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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 nois@|Vplue 2
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 eff®2163-18209)09203-4

I. INTRODUCTION factor is obtained as the ensemble-averaged value. In a semi-
classical picture, where no phase-coherence is required, the
Due to the quantization of the electrical charge in units offluctuations of the distribution functiohyield surprisingly
e, the electrical current fluctuates around its average vialue the very same suppression factolt was pointed out by
These fluctuations are known as shot ndig&. zero tem-  Shimizu and Ueda that dephasing of the electrons indeed
perature, the spectral densi8 of shot noise is in general does not change the noise power in contrast to dissipation or
proportional to the average current and the charge quantumonideal reservoirs.Moreover, the sequential transfer of
At finite temperatures, thermal fluctuations give an addi-electrons through a series of tunnel barriers has also been
tional contribution to the measured noise. In equilibrium, theshown to lead to exactly the same noise reduction factor of
spectral density of the thermal fluctuatio@@®hnson-Nyquist  1/3 in the limit of a large number of barriet8Recently, two
noise is given byS, =4k T/R for a device with resistand®.  publications have provided additional theoretical support for
From shot noise one can obtain information on the conducthe universality of the magic 1/3 suppression factor. In the
tion mechanism not accessible from conventional resistanciirst, a nondegenerate diffusive conduétois studied by
measurements, since it is directly related to the degree afomputer simulations, while in the second, the universality is
randomness in carrier transfer caused by the electron scattexxtended to multiterminal diffusive conductors with arbitrary
ing in the wire. If the number of transferred electrons in ashape and dimensidA.Note that this reduction factor does
given time interval is determined by a Poissonian distribu-not depend on any geometric parameter like length, width, or
tion, the current shows shot noise with a value given by thehickness, nor on the sample resistance.
well known Schottky formulaSpoissoi= S=2€]1|. This clas- The remarkable fact, that the same reduction factor of 1/3
sical shot noise is observed in tunnel junctions or vacuunis derived from different theoretical models, has been as-
tubes, for exampl&.Shot noise for wires connected to elec- cribed to a numerical coincidence by LandateOn the
tron reservoirs on each end is lower than the classical shoether hand, this identity may not be so astonishing, if one
noise valueSp,issonby a factor that depends on the ratio of considers that the Drude conductar@e GoNI¢/L can also
the wire lengthL with respect to characteristic scattering Pe deduced quantum mechanically as well as classically.
lengths like the elasticlf), electron-electronl(,,), and  Both conductivity and noise rely on the same principfes.
electron-phononlg.,,) scattering lengths. In a ballistic wire ~ Despite the remarkable universality of the reduction fac-
(L<l,), shot noise vanishes, since scattering is completeljor 1/3 obtained from various theoretical models for the non-
absent In the diffusive regime I(>1,), excess noise varies Interacting electron regime, a clear experimental confirma-
linearly with current only ifL<l.,,. Two limiting cases tion in the asymptotic limieV>kT, in which shot noise is
can then be distinguished. In the interactifeectron re-  much larger than thermal noise, is lacking. To clearly distin-
gime, i.e..L>1.,, the electrons assume a Fermi-Dirac dis-9uish the noninteracting from the interacting regime by noise
tribution with a locally varying temperature above the pho-measurements, a relatively high accuracy is needed allowing
non temperature. The noise is given by the Johnson-NyquistS to separate the two close-lying reduction factors 1/3 and
noise of the mean electron temperature averaged over thé3/4 from a measurement of noise, which by itself is a small
whole wire length. Independent of material and geometrigjuantity of order 10 pV{/H_z.
parameters, shot noise is reduced by a facto{/ﬁj,ﬂ from The first experiment in this field was done by Liefriek
the classical valuBOn the other hand, in the noninteracting al."® using a two-dimensional electron gas, which was elec-
(electron regime, i.e.L<l.,, the distribution functiorf is  trostatically confined into a wire. A linear variation of the
no longer a Fermi-Dirac function. For this regime variousnoise with current was found. The measured reduction fac-
theories predict a fundamental shot-noise reduction factor dors, however, were ranging from 0.2 to 0.45. Steinbach
1/3. Using the random-matrix theory, Beenakker andtBu et al® found excellent agreement with thé/4 theory for a
iker have calculated this factérn their derivation, the con- Ag wire of 30 um length, but reported a value between 1/3
ductor is implicitly assumed to be phase coherent and thand \/3/4 for a 1um-long wire, although theol§ predicts
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L <l for this length at 50 mK. Schoelkoft al. were the An elegant framework to describe the shot-noise power of
first to study high-frequencyquantumy shot noise of diffu- & mesoscopic device is the Landauéitiker formalism?° It

sive wires!’ By comparing measured differential noise is valid in linear response and in the absence of inelastic
dS /dI with the 1/3 andy/3/4 theories, good agreement was scattering. The current is carried by independent parallel
found for the noninteracting regime. However, the absolutehannels with a transmission probabilify,. The conduc-
slope, i.e., the 1/3 reduction factor, was not measured in thince is then written a8 = (e*/h)=,T, and the shot noise at
asymptotic limiteV>kT. An approach that allowed us to Z€ro temperature reds

distinguish between the interacting and the noninteracting
regimes, was introduced by Pothigtral, who measured di-
rectly the distribution functiori (E,x) of a wire by tunneling
spectroscopy?

