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Abstract. We have measured with a tunnel probe the en-
ergy distribution function of quasiparticles in the middle of
a 1.5 µm-long copper wire placed between two reservoirs
at different potentials. We find a distribution function close
to half the sum of the Fermi distributions in the reservoirs.
The deviation from this behavior is not yet understood.
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1. Introduction

The model of “non-interacting electrons” accounts for most
electronic properties of bulk metals [1] and is justified by the
Landau theory of Fermi Liquids [2]. This theory shows that
the excitations of an electronic fluid are in fact not electrons,
but “quasiparticles” which, to good approximation, are non-
interacting. A quasiparticle can be viewed as an electron (or
a hole) surrounded by a screening cloud. In a bulk metal, the
residual interaction between quasiparticles is small because
of efficient screening [2], and the picture of “non-interacting
electrons” is justified. In diffusive mesoscopic conductors,
however, screening is less efficient, and the validity of the
Landau theory of Fermi liquids can be questioned. Theoret-
ically, Altshuler et al. calculated that even in this case, the
quasiparticle lifetime remains large [3], at least for dimen-
sions larger than one.

We present here an experiment which directly probes
quasiparticle energy relaxation in a mesoscopic wire placed
in a stationary out-of-equilibrium situation. We have mea-
sured the distribution function of quasiparticles as a func-
tion of energy in the middle of a thin metallic wire of length
L = 1.5 µm connected at its ends to two thick and large elec-
trodes at different potentials (see Fig. 1). These electrodes
act as electron reservoirs in the sense of Landauer [4]: they
absorb all incoming quasiparticles, and emit quasiparticles
with an energy distribution given by their own Fermi dis-
tribution. As a consequence, the typical residence time of
quasiparticles in the wire is the diffusion timeτD = L2/D,
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Fig. 1. Experimental layout: a wire of lengthL is placed between two large
and thick electrodes. A voltageU is applied between the pads

whereD is the diffusion constant of the electrons. The dis-
tribution functionf (x,E) at a distancex from the right end
of the wire and at an energyE reflects how much quasipar-
ticles loose energy during the diffusion time. In particular,
if τD is short compared with the typical interaction time,
each quasiparticle travels through the wire at constant en-
ergy, andf (x,E) is a linear combination of the distribution
functions in the reservoirs, weighted by the proportion of
quasiparticles coming from each reservoir at that point.

In Sect. 2, we discuss the quasiparticle energy distribu-
tion function in a wire in three limiting regimes: non in-
teracting quasiparticles, strong phonon scattering and strong
quasiparticle scattering without the presence of phonon scat-
tering. In Sect. 3, we describe the measurement of the distri-
bution function, which is performed using a tunnel junction
between the wire and a superconducting electrode. In Sect. 4,
the experimental setup is presented. Section 5 we devote to
the experimental results: we have measured the distribution
function of quasiparticles in a 1.5 µm -long wire for several
values of the voltage across the wire. Finally, in Sect. 6, we
review the predictions derived by Blanter [5] along the lines
of Altshuler et al. [3], and compare them with our experi-
mental results.
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2. Energy distribution function in a wire placed
between reservoirs at different electrical potentials

We choose as the reference energy the electrochemical po-
tential of the reservoir situated atx < 0. When the reservoir
at x > L is biased at potentialU , its electrochemical poten-
tial is −eU . The distribution functions in the reservoirs are
therefore Fermi-Dirac functions at the temperatureT of the
reservoirs, shifted in energy byeU . The shape of the distri-
bution functionf (x,E) in the wire is determined by balanc-
ing the inelastic scattering processes and the diffusion. We
consider here the quasiparticle scattering mechanisms ex-
pected in metals at energies of the order of 1 K: scattering
by phonons and scattering by quasiparticles. Several authors
have evaluated the distribution function of quasiparticles for
this system in several limits in order to calculate the shot
noise [6, 7, 8]. We now recall their results in three limiting
regimes.

2.1. No quasiparticle scattering, no phonon scattering

In the absence of inelastic scattering, the total energy of each
quasiparticle is conserved along the wire. The distribution
function f (x,E) reflects the probability to find an electron
at positionx and energyE, and obeys the quasiclassical
Boltzmann equation [6]

∂f (x,E)
∂t

−D
∂2f (x,E)

∂x2
= 0. (1)

The stationary solution of this equation, given the boundary
conditions at the ends of the wire, is:

f (x,E) =
(

1− x

L

)
fT (E) +

x
L

fT (E + eU) (2)

where fT (E) = 1/
(
1 + exp

(
E/kBT

))
is the Fermi-Dirac

function at temperatureT . In this case, neither the elec-
trochemical potential, nor the electronic temperature is de-
fined. If kBT � eU, the distribution function has a step at
f (x,E) = x

L for −eU < E < 0. A plot of the distribution
function given by Eq. (2) as a function of position is shown
in Fig. 2.

2.2. Strong quasiparticle scattering, no phonon scattering

In the case of strong quasiparticle scattering and in absence
of phonon scattering, thermal equilibrium is achieved lo-
cally. The distribution function is a Fermi-Dirac function:
f (x,E) = fTe(x) (E− µ (x)) whereµ (x) = −eU x

L is the lo-
cal electrochemical potential, andTe (x) the local electron
temperature. The temperatureTe (x) obeys the heat equation
[9, 10, 8]:

∂

∂x

(
κ
∂Te
∂x

)
+

1
SL

U2

R
= 0. (3)

whereκ is the electronic heat conductivity andS the cross-
sectional area of the wire. Using the Wiedemann-Franz law

κ = L σTe, whereL = π2

3

(
kB
e

)2
is the Lorenz number, and

given the boundary conditionsTe (0) = Te (L) = T we find

Fig. 2. Distribution functionf (x,E) as a function of energyE (horizontal
axis) and positionx (oblique axis) in the non-interacting quasiparticle limit

Fig. 3. Distribution functionf (x,E) as a function of energyE (horizontal
axis) and positionx (oblique axis) in the limit where phonon scattering is
negligible, but quasiparticle scattering is strong

Te (x) =
√
T 2 + x

L

(
1− x

L

)
1

L U2. The space dependence of
the resulting distribution function is shown in Fig. 3 for
T = 0. The characteristic shot noise in this “hot electron
regime” has recently been measured by Steinbach et al. [10].

2.3. Strong phonon scattering limit

In presence of strong phonon scattering, electrons thermalize
with the phonons andf (x,E) = fT (E− µ (x)) with µ (x) =
−eU x

L . In Fig. 4, we show the space dependence of the
distribution function.

3. Measurement of the distribution function

We take advantage of the known anomalous density of states
of a superconducting probe electrode to sense the distribu-
tion function in the middle of the wire through a tunnel
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Fig. 4. Distribution functionf (x,E) as a function of energyE (horizontal
axis) and positionx (oblique axis) in the limit of strong phonon scattering

junction. More precisely, we place an aluminum supercon-
ducting electrode oxidized on its surface below the central
part of the wire. We measure the differential conductance
dI
dV as a function of voltageV of this opaque tunnel junc-
tion . Disregarding charging effects [12] the current through
the junction is given by

I (V ) =
1

eRT

∫ +∞

−∞
dE nS(E − eV )

×{fS (E − eV ) (1− fN (E))

−fN (E) (1− fS (E − eV ))} , (4)

whereRT is the tunnel junction resistance,nS(E) = E/√
E2 −∆2 is the spectrum of the superconductor [13],∆

being the gap energy of the superconductor,fN (E) ≡
f
(
L
2 , E

)
is the distribution function in the wire at the po-

sition of the tunnel junction, andfS (E) is the distribu-
tion function in the superconductor. WhenkBT � ∆,
nS(E)fS (E) ' nS(E) (1−Θ (E)) where Θ (E) is the
Heavyside function, and we find:

dI

dV
(V ) =

1
RT

∫ +∞

−∞
dE

∂nS
∂E

(E − eV )

×{fN (E) +Θ (E − eV )− 1} . (5)

4. Experimental setup and sample fabrication

The experiment was performed at sub-Kelvin temperature
and with voltagesU below 1 mV in order to avoid phonon
scattering [2]. We choseL = 1.5 µm, a length at which
the non-interacting quasiparticle regime was almost reached
in shot noise experiments [10]. The good contact between
the reservoirs and the wire was obtained by evaporating the
entire device in a single pump down, through a suspended
mask.

The mask was fabricated by electron beam lithography
on a trilayer of MAA, germanium and PMMA deposited on
an oxidized silicon wafer. After exposure of the PMMA and
development, the pattern was transferred to the Ge layer by
reactive ion etching (RIE). The MAA layer was etched out

Fig. 5. Differential conductivitydI/dV of the tunnel junction placed at the
middle of the wire, as a function of the voltageV for two values of the
voltageU across the wire:U = 0 (dashed line) andU = 0.15 mV (solid
line)

through the openings of the Ge mask first by RIE, then in a
MIBK:propanol solution. In a vacuum, we first evaporated
30 nm of aluminum at an angle so as to produce the super-
conducting probe electrode. The parasitic aluminum image
of the wire landed on the edge of the MAA layer sustaining
the Ge mask, and was lifted-off along with the MAA at the
end of the whole process. The surface of aluminum was ox-
idized in an Ar/O2 mixture. Perpendicular to the substrate,
we then evaporated 45 nm of copper in order to produce the
wire and the bottom part of the large pads. The tunnel junc-
tion was obtained at the 300× 110 nm2 overlap of the two
evaporated films in the middle of the wire. During the two
first evaporations, the slit in the mask defining the wire was
filled, and the subsequent evaporation of 500 nm of copper
at a large angle only thickened the large pads. After lift-off
in acetone, we thus obtained a single image of the wire,
which overlaps the superconductor in the middle, forming a
junction, and which opens at its ends into millimetric size,
thick pads.

5. Distribution function at the middle of
a 1.5 µm-long wire

The sample was thermally anchored to the mixing chamber
of a dilution refrigerator, and cooled down to 20 mK. Volt-
ages were applied and measured through properly filtered
coaxial lines [14]. From the resistance of the wire at 20 mK,
R = 14.5 Ω, from the nominal thickness of the copper film
and from the width of the wire measured on a SEM picture,
we deduce the diffusion constantD = 65 cm2/s, and the
diffusion timeτD = 350 ps.

In Fig. 5, we show thedIdV (V ) characteristic of the tunnel
junction for bothU = 0 (dashed curve) andU = 0.15 mV
(solid curve). Fitting the curve forU = 0 to expression (5)
with fN being a Fermi function at a fit temperatureTe,
we foundTe = 30 mK, in satisfactory agreement with the
measured temperature, the energy gap of the aluminum elec-
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Fig. 6. Distribution functionfN (E) at x = L/2, obtained from the decon-
volution of the curves of Fig. 5 using (5). We have added dotted lines at
E = 0 andE = −0.15 meV

trode∆ = 0.2 meV, and the tunnel resistance of the junction
RT = 8 kΩ. We used the values of∆ andRT to decon-
volve the dI

dV (V ) characteristics via expression (5) and thus
determinedfN (E). From the characteristics of Fig. 5, we
obtain the distribution function shown in Fig. 6. The shape
of the distribution function whenU = 0 (dashed curve) fits
perfectly to a Fermi-Dirac function atTe = 30 mK (com-
parison not shown). The distribution function deduced from
the curve atU = 0.15 mV, in contrast, does not resemble
a Fermi-Dirac function: it flattens out around the value 0.5,
and displays maximal slopes atE = 0 andE = −0.15 meV
(see vertical dotted lines). In this respect, the function re-
sembles the non-interacting quasiparticle case (Fig. 2), in
which the slope of the distribution function is maximal at
E = 0 andE = −eU. That the step is not exactly positioned
at 0.5 but a little bit below can be explained by a shift of
20 nm of the position of the junction from the center of
the wire. However, the steepness of the curve atE = 0 and
E = −0.15 meV is less than half the one of the Fermi dis-
tributions in the reservoirs, as was expected from Eq. (2).
Moreover, the curve is not flat near the value 0.5. When
allowing for T to be larger than 30 mK in Eq. (2), we could
reproduce the rounding of the steps, but not its slope.

In Fig. 7, we show a series of distribution functions ob-
tained from the measurements atU = 0 to U = 0.3 mV by
steps of 0.05 mV. The width of the step near 0.5 is well given
by eU, as expected, whereas the rounding increases and the
slope of the step decreases whenU is increased. Note that
in a clean metal, where the energy relaxation rate due to
quasiparticle interactions is proportional to the square of the
energy, one would expect the distribution function to tend
rapidly towards a Fermi distribution whenU is increased.

6. Theoretical predictions for quasiparticle interactions
in a diffusive metal

As we have shown in Sect. 5, the experimental distribution
function resembles the one expected from the “independent-
electron” picture, but is more rounded. The way quasiparticle
interactions redistribute the energy among the quasiparticles

Fig. 7. Distribution functionfN (E) at x = L/2, obtained from the mea-
surement of thedI/dV − V characteristics of the tunnel junction forU
varying from 0 to 0.3 mV by steps of 0.05 mV

has been recently calculated by Blanter for our experimen-
tal situation [5], along the lines of Altshuler et al. [3]. We
present his derivation, and a comparison with the data.

Electron-electron interactions come into a collision term
= (x,E) in the Boltzmann equation (1):

∂f (x,E)
∂t

−D
∂2f (x,E)

∂x2
= = (x,E) . (6)

We limit ourselves to the simplest diagram in which two
quasiparticles of energiesE andE′ exchange an energyε.
The collision term is a sum of two terms, one decreasing the
occupation factor at energyE and the other one increasing
it:

= (x,E) = =out (x,E) +=in (x,E) . (7)

Each term contains a kernel functionK (ε) and four occu-
pation factors:

=out = −
∫

dε
∫

dE′K (ε)

×f (x,E) f
(
x,E′

)
(1− f (x,E − ε))(

1− f
(
x,E′ + ε

))
; (8)

=in =
∫

dε
∫

dE′K (ε)

×f (x,E − ε) f
(
x,E′ + ε

)
(1− f (x,E))(

1− f
(
x,E′

))
. (9)

Assuming that the interaction is local on the scale of the
distribution function variation, we have taken all occupation
factors at the same positionx. The kernelK (ε) accounts
for the diffusive motion of the interacting quasiparticles, on
the one hand, and for their Coulomb interaction screened by
the diffusive electronic fluid, on the other hand:

K (ε) _
π

L

∞∑
qL/π=1

|V (q, ε)|2
{

Re

(
1

Dq2 − iε

)}2

. (10)

Since in our wire of finite length the diffusive motion de-
composes on discrete modes, a sum replaces here the integral
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on q in Altshuler et al. [3]. The modeq = 0 was discarded
because the system is open. Moreover, we have only kept
the decomposition on the longitudinal modes since the times
corresponding to the energies addressed in our experiment
(up to 0.3 meV) are larger than the diffusion time in the
transversal dimensions. The screened Coulomb interaction
is expressed inq space as a function of the polarizability
Π (q, ε) of the electron gas:

V (q, ε) =
V0 (q)

1 +Π (q, ε)V0 (q)
(11)

whereV0 (q) is the bare Coulomb potential. Under the as-
sumption that screening is due to the diffusive motion of the
quasiparticles themselves, one takes

Π (q, ε) = νS
Dq2

Dq2 − iε
(12)

whereν is the density of states of the metal andS is the
cross-section of the wire. In a metal,ν is so large that
Eq. (11) simplifies to

V (q, ε) =
1

Π (q, ε)
. (13)

One obtains then:

K (ε) = K0 g
(√

2ε/EC
)

(14)

whereK0 = 8/
(
π}νSLE2

C

)
, EC = }/τD and

g (u) = − 4
u4

+
2
u3

sinhu + sinu
coshu− cosu

. (15)

Asymptotically, for large values ofε, K (ε) = K0√
2

(
EC
ε

)3/2
.

We have numerically calculated the steady state solution
of the Boltzmann equation (6) using this prediction, and with
a reservoir temperature of 30 mK. When we take the theo-
retical valueK0 = 7 ps−1meV−2, we find no visible effect
of electron-electron interactions on the distribution function.
Allowing for K0 to be a fit parameter, we found the best fit
for the curve atU = 0.3 meV withK0 = 100 ps−1meV−2.
The corresponding curve, and those obtained with the same
value ofK0 atU = 0.1 meV andU = 0.2 meV, are compared
in Fig. 8 to the experimental data. The calculation produces
a too small slope forU = 0.1 meV andU = 0.2 meV. More-
over, the rounding atE = 0 andE = −eU is not obtained
in any case.

7. Conclusions

We have measured in a direct and novel way the distribution
function of quasiparticles in the middle of a wire in a non-
equilibrium situation: the two ends of the wire are biased at
different potentials, and the distribution functions at the two
ends of the wire are well imposed by the careful implemen-
tation of Landauer’s concept of “reservoirs”. We find that
the shape of the distribution function is reminiscent of the
non-interacting quasiparticle situation: it resembles half the
sum of the two Fermi functions in the reservoirs shifted by
the electrical potential. We find that the discrepancy from
this ideal situation is not accounted for by present form of
the existing theory of quasiparticle interactions in disordered

Fig. 8. Comparison between the experimental data (solid lines) atU =
0.1 mV, U = 0.2 mV andU = 0.3 mV, and the theoretical prediction
(dotted lines) withK0 = 100 ps−1meV−2

metals. Experiments on wires with different lengths are in
progress in order to probe the balance between interactions
and diffusion in different situations, and to experimentally
access the energy dependence of the interaction.
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