinguish between the interacting and no
teracting regime. Within the above-mentioned assumpt
the contribution from electronic heat diffusion is independ
of T, the two plotted values~dashed lines! correspond to a
ratio of R/Rh5250 andR/Rh51000 with r 0 /r 15100. In
contrast, the electron-phonon coupling strongly depends
T. Its thermal resistance increases with decreasing temp
ture, since the electron-phonon scattering rate is proportio
to T3. This results in a drastic increase ofDT/T at low
temperatures in Fig. 4~solid curves correspond to differen
lateral reservoir sizes as denoted!. Due to this sharp rise the
study of nonequilibrium effects at very low temperatures
nd
e
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comes increasingly difficult.25 The large-temperature in
crease due to the vanishing coupling of the electrons
phonons at low temperatures can only be compensated
enlarging the reservoir volume. Note that both contributio
depend on the reservoir thickness, which is included in
reservoir sheet resistanceRh .

Up to now, as a first approximation, we have treated el
tronic heat diffusion and electron-phonon scattering indep
dently. This is certainly not fully correct. The electron tem
perature, which is relevant for the electron-phon
scattering, is not constant over the reservoir as previou
assumed. To determine the temperature profile s
consistently, we can combine the electronic heat diffus
and the electron-phonon scattering term in one equat
which has a similar form as Eq.~9!, but now in cylindrical
coordinates. We assume that the voltage drop across the
ervoirs is negligible, so that the heat-generating term can
omitted:

£0

2 Fd2Te
2

dr2
1

Te

r

dTe

dr G5GS k

eD 2

~Te
52Tph

5 !. ~17a!

The power enters the system at a semicircle of radiusr 1
defining the first boundary condition. According to Eq.~16a!
it is given by

£0

2

d

dr
T2~r 1!5

P

2pr 1
Rh . ~17b!

We now assume the reservoir to be terminated by a se
circle of radiusr 0 . The heat flow at the end of the reservo
must vanish and the second boundary condition reads

£0

2

d

dr
T2~r 0!50. ~17c!

FIG. 4. The relative temperature differenceDT/T is plotted for
eV/kT520 as a function ofT for various types of reservoirs. Th
relative increase due toRe-di f f ~dashed lines! strongly depends on
the ratio wire resistanceR to reservoir sheet resistanceRh . The
contribution from electron-phonon scattering~solid lines! is
strongly temperature dependent and increases with decreasing
perature. Its magnitude depends mainly on the reservoir’s lat
size~denoted next to the curve!, the electron-phonon scattering pa
rameter ~here G553109 K23 m22), and the ratioR/Rh ~here
250!.



o

a

a

h

r-
ce
in

he
d

.
te
ze

nc

-

le
g
th
io
i

u
-
c

ntial.

the
and
In
ve,
er-

e
,

e.
ox-
er-

m
.
ap-
tter-
he
e to
ing

the

our
e

l to

e
ts
n

tte

m
ro

on
ir
tron-

2876 PRB 59HENNY, OBERHOLZER, STRUNK, AND SCHO¨ NENBERGER
The differential equation~17a! together with the boundary
conditions~17b! and~17c! cannot be solved analytically. T
obtain quantitative estimates forTe,hi , we have performed a
simulation using the method of finite elements. We have v
ied the powerP, the electron-phonon scattering parameterG,
and the reservoir outer and inner radiir 0 and r 1 . The main
results are as follows: The electron-temperature decays
proximately exponentially fromTe,hi at the inner radiusr 1 to
a base temperatureTe,lo at r 0 . The decay length, over whic
Te2Tph is reduced by a factore, is aboutl e-ph/4, wherel e-ph