We will show in the present paper that the electron reserA diffusive wire is described as an ensemble of many paral-
voirs connected to the wire are of great importance for thdel channels. Random-matrix theory predicts a bimodal dis-
confirmation of the 1/3 suppression factor. Bounded by theribution function for transmission probabilities, which leads
limiting values 1/3 andy3/4, the measured noise-reduction to a suppression of shot noise by a factor of 1/3 compared to
factor can in principle distinguish between the noninteractingts classical valué:

(L<lq.e) and the interacting regimé_&1..,). This is, how-

ever, only true, if heating in the electron reservoirs is absent.

As was remarked by Shimizu and Ueda, nonideal reservoirs S :§2e|||. )
can lead to additional noise when a current flows through the

conduptor‘? Our experiments demonstrate that noise-  Nagaev proposed a semiclassical approach to determine
reduction factors close to/3/4 can be measured, even he noise in a diffusive wir8.Starting from a kinetic equa-
though the wires are in the noninteracting regime. This igjon for the electron occupation probabilif¢E,x), current
demonstrated to be caused by unavoidable reservoir heatinggise is shown to be related to the fluctuations of the occu-
which results in a significantly increased measured slope %ation number given by (1—f). Explicitly, the following

the shot noise in the asymptotic limit. We discuss noise Me3zquation was derived:

surements of three Au wires that mainly differ in the size of

the attached electron reservoirs. The sample with the thickest

2
S =2e|V| %; To(1-T,). 2)

reservoirs, i.e., the highest reservoir heat conductivity,
closely approaches the universal 1/3-shot-noise reduction
factor.

T HEX[1-f(EX]ME) . @

wire
In this approach, phase coherence is not required in contrast
to the random-matrix theory. Furthermore, it has the advan-
Il. THEORY tage that inelastic scattering processes can easily be included.
A. Noise in diffusive conductors They are introduced by scattering integrls for electron-
electron scattering ant,;, for electron-phonon scattering.

The current flowing through a wire exhibits fluctuations .o pe obtained by the following diffusion equation:

Al=I(t)—1 around the average currentThe spectral den-

sity of these current fluctuations, i.e., current noise, can be 5
written as the Fourier transform of the current autocorrela- D— f(E,X)+ I o E,X) + 1 o(E,X) =0 (5)
tion function®® X2 ¢ P

S whereD is the diffusion coefficient of the electroRSThe
S|(w)=2f dte""t(AI(t+t0)AI(to)>t0. (1) boundary conditions are given by Fermi-Dirac distributions

o with f(E,0)=[expE/kT)+1] ! for the left reservoir and
f(E,L)={exd (E—eW/kT]+1} ! for the right reservoir. It is

called thermal or Johnson-Nvauist nokender current bias assumed that the reservoirs keep the two ends of the wire at
ya constant electrochemical potential 0 aeW, respectively,

the |nd_|\'/|d'ual chqrge pulses of the elect_r ons give rise to OUtémd at a constant temperatufe(Fig. 1 bottom leff. If in-
of-equilibrium noise known as shot noise. If the electrons

L elastic scattering is absefrtoninteracting regime the solu-
pass rarely and completely random n t'm? governed _by fion of Eq. (5) is a linear combination of the two reservoir
Poissonian process, one obtains the classical shot ISpise distribution functions (8x<L):
=2e|l| as derived by SchottkyIf in contrast the electron '
stream is denser, correlations due to many-particle statistics L—x «
induced by the Pauli principle or due to Coulomb interaction f(E,x)= ——f(E,0)+ —f(E,L), (6)
can significantly reduce shot noisézor #w<kT thermal L L

and shot noise display a white spectriirequency indepen- ) o

dend. In contrast, resistance fluctuations related to the dyWhich has the shape of a two-step functigfig. 1 bottom
namics of impurities in the sample display in general sgfight). Inserting this into Eq(4) one obtains for the noise
called 1f noise proportional to &/ over a large frequency

range'® We restrict ourselves to a frequency range, which is _z[ﬂ eV I-( ev

high enough to safely neglect thef Ioise. =3 R T RN T

In thermodynamical equilibrium Ed1) yields S,;=4kT/R,

: Y
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FIG. 1. The electron-distribution function of a wire connected to FIG. 2. Calculated noise power for the noninteracting regime
two large reservoirs at its ends is shown for the case of an appliefl<|,, (lower curvé and for the interacting regime whete> |,
voltage V. In the reservoirs and at the wire ends the distribution(ypper curvg To distinguish between the two regimes in the

function is a Fermi-Dirac distribution at the chemical potential 0 asymptotic limit a ratio of at leagtV/kT=10 is required. The inset
andeV (bottom lef). Within the wire it is a two-step function if N0 shows the temperature profile in the interacting regime along the

inelastic scattering is present<|.. (solid line) or it is a Fermi-  \ire for eV/kT= 20.
Dirac distribution with an effective electron temperatuire, being
of the ordereV if L>1., (dashed ling 2KTl 1
S=— 1+( v+ —|arctan |, (11
This equation is identical to the result obtained with the R v

Landauer—BtIike_r formalism and describgs the CroSSOVer it 1= [3eVi2rkT. For eV>kT one obtainss, = \/3/4
from thermal noise a¥=0 to an asymptotic shot-noise be- x 2¢e[1|=0.43x 2¢]||

havior S,=3 X 2e|l|for eV>kT. As mentioned above, the

duetion fact | It f del usi Figure 2 displays the expected noise vs applied voltage
same reduction factor also resulls Irom a model using S, he noninteracting regime according to Eg). and for the
quential tunneling through a series of tunnel barriers. Al-

