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Abstract

Taskinen, Lasse
Thermal properties of mesoscopic wires and tunnel junctions
Jyväskylä: University of Jyväskylä, 2006, 114 p.
(Research report/Department of Physics, University of Jyväskylä,
ISSN 0075-465X; 5/2006)
ISBN 951-39-2483-1
diss.

In this thesis thermal properties of submicrometer metal wires and tunnel junctions
are investigated. The emphasis is on the experimental study of electron-phonon in-
teraction in thin metal films at sub-Kelvin temperatures. At low temperatures, the
coupling between the electrons and the lattice vibrations becomes extremely small,
and the electrons can be heated above the phonon temperature with a modest heat-
ing power.

Normal metal-insulator-superconductor tunnel junction pairs were utilized as
a very sensitive electron thermometer, and the electron gas was heated with elec-
tric current. Measurements on power flow between electrons and phonons are pre-
sented in thin film samples of copper, gold and an alloy of aluminum and man-
ganese (AlMn). For strongly disordered metals, the temperature dependence of the
the power flow was consistent with the theory in most of the studied samples. For
AlMn, electron-phonon coupling strength follows roughly linearly electron mean
free path, which decreases with the increasing Mn concentration. In Cu electron
mean free path increases with the film thickness, but the electron-phonon coupling
does not.

An ac heating method for direct measurement of the electron-phonon energy
relaxation rate is presented. Due to non-linearity of the electron-phonon coupling,
the average electron temperature increases at heating frequencies comparable to the
energy relaxation rate. Numerical and experimental results are presented.

Conductance of one and two dimensional arrays of tunnel junctions in weak
Coulomb blockade regime were investigated at 4.2 K. Experimental results in the
smallest arrays are compared with Monte Carlo simulations. The outcome was that
1D arrays suffered less from the effect of the electromagnetic environment on the
tunneling than their 2D counterparts.

Keywords Electron-phonon interaction, tunneling, NIS tunnel junctions, Coulomb
blockade
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1 Introduction

Nowadays nanoscience and nanotechnology are often heard words even in everyday
life. Nanomaterials are already used in many applications. This "Nano boom" is sus-
tained by a multidisciplinary scientific effort made by physicists, chemists and biol-
ogist among others. The nanoscience studies the fabrication, the properties of nano-
objects, and also suggest possible industrial applications. Nanotechnology, on the
other hand, brings the nanodevices into the commercial world. Nanoscience finds
many applications for example in semiconductor industry, where the devices have
to be always faster and smaller.

This thesis is concerned with a narrow field in the more general area of con-
densed matter physics. The solids studied here are thin metallic films at sub-Kelvin
temperatures (i.e. at temperatures less than 1K above absolute zero). The film thick-
nesses are of the order tens of nanometers. In this sense also this thesis belongs to
the nanoscience.

The main subject studied here is electron-phonon coupling in thin metal films
at sub-Kelvin temperatures. We try to find out how fast is the electrons relaxation
process due to the interaction with the lattice vibrations (called phonons). At low
temperatures, electron-phonon coupling is weak and the electrons can be heated to
noticeably higher temperatures than the lattice. This effect is used to investigate the
electron-phonon coupling. The electron temperature is measured with very sensi-
tive normal metal-insulator-superconductor (NIS) tunnel junctions and the elecrons
are Joule heated with electric current.

The effect of the electromagnetic environment on tunneling in one dimen-
sional (1D) and two dimensional (2D) normal metal tunnel junction arrays in weak
Coulomb blockade regime is studied. Such arrays can be used for thermometry at
temperatures below 30 K and are called Coulomb blockade thermometers (CBT). The
experiments on small 1D and 2D structures at 4.2 K are compared to the theoreti-
cal results. A CBT measures the electron temperature of the metal it is made of, but
practical thermometry requires usually accurate measurement of the lattice temper-
ature. Therefore, at low temperatures, the electron-phonon coupling is an important
issue and has to be taken into account when designing CBT structures. It makes a
connection between the two main topics of this thesis.

9
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2 Experimental techniques

Description of the basic methods and instruments used in the sample fabrication are
presented in this chapter. The feasibility of e-beam vacuum evaporation in the fabri-
cation of thin films of an alloy of aluminum and manganese is discussed. The cryo-
genic apparatus and the electronics employed in the low temperature measurements
are reviewed. Thermometry using normal metal-insulator-superconductor tunnel
junctions plays an important role in this thesis and is introduced here.

2.1 Sample fabrication

One of the basic methods used when making submicrometer sized metallic samples
is electron beam lithography (EBL) and vacuum evaporation of thin metal films [69]. The
samples are usually made on silicon substrate, which has on top a thin insulating
layer of silicon oxide (SiO2) or silicon nitride (Si3N4). In this method, two layers of
resist are spinned onto a chip and baked in between spins. The bottom layer is typi-
cally polymethylmetacrylate methacrylicacid (P(MMA/MAA)) copolymer in acetic
acid and the top layer is polymethyl methacrylate (PMMA) polymer in chloroben-
zene or anisol. Resists are baked on a hot plate at temperature of about 170◦C for
1-15 min depending on the resist. Thickness of the top and bottom layer are typi-
cally about 400 nm and 300 nm, respectively.

Patterning of the samples takes place in a scanning electron microscope (SEM)
equipped with beam blanker and patterning software. The resist from the exposed
areas is removed in two step developing process. First developer removes resists from
the exposed area. Second developer removes mainly the bottom layer, making the
so-called undercut structure shown in Fig. 2.1.

After the development the chip is cleaned in reactive ion etcher (RIE) using
oxygen plasma to get rid of all the organic residues on the exposed substrate sur-
faces. Then the chip is mounted onto a sample stage in the vacuum chamber of the
evaporator. Deposition of the metal films studied here were performed in a ultra high
vacuum (UHV) or Balzers electron gun evaporator with base pressures ∼ 10−9 mbar
and∼ 10−6 mbar, respectively. Sample stages in both evaporators can be rotated and
tilted to change the evaporation angle.

The basic method for making tunnel junctions is depicted in Fig. 2.1. First evap-
oration of aluminum is done in an appropriate angle depending on the resist thick-
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12 2. EXPERIMENTAL TECHNIQUES

ness and the amount of the horizontal shift needed. After the first evaporation the
chamber is pressurized with oxygen for growing a natural oxide on the surface of
Al. Second evaporation of the desired metal is then done from another angle so that
the two metal layers overlap.

The last step in the fabrication is the lift-off process. The extra resist with the
metal on top of it is removed in acetone bath, the sample is rinsed in isopropanol
and blown dry using Helium flow.

Substra
te

Copolym
erPM

M
A

First evaporation
Second evaporation

Extra lines

Tunnel junction

�

FIGURE 2.1 Shadow mask two angle evaporation method. In tunnel junctions the
metal deposited first is usually Al, which is oxidised before second metal is evapo-
rated. Evaporation angles are chosen so that the two metal layers overlap. The extra
metal lines are not in contact with the tunnel junction structure.

2.1.1 Films of Aluminum doped with Manganese

One purpose of this thesis is to study properties of Aluminum manganese (AlMn)
thin films made by vacuum evaporation. Since the source material is an alloy of two
metals, evaporation is not straightforward. The dependence of the vapour pressures
on the temperature of Al and Mn are shown in Fig. 2.2. The difference in the vapour
pressures at same temperature is at least two orders of magnitude. Obvious infer-
ence is that evaporation rates of Al and Mn are quite dissimilar due to the difference
in their vapour pressure. Therefore, the Mn concentration (ci) in the evaporated film
can differ from that of the source material. AlMn films were evaporated in Balzers
evaporator using source material bought from Goodfellow. Source materials were
Al98/Mn2 (atomic %), Al99.35/Mn0.65, and Al99.7/Mn0.3.
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FIGURE 2.2 Vapour pressures of Aluminum and Manganese against temperature [44].

To investigate ci in the evaporated AlMn, thin films of ∼ 1 cm2 were fabri-
cated. Mn concentration was studied using time of flight elastic recoil detection analysis
(TOF-ERDA) set-up at the Accelerator Laboratory in the University of Helsinki. In
the method, the sample to be studied is bombarded with ions and the time of the
flights (TOF) of the scattered sample atoms are detected using two timing gates.
An ion implanted charged particle detector is used for energy measurement of the
incident sample atoms. Element is recognized from the mass, which can be calcu-
lated from the measured energy and velocity. The concentration distribution is de-
termined from the known stopping power and scattering cross-section [55, 60].