is the electron-phonon scattering length atTe,lo.Tph . The
resulting temperature profile of two simulations with diffe
ent G is plotted in Fig. 5. The inset shows the differen
Te2Tph on a logarithmic scale. The two straight slopes
dicate the exponential decay of the temperatureTe to Tph .
The decay length depends only slightly on the powerP. If
r 0*2l e-ph no significant raise ofTe,lo with respect toTph is
found andTe,hi depends only on the incoming power and t
reservoir sheet resistance. This corresponds to the limit
scribed above, where the electron-phonon contribution
small compared to the one from electronic heat diffusion
can be used as a design criterion for reservoirs appropria
minimizing dissipative reservoir heating. The reservoir si
which is required for this, is plotted as a function ofTph in
the inset of Fig. 6. The simulation also shows that the fu
tional behavior ofTe,hi with applied voltageV can be de-
scribed as in Eq.~16b!. The relationb}ARh /R is still valid
consistent with Eq.~16c! and the proportionality factor cor
responds to a ratio of aboutr 0 /r 15100, which is very rea-
sonable. Such a ratio would also follow from our simp
analytical model, when the electron-phonon scattering len
is inserted forr 0 and the electron-electron scattering leng
for r 1 taken at subkelvin temperatures. This discuss
shows that large reservoirs are needed to minimize the
crease in reservoir temperature. In particular, ifLres@ l e-ph is
followed in the design of the reservoirs, the main contrib
tion for the relative temperature riseDT/T is caused by elec
tronic heat diffusion, which is displayed in Fig. 6 as a fun

FIG. 5. Resulting temperature profile in the reservoir obtain
from a computer simulation using the method of finite elemen
For an incoming power of 200 nW and a reservoir sheet resista
Rh542 mV, the electron temperatureTe,hi rises from 0.3 to 0.8
K. The curves are calculated with different electron-phonon sca
ing parameters:G553109 K23 m22 for the dashed line (l e-ph

5110 mm) and G513109 K23 m22 for the solid line (l e-ph

5250 mm). The inset shows the logarithmic behavior of the sa
graphs but after subtracting the phonon temperature of 0.3 K f
the electron temperature.
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tion of the applied voltage for three different ratios ofR/Rh .
As can be seen, the temperature increase can be substa

III. EXPERIMENT

A. Design

In the experiments described below we explore
1/3-shot-noise suppression in the noninteracting regime
study the influence of different reservoir configurations.
view of the important role of the reservoirs discussed abo
a careful design of the experiment is crucial. The nonint
acting regime requiresL! l e-e . For an estimate ofl e-e we
use Altshuler’s formula valid for a one-dimensional wire:

l e-e5F SA2

kB
D S \

eD 2 Dw

TRh
w G 1/3

, ~18!

where w is the width andRh
w the sheet resistance of th

wire.16 For a typical Au wire with a thickness of 15 nm
diffusion coefficient D5120 cm2/s, width w5100 nm,
andRh

w 52.3 V, we find a scattering lengthl e-e54.2 mm at
0.3 K. Using standarde-beam lithography, a wire with a
length of 1 mm connected to two reservoirs is feasibl
Shorter wires are difficult to fabricate because of the pr
imity effect from exposing the large areas of the two res
voirs.

As mentioned above, in order to distinguish the 1/3 fro
theA3/4 regimes a ratio of at leasteV/kT*10 is necessary
A low-base temperature is required, since otherwise the
plied voltage becomes too high and electron-phonon sca
ing in the wire is unavoidable. To get an estimate of t
influence of electron-phonon scattering on noise we hav
compare the wire length with the electron-phonon scatter
length at temperatureeV/k. We find that a deviation in noise
of about 1% would result ifL.4l e-ph . For a 1-mm-long
wire with G553109 m22 K23 this relates to a maximum
voltage, which corresponds to 17.6 K. For a ratio ofeV/kT
540 ~the largest ratio used in the experiment!, the bath tem-
perature shall be lower than 440 mK. As explained above
reservoir heating strongly depends on the ratioRh /R, which
ought to be as small as possible to avoid heating. In
experiment we will vary this ratio. As we have fixed th
length of the wire, its width and thickness should be smal

d
.

ce

r-

e
m

FIG. 6. Calculated temperature increaseDT/T due to electronic
heat diffusion as a function of applied voltage. A linear variati
follows if eV/kT@AR/Rh. The inset shows the lateral reservo
size necessary to prevent a temperature increase due to elec
phonon scattering. It is given by 4l e-ph55.24/AT3G with G55
3109 K23 m22.
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TABLE I. Sample parameters at 0.3 K.

Rtot (V) # R̄ (V) L ~nm! w ~nm! Reservoir Rh (mV) (Rh /R̄)1/2

AI 329 28 11.8 910 160 200-nm Au 42 0.060
B 129 6 21.5 940 100 200-nm Au 42 0.044
AII 74.6 8 9.3 910 170 200-nm Au11-mm Cu 2.8 0.018
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achieve a high wire resistance. On the other hand, the re
voirs have to be as thick as possible and made of a hig
conductive metal to reduceRh .