. . ; . “Vinteracting electron picture according to E@L1). Both
though various theories predict a un!versal 13 NOISECrves start a¥ =0 with thermal noise and separate into two
tstraight lines with different slopes faVV=>kT. The figure
suggests that at leastV/kT=10 is necessary in order to
: . . distinguish the two regimes by the measured asymptotic
Another special case ariseslit>1... The electrons can. slopeg. An experimen? under )éuch highly nonequ}illibFr)ium
exchange energy among each other and are, therefore, in g itions requires special care in the treatment of dissipa-

local thgrmodyngmic quilibrium. Henge,. ihe pcc;upe_ltiontion due to the large unavoidable power input. In particular,
probability f (E,x) is described by a Fermi-Dirac distribution one has to consider how energy is removed in the reservoirs
with alocal electron temperaturge(x) at the electrochemi-  _+-hed to the wire.

cal potentialu(x)=(x/L)eV:

has yet confirmed the 1/3 slope in the asymptotic light
>KT.

1 B. Reservoir heating

f(E,x)= elE—n(0l/kTe(x) 1 1

(8) The theory described above assumes ideal boundary con-
ditions for the electrons at the immediate wire end. The elec-
trons in the reservoirs are described by a Fermi-Dirac distri-
bution with a constant electrochemical potentialand a
constant bath temperatufeindependent of the current flow-
ing through the wire. This assumption is only correct for
) reservoirs of infinite size with infinite electric and heat con-
k) 5_ 15 ductivities. For real reservoir materials, e.g., Au, Ag, and Cu
o (Te=T, (9) . O 1t 29, 80T S,
e the actual size and heat conductance of the reservoirs will
matter. In the following sections we discuss the different
where §=(m?3)(k/e)? is the Lorenz number anll is @  contributions that can give rise to a temperature increase in
parameter describing electron-phonon scattering. Equatiothe reservoirs caused by the generated pov@R, which
(4) turns now intoS,=4k(T¢),/R. Hence, the excess noise has to dissipate in the reservoir and substrate. It will turn out
is now solely due to thermal noise of the hot electrons§nd that noise is substantially affected in the noninteracting re-
is determined by the electron temperature averaged over thgime, if the reservoir temperature rises. The heat flows
whole wire length. ForlL <l the electron-phonon term through a chain of different thermal resistors connected in
can be neglected and an analytical solution exists for thgeries(see Fig. 3. We start at the top of the heat chain where

The temperature profil&(x) along the wire can again be
calculated from Eq(5), which reduces to a heat-flow equa-
tion:

2
+T

L

£, d°T2 Y,
2 a2

temperature profiléinset Fig. 2% the electronic heat spreads out radially into the whole reser-
voirs. We take the radius of the two inner semicircles to be
, X x\V? ri=leo/2. For the noninteracting regime these semicircles

Te(¥)=\ T+ L 1 L&y (100 may be considered as part of the wire itsigife inner white

part in Fig. 3. This is justified since the 1/3 suppression has
This leads to been shown to hold independent of the wire geometry, as
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P=V?R For the temperaturg, we have to insefT, y,; into Eq.(12) as
Te10 v the temperature of the injected electronsT [fy,; scales lin-
1 Ten early with the current, the measured slope will be larger
than 1/3. It is quite remarkable that in the interacting regime
T T an increase of ¢ ,; has only a minor effect for the measured
noise. As the linear asymptote fervV>kT passes through
T T, the origin, the correction to the slope is only of second order
1

Ty L 1«

Re-di ff

in kT/eV.
Next we estimate the increase of the four temperatures in
Tou the heat chaiMsyp, Tpn, Te 0, @andTepi, When a heat cur-
R, rent flows through the chain. The connection between sample
T and cryogenic bath determines the increas€Qf. We will
see later in the experimental section that its dependence on
FIG. 3. The powelV2/R produced in the wire has to be dissi- the powerP is phenomenologically best described as
pated in the reservoirs and in the substrate. For that it has to pass a
series of thermal resistors. First, it is distributed in the reservoir by Teup= (Tﬁath+aP)1’2, (13
diffusion. Then, the heat is transferred by electron-phonon scatter-
ing into the phonon system of the reservoir from where it flows intoWherea describes the thermal coupling of the sample to the
the substrate and finally into the cryogenic bath kept at the constafifyogenic bath.
temperatureTy,,. Over every thermal resistor a temperature drop A possible difference betweeh,,, and T, is due to a

Tbalh

proportional to the resistance and power is induced. Kapitza resistance and can be writted%as
long as the wire is shorter thdn.,.'? Since a change in p \14
temperature is only defined over distances larger than Tph:(T‘s‘ubJr A_0K> (14

we assume a constant temperature in this inner region. This

IS th?l highest tem;r)]erature and denoted ‘l’m{hi' _G(r)]mg A denotes the area of the reservoir ang is a parameter

;3gi|§nyir?Ltjrg\g ae:?esc,t:or? gg;ve\/rvr?i?: rhe?sdsdggcﬁbe:g%?/lca t?\z;trrila_ pecific for the interface between reservoir and substrate. Be-

spreading resistand®, 'similar to the well known elec. cause of the large size of the reservoirs in this work, this is a
P 9 diff gmall effect, but was added here for completeness.