Results of TOF-ERDA measurements on AlMn films are shown in Fig. 2.3. Also
small amounts of oxygen, carbon and hydrogen are found in the film. Deduced Mn
concentrations together with measured 4 K resistivities are shown in Table 2.1. The
amount of manganese in the film made from the source material with 2 at. % Mn
is almost six times bigger than in the source material. In the case of smaller concen-
trations, the Mn content has roughly doubled from the value in the source. This can
probably be explained by bigger amount of source material in the crucible when
evaporating from the Al98/Mn2. That had bigger lump size, and one lump in an
unused crucible was always used for one evaporation. When considering different
evaporations with the same source concentration, extra care was taken to keep the
films as similar as possible. However, measured resistivities in several samples show
that there is a moderate variation in the ci from one evaporation to another.

Linear fit of the 4.2 K value of resistivity ρ(0) versus ci is shown in Fig. 2.4. The
fit can be used for crude estimation of ci in samples from different evaporations. The
value 3.1 µΩcm for the resistivity at ci = 0 was measured from an evaporated 40 nm
thick Al wire at 4.2 K. The fit gives for the slope dρ(0)/dci = 16 µΩcm/at. % and for
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(A) (B)

(C)

FIGURE 2.3 Measured time of flight (TOF) versus the energy of the incident atoms
from TOF-ERDA measurements for the samples of Table 2.1.

the zero Mn concentration the resistivity B = 1 µΩcm. Result from [59] for thin dilute
AlMn films prepared by sputtering (ci < 0.3 at. % ) was dρ(0)/dci = 13.6 µΩcm/at.
% and B = 0.7 µΩcm. For bulk samples with ci > 1 at. % earlier results [12] imply
dρ(0)/dci = 8 µΩcm/at. % and B = 0.07µΩcm. Different absolute values of resistivity
between bulk and thin film AlMn can be at least partly explained by the shorter
electron mean free path in thin films due to scattering from the film surface. Also
the quality of the material can be different due to different preparation method. In
any case, our results on resistivity versus Mn concentration are close to the previous
studies.

TABLE 2.1 Mn concentrations ci in the source material and in the corresponding film,
and resistivity ρ(0) of the film at 4.2 K

Source ci (at. %) Film ci (at. %) ρ(0) (µΩcm)
2 13.1±1 225

0.65 1.3±0.2 15.04
0.3 0.54±0.10 14.25
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FIGURE 2.4 Squares are resistivity at 4.2 K versus Mn concentration for the samples
in Table 2.1. The line is a linear fit Ax+B, with A = 16 µΩcm/at. % and B = 1 µΩcm.

2.2 Experimental details

Most of the measurements were made in a home-made plastic He3-He4 dilution re-
frigerator PDR-50 with base temperature ∼ 50 mK [51]. Temperature of the sample
stage was measured with a calibrated Ruthenium Oxide thermometer (RuO) and Pi-
cowatt AVS-47 resistance bridge. RuO was calibrated against a Germanium resistor
model GR-200A-30 from Lake Shore.

The refrigerator has ten measurement lines, as shown in Fig. 2.5. From room
temperature to 4.2 K the lines are stainless steel coaxial cable type SS. Six of the lines
have RC-filters at 4.2 K with nominal values are R = 1 kΩ and C = 1 µF. Two other
lines have just 1 kΩ resistors at 4 K. All of these lines continue as Thermocoax down
to the sample stage providing filtering for high frequencies [75]. The last two of the
measurement lines continue as a twisted pair from 4 K down to sample stage for
measurements where a bit higher frequencies are used (up to ∼ 1 MHz).

Most of the measurements were performed using low noise DL-Instrument (or
Ithaco) 1211 current amplifiers and 1201 voltage amplifiers. Amplifier outputs were
read using digital voltmeter (DVM) having a multiplexer input. Data was collected
reading DVM through GPIB using a LabView program. Measurements took place
in shielded rooms and the data was read through optical fiber to avoid galvanic
connection between the measurement computer and the measurement setup in the
shielded room.

In the direct electron-phonon scattering rate measurements described in Sec-
tion 3.3 Agilent 33250 arbitrary waveform generator was used as the ac heating
source. The generator was controlled with a LabView measurement program via
GPIB.
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FIGURE 2.5 Measurement wiring in the PDR-50 dilution refrigerator. All lines are SS
coaxial cable from room temperature to liquid helium. Six of the lines have RC-filters
(R = 1 kΩ and C = 1 µF) and two have 1 kΩ resistors at liquid helium and continue
as thermocoax to the sample stage. The last two lines are twisted pair down to the
sample stage where there are 1 kΩ resistors.

Resistivity measurements between 300 K and 4.2 K were performed with a
measurement stick which was slowly dipped into liquid helium. Temperature of the
sample stage was measured with a Lake Shore Cernox CX-1070-SD-4L thermometer
using Picowatt AVS-47 resistance bridge.

Measurements of tunnel junction arrays in weak Coulomb blockade regime
were conducted with a 4 K measurement stick. Temperature of the helium bath was
deduced by measuring the helium gas pressure by an accurate pressure gauge at
the dewar pressure outlet. Measurements were conducted using Nanoway DVS-10
electronics and PC program designed for Coulomb blockade thermometry [41].

2.3 Description of tunnel junctions

Tunnel junctions discussed in this thesis consist of two metal electrodes separated
by a thin oxide layer. Oxide layer is so thin that quantum mechanical tunneling
through the potential barrier becomes possible. By applying a voltage V , a current
I can flow through the junction. The ratio V/I defines the tunneling resistance RT.

Electrodes of a tunnel junction can consist of normal metal (normal metal-
insulator-normal metal (NIN) tunnel junction). Both electrodes can also be super-
conductors (SIS tunnel junction), or one electrode can be normal metal and the other
superconductor (NIS tunnel junction). The SIS junctions (also known as Josephson
junctions) are studied intensively for example in context with quantum comput-
ing [45]. However, in this thesis NIS and NIN tunnel junctions are more relevant.
The NIN tunnel junction arrays are discussed in Chapter 5 and in attached publica-
tion [1], and the NIS tunnel junction has been used as a thermometer in most of the
measurements [2, 3, 4, 5, 6, 7].
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For clarity, some of the basic properties of NIS tunnel junctions are reviewed
here. Properties of the superconducting electrode play an important role in NIS junc-
tions. An interested reader can find out more about superconductivity, e.g, from [70],
where also NIS junctions are covered. Some basic properties needed for understand-
ing the NIS junctions are introduced here.

In the weak coupling limit of Bardeen-Cooper-Schrieffer (BCS) theory [14], the
density of quasiparticle states in the superconductor can be approximated by

NS(E) =

{
NN(0) |E|√

E2−∆2 |E| > ∆

0 |E| < ∆,
(2.1)

where E is the energy measured from the Fermi level, EF, and ∆ is the supercon-
ducting energy gap. We have assumed that the density of states (DOS) near the
Fermi energy EF in normal state is constant: NN(E) ≈ NN(0). This assumption is
valid in the low temperature limit, kBT � EF. Current I through NIS junction at
bias voltages V is given by the expression

I(V ) =
1

2eRT

∫ +∞

−∞
dE nS(E) [fN(E − eV, TN,e)− fN(E + eV, TN,e)] . (2.2)

Here RT is the tunneling resistance (which will be reached at large bias voltages),
nS = NS(E)/NN(0), TN,e is the electron temperature in the normal metal and f is the
Fermi function (exp[(E−µ)/kBT ]+1)−1. As can be seen from Eq. 2.2, the current de-
pends on the electron temperature of the normal metal, but not on the temperature
of the superconductor. Hence, the NIS junction can play the role of a thermometer
for the electron gas in the normal metal. At low voltages (0 < V < ∆/e) and at low
temperature kBT � ∆ current depends exponentially on the voltage and tempera-
ture [47]:

I(V ) ≈ I0e
eV−∆
kBTe . (2.3)

where I0 = ∆
eRT

√
πkBTe

2∆
. We observe that NIS voltage sensitivity on the normal metal

temperature increases as the bias current is lowered [46]:

dV

dTe

≈ kB

e
ln

(
I

I0

)
(2.4)

Another interesting feature of a NIS junction is that it can be used to cool down
the electron gas in the normal metal, if the junction is biased below the energy gap
(V ≤ ∆/e). The cooling power of NIS junction is given by

Pc(V ) =
1

e2RT

∫ +∞

−∞
dE nS(E)[E − eV ] [fN(E − eV, TN,e)− fS(E, TS)] . (2.5)

Each electron tunneling from the normal metal to the superconductor carries en-
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ergy E − eV with it, and dumps it into the superconductor. The NIS junctions can
have cooling power of tens of picowatts and have been used even to cool down a
macroscopic Germanium resistance thermometer [19].