The size of the reservoirs has to be chosen accordin
the electron-phonon scattering lengthl e-ph in the reservoir.
Its radiusr should be about twicel e-ph to avoid a significant
difference between electron and phonon temperature~see in-
set of Fig. 6!. With G553109 m22 K23 we obtain l e-ph

51.31/ATe
3G5110 mm at 0.3 K, which means that tw

rectangles with 200mm3 400 mm on each side are
sufficient.26 Note, that for 50 mK this length even excee
1.5 mm.

An estimate also has to be made for the temperature
crease due to a Kapitza resistance. As a worst case esti
for sK we use 100 W/m2 K4. With a heating power of 50
nW we expect a temperature increase of only 25 mK, wh
is small compared to the applied voltageeV/k512 K.

In our experiment, a possible increase of the subst
temperatureTsub is taken into account, since we can meas
Tsub directly with noise thermometry using an addition
monitor wire on the same substrate.

B. Sample fabrication

The samples were produced with standarde-beam lithog-
raphy. A 600-nm-thick PMMA resist was spun on an ox
dized Si~100! wafer and structured with a JEOL JSM-IC 84
at an acceleration voltage of 35 kV. The pattern consiste
a line~line dose;1.8 nC/cm) and of two areas on each si
of the line. To correct for the proximity effect the are
dose was increased in steps from the wire e
(;200 mC/cm2) to the outer part of the reservoir
(400 mC/cm2). The small structures were written with
probe current of 40 pA and the large pads with 16 nA.
order to enable a second lithography step eight alignm
marks were written. This structure was repeated up to
times on the same substrate. The resist was develope
MiBK:IPA51:3 during 45 s. Metal evaporation was pe
formed with the two-angle evaporation technique.26 First a
15-nm Au layer was evaporated under normal inciden
Then for the reservoirs a second 200-nm Au layer w
evaporated at a tilt angle of 30° without breaking t
vacuum. This ensures a good contact between the wire
the reservoir. Even larger reservoirs were produced in a
ond lithographic step in which 1-mm-thick Cu layers were
aligned over the previous reservoirs. Relevant paramete
the three samples are summarized in Table I.

C. Noise measurement setup

The lower inset of Fig. 7 shows the noise measurem
setup. The sample with resistanceR is biased by a curren
provided by the constant voltage source connected to la
er-
ly
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series resistorsRs@R. The voltage over the sample is the
amplified with a gain of 1000 by two independent low-noi
preamplifiers~EG&G 5184! operated at room temperatur
The noise spectrum is obtained by a cross correlation of
two amplifier signals using a spectrum analyzer~HP
89410A!. This correlation scheme effectively reduc
voltage-offset noise from the preamplifiers.27 For every data
point the signal is averaged over a frequency bandwidth
70 kHz at a typical center frequency of 300 kHz~at this
frequency 1/f noise is absent!. With a measuring time of
60 s a sensitivity of 10222 V2 s is achieved. As we measur
the voltage fluctuationsSV5SIR

2, the signal SV5 1
3

32eVR is proportional toR. We aimed at a precision of 1%
at a ratioeV/kT540, which gives us a lower limit for the
sample resistance ofR590 V. Within the geometrical re-
quirements the typical resistance is, however, in the rang
10220 V. To increase the sample resistance and with it
precision, we use a series of many identical wires, all
tached to individual reservoirs. The resistance of each w
was first measured at room temperature to obtain the sca

ing DR around the average resistanceR̄.
For an absolute noise measurement, a calibration of

complete setup is unavoidable. The measured noise sign
affected by shunt capacitances from the leads in the cryo
which partially diminish the dynamical signal. We calibra
the measured excess noise against the thermal noise o
same sample measured within the same frequency b
width. This is done for every sample separately, since
resistance varies from sample to sample. A typical calib
tion is shown in Fig. 7. The thermal noise of the samp
varies linearly with temperatureT according toSU54kTR
with an offset, which arises from current noise of the prea
plifiers. Since the resistanceR is known from an independen

FIG. 7. Thermal noise of sample AI used for the calibration
the noise measurement setup sketched in the lower inset. The u
inset shows the substrate temperature measured on an addi
unbiased monitor wire as a current flows through the sample.
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FIG. 8. Shot-noise measurements for three different samples with different ratioR/Rh at a bath temperatureTbath50.3 K. The upper
line corresponds to the prediction ofL@ l e-e ~asymptotic slopeA3/4), the lower one toL! l e-e ~slope 1/3). The measured noise
significantly increased due to reservoir heating depending onR/Rh .
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dc measurement, the slope and offset of the line in Fig
provides us with the absolute calibration.