trical spreading resistances. The transfer of energy from th T lculate the diff betw lectron t t
electron gas to phonons in the reservoirs can be neglected Lip 0 calcuiate the dirierence between electron temperature
elo @nd phonon temperaturg,;, in the reservoir, we as-

to a radius of ordei.,,. For higher radii the electron- L .
phonon scattering length provides a natural cutoff for the>UMe for simplicity that_ the electron temperature Is constant
ver the whole reservoir. When we multiply E§) with the

electronic heat diffusion. We, therefore, define the Iarges? X o .
radiusr to be the smaller of eithdg.,, or the planar reser- e_lectrlcal C‘;”d“‘g“""y"é th_e second term on the rlght-hand
Voir sizel,.s. At this distance the electron temperature hass'de o(k/e)T(Te o~ Tpp) is the power per volume dissi-
dropped toT,, . In the heat-chain model, the thermal resis-Pated by electron-phonon scattering and can be set equal to
tance for the conversion of energy from electronic to lattice¥ /RAL o is now the electrical conductivity of the reservoir
degrees of freedom follows next. First, energy flows into the2"dt its thickness. We obtain

phonon system of the reservoir resulting in a difference be- V2 RD(e)Z 15

, (15

tweenT, and the reservoir phonon temperatdig,. The T = Y rolE
corresponding thermal resistance is denoted®pyy,. Then, elo R T'Alk
a thermal-boundary resistan& (Kapitza resistangemay . .
give rise to a difference in phonon temperatures of reservoifVnere we have introduced the sheet resistance of the reser-
Ton and substratd,,,. Finally, the generated heat is trans- VO Ro=1/(ot). The parametel” is known fr(2)4n_126n0|se
ferred into the cryogenic bath, held at the constant bath tenf€asurements on long diffusive wirekXl¢.pp), and
peratureT,,,,. This thermal anchor to the bath has the ther-6a" bi used to determine the electron-phonon scattering
mal resistanceR,. The temperature difference over each Ieng.tr? lepn=13INTT. . .
thermal resistor is proportional to the thermal resistance and Finally, in order to determine the temperature in the wire
the powerP flowing through it. The minimization of all ther- Tei» We have to calculate the temperature gradient in the
mal resistances in the complete heat chain is essential #§Servoir due to radial electronic heat diffusion from the in-
preventT,,; to rise and thus to prevent the injection of hot Ner semlc_lrcles Wlt_h radlu_sl to the outer ones with radius
electrons into the wire. This is particularly important for the fo (s€e Fig. 3. Using cylindrical symmetry the heat-flow
noninteracting regime, since it turns out that a temperaturé€nsity is given by

rise in this regime results in substantial additional noise in

the asymptotic limit. This can be understood from the S Lé (169
asymptotic behavior of Eq7) for eV>kT, which contains a J K 2art "
temperature-dependent offset in addition to the term linear in

I wherer is the radius of a semicircle betweepandrg,t the

thickness of the reservoir, andthe electronic thermal con-
ductivity derived from the Wiedemann-Franz law
=£,To, the latter has been shown to be valid in small

5
Tph+

1 8
S =32ell|+ ZkTIR (12)
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15

wires®?8 Integrating over the temperature gradi& with

the boundary conditionT(rg)=Te,, Yields for Tgp;

=T(ry):

2 _ T2 2\ /2 E
T2, =T2 o +b2V2, (16b) >

e glo

with

0 L
1 Ry 1y 0.01 0.1 1
b= N7g, R My aes T[]

. . FIG. 4. The relative temperature differen&d/T is plotted for
For large applied voltages, the second term on the right-hand _ _ ;
g¢c app 9 g eV/kT=20 as a function ofl for various types of reservoirs. The

side of Eq.(16b) dominates and a linear dependence of the' | . . - " "0~ tB,.qis (dashed linesstrongly depends on

elect_ron .temperature with respect to the applied voltage the ratio wire resistanc® to reservoir sheet resistané®;. The
obtained: contribution from electron-phonon scatteringolid lineg is
strongly temperature dependent and increases with decreasing tem-
Teni=bV. (160 perature. Its magnitude depends mainly on the reservoir's lateral
size (denoted next to the curyethe electron-phonon scattering pa-
When inserting Eq(16d) into Eq.(12), the increase in noise rameter (here '=5x10° K™®m™?), and the ratioR/Ry (here
AS, can be calculated and one obtains for the additiona?50-
slope
P comes increasingly difficuf® The large-temperature in-
crease due to the vanishing coupling of the electrons to
AS 4k 4 / 3 RDI o phonons at low temperatures can only be compensated by
— —In—. (16€ . . oo
w2 R g enlarging the reservoir volume. Note that both contributions
depend on the reservoir thickness, which is included in the
reservoir sheet resistanéy; .

