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We have investigated the electron heating in metallic diffusive wires of varying length at
liquid-helium temperature by measuring the electric noise. The local increase of the electron
temperature can be essential already for small currents and is well described by a heat-diffusion
equation for the electrons. Depending on the electron thermal conductance and the electron–phonon
coupling in the wire, different length regimes are identified. The quantitative knowledge of the
electron temperature is important for analysis of nonequilibrium effects involving current heating in
mesoscopic wires. ©1997 American Institute of Physics.@S0003-6951~97!01532-5#
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If an electrical current flows through a mesoscopic wi
the electron temperature rises above the phonon tempera
Especially at low temperatures, this increase can be subs
tial and may influence the measurements of electronic tra
port properties.

Molenkamp and de Jong1 measured the local electro
temperature in a two-dimensional electron gas quantum w
under dc bias current using the thermopower of a quan
point contact. Mittalet al.2 estimated the electron temper
ture from the electrical resistance by exploiting the kno
temperature dependence of the weak localization. Ano
direct tool for the determination of the electron temperatu
which is used in this work, is provided by electric-noi
measurements.3

The electric current that flows through a conductor d
plays intrinsic temporal fluctuations known as noise.4 Pro-
vided the 1/f noise of the resistanceR is negligible, the
spectral-power density of the current fluctuationsSI ~abbre-
viated as noise in the following! is frequency independent.5

In thermodynamical equilibrium at temperatureT, when the
time-averaged currentI is zero: SI54kT/R ~Johnson–
Nyquist noise!.4 Even forIÞ0, the electrons are still in loca
equilibrium if the wire lengthL is much larger than the in
elastic electron–electron scattering lengthl e–e. Hence, the
electrons still assume a Fermi–Dirac distribution, albeit w
a spatially varying electron temperatureTe, which is in-
creased above the phonon temperatureTph. In this hot-
electron regime, the noise is determined by themeanelec-
tron temperatureSI54k^Te&/R. In the steady state, th
current heating is balanced by the electronic heat conduc
to the contact pads@Fig. 1~a!# and by the heat transfer to th
phonon system, which is determined by the electron–pho
scattering length l e–ph. For large applied voltagesV
@kTph/e, two limiting cases can be distinguished:^Te& is
either proportional to V if L! l e–ph,

6 or to V2/5 if
L@ l e–ph.

3,7 In the present work, we bridge the gap betwe
these limiting cases by experiments, which are compare
theoretical predictions.8

Using standard e-beam lithography, we fabricated
wires with a length ranging from 0.84 to 200mm on oxidized
Si wafers. In a first step, a 2 nm Ti layer was evaporated
under a tilt angle of 30° to provide good adhesion for t
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contact pads. In a second step, 20 nm Au films were dep
ited under perpendicular evaporation@Fig. 1~b!#. In a third
step, 200 nm Au films were evaporated again under a
angle of 30°. The tilt angle of the first and third step w
adjusted to the undercut angle such that no material
deposited in the wire region@Fig. 1~c!#. The large, thick Au
pads served on the one hand as thermal reservoirs for
electrons and on the other hand as contacts for ultras
wire bonding.

The 20 nm thick Au films had a typical sheet resistan
of Rh.1.7V at 2 K, at which temperature the noise me
surements were done. The voltage across the wire was
plified with a gain of 1000 by two independent low-nois
preamplifiers~EG&G 5184! operating at room temperature
The noise spectrum was obtained by a cross correlatio
the two amplifier signals using a spectrum analyzer~HP
89410A!. For every data point, the signal was averaged i
frequency interval of 20 kHz at a typical frequency of 40
kHz, where contributions from 1/f noise and other noise
sources can be neglected. The absolute amplitude of
noise signal was calibrated for every wire against therm
noise at zero current and temperatures ranging from 2 to
K. While the sensitivity of our measurement setup for no
can be better than 2310221 V2 s for large signals, there is
cutoff at a value of 2310220 V2 s, below which the mea-
surement accuracy drops. This cutoff corresponds to the t
mal noise of a 180V resistor at 2 K. Since voltage noise

FIG. 1. ~a! Schematic of the wire fabricated for noise measurements;~b!
perpendicular evaporation of the wire material,~c! evaporation of thick res-
ervoirs under a tilt angle; and~b! and~c! are cross sections along the dash
line in ~a!.
77373/3/$10.00 © 1997 American Institute of Physics
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proportional toR, this implies a lower limit for the resistanc
and for the wire length of about 5mm for a 50 nm wide Au
wire. To overcome this limit, a series of up to 50 equal sh
wires were fabricated with reservoirs in between~Fig. 2!
using the angle evaporation technique described above.
noise signal of a single wire is multiplied by the number
wires allowing the measurement of wires shorter than 1mm.

Figure 3 shows the spectral density of the noise and
corresponding mean electron temperature versus the ap
electric-fielde for three different samples~A–C! represent-
ing three different length regimes. For better comparison
samples with different resistances, we have plottedSIR
54k^Te&. The electric field determines the amount of ener
locally transferred to the electron gas. Symbols denote m
surement points and solid curves are theoretical fits. Sam
A is a 50mm Au wire (L@ l e–ph), sample B consists of five
wires of 10mm length (L. l e–ph), and sample C consists o
30 wires of 0.84mm length (L! l e–ph).