As mentioned above, the substrate heating is determ
from the thermal noise of an unbiased monitor wire on
same substrate. A typical measurement is displayed in
upper inset of Fig. 7. The dependence of the data could
be accounted for by the phenomenological relationTsub
5(T21aP)1/2. It yields as fit parameter a51.31
3105 K2/W, which is specific for the cryostat.

IV. RESULTS AND DISCUSSION

We now discuss the experimental results for three diff
ent samples, which mainly differ in the heat conductance
their reservoirs. In Fig. 8 the measured shot noise of
samples~AI, B, AII ! is plotted. The solid lines are calculate
assuming noninteracting electrons~lower curve, slope 1/3)
and interacting electrons~upper curve, slopeA3/4). Two
corrections are included in these theoretical lines: the
creased substrate temperature using the parametera and the
relative scattering of the wire resistances around its ave
DR/R̄, which has, however, only a small influence of arou
1%. The relevant sample parameters are summarize
Table I.

Sample AI consists of 28 wires with an average resista
of R̄511.8 V and 200-nm-thick Au reservoirs resulting in
reservoir sheet resistance ofRh542 mV. In Fig. 8~a! the
measured noise of this sample as a function of curren
shown. Within the accuracy of the experiment, the d
points lie on theA3/4 curve and one may on first sight infe
that the length of the wire~910 nm! is much longer than the
electron-electron scattering length in contradiction to E
~18!. This conclusion is, however, only valid if reservo
heating is completely absent.

For sample B the same wire length and reservoir thi
ness are used. Since the wires of this sample are narro
their resistancesR are higher, so that we expect to have le
heating as compared to sample AI, sinceRh /R̄ is reduced.
As is evident from Fig. 8~b! the measured noise is indee
much lower, lying closer to the 1/3 curve than to theA3/4
curve. For the highest applied voltage we haveeV/kT.35 in
both cases.

In order to increaseR/Rh even further, we have fabri
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cated thicker reservoirs with a much lower sheet resistan
Sample AII has initially been the same as sample AI, but
a second lithography step a 1-mm-thick Cu layer has been
evaporated onto the reservoirs in addition to a thin Au la
preventing oxidation of the Cu reservoir~see Fig. 9!. This
reduces the reservoir sheet resistance considerably
2.8 mV. During the second processing of the sample, s
eral wires were lost and only eight of them remained for
measurement of sample AII. Because of the reduced t
resistanceRtot , the measured noise voltage is lower, th
increasing the scatter in the data points, but a clear reduc
of the slope is visible when comparing with the measurem
of sample AI@see Figs. 8~a! and 8~c!, respectively#. The data
points are now consistent with the 1/3 prediction.

Since an asymptotic slope of 1/3 is the prediction for t
noninteracting electron regime, sample AII has to be in t
regime and, therefore, also AI~same wires!, even though the
latter displays a significantly increased noise indistingui
able from an asymptoticA3/4 slope. Since the wires used fo
sample B are made from the same material with a sim
length, sample B must be in the independent regime as w
All three samples are in the noninteracting regime accord
to the theoretical estimate given above. However, only
sample AII with the highest conducting reservoirs does
measured noise correspond to the prediction for this regi

FIG. 9. Scanning electron microscopy micrograph of sam
AII. The Au wire is terminated by 200-nm-thick Au reservoirs.
an overlaid second lithography step an additional layer of 1-mm Cu
is evaporated to increase the reservoir thermal conductance.
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For the other two samples additional noise is detected, wh
increases asR/Rh becomes smaller.

We explain this increase of noise with electron heat d
fusion in the reservoirs. Since we have estimatedRe-di f f to
be the dominant thermal resistance for all reservoirs in
work, we expect from our model, that the temperature of
electrons injected into the wires to vary asTe,hi5(Tsub