Hence, even in the independent-electron regime the mea- Up to now, as a first approximation, we have treated elec-

Zu;e(rjnfilr?pc? Ibs a:r]va{s tl%gge/rRthann dlt/r:? - The mcrt(raias? n fl?ﬁe{ onic heat diffusion and electron-phonon scattering indepen-
cte ed by the ralig Ik a € geometrical param- dently. This is certainly not fully correct. The electron tem-

E:ﬁ)rs:10aigdrraltélThle:oiktar?gl(r::(lj'P?\;atmrz[lecﬁ?o?fgdh: :riee erature, which is relevant for the electron-phonon
W u Y. I u u v cattering, is not constant over the reservoir as previously

introduced.¢/2 for r, and the smaller of eithdg.pn or the assumed. To determine the temperature profile self-

FeServoir sz res for ro. Thoggh the assumed vaIue; for consistently, we can combine the electronic heat diffusion
and r, are correct on physical grounds, a more rigorous

; . . . and the electron-phonon scattering term in one equation,
theory may give a slightly different prefactor. Sincgand P g d

T 3 which has a similar form as E@9), but now in cylindrical
ry enter Eq(168 only logarithmically, corrections are small. ¢,qjinates. We assume that the voltage drop across the res-
Both l.¢(T) andle,,(T) display a power-law dependence

4 L ervoirs is negligible, so that the heat-generating term can be
on temperaturel effectively resulting in the cutoff term

) omitted:
In(ro/rq) to be temperature dependent as well, albeit weakly,

only proportional to InT). This weaker temperature depen-

dence will be neglected in the following. Fop andr, £o

values typical for the experiment will be used. >
In the following we compare the magnitude of the tem-

perature increase caused by electronic heat diffusion using

Eq. (16b) and electron-phonon scattering using Etp). I The power enters the system at a semicircle of radius

Fig. 4 the relative increas&T/T is plotted as a function of defining the first boundary condition. According to Etj63

bath temperatur@ for fixed e V/kT=20, which is a typical it is given by

value used to distinguish between the interacting and nonin-

teracting regime. Within the above-mentioned assumption,

the contribution from electronic heat diffusion is independent £o d

of T, the two plotted valuesdashed linescorrespond to a 2 dr

ratio of R/R;=250 andR/R5;=1000 withrq/r;=100. In

contrast, the electron-phonon coupling strongly depends o

T. Its thermal resistance increases with decreasing temperg-/e now assume the reservoir to be terminated by a semi-

ture, since the electron-phonon scattering rate is proportiona‘ﬁIrCIe of r_ad|usr0. The heat flow at the end o_f_the reservorr
to T3 This results in a drastic increase AfT/T at low must vanish and the second boundary condition reads

temperatures in Fig. 4solid curves correspond to different
lateral reservoir sizes as denoteBue to this sharp rise the £ d > _
T4(rg)=0. (179

2el 3e 3

d?12 T,.dT,

dr2+f dr

k 2
:F(a) (Te=Tpn- (793

Tz(rl) =

T Ro. (17b

study of nonequilibrium effects at very low temperatures be- 2 dr
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FIG. 5. Resulting temperature profile in the reservoir obtained FIG. 6. Calculated temperature increds€/T due to electronic
from a computer simulation using the method of finite elementsheat diffusion as a function of applied voltage. A linear variation
For an incoming power of 200 nW and a reservoir sheet resistanc®@llows if eV/kT>R/Rg. The inset shows the lateral reservoir
Ro=42 m(, the electron temperatufg, p,; rises from 0.3 to 0.8 size necessary to prevent a temperature increase due to electron-
K. The curves are calculated with different electron-phonon scatterphonon scattering. It is given byl d,,=5.24AT°T with T=5
ing parametersI’=5x10° K~3m~2 for the dashed linel(,,  X10° K™®m™2
=110 um) and I'=1x10° K™3m~2 for the solid line (epn
=250 um). The inset shows the logarithmic behavior of the sametion of the applied voltage for three different ratiosRIR .
graphs but after subtracting the phonon temperature of 0.3 K fronfAS can be seen, the temperature increase can be substantial.
the electron temperature.

lIl. EXPERIMENT

The differential equatior{17ag together with the boundary A. Design

gg?:iglozsa(gtgﬁigdégzaﬁir}? b_e isévﬁgvaenag?g?#i' dT;) In the experiments described below we explore the
. 9 : Eni» P 1/3-shot-noise suppression in the noninteracting regime and

simulation using the method of finite elements. We have var-

od th P the elect h tteri &t study the influence of different reservoir configurations. In
led the powelP, the electron-phonon scattering parameter o, of the important role of the reservoirs discussed above,

and the reservoir outer and inner ragjiandr,. The main 5 careful design of the experiment is crucial. The noninter-
results are as follows: The electron-temperature decays aBcting regime requirek<l.... For an estimate of,, we
proximately exponentially fronf, p,; at the inner radius, o yse Altshuler’s formula valid for a one-dimensional wire:
a base temperatuii, |, atro. The decay length, over which