2.4 Thermometry using SINIS structures

In the study of electron-phonon interaction, it was important to be able to measure
the electron temperature of normal metal wires accurately. A very good and con-
venient choice for electron thermometry is normal metal-insulator-superconductor
(NIS) tunnel junctions. NIS junctions can be used as a very sensitive (electron) ther-
mometer at sub-Kelvin temperatures. Two superconducting wires connected to a
normal metal through tunneling barrier forms two NIS junctions in series. This
arrangement is called a SINIS structure.

The NIS junctions were fabricated by first evaporating a thin aluminum film
(typical thickness 25 nm) and oxidising it thermally at room temperature with pure
oxygen. Normal metal (Au, Cu or AlMn) was then evaporated on top of Al forming
the other electrode of the NIS junction.

An example of a SINIS structure is shown in Fig. 2.6, which is taken with an
atomic force microscope (AFM). The image is taken from the middle SINIS of the sam-
ple AM2 used in study the electron-phonon interaction in AlMn. The two parallel
wires are made of aluminum with an oxide layer on top. AlMn wire is deposited on
top of the Al and oxide.

We have used the SINIS as a thermometer by current biasing the structure and
by measuring the voltage. Calibration of the thermometers were carried out by cool-
ing (or warming) the cryostat slowly and by measuring the SINIS voltage V and the
temperature of the sample stage using a RuO resistance thermometer, simultane-
ously. The SINIS voltage versus temperature curve obtained in such a calibration
run is shown in Fig. 2.7. At temperature slightly below 200 mK, the measured SINIS
voltage starts to saturate. This is due to the excess noise coming through the mea-
surement lines. Earlier, when there were no RC filters at 4.2 K the effect was even
more pronounced. This means that the electron temperature saturates to a higher
value than the base temperature of the cryostat. As a consequence of this, in the
heating experiment (described in Section 3.2.2), the measured V versus bath tem-
perature curve cannot be used as the calibration curve. One has to read the correct
electron temperature corresponding to the SINIS voltage from the numerically cal-
culated BCS curve. An example of the BCS curve used for the SINIS voltage calibra-
tion is plotted in the Fig. 2.7.

The BCS calibration curve is obtained by numerically calculating Eq. 2.2 and
by iterating the voltage at a given temperature to achieve the correct (bias)current
used in the measurements. The energy gap ∆ and the tunneling resistance RT are
determined by the measured current-voltage characteristics of the SINIS structure
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FIGURE 2.6 An atomic force microscope image of two NIS junctions. Parallel wires
are Al with thermally grown oxide on top. AlMn is deposited on top of the oxide. This
way two AlMn-insulator-Al tunnel junctions (SINIS structure) are formed. Al turns
superconducting at temperature of about 1.5 K. Below 1 K, the SINIS structure can be
used for sensitive electron thermometry of the normal metal AlMn.

at a low temperature. In the numerical calculation, the temperature dependence of
the gap is also taken into account. Already above ∼ 300 mK it is correct to use the
measured calibration curve directly, since it gives the right electron temperature.

Fig. 2.8 shows the measured responsivity of the SINIS voltage to a small ac
heating power applied to the normal metal, dV/dP , as a function of the bias current.
Response of the SINIS voltage was measured with a lock-in amplifier, and the heat-
ing signal was kept as small as possible. Measurement was conducted at the cryostat
base temperature of about 60 mK. Theoretically, for an ideal SINIS the responsivity
should be monotonically decreasing function of I , as can be seen from Eq. 2.4 (valid
when V ≤ 2∆) by noting that dP ∝ dTe. However, the observed responsivity has a
maximum value at ∼ 60 pA, which is probably due to the relative increase of leak-
age current at low I . This, in turn, can be understood with a finite quasiparticle DOS
inside the energy gap of the superconductor [23, 49].

Temperature dependence of the current-voltage characteristics of a SINIS struc-
ture can be seen in Fig. 2.9. In this sample normal metal was evaporated using
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FIGURE 2.7 Typical calibration curve of the SINIS voltage versus the temperature
measured at the sample stage (continuous line) and corresponding calculated BCS
curve (circles).

Al99.35/Mn0.65 as a source material. Low concentration Al-Mn/Al NIS tunnel junc-
tions have been used as thermometers before [20], and they have been shown to
work like the NIS tunnel junctions with any conventional normal metal, e.g., cop-
per.

To confirm this also for samples with higher Mn concentration, we compared
the measured current-voltage curves with numerical calculations. In calculating current-
voltage characteristics, we used the thermal model introduced in [27,71,20] to obtain
a good fit at the lowest temperatures.

In the thermal model for a SINIS in dynamical equilibrium, one has to solve
the power equation to obtain the normal metal electron temperature:

−Pcool(V ) + β(Pcool(V ) + IV ) + Ps − Pe−p = 0, (2.6)

where Pcool is the cooling power of the SINIS, I and V are current and voltage of the
SINIS, Pcool + IV is the power dissipated in the superconductor and β(Pcool + IV )

is that part of it which flows back into the normal metal. This back-flow of energy
can be due to tunneling of quasiparticles back from the superconductor. Another
possibility is that phonon generated in the recombination of quasiparticles with en-
ergy 2∆ is absorbed by the normal metal [38]. Ps = V 2/Rs is dissipation due to
imperfect tunnel barrier and Rs is the zero bias resistance at low temperature. The
power dissipated to phonons Pe−p is calculated from Eq. 3.2 using parametrs n = 6
and Σ = 2.5×109 W/K6m3, obtained from the electron-phonon measurements and
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FIGURE 2.8 Measured responsivity of the SINIS voltage to a small ac heating signal
applied to the normal metal ,dV/dP , as a function of the bias current.

V=1.1×10−17m2, measured by an AFM. Cooling power of a SINIS junction can be
numerically calculated using Eq. 2.5 by noting that Pcool(V ) = 2 × Pc(V/2), when
assuming that the two tunnel junctions in SINIS are identical.

Although the only fitting parameter in the model is β (for the data in Fig. 2.9
β = 0.3), also the electron temperature had to be slightly adjusted; at refrigerator
temperature 60 mK and at the zero bias voltage, temperature of electrons was 80
mK in the calculation. This is probably due to noise heating discussed already in the
context of SINIS calibration.

Measured data in Fig. 2.9 fits to the calculated curves well. At higher voltages,
calculated current-voltage curves slightly deviate from the measured ones. This can
be due to simplicity of the model. For example the parameter β can be tempera-
ture dependent. The power balance equation 2.6 is practically needed only at low
temperature. At temperature above ∼ 250 mK, the difference between pure BCS
and thermal model calculations was negligible. Current-voltage characteristics of
all SINIS thermometers used in this work were measured at least at the refrigera-
tors base temperature ∼60 mK and found to be similar to the ones presented in Fig.
2.9. In conclusion, SINIS thermometers with AlMn as normal metal can be used as
thermometer as described above.
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FIGURE 2.9 Current-voltage characteristics of a SINIS structure taken at different
cryostat temperatures (symbols) and the theoretical curves. Dashed line indicates the
value of the bias current used in the thermometry.



3 Thin noble metal films at sub-
Kelvin temperatures

In this chapter experiments on electron-phonon (e-p) interaction in disordered thin
gold and copper films are presented. Measurements were carried out at sub-Kelvin
temperatures utilizing hot electron effect and ultrasensitive thermometry by NIS
tunnel junctions. It is shown that in most of the samples the electron-phonon scatter-
ing rate follows T 4 temperature dependence, which is representative for the electron-
phonon coupling mediated by vibrating disorder. The theory describing electron-
phonon coupling in disordered conductors is introduced.

3.1 Theoretical background of electron-phonon inter-
action

The metal films studied in this thesis are thin and disordered due to the fabrica-
tion method by electron beam vacuum evaporation (see Section 2.1) and the mea-
surements are conducted at low temperatures. Theoretical models of the electron-
phonon interaction in such systems are quite well developed. The interesting thing
is that the strength and temperature dependence can vary drastically depending on
the level of disorder and nature of the impurities they contain. Boundaries, espe-
cially in the case of nanostructures, will affect the phenomena. Low temperatures
(T �ΘD, Debye temperature) makes life a bit easier by removing the need for deal-
ing with optical phonons. Electron-phonon systems are divided into two categories
with respect to parameter ql. Here q stands for the wave vector of the dominant
thermal phonon and l is the mean free path of electrons. The two cases are the clean
limit, when ql > 1, and the dirty limit, when ql < 1.