2

1b2V2)1/2 according to Eq.~16b!. Inserting this voltage-
dependent temperature into Eq.~7! we can treatb as a fit
parameter, which describes the magnitude of the heatin
our heating model is valid,b}ARh /R. In Fig. 10 the fitted
values ofb are plotted as a function ofARh /R for the three
samples. Within the error bars it is consistent with the p
portionality toARh /R as we have proposed it with our hea
ing model. The plotted line is a least-square fit with the
sumption that forARh /R50 ~i.e., ideal reservoirs! no
heating is present. The values ofb are higher by a factor o
1.8 than expected from our model. A higher thermal res
tance between electron and phonon temperatureRe-ph would
scale withARh /R as well. Such a contribution can, how
ever, be ruled out. Although the relevant parameterG55
3109 m22 K23, which was obtained in a 20-nm-thick A
film, could be smaller in the reservoir due to a larger diff
sion coefficient, such an increase would be negligible.
contribution from a Kapitza resistance would be independ
of Rh /R. A calculation usingsK5100 W/m2 K4 would ex-
plain in maximum an increase of 22 mK corresponding t
change inb of about 23 K/V, which again is negligible.

In view of the current debate of a possibly enhanc
electron-electron interaction, it is important to identi
whether the additional shot noise originates from heating
from electron-electron scattering. A possible contribution
the noise arising from electron-electron scattering is, ho
ever, independent ofRh /R and would thus shift the value
of b by a constant offset. From Fig. 10 we can estimate s
a contribution in our data to be less than 100 K/V, cor
sponding to an increase of 0.0132euI u in the asymptotic
limit ~see below!.

The nearly linear dependence ofb with ARh /R proves
that the major part of the additional noise in our experim
can solely be explained by thermal heating due to a temp
ture gradient in the reservoir and that the wires are indee
the noninteracting regime.

FIG. 10. The parameterb, which describes the enhancement
the measured noise by heating, is extracted from the data of Fi
It is proportional toARh /R. The origin of the graph corresponds
a slope of 1/3 expected for ideal reservoirsRh50.
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Our measurements support experimental results
Schoelkopfet al. who compared measured differential noi
on short diffusive wires with the interacting and nonintera
ing theories and found good agreement only for the non
teracting regime, hence the 1/3 theory. These experim
were performed at lower voltages where heating effects
less important~Fig. 6!. However, the absolute slope ofSI in
the asymptotic limit could not be extracted in that paper.
absolute value has been reported by Steinbachet al. The
measured slope was, however, found to be significa
larger than 1/3. They explained the increase of noise pa
by heating and partly by residual electron-electron inter
tions and proposed to use the shot-noise measurement f
independent measurement of the electron-electron interac
in thin metal films. The uncertainty on how large th
electron-electron scattering really is, has led to the exp
ment by Pothieret al.,18 who directly measured the electron
distribution function by tunneling spectroscopy. Based
those results we have estimated the residual contribu
from electron-electron scattering in our wires. The only r
evant parameter is the ratio of the dwell time of an elect
in the wire tD5L2/D570 ps to the scattering paramet
t051 ns from Ref. 18. A numerical simulation is used
calculate the electron-distribution functionf (E,x) in the
wire. Inserting this distribution into Eq.~4!, we obtain the
shot noise, which is now slightly larger than 1/332euI u in
the asymptotic limit. This increase due to electron-elect
scattering is, however, only of the order of 0.00732euI u. As
mentioned above our data displayed in Fig. 10 is not in c
tradiction, since the error bars would allow for an offset i
dependent ofRh /R of the order of 0.0132euI u.

V. CONCLUSION

In this paper we have shown that for a metallic diffusi
wire a shot-noise power consistent with the universal va
1/332euI u is experimentally obtained in the asymptotic lim
eV@kT if the reservoirs are designed to minimize a te
perature rise as current flows through the wire. This impl
that the ratio between wire resistanceR and reservoir-shee
resistanceRh should be large, i.e., of the order of 1000
avoid a large temperature gradient due to electronic heat
fusion from the wire region into the reservoirs. The late
reservoir size is set by the electron-phonon scattering len
To avoid a difference between the electron and phonon t
peratures, the radius of the reservoir should be at le
2l e-ph . In a very striking manner, our experiments demo
strate that shot-noise reduction factors close toA3/4 can be
measured in the asymptotic limit even for wires thatmustbe
in the independent-electron regime. Though we have a h
of the universial 1/3 noise-suppression factor for diffusi
wires in the noninteracting electron regime, another les
can be drawn from the present experiments: In all hig
nonequilibrium electric-transport experiments conducted
low temperatures one has to include the complete envir
ment up to macroscopically large distances. In this resp
experiments differ markedly from the approach of a theor
who can separate the wire from the environment by impos
ideal boundary conditions. However, ideal boundaries~res-
ervoirs! are nontrivial in real experiments.

8.
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