V2

Te—Tpnis reduced by a factag, is aboutl ¢, /4, wherel ¢, 13
ke

: (18

#\2 Dw
is the electron-phonon scattering lengthTat,=T,,. The lee (g) ﬁ
resulting temperature profile of two simulations with differ- s
ent T is plotted in Fig. 5. The inset shows the differencewherew is the width andR}Y, the sheet resistance of the
Te—Tpn on a logarithmic scale. The two straight slopes in-wire.!® For a typical Au wire with a thickness of 15 nm,
dicate the exponential decay of the temperaffigeo T,,. diffusion coefficient D=120 cnf/s, width w=100 nm,
The decay length depends only slightly on the powReif andRY=2.3 Q, we find a scattering lenglh .= 4.2 um at
ro=2lepn NO significant raise ol ¢ |, with respect tol,, is 0.3 K. Using standard-beam lithography, a wire with a
found andT ,; depends only on the incoming power and thelength of 1 xm connected to two reservoirs is feasible.
reservoir sheet resistance. This corresponds to the limit deShorter wires are difficult to fabricate because of the prox-
scribed above, where the electron-phonon contribution ismity effect from exposing the large areas of the two reser-
small compared to the one from electronic heat diffusion. Itvoirs.
can be used as a design criterion for reservoirs appropriate in As mentioned above, in order to distinguish the 1/3 from
minimizing dissipative reservoir heating. The reservoir sizethe \/3/4 regimes a ratio of at leas\/k T=10 is necessary.
which is required for this, is plotted as a functionf, in A low-base temperature is required, since otherwise the ap-
the inset of Fig. 6. The simulation also shows that the funcyplied voltage becomes too high and electron-phonon scatter-
tional behavior ofT,},; with applied voltageV can be de- ing in the wire is unavoidable. To get an estimate of the
scribed as in Eq(16b). The relationbx R /R is still valid  influence of electron-phonon scattering on noise we have to
consistent with Eq(16¢) and the proportionality factor cor- compare the wire length with the electron-phonon scattering
responds to a ratio of aboug/r;=100, which is very rea- length at temperatureV/k. We find that a deviation in noise
sonable. Such a ratio would also follow from our simple of about 1% would result iL=4l.,,. For a 1um-long
analytical model, when the electron-phonon scattering lengtivire with '=5x10° m~2 K2 this relates to a maximum
is inserted forrg and the electron-electron scattering lengthvoltage, which corresponds to 17.6 K. For a ratioedf/kT
for r; taken at subkelvin temperatures. This discussion=40 (the largest ratio used in the experimeithe bath tem-
shows that large reservoirs are needed to minimize the inperature shall be lower than 440 mK. As explained above the
crease in reservoir temperature. In particulat, f>l.,nis  reservoir heating strongly depends on the r&io/R, which
followed in the design of the reservoirs, the main contribu-ought to be as small as possible to avoid heating. In our
tion for the relative temperature rigel/T is caused by elec- experiment we will vary this ratio. As we have fixed the
tronic heat diffusion, which is displayed in Fig. 6 as a func-length of the wire, its width and thickness should be small to
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TABLE I. Sample parameters at 0.3 K.

Rot () # R Q) L0Om w(nm Reservoir Rn (mQ) (R,/R)?
Al 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
All 74.6 8 9.3 910 170 200-nm Atl-pm Cu 2.8 0.018

achieve a high wire resistance. On the other hand, the reseseries resistor®;>R. The voltage over the sample is then
voirs have to be as thick as possible and made of a highlgmplified with a gain of 1000 by two independent low-noise

conductive metal to redude; .

preamplifiers(EG&G 5189 operated at room temperature.

The size of the reservoirs has to be chosen according tphe noise spectrum is obtained by a cross correlation of the

the electron-phonon scattering lendth,;, in the reservoir.
Its radiusr should be about twick, ,, to avoid a significant
difference between electron and phonon tempergtge in-
set of Fig. 6. With I'=5X10° m ?K~3 we obtainlep
=1.31A[TST =110 um at 0.3 K, which means that two
rectangles with 200umx 400 um on each side are

two amplifier signals using a spectrum analyzédP
89410A. This correlation scheme effectively reduces
voltage-offset noise from the preamplifiéfskor every data
point the signal is averaged over a frequency bandwidth of
70 kHz at a typical center frequency of 300 kit this
frequency 1f noise is absent With a measuring time of

sufficient?® Note, that for 50 mK this length even exceeds gq s 4 sensitivity of 1022 V2s is achieved. As we measure

1.5 mm. <o h b de for th _the voltage fluctuationsS,=SR? the signal S =3
An estimate also has to be made for the temperature ins ;q\/Ris proportional taR. We aimed at a precision of 1%

crease due to a Kapitza resistance. As a worst case estimaatF . _ . ; -
2 \nr . a ratioeV/kT=40, which gives us a lower limit for the
for o\ we use 100 Wit K*. With a heating power of 50 sample resistance &8=90 (). Within the geometrical re-

nW we expect a temperature increase of only 25 mK, which . : : : .
is small compared to the applied voltags/k=12 K. quirements the typical resistance is, however, in the range of

In our experiment, a possible increase of the substrat(].fo_ 20 1. To increase the sa;nple re;:jstaqcelanq with :} the
temperaturd,, is taken into account, since we can measure? €CISIon, We use a series of many Iidentical wires, all at-
Teup directly with noise thermometry using an additional tache.d to individual reservoirs. The resistance pf each wire

was first measured at room temperature to obtain the scatter-

ing AR around the average resistariRe
For an absolute noise measurement, a calibration of the
) . complete setup is unavoidable. The measured noise signal is
The samples were produced with standedtieam lithog-  atfected by shunt capacitances from the leads in the cryostat,
raphy. A 600-nm-thick PMMA resist was spun on an oxi- \ynich partially diminish the dynamical signal. We calibrate

ditzed S(lOIO) vvtgfer ar}? strut;tgrSeg\\/Ni%[]ha JEt(t)L ‘]SM"C.:tStS ?e measured excess noise against the thermal noise of the
at an acceleration voitage o - '€ pattern consISted ol q sample measured within the same frequency band-

a line(line dose~1.8 nC/cm) and of two areas on each side, iy This is done for every sample separately, since the

of the line. TO correct f_or the proximity effect t_he area resistance varies from sample to sample. A typical calibra-
dose was increased in steps from the wire gnd%on is shown in Fig. 7. The thermal noise of the sample
(~200 pClen?) to the outer part of the_ reServorrs v aries linearly with temperatur@ according toS;=4kTR

(400 puClen?). The small structures were written with a i "an offset, which arises from current noise of the pream-

probe current of 40 pA and. the large pads W.ith 16_nA. IanIiﬁers. Since the resistané®is known from an independent
order to enable a second lithography step eight alignment

marks were written. This structure was repeated up to 40
times on the same substrate. The resist was developed in
MiBK:IPA=1:3 during 45 s. Metal evaporation was per-
formed with the two-angle evaporation technidferirst a
15-nm Au layer was evaporated under normal incidence.
Then for the reservoirs a second 200-nm Au layer was
evaporated at a tilt angle of 30° without breaking the
vacuum. This ensures a good contact between the wire and
the reservoir. Even larger reservoirs were produced in a sec-
ond lithographic step in which Lim-thick Cu layers were
aligned over the previous reservoirs. Relevant parameters of
the three samples are summarized in Table I.

monitor wire on the same substrate.

B. Sample fabrication

Sy [10-20 V2]

C. Noise measurement setu
P FIG. 7. Thermal noise of sample Al used for the calibration of

The lower inset of Fig. 7 shows the noise measuremente noise measurement setup sketched in the lower inset. The upper
setup. The sample with resistanReis biased by a current inset shows the substrate temperature measured on an additional
provided by the constant voltage source connected to largenbiased monitor wire as a current flows through the sample.
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FIG. 8. Shot-noise measurements for three different samples with differenRid&jg at a bath temperaturg,,,,=0.3 K. The upper

line corresponds to the prediction &f>l,, (asymptotic slopey/3/4), the lower one td <l (slope 1/3). The measured noise is
significantly increased due to reservoir heating dependinB/éty, .

dc measurement, the slope and offset of the line in Fig. €ated thicker reservoirs with a much lower sheet resistance.
provides us with the absolute calibration. Sample All has initially been the same as sample Al, but in
As mentioned above, the substrate heating is determinesl second lithography step agdm-thick Cu layer has been
from the thermal noise of an unbiased monitor wire on theevaporated onto the reservoirs in addition to a thin Au layer
same substrate. A typical measurement is displayed in thgreventing oxidation of the Cu reservdigee Fig. 9. This
upper inset of Fig. 7. The dependence of the data could begéduces the reservoir sheet resistance considerably to
be accounted for by the phenomenological relatiby, 2.8 m(). During the second processing of the sample, sev-
=(T>+aP)¥2 It yields as fit parametera=1.31 eral wires were lost and only eight of them remained for the
X 10° K2/W, which is specific for the cryostat. measurement of sample All. Because of the reduced total
resistanceR;,;, the measured noise voltage is lower, thus
increasing the scatter in the data points, but a clear reduction
of the slope is visible when comparing with the measurement
We now discuss the experimental results for three differ-of sample Al[see Figs. &) and &c), respectively. The data
ent samples, which mainly differ in the heat conductance opoints are now consistent with the 1/3 prediction.
their reservoirs. In Fig. 8 the measured shot noise of the Since an asymptotic slope of 1/3 is the prediction for the
samplegqAl, B, All) is plotted. The solid lines are calculated noninteracting electron regime, sample All has to be in this
assuming noninteracting electrofiswer curve, slope 1/3) regime and, therefore, also Adame wirey even though the
and interacting electronéupper curve, slope/3/4). Two latter displays a significantly increased noise indistinguish-
corrections are included in these theoretical lines: the inable from an asymptotig3/4 slope. Since the wires used for
creased substrate temperature using the parameted the sample B are made from the same material with a similar
relative scattering of the wire resistances around its averagength, sample B must be in the independent regime as well.

ARJ/R, which has, however, only a small influence of aroundAll three samples are in the noninteracting regime according
1%. The relevant sample parameters are summarized {9 the theoretical estimate given above. However, only for
Table I. sample All with the highest conducting reservoirs does the

Sample Al consists of 28 wires with an average resistancgeasured noise correspond to the prediction for this regime.

of R=11.8 ) and 200-nm-thick Au reservoirs resulting in a
reservoir sheet resistance BE=42 (). In Fig. &a) the
measured noise of this sample as a function of current is
shown. Within the accuracy of the experiment, the data
points lie on they3/4 curve and one may on first sight infer
that the length of the wir€910 nn) is much longer than the
electron-electron scattering length in contradiction to Eq.
(18). This conclusion is, however, only valid if reservoir
heating is completely absent.

For sample B the same wire length and reservoir thick-
ness are used. Since the wires of this sample are narrower,
their resistanceR are higher, so that we expect to have less

heating as compared to sample Al, sirRe/R is reduced.
As is evident from Fig. &) the measured noise is indeed

IV. RESULTS AND DISCUSSION

much lower, lying closer to the 1/3 curve than to t’(]{é@ FIG. 9. Scanning electron microscopy micrograph of sample
curve. For the highest applied voltage we ha¥#kT=35in  All. The Au wire is terminated by 200-nm-thick Au reservoirs. In
both cases. an overlaid second lithography step an additional layer @fi-Cu

In order to increasdr’/R even further, we have fabri- is evaporated to increase the reservoir thermal conductance.
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1000 - - - Our measurements support experimental results by
Al Schoelkopfet al. who compared measured differential noise
on short diffusive wires with the interacting and noninteract-
— ing theories and found good agreement only for the nonin-
E 500 - 1 ] teracting regime, hence the 1/3 theory. These experiments
S ATl were performed at lower voltages where heating effects are
less importantFig. 6). However, the absolute slope 8f in
the asymptotic limit could not be extracted in that paper. An
absolute value has been reported by Steinbeicll. The
o 0.02 0.04 0.06 measured slope was, however, found to be significantly
(Rg/R)2 larger tr_lan 1/3. They explaingd the increase of nois.e partly
by heating and partly by residual electron-electron interac-
FIG. 10. The parametds, which describes the enhancement of tions and proposed to use the shot-noise measurement for an
the measured noise by heating, is extracted from the data of Fig. 8ndependent measurement of the electron-electron interaction
It is proportional toyR5 /R. The origin of the graph corresponds to in thin metal films. The uncertainty on how large the
a slope of 1/3 expected for ideal reservdRs=0. electron-electron scattering really is, has led to the experi-
ment by Pothieet al,'® who directly measured the electron-
istribution function by tunneling spectroscopy. Based on
those results we have estimated the residual contribution
from electron-electron scattering in our wires. The only rel-
fusion in the reservoirs. Since we have estimaRad;; to evant parameter is the ratio of the dwell time of an electron

be the dominant thermal resistance for all reservoirs in thid" the wire 7, =L%/D=70 ps to the scattering parameter

work, we expect from our model, that the temperature of the70|:1I ?S ILom Ifeft' 18'dAtr.]g”t]?“C?I swpulalgon IS ufﬁd to
electrons injected into the wires to vary 5%,hi=(T§ub calculate the electron-distribution functioh(E,x) in the

+b2V2)12 according to Eq.(16b). Inserting this voltage- wire. Inserting this distribution into Eq4), we obtain the

dependent temperature into EJ) we can treath as a fit shot noise, Whic.h _is how ;Iightly larger than 1/2ell| in
parameter, which describes the magnitude of the heating. qu asymp_totlc limit. This increase due to electron-electron
our heating model is validy= VR /R. In Fig. 10 the fitted scattering is, however, only of the order of 0.00Ze|l|. As

. ‘RIR mentioned above our data displayed in Fig. 10 is not in con-
values ofb are plotted as a function ofR; /R for the three tradiction, since the error bars would allow for an offset in-

sam_ples._ Within the error bars it is Consistgnt 'With the PrOjependent oR /R of the order of 0.0% 2elll.
portionality to VR /R as we have proposed it with our heat-
ing model. The plotted line is a least-square fit with the as-
sumption that forR5/R=0 (i.e., ideal reservoijs no
heating is present. The valueslofire higher by a factor of
1.8 than expected from our model. A higher thermal resis- In this paper we have shown that for a metallic diffusive
tance between electron and phonon temperdRdig, would  wire a shot-noise power consistent with the universal value
scale with\R5/R as well. Such a contribution can, how- 1/3x2e|l| is experimentally obtained in the asymptotic limit
ever, be ruled out. Although the relevant paramdier5 eV>KT if the reservoirs are designed to minimize a tem-
x10° m 2K ™3, which was obtained in a 20-nm-thick Au perature rise as current flows through the wire. This implies
film, could be smaller in the reservoir due to a larger diffu-that the ratio between wire resistanReand reservoir-sheet
sion coefficient, such an increase would be negligible. AresistanceRy should be large, i.e., of the order of 1000 to
contribution from a Kapitza resistance would be independenavoid a large temperature gradient due to electronic heat dif-
of R5/R. A calculation usingrc=100 W/n? K* would ex-  fusion from the wire region into the reservoirs. The lateral
plain in maximum an increase of 22 mK corresponding to areservoir size is set by the electron-phonon scattering length.
change inb of about 23 K/V, which again is negligible. To avoid a difference between the electron and phonon tem-
In view of the current debate of a possibly enhancedperatures, the radius of the reservoir should be at least
electron-electron interaction, it is important to identify 2l.,,. In @ very striking manner, our experiments demon-
whether the additional shot noise originates from heating ostrate that shot-noise reduction factors close/8¢4 can be
from electron-electron scattering. A possible contribution tomeasured in the asymptotic limit even for wires thaistbe
the noise arising from electron-electron scattering is, howin the independent-electron regime. Though we have a hold
ever, independent dR; /R and would thus shift the values of the universial 1/3 noise-suppression factor for diffusive
of b by a constant offset. From Fig. 10 we can estimate suclvires in the noninteracting electron regime, another lesson
a contribution in our data to be less than 100 K/V, corre-can be drawn from the present experiments: In all highly
sponding to an increase of 0.82¢|l| in the asymptotic nonequilibrium electric-transport experiments conducted at
limit (see below low temperatures one has to include the complete environ-
The nearly linear dependence bfwith R5/R proves ment up to macroscopically large distances. In this respect
that the major part of the additional noise in our experimenexperiments differ markedly from the approach of a theorist,
can solely be explained by thermal heating due to a temperavho can separate the wire from the environment by imposing
ture gradient in the reservoir and that the wires are indeed ifdeal boundary conditions. However, ideal boundafies-
the noninteracting regime. ervoirg are nontrivial in real experiments.

For the other two samples additional noise is detected, whic
increases aR/R becomes smaller.
We explain this increase of noise with electron heat dif-

V. CONCLUSION
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