In Fig. 3.1 the thermal block diagram of the metal sample and the substrate
is shown. The metal consists of electron subsystem and the lattice with the "local"
phonons. At low temperatures, the power applied to the electron system can ele-
vate the electron temperature Te notably above the phonon temperature Tp, giving
rise to hot-electron effects [58,72]. Prerequisite for these effects is that the Kapitza resis-
tance, RK, between metal and substrate is smaller than the thermal resistance Re−p

between the electrons and the phonons in the metal. This is usually thought to be a

23
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fair assumption for thin films. At low enough temperature, the wavelength of ther-
mal phonons λph is larger than the film thickness d. Then, if the acoustic mismatch
between the metal film and the substrate is small [68], the metal film cannot con-
tain a phonon system of its own, but is tied to that of the substrate [72]. Acoustic
mismatch is due to different mass densities and sound velocities in the materials.

Using a sound velocity vs = 2000 m/s, the approximate phonon temperature
where λph ≤ d = 100 nm is Tp ≤ hvs/2.82kBd ≈ 350 mK. However, direct experimen-
tal evidence of the magnitude of RK in systems, in which one or more dimensions
is small as compared to λph, is lacking. Since RK ∝ 1/A (where A is contact area
between metal film and substrate) and Re−p ∝ 1/Ad, RK/Re−p ∝ d and RK has to
be taken into account at least in the case of thick films. The effect of the Kapitza re-
sistance on the data from the electron-phonon measurements is discussed in more
detail in Section 3.2.2.

substrate Ts

Normal metal island

electrons

local
phonons

TeCe

�
�

RK

Re-p

Tp

P Pleak

Pe-p

Pp-s

FIGURE 3.1 Thermal subsystems in metal island on substrate. P describes the power
put to the electron gas. Thermal route of interest is the energy relaxation Pe−p through
electron-phonon coupling denoted by thermal resistance Re−p and Pp−s through
Kapitza resistance RK. Heat flow Pleak is the part of the heating power diffusing or
radiating to measurement leads and surroundings.

Generally, the electron-phonon scattering rate between the electrons and the
phonons depends strongly on temperature as

τ−1
e−p = αTm

e , (3.1)

where m can have values from 2 to 7 depending on dimensionality of the phonon
system and the electron gas, plus the type and the density level of impurities and
the material. This leads to the net power flow between electrons at temperature Te
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and phonons at temperature Tp

Pe−p = ΣV(T n
e − T n

p ), (3.2)

where n = m + 2, Σ is electron-phonon coupling constant and V is the volume where
the e-p interaction takes place.

The calculations for a metal in the clean limit ql ≥ 1, with the assumption that
the electrons interact only with the longitudinal (LO) phonons give n = 5 [28, 72].
Then the constant Σ has the expression Σ ≈ 0.524αγ [72], where the Sommerfeld
constant γ depends on the material and is related to the electronic specific heat by
Ce,V = γTe. At low enough temperature transverse phonons need to be taken into
account. In this case n = 5 is again obtained, but the electron-phonon relaxation rate
is increased by a factor of about 15 [56].

For a metal in the dirty limit, things are a bit more complicated; one has to
take into account the interference between many possible scattering mechanisms
involved. Assuming an electron scattering potential, which is completely dragged
by the phonons, i.e. impurities fully vibrate with the phonons (as the lattice atoms),
the result is n = 6. Then electron-phonon coupling constant Σ is also impurity de-
pendent. One should bear in mind that with different n, the unit of Σ is different
and direct comparison between the values cannot be made.

There can be impurities or surfaces, that are not fully vibrating, e.g., "heavy"
impurity atoms responsible for the scattering. Sergeev and Mitin [67] have calcu-
lated e-p scattering rate for a system containing both vibrating and static scattering
potentials:

1

τe−p

=
3π2T 2k2

B

2pFl

(
1− τ

τ̃

) (
βl

pFul

+
2βt

pFut

τ

τ̃

)
+

π4T 4k4
B

5~2
pFl

(
βl

(pFul)3
+

3βt

(pFut)3

τ

τ̃

)
,

(3.3)
where ul (ut) is the longitudinal (transverse) sound velocity, l is the electron mean
free path, βt = βl(ul/ut)

2 = (2εF/3)2ν/2ρu2
t , ν = mpF/~3π2 is the density of states

at EF, τ = l/vF is the total momentum relaxation rate, τ̃ = l̃/vF is the momentum
relaxation rate due to vibrating impurity potential and ρ is the mass density. If total
scattering potential is due to the impurities dragged by phonons (τ = τ̃ ), the result
will be 1/τe−p ∝ T 4l. On the other hand, in the limit τ̃ → ∞ at low temperatures,
one gets 1/τe−p ∝ T 2/l, corresponding to fully static scatterers.

The equation for the power transferred from electrons to phonons calculated
using scattering rates from Eq. 3.3 will naturally consist of two parts with different
temperature dependence [66]:
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(3.4)
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where L is now the electron mean free path due to scattering from quasistatic po-
tential, L = vFτqs, when total momentum scattering rate is defined as τ = τqs + τ̃ .

In the thermal model drawn in Fig. 3.1, the time constant for energy relax-
ation from the electron system at temperature Te with heat capacity Ce connected to
phonon system at Tp via thermal resistance Re−p is τε = Re−pCe. If the power flow
can be depicted with Eq. 3.2, thermal resistance can be written as

R−1
e−p =

∂Pe−p

∂Te

= nΣVT n−1
e . (3.5)

Plugging in Eq. 3.5 and heat capacity of the electron gas Ce = γTeV one gets for the
energy relaxation rate

τ−1
ε =

nΣ

γ
T n−2

e . (3.6)

The connection between the energy relaxation rate τ−1
ε and the electron phonon scat-

tering rate τ−1
e−p is [36]

τ−1
ε =

3(m + 2)Γ(m + 2)ζ(m + 2)

2π2(2− 2−(m−1)Γ(m)ζ(m)
τ−1
e−p, (3.7)

where Γ(m) is the gamma function, m = n - 2 and ζ(m) is the Riemann zeta function.

3.2 DC heating measurements

3.2.1 Samples

Samples were fabricated on oxidized silicon chips using standard electron beam
lithography and evaporation methods as described in Section 2.1. Evaporation of the
metals was done in UHV. In between evaporations of normal metal and aluminum,
the sample stage was rotated 90° and tilted to large angle, ∼ 60°, to avoid normal
and superconducting metals being in contact in other places than the junction ar-
eas. Otherwise a thick normal metal film in direct contact with superconducting Al
would induce a normal state due to proximity effect.

An SEM image of a sample used for the measurements in the study of electron-
phonon interaction in Cu and Au is shown in Fig. 3.2 (a) and a schematic picture is
shown in Fig. 3.2 (b). The metal island, where the heat flows between the electron
system and the phonon system (Section 3.2.2) is measured, is the lower long hori-
zontal wire. The length of the wire was lw ≤ 500 µm and had small variation from
sample to sample. Width of the wire was typically 300-500 nm. Dimensions of the
samples were measured using SEM and AFM. Sample parameters are shown in Ta-
ble 3.1. The wire under investigation was connected to four superconducting Al
leads. The pair of leads (going upwards from the normal metal wire) forms a SINIS
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structure, which is then used as an electron thermometer. Another pair of Al leads is
in direct metallic contact with the normal metal wire, forming NS junctions. These
leads are used to heat the sample. Another long horizontal line is also normal metal
and has a pair of superconducting wires attached to it forming a SINIS. The second
wire is not in direct electrical contact with the lower wire.

= normal metal

= Al

A

VSINIS1 VSINIS2

Vwire

FIGURE 3.2 (a) An SEM image of a sample. Long horizontal lines are normal metal.
Closer look on the SN and NIS junction areas are shown in the insets. (b) Schematic of
the sample and the measurement circuit. Normal metal is heated with dc current and
the electron temperature is measured with SINIS thermometers. Power injected to the
electron gas of the normal metal is deduced by measuring the voltage and the current
through the wire by four probe setup.

3.2.2 Measurement scheme and results

To investigate the power flow between electrons and phonons, the electron gas of
the normal metal film was Joule heated by a slowly ramped current through the
SN junctions, while the electron temperature of the wire was measured with the
SINIS thermometer. The power P = V I injected to the electron gas of the normal
metal was calculated from the measured current I through and voltage V across the
normal metal wire. The measurement circuit is depicted in the Fig. 3.2 (b).

Applicability of the measurement scheme is based on the following facts:

(i) Heat leak through the SN junctions is much smaller than the heat flow from
electrons in the normal metal to the phonons. Clean SN junctions provide ex-
cellent electrical, but poor thermal conductivity due to Andreev reflection, as
long as SN junctions are biased within the superconducting gap ∆ of Al. This
is the case in all the data shown here, since the resistance of the SN junctions
was found to be much lower than that of the normal metal wires used in the
measurements.
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(ii) Heat conduction through the NIS junctions was also estimated. Calculations
showed that small temperature gradient in the wire will develop, but it is frac-
tions of mK and does not affect the results.

(iii) Third possible route for energy transfer is photon emission [63], but it is also
estimated to be insignificant due to the "large" volume of the normal metal
wire. An estimation for the critical temperature below which the photon heat
conductivity would exceed R−1

e−p in the smallest volumes we have used is about
40 mK, using Σ = 2×1010 W/m3K6 and 70 mK using Σ = 2×109 W/m3K6 (n =
6). Moreover, this is for perfect match between the impedances of the electron
gas and the environment, which is hardly the case.

(iv) Electron-electron (e-e) scattering length is much smaller than the length of nor-
mal metal wire and therefore electrons in the wire have well-defined Fermi
distribution [54]. Distortion of the electron distribution function due to multi-
ple Andreev reflections [52] should also be negligible in the long normal metal
wires used in these measurements.

Based on the arguments (i)-(iii), we can say that electron-phonon coupling is the
dominant way by which the electron gas in the normal metal wire reduces its energy.
Using the notations of Fig. 3.1, we can write P = Pe−p = Pp−s. This is assumed from
now on in this thesis. Point (iv) ensures that the electron gas has a well-defined
temperature Te. Since the heated wire is rather homogeous, the injected Joule power
will heat the wire uniformly.

Another question is, whether the Kapitza resistance RK between metal film
and the substrate affects the analysis or not. A qualitative picture can be drawn by
assuming some finite value for RK and that the power P injected into the electron
gas relaxes through the Re−p and RK to the substrate which is at temperature TS.
Power flow via phonons through an interface between the metal and the substrate
(see Fig. 3.1) is of the form Pp−s = σA(T 4

p −T 4
s ) [68], where A is contact area between

metal film and the substrate and σ is material dependent parameter. In this case the
phonon temperature of the metal wire is given by

Tp =

(
P

σA
+ TS

)1/4

. (3.8)

Combining this with Eq. 3.2 in case n = 6 yields

Te =

[
P

ΣV
+

(
P

σA
+ TS

)3/2
]1/6

. (3.9)

This has been plotted for film thickess d = 30 nm, 90 nm and 150 nm at substrate
temperature 60 mK in Fig. 3.3. Values for the parameters are: Σ = 2×1010 W/K6m3,
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σ = 280W/K4m2 (value between Cu and quartz from [68]) and A = 1.5 × 10−10m2.
The continuous line is the expected result for zero RK if Tp � Te and we use the
approximation

Te ≈ (P/ΣV)1/n (3.10)

with n = 6 in the figure. As expected, the thicker the film the bigger the deviation
from Eq. 3.10. Also the value of Σ influences the outcome. Smaller Σ will naturally
push result of Eq. 3.9 closer to that of Eq. 3.10.
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FIGURE 3.3 Calculated electron temperatures as a function of heating power density
using Eq. 3.9. Film thickness in the calculation was d = 30 nm (squares), d = 90 nm
(circles) and d = 150 nm (triangles). Other parameters were Σ = 2×1010 W/K6m3, σ =
280 W/K4m2 and A = 1.5× 10−10m2.

Samples with Cu as the normal metal with three film thicknesses and one sam-
ple with Au were measured. The measured electron temperatures in the heated
wires of the samples versus the power density injected to the normal metal are
shown in Fig. 3.4. Analyzing the data without knowing Tp can be justified to some
extent by measuring the electron temperature on the reference wire, which is the
upper long horizontal wire in Fig. 3.2. This gives a rough estimate for the phonon
temperature in the substrate close to the heated wire.

Possible Kapitza resistance between the metal film and the substrate would
make the observed power n smaller as shown in Fig. 3.3. This is not seen in the
data, except maybe for the thickest sample. On the other hand, the electrons in the
reference wire could be heated directly by heat transfer via photons between the two
wires. In this case, and if RK was negligible, an upper limit for the Tp in the heated
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wire can be given.
An example of simultaneously measured electron temperatures versus injected

power density on the heated and reference wires in sample CU33 are shown in
Fig. 3.5. Measurements show that electron temperature on the other wire stays low
enough so that T n

p � T n
e in relevant heating power range for all samples, and one

can use the approximation made in Eq. 3.10. In this case, the slope on the log-log
plot of the measured Te vs. P gives directly the value 1/n, whereas Σ is obtained by
one parameter fit to Eq. 3.10 when the volume V is known.

The dependence of the Te on the heating power in the samples Au57, CU33
and CU84 is close to P 1/6, which is consistent with the theory for disordered film
in the dirty limit ql < 1, provided that scattering from the fully vibrating impurities
dominates. The thickest film, i.e. sample CU140, shows a behaviour of Te on P which
is P 1/5 at least on the high temperature end.

In Cu samples the dependence of Σ on the mean free path l of electrons is
opposite to the one expected from the theory, if electron-phonon scattering was due
to vibrating impurities. Σ seems to decrease with increasing l. As can be seen from
Eq. 3.4, Σ ∝ 1/l in the case where the scattering is due to static impurities. However,
in this case n should be 4, which is clearly not the case.
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FIGURE 3.4 Measured electron temperature as a function of power density injected
to the electron gas from copper and gold samples: CU33 (open square), CU84 (circle),
CU140 (open triangle), and AU57 (triangle). Dashed and dotted lines are guides for
eye of the type Te ∝ P 1/5 and Te ∝ P 1/6, respectively.

For a closer look on the exponent n, the logarithmic derivative d(log Te)/d(log P )

for the data shown in Fig. 3.4 is presented in Fig.3.6. Though the derivatives are a bit
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FIGURE 3.5 Measured electron temperatures versus power density in the heated wire
(circles) and in the reference wire (squares) in the sample CU33.
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FIGURE 3.6 Numerical logarithmic derivatives d(log Te)/d(log P ) of the data of Fig.
3.4: CU33 (a), AU57 (b), CU84 (c), and CU140 (D). Dashed lines correspond to 1/5,
1/6, and 1/7 from top down, respectively.

noisy, n = 6 is clearly most consistent with samples CU33 and AU57. Derivative of
the data for CU84 raises a bit over n = 6, but is still closer to 6 than 5. Data for CU140
approaches the n = 5 line without clear plateau. In light of these data, n = 6 is con-
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sistent with the data in most of the measurement range, except for the 140 nm thick
Copper film in sample CU140, despite the fact that also this sample should be in the
limit ql < 1. Possible explanations to this exists. First of all, there can be more sta-
tic impurities involved in the electron-phonon scattering, which would change the
qualitative behaviour. Another explanation is, that this is the effect of the Kapitza
resistance. As was shown in Fig. 3.3, the thicker the film, the stronger the influence
of RK on n obtained from the measurements. As a result not too much value can be
given to the data for the CU140 result.

TABLE 3.1 Sample parameters. l is mean free path of electrons, d is normal metal film
thickness, n is the exponent in Eq. 3.10 and Σ is electron-phonon coupling constant.

Sample Normal metal d (nm) l (nm) n Σ (109 W
Knm3 )

CU33 Cu 33 20 6 22
CU84 Cu 84 42 6 6.3

CU140 Cu 140 61 5 2.5
AU57 Au 57 24 6 60

3.3 Direct measurement of energy relaxation rate

In this measurement scheme, an alternating voltage Vheat = Vdc + Vac sin ωt with
frequency up to few MHz was used to Joule heat the electron gas of the normal
metal.

Earlier, an ac heating method has been used to study electron-phonon scatter-
ing rate in thin Nb [30] and in NbC films [36]. In those studies, the amplitude of the
temperature modulation in the thin films was measured. This was deduced from
the frequency spectrum of the resistive response of a superconducting film biased
at the middle of the superconducting transition. In addition, temperature difference
between phonons and electron gas was kept small and analysis was done using lin-
earized equation (Pe−p ∝ Te − Tp).

Another recent development in the experimental field of nanostructure ther-
modynamics is a novel rf-SIN thermometer [64]. In this technique, the exponen-
tial temperature dependence of the zero bias small signal resistance R0 of the NIS
junction is used for the thermometry. At temperatures sufficiently below supercon-
ducting critical temperature Tc,the resistance R0 is exponentially dependent on the
temperature. A NIS junction is connected to a on-chip LC resonant circuit and R0

is deduced by measuring the power reflected from the circuit at the LC resonance
frequency. With rf-SIN technique, it is possible to probe directly decay of electron
temperature after fast heating pulses [65].

In the ac heating method described in this thesis, the measurement of the elec-
tron temperature Te is done using sensitive SINIS thermometers. Temperature mea-
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surement is performed as in the dc heating experiment by current biasing the SINIS
structure and measuring the dc voltage. First version of the method was introduced
in [42]. Due to the non-linearity of the electron-phonon interaction, there will be re-
sponse even at dc, i.e. the average electron temperature will rise above the cut-off
frequency determined by the electron-phonon scattering rate, when electron gas is
heated with ac heating power. This non-linearity can be used in other thermal trans-
port measurements in nanostructures, e.g. photon heat transfer (see. [5]).

3.3.1 Numerical calculations

The electron temperature in the presence of a heating signal Vheat can be calculated
by solving the full differential equation governing the heat flow:

Te
dTe

dt
= −A(T n

e − T n
p ) + Pdc + Pω sin ωt + P2ω cos 2ωt, (3.11)

where A = Σ
γ

, Pdc = (V 2
dc+V 2

ac/2)/(RγV), Pω = 2VdcVac/(RγV) and P2ω = V 2
ac/(2RγV).

Here Σ is the electron-phonon coupling constant, V is the sample volume, γ is the
Sommerfeld constant and R is resistance of the heated wire. Since Σ depends lin-
early on γ, the temperature relaxation rate does not depend on the heat capacity
and is only dependent on the electron-phonon scattering rate.

Eq. 3.11 was solved numerically for exponents n = 5 and 6, corresponding to
1/τe−p = αT n−2

e . From the Te(t) curve, the steady state average electron temperature
Te(ω) has been determined as a function of ω. Calculations were done with realistic
sample parameters. Fig. 3.7(a) shows the results obtained for two ac heating powers
in the case n = 6 (the impure limit). As can be seen, the average Te develops a clear
step up at some cut-off frequency, and this frequency moves up as a function of Te.
To be able to define this cut-off frequency unequivocally, the data is analyzed further
by taking the logarithmic derivative with respect to ω. This is shown in Fig. 3.7(b).
The log-derivative develops a clear peak, whose position is used as the definition
of the cut-off frequency ωc. In addition, the log-derivative shows quite clearly the
effect of the strength of the non-linearity: the larger the relative ac power (top curve
largest), the more non-symmetric the peak is.

In Fig. 3.8, the cut-off frequency ωc is plotted against the low-frequency limit of
electron temperature Te,0 for cases n = 5 and n = 6. It is quite clear that ωc follows the
temperature dependence expected for a cut-off determined by the electron-phonon
scattering rate:

ωc = α∗Tm
e,0, (3.12)

where m = n-2. In addition, the coefficient α∗ is close to that calculated from Equation
3.6, i.e. α∗ ≈ nΣ/γ. Dashed and dotted lines in Fig. 3.8 are plotted using Σ = 1.7×109

W/K6m3 for n = 6 and Σ = 3.8 × 108 W/K5m3 for n = 5, respectively. Same values
were used in the calculation of the corresponding numerical results, and lines fit to
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FIGURE 3.7 Calculated electron temperature versus heating frequency for two differ-
ent ac heating powers (a) and corresponding logarithmic derivatives (b).

the calculated points rather well. Therefore, one can be confident that the analysis
scheme outlined above will be a direct measurement of the electron-phonon scatter-
ing rate without any fitting parameters.

3.3.2 Experimental results

Samples used in these measurements were identical to those described in Section
3.2.1. The ac heating voltage was applied to the normal metal via the SN junction.
The heating signal was produced with an arbitrary waveform generator. The fre-
quency of the heating signal was changed step by step and the dc voltage of the SI-
NIS thermometers were measured simultaneously. We took many frequency sweeps
with the same ac voltage amplitude and dc voltage offset and averaged them to re-
duce the noise. The amplitude of the ac voltage or the dc voltage offset was then
changed to obtain a different average electron temperature Te,0. Naturelly one has
to take into account that the actual heating frequency when Vdc is small as compared
to the Vac, is twice the frequency ω from the waveform generator.

A typical frequency sweep consisted of 300-500 frequency points between 0.1
Hz – 5 MHz. Each of the eleven representative sweeps with different ac heating
power shown in Fig. 3.9 are an average of 10 frequency sweeps each. For all sweeps,
overheating is clearly seen in the high frequency range between 10 kHz – 3 MHz.
This can be understood by the numerical modeling discussed above.

Cut-off frequencies analyzed from the measured frequency sweeps for three
samples with Cu as normal metal are shown in Fig. 3.10. Samples had film thick-
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FIGURE 3.8 Cut-off frequencies deduced from the calculated Te(ω) curves for n = 6
and Σ = 1.7×109 W/K6m3(squares) and for n = 5 and Σ = 3.8×108 W/K5m3(circles).
Dashed line is fit with parameters m = 4 and α∗=1.02×1091/sK4 and dotted with
m = 3 and α∗=1.82×1071/sK3.

nesses of 36 nm (referred to sample CU36), 41 nm (sample CU41) and 84 nm (sam-
ple CU84b). Except the unexplained low temperature fall off of the cutoff in the
samples CU84b and CU41, the temperature dependence of the cut-off frequencies
follows the numerical modeling. One parameter fits ωc = α∗T 4 to data for the sam-
ples CU36 and CU41 gives α∗ = 1.93×1081/K4 and α∗ = 5.79×1081/K4, respectively.
The thickest sample CU84b showed temperature dependence of ωc expected in the
clean limit ql > 1, and fit ωc = α × T 3 gave α = 2.15×1071/K3. Electron-phonon
coupling constants deduced from these fits are shown in the Table 3.2.

TABLE 3.2 Sample parameters. d is the normal metal film thickness, m is the observed
exponent as in Eq. 3.12, n = m + 2 and Σ is the electron-phonon coupling constant.

Sample d (nm) m Σ (109 W
Knm3 )

CU36 36 4 3.1
CU41 41 4 9.4

CU84b 84 3 0.42

There are a couple of puzzling things in these results. First, there is rather large
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FIGURE 3.9 Electron temperature as a function of heating frequency with eleven dif-
ferent ac voltage amplitudes. These data are for 36 nm thick copper film.

difference between the electron-phonon coupling constants Σ for the two thinnest
samples. It is natural that there would be some difference between subsequent evap-
orations, since Σ is sensitive to the quality of the metal film (dependence on the
mean free path l). Secondly, the 84 nm thick sample showed a temperature depen-
dence n = 5, whereas the sample CU84 in dc measurements had n = 6, or at least
closer to 6 than 5. Maybe the electron mean free path l is different enough to push
this sample to clean limit. This is, however, unlikely. Also the value for Σ is rather
small as compared to the value for the sample CU140 with n = 5. It may be that the
Kapitza resistance has large variations from sample to sample affecting the results
for thickest samples. In any case, it is shown that the method introduced here offers
a possibility to obtain information about the thermal relaxation rates in nanostruc-
tures.
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FIGURE 3.10 Cut-off frequencies obtained from the frequency sweeps for samples
with 84 nm (circle), 36 nm (triangles) and 41 nm (squares) thick copper wire.
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4 Aluminum Manganese thin films

The motivation for the study of an alloy of Aluminum and Manganese (AlMn) is
its suitability for many low temperature applications. Superconducting transition
temperature Tc of AlMn is lower than that of pure Al. In addition, tuning of Tc

is moderately easy by changing the concentration of Mn [59]. Another advantage
of AlMn as compared to many other metals is that it can be thermally oxidized as
easily as Al and oxide forms a good insulation layer for tunnel junction applications.

AlMn has already been used in novel NIS bolometers [62], TES microcalorime-
ters [21] and thin-film solid-state refrigerators [20]. Electron-phonon interaction is
typically the dominant energy loss channel for the electron system as a whole at
low temperatures. Therefore, knowledge of the magnitude and the temperature de-
pendence of electron-phonon interaction is very critical for the performance of bolo-
metric detectors and solid state coolers [31]. In this chapter, an experimental study of
electron-phonon interaction in thin AlMn films is presented. Since Mn is a magnetic
impurity, the Kondo effect is shortly reviewed.

4.1 Kondo effect

In contrast to the constant impurity resistivity produced by the non-magnetic im-
purities [74], the magnetic impurities in a metal can produce a resistivity ρi, which
increases as the temperature is lowered. As the phonon contribution to the resistiv-
ity reduces, a minimum will be found in the total resistivity. This is the phenomenon
originally referred to as the Kondo effect. Kondo effect was observed already in the
30’s, but was not explained earlier than in 1964 by Kondo [43]. Kondo managed
to explain the effect by using third order perturbation theory to the so-called s-d
model [32] describing the interaction between localized d-electrons and conduction
s-electrons. In the model a local magnetic moment S is coupled to the conduction
electrons via the exchange interaction J . Kondo showed that singular scattering of
the conduction electrons near the the Fermi energy EF together with antiferromag-
netic coupling J leads to an impurity resistivity [32]

ρi =
3πmJ2S(S + 1)

2e2~EF

(
1− 4Jρ0(EF) ln

(
kBT

D

))
, (4.1)

39
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where EF is the Fermi energy, ρ0 is density of states and parameter D � EF. How-
ever, Kondo’s perturbative calculation is not valid as T → 0 and the search for the
full solution was named the Kondo problem.

Experimental results for the impurity resistivity ρi, e.g. for a dilute AlMn alloy
show a power law ρi = ρ0(1 − (T/Θ)2) as T → 0. At a bit higher temperature,
there is approximately linear region ρi = ρ′0(1− T/Θ′) and finally close to the Kondo
temperature TK a logarithmic dependence ρi = A−B ln T is observed [18, 13, 12].

There is no analytical result for the whole temperature range for ρi and one has
to resort to numerical renormalization group (NRG) approach [32]. Few points deduced
from [32] calculated with NRG are plotted in Fig. 4.1 . Analytical expression for the
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FIGURE 4.1 Normalized impurity resistivity ρi/ρi(0) as a function of temperature
calculated with numerical renormalization group approach (connected circles), Fermi
liquid result (dotted line) and Hamann result (dashed line). NRG points are repro-
duced from [32]. Value for the spin is S=1/2.

low temperature limit can be derived using Fermi liquid theory [32]

ρi = ρi(0)

[
1− π4w2

8

(
T

TK

)2
]

, (4.2)

where w = 0.4128 is the so called Wilson number. This is plotted in Fig. 4.1. In con-
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trast close to TK impurity resistivity is approximately [32]

ρi =
ρi(0)

2

[
1− ln T/TK

((ln T/TK)2 + π2S(S + 1))1/2

]
, (4.3)

which is the Hamann result plotted in Fig. 4.1 with S=1/2.
Besides the temperature dependent impurity resistivity, there are also other

Kondo anomalies. Magnetic susceptibility and specific heat are modified due to the
interaction between conduction electrons and the magnetic impurities. Both typ-
ically increase at low temperature. For the bulk AlMn, the Sommerfeld constant
varies linearly with Mn concentration and the coefficient is ∆γ/ci = 44 J/(K2m3 %)
in the range ci = 0.1-0.4 at. % at the temperature interval 1.4-4.2 K [57]. Sommerfeld
constant for the bulk Al is γ = 135 J/K2m3. Consequently the increase in the specific
heat is large at high concentrations.

Recently, lot of new understanding has emerged on how the magnetic impu-
rities affect the dephasing [53] and energy relaxation [35, 10] of electrons at low
temperatures, by a mechanism where the electron-electron (e-e) interaction is medi-
ated by the exchange interaction with the magnetic impurities [40,29,73]. Although
this new channel for the e-e interaction is clearly dominant for dephasing in most
impurity-host systems, where the Kondo temperature TK is much smaller [35, 10]
or slightly higher [15] than the electron temperature, it will disappear in the limit
where T << TK . In this extreme unitary limit, the impurity spin is completely
screened by the electrons. The electrons are scattered elastically, and Fermi-liquid
theory is know to be valid, if the number of orbital channels k of the impurity equals
twice the spin, k = 2S [48, 32].

Aluminum doped with Manganese is an impurity-host system with an ex-
tremely large Kondo temperature TK ≈ 500 K. The expected magnetic ion in this
system is Mn2+, and if Hund’s rule applies, it has five spin aligned d-electrons, thus
k = 2S = 5. As the Kondo impurity mediated mechanism is then suppressed at
our experimental sub-Kelvin temperature range, only direct electron-electron inter-
action [8] and electron-phonon interaction [74] remain as the main mechanisms for
electron energy loss.

4.2 Resistivity measurements

For accurate measurements of the resistivity between room temperature and 4 K,
four probe samples were fabricated. These samples were made in the same evap-
oration runs with the films used for Manganese concentration measurements dis-
cussed in Section 2.1.1. Source materials used for the evaporation of AlMn films
were Goodfellow Al98/Mn2 (atomic %) (sample RS1), Al99.35/Mn0.65 (RS2) and
Al99.7/Mn0.3 (RS3). These samples had similar AlMn wire dimensions and identi-
cal evaporation parameters (growth rate, new crucible every time and same amount
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of source material) than the samples used in electron-phonon interaction measure-
ments. Area of the cross-sections of the AlMn wires for the resistivity analysis was
deduced from AFM measurements.
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FIGURE 4.2 Measured resistivities of the AlMn four probe samples versus tempera-
ture, RS1 (a) RS2 (dotted line) and RS3 (continuous line) (b), low temperature blow up
of RS2 data (c) and RS3 data (d).

Data from resistivity measurements is shown in Fig. 4.2. Samples RS2 and RS3
exhibit a typical metallic resistivity, where the phonon contribution dominates at
high temperatures (region where dρ/dT > 0), whereas below 30 K the impurity
resistivity dominates. However, if one looks at the low temperature region more
carefully (Figs. 4.2 (c) and (d)), clear minima for both samples can be seen. This is
a signature of the Kondo effect. In sample RS1 with the highest Mn concentration,
the contribution of the Kondo resistivity is so large that it completely overwhelms
the phonon contribution in the whole temperature range all the way up to room
temperature (dρ/dT < 0). The shape of the ρ vs. T curve agrees qualitatively with
the Kondo theory in the strong coupling limit T < TK . Quantitative comparison
is difficult, as the temperature range is such that only numerical renormalization
group calculations are valid [32]. The residual resistivity at 4.2 K is approximately
linear in ci, as expected for the unitary limit [32].
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4.3 Electron-phonon interaction measurements

Samples used in the measurements were fabricated on nitridized silicon chips using
exactly the same procedure as with the Cu and Au samples. Estimated Mn concen-
tration in the evaporated AlMn wires is shown in Table 4.1. Estimation was done
using the fit shown in the Fig. 2.4.

AlMn samples had different geometry than the Cu and Au samples described
in Section 3.2.1. Schematic of the samples and the measuring circuit are shown in
the Fig. 4.3. Upper long horizontal line represents the heated AlMn wire. The Al
lines going upwards from AlMn wire form SN junctions and the two pairs of Al
lines going downwards form SINIS thermometers. The SINIS in the middle of the
AlMn wire gives the electron temperature, which has to be compared with the heat-
ing power when extracting the e-p coupling information from the heating measure-
ments data. This is due to the relatively poor heat conductivity in AlMn yielding
a noticeably lower electron temperature already a few micrometers away from the
part heated by the electrical current. Temperature at the end of the heated wire could
be measured with the other SINIS. The other horizontal AlMn wire is the reference
wire for the phonon temperature estimation. Distance between the reference wire
and the heated wire is about 2 µm. There is one SINIS thermometer for the temper-
ature measurement in the reference wire.

= AlMn

= Al

A

~487 m�

FIGURE 4.3 Schematic of the AlMn sample and the measuring circuit used for the
electron-phonon measurements. Horizontal black lines denote AlMn normal metal
wires and vertical grey lines are superconducting Al forming SN (lines going upwards
from AlMn) and NIS (lines going downwards from AlMn) junctions with AlMn.

Results of the voltages sweeps for AlMn samples AM2, AM065 and AM03 are
shown in Fig. 4.4, where the electron temperature (measured in the middle) in the
heated wire is plotted as a function of power per unit volume of the AlMn wire, i.e.
power density. It is obvious that the temperature dependence is close to P 1/6, as was
the case with similar Cu and Au samples discussed in Section 3.2.2.
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TABLE 4.1 Parameters of the e-p samples. c is Mn concentration in the AlMn source
material. Mn concentration ci in the sample was estimated from the measured 4 K
resistivity versus Mn concentration data shown in Section 2.1.1. The mean free path
l was calculated from the resistivity at T = 60 mK using the Drude formula, Σ was
obtained from the fits to the data in Fig. 4.4. Upper limit for the ratio of the energy
relaxation rates r = (1/τε,AlMn)/(1/τε,Al) = 6ΣT/(5ΣAl) between AlMn and pure Al
(see text for more details).

Sample c (at. %) ci(at.%) l (nm) Σ (109W/K6m3) r(0.1 K)
AM2 2 11.5 0.2 1.1 0.12

AM065 0.65 1.2 1.9 2.5 0.27
AM03 0.3 0.7 3.2 3.4 0.37
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FIGURE 4.4 Measured electron temperatures versus the power density injected to
the electrons from samples AM2 (circles), AM065 (square) and AM03 (star). Solid line
Te ∝ P 1/6 is guide for eye. Dashed line corresponds to Al data in the pure limit, n = 5,
with Σ = 1.1 × 109 W/K5m3 calculated for sample 1 in Ref. [61], using a value for
Sommerfeld constant γ = 135 J/K2m3.

One parameter fits of Eq. 3.10 to the data in Fig. 4.4 yielded values for Σ shown
in Table 4.1. The trend is that in the samples with increasing Mn concentration, elec-
tron gas is less coupled to the phonons, that is, the e-p coupling constant Σ becomes
smaller. This is in crude agreement with the expectation from the theory for met-
als in the dirty limit when the electrons are coupled to the scattering potential fully
dragged by the phonons. Then Σ should be proportional to the electron mean free
path l (see Eq. 3.4), which decreases with increasing Mn concentration. Electron-
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phonon coupling constant as a function of the electron mean free path is plotted in
Fig. 4.5.
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FIGURE 4.5 Electron-phonon coupling constants Σ versus the electron mean free path
l from table 4.1 (squares). Line is linear fit C + F × l with C = 0.97 × 109 W/(m3K6)
and F = 0.77 × 109 W/(m3K6nm).

The dashed line in Fig. 4.4 is the electron temperature calculated for pure Al us-
ing an e-p coupling constant ΣAl = 1.1×109W/K5m3 (Eq. 3.10, n = 5). The value was
calculated using a Sommerfeld constant γ = 135 J/K2m3 and data for sample 1 in
Ref. [61]. Comparison of the energy relaxation rates τ−1

ε (Eq. 3.6) of electron systems
in Al and AlMn at 100 mK are also tabulated in table 4.1. The values given in the
table are calculated using the same specific heat for Al and AlMn. However, the real
ratio of the energy relaxation rates is r′ = (1/τAlMn)/(1/τAl) = 6ΣTγAl/(5ΣAlγAlMn).
As discussed earlier, the specific heat increases due to magnetic impurities, so the
ratios r given in the table are upper limits for real values. If increase of the Sommer-
feld constant is as in the bulk AlMn, the relaxation rate suppression for AM2 is 0.03
when compared to pure Al at 100 mK. Comparison of τ−1

ε of AlMn samples with
Au and Cu samples with n = 6 yields upper limit r for the temperature independent
suppression factor from 0.01 (between AM2 and Au38) to 0.8 (between AM03 and
CU36), when using γ = 135 J/K2m3 for AlMn and γ = 97 J/K2m3 for Cu and Au.

To obtain more detailed picture of the dependence of Te on the injected power
density, plot of logarithmic derivatives d(log Te)/d(log P ) of the data is presented
in Fig. 4.6. Besides the drop at the beginning due to noise heating, all the samples
showed n = 6 in most of the power density range. Data for AM2 consists of two
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FIGURE 4.6 Numerical logarithmic derivatives of the data in Fig. 4.4: AM2 (a), AM065
(b) and AM03 (c). Dashed lines correspond to 1/5, 1/6, and 1/7 from top down, re-
spectively.

sweeps, which causes the change in the data at about 30 pW/µm3. For this sample
there is an unexplained increase in n at high power densities. In data for AM03
there is again decrease in n approaching the value n = 5 above 10 pW/µm3. Very
similar derivative was seen for the data for CU33 in Section 3.2.2. One can again
speculate about possible effect of the Kapitza resistance on the result for this sample,
but nothing certain can be said. It is possible that in some samples residues of resist
or some other substance could make the thermal resistance between the metal film
and the substrate bigger, although extra care was taken to keep the substrate as clean
as possible at all stages in sample fabrication.

Measurements show that the electron-phonon interaction in AlMn can be ad-
justed by changing the Mn concentration, since the electron mean free path changes
with ci. This is interesting from technological point of view. For example for hot-
electron bolometers, lowering the e-p coupling leads to an increased sensitivity. Fi-
nite thermal conductivity G through which the energy from the electrons relaxes,
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produces thermal fluctuations. These will limit the detector performance. Noise
equivalent power for the hot-electron bolometer is NEP =

√
4kBT 2G [62]. Thermal

conductivity at low temperature is usually dominated by electron-phonon interac-
tion, so G = 1/Re−p, where thermal resistace Re−p is given by Eq. 3.5. Noise equiva-
lent power can then be written as NEP =

√
4kBT 2nΣVT n−1. The linear dependence

of Σ on l suggest as large manganese concentration as possible for the bolometer ap-
plication. Same goes for the electron coolers, whereas in the applications where the
lattice is also to be cooled, Mn concentration should be small. Substantial variation
of Σ versus l in Cu films (Chapter 3) could be utilized for tailoring the e-p coupling
in the same way.
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5 Tunnel junction arrays in weak
Coulomb blockade regime

Classically, two conducting electrodes of area A and separation d on top of each
other with no electrical contact between them form a capacitor. Capacitance of such
a structure is C = ε0εA/d, where ε is dielectric constant of the insulating material
between the electrodes. When one electron of charge e is transferred through the
barrier from one electrode to the other, the capacitance C related to the junction is
charged leading to a voltage change δV = e/C. The energy needed for charging is
then ECh = e2/2C. For small tunnel junctions (A = 100× 100 nm2), easily fabricated
by standard EBL method, the capacitance will be of the order of 1 fF corresponding
to ECh ∼ 10−4eV. If RT is bigger than the quantum of resistance (RK ∼ 25.8 kΩ),
the quantum fluctuations are suppressed. If the temperature is also very low, so that
kBT ≤ ECh (which gives a typical temperature range T < 1 K), then the electrons
are confined in each of the 2 electrodes and charging effects may appear. In this sit-
uation, one extra electron on junction blocks other electrons from tunneling. This
phenomenon is the so-called Coulomb blockade of tunneling [11].

Arrays of tunnel junctions can be used for thermometry by making use of the
so-called partial Coulomb blockade, i.e. the situation where the charging energy
is smaller than the thermal energy. Electromagnetic environment of the tunnel junc-
tion array will affect the electrical properties and, therefore, the thermometry by the
arrays. In this chapter, the basic theory of the Coulomb blockade thermometry is
reviewed. Conductance measurements of 1D and 2D tunnel junction arrays are pre-
sented. Results for the smallest arrays are compared with the numerical calculations,
where electromagnetic environment is modeled with resistance.

5.1 Coulomb blockade thermometry

Coulomb blockade thermometer (CBT) is an array of tunnel junctions. CBT was in-
vented in Jyväskylä more than ten years ago and is a simple absolute thermometer
for cryogenic applications [50,24,41]. 2D tunnel junction arrays have been shown to
function as thermometers the same way than their 1D counterparts [16, 17, 22].

CBT can be used in a temperature range where the charging energy EC ≡
2(N − 1)/N × (e2/2C) ∼ kBT , i.e., in the partial Coulomb blockade regime (C is

49
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capacitance of a tunnel junction in homogeneous array and N is number of tunnel
junctions in the array). The conductance curve of an array can be calculated against
vN ≡ eV/NkBT for expansion parameter uN ≡ EC/kBT small enough, utilizing the
so-called orthodox theory [11]. The first order result in uN is linear, that is,

G(v)

GT

= 1− uNg(vN), (5.1)

where GT is conductance of the array at large bias voltages and g(v) ≡ [v sinh(v) −
4 sinh2(v/2)]/8 sinh4(v/2) defines the shape of the conductance curve. The general
equation for an inhomogeneous array has been calculated in [33] and it is

G(v)

GT

= 1− 2
N∑

i=1

RT,i

RΣ

∆i

kBT
g

(
RT,i

RΣ

eV

kBT

)
, (5.2)

where RΣ = ΣN
i=1RT,i is the total tunnel resistance and ∆i = (C−1

i−1,i−1 + C−1
i,i −

2Ci,i−1)e
2/2 is the Coulomb Blockade threshold arising from the inverse capacitance

matrix C−1 [37].
The conductance curve exhibits a drop at small transport voltages. The full

width at half minimum of the conductance drop for the homogenous array (RT,i ≡
RT, Ci ≡ C and Co,i = 0) calculated from Eq. 5.1 is

V1/2,0 = 5.439NkBT/e. (5.3)

Equation 5.3 states, that the full width at half minimum depends only on constants
of nature and known parameter N , hence an array of tunnel junctions can be used as
a primary thermometer. Known correction for the first order result in linear regime,
∆V1,2 = V1/2− V1/2,0, is ∆V1/2/V1/2,0 ≈ 0, 39211∆G/GT , i.e. at low temperature (EC ∼
kBT ) measured half width will be smaller than expected from the first order result.

CBT has also a secondary thermometry mode, since the depth of the Coulomb
blockade well depends also on temperature:

∆G

GT

=
1

6
uN. (5.4)

Parameters needed for the temperature measurement are shown in Fig. 5.1, where
a measured conductance curve of a CBT with 100 junctions per array and 25 arrays
in parallel measured at 4.25 K is illustrated. Parallel connection of tunnel junction
arrays does not affect the thermometry, but lowers the impedance of the device,
making the measurements easier.

In deriving equations 5.