The noise behavior of all these regimes can be quan
tively explained by a nonlinear differential equation, whi
describes the spatial dependence of the electron temper
in a wire,8

p2

6

d2Te
2

dx2 52S ee

kB
D 2

1G~Te
52Tph

5 !, ~1!

where the parameterG is related to the electron–phono
scattering lengthl e–ph51.31/ATe

3G ~Ref. 7!. Equation~1! has
the form of a heat-diffusion equation. The left-hand side
scribes heat diffusion due to a gradient ofTe, the first term
on the right-hand side is a source term describing Joule h
ing, whereas the second term accounts for the heat tran
from the electron to the phonon system due to electro
phonon scattering. The inset of Fig. 3 shows the calcula
temperature profile along the wire for the three differe
samples.

For the long wire limit (L@ l e–ph), the influence of the
contact pads can be neglected and the electron temperat
nearly constant over the whole wire except close to the
ervoirs, whereTe drops to the lattice temperature~inset of
Fig. 3, upper curve!. Therefore, the left-hand side of Eq.~1!

FIG. 2. 50 wires with a length of 840 nm and a width of 140 nm each w
large, thick thermal reservoirs in between, were fabricated using the t
nique illustrated in Fig. 1. The inset shows one single wire.
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can be omitted for long wires andSI54kB„Tph
5

1(ee/kB)2/G…1/5/R. Using this approximation curve a wa
calculated, which shows very good agreement with the
periment since, for large voltagesTe@Tph, we obtain the
dependenceTe}e2/5 in this limit.3 Even for the compara-
tively high phonon temperature of 2 K, a current of only
mA ~corresponding toe.50mV/mm! leads to an increase o
Te of .25% aboveTph. The heating effect becomes eve
more pronounced at lower temperatures. ForTph50.3 K, Eq.
~1! predicts for sample A a doubling of the mean electro
temperature to 0.6 K induced by a current of only 300 nA

If L. l e–ph, the influence of the contact pads can
longer be neglected and leads to a cooling of the electr
close to the reservoirs. In this intermediate regime, Eq.~1!
has to be solved numerically, taking into account all thr
terms. The reservoirs in a sample withN wires of lengthL
effectively reduce the mean electron temperature compa
to a single wire of lengthN3L, although the overall resis
tance is the same~inset of Fig. 3!. This cooling effect is
clearly seen when comparing curve b with curve a in Fig.
The corresponding theoretical curve was obtained by solv
Eq. ~1! numerically and averaging the electron temperat
Te over the whole wire. The agreement with the experime
tal data points is, again, very satisfactory. The fits
samples A and B yield similar values for the electron
phonon coupling parameter:G.53109 K23 m22, corre-
sponding tol e–ph.7 mm at 2 K. Our value ofG is in agree-
ment with the values for Cu and Ag from Refs. 3 and 6.

For sample C~30 wires with 0.84mm length!, the cool-
ing of the reservoirs is so effective that nearly no heat
takes place for the electric fields shown in Fig. 3. Nevert
less,Te

2 varies along the wire and assumes a parabolic sh
SinceL! l e–ph for each individual wire, the second term o

FIG. 3. Measured noise power and corresponding electron temperature
sus applied electric field for three different samples. Sample A is a 50mm
long Au wire ~R5812V, width w5110 nm!, sample B consists of five
wires of 10mm length in series~R5667V, w5120 nm!, sample C consists
of 30 wires with a length of 0.84mm ~R5300V, w5140 nm!. a–c corre-
spond to samples A–C, respectively. The typical current range is 45mA.
The thickness of the Au films is 20 nm, and its sheet resistanceRh

.1.7V at the measuring temperatureT52 K ~A,B! andT52.2 K ~C!. The
solid lines are fits using Eq.~1!. The inset shows the calculated temperatu
profiles along the wire for the three different samples fore5160mV/mm.
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the right-hand side of Eq.~1! can be neglected and one o
tains, after spatial averaging,

SI5~2kBTph/R!@11~n11/n!arctann#, ~2!

wheren5)eV/2pkBTph. This leads toSI5()/4)2eI, i.e.,
^Te&}V, for eV@kBTph.

The measured noise for sample C in a wider curr
interval is shown in Fig. 4. The size of the squares repres
the measurement accuracy. As expected foreV@kBTph, a
roughly linear variation ofSI is found at higher currents. Fo
lower currents,SI rounds off and approaches the equilibriu
thermal noise. The whole current range is accurately
scribed by Eq.~2!, which contains no adjustable fit param
eters. This proves that electron–phonon scattering can

FIG. 4. Noise measurement of sample C of Fig. 3~30 wires in series with a
length of 840 nm!. The solid line is the prediction of Eq.~2!, which has no
adjustable fit parameter. The inset shows the temperature profile of a s
wire for 0, 75, and 150mA ~from bottom to top!.
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neglected in a metallic wire of this length at 2 K. Curves a,
and c of the inset show the calculated temperature pro
for 150, 75, and 0mA, respectively.

In conclusion, we have demonstrated that noise meas
ments are a powerful tool to obtain information on electr
heating effects in narrow metal wires. The measured elec
temperatures are in excellent agreement with model calc
tions for all wire lengths ranging fromL@ l e–ph to L
! l e–ph. The experiments demonstrate that electron hea
depends crucially on the length of the wires and the prese
of thermal reservoirs. Hence, our results have important
plications for the sample layout of electric microcircuits
low temperatures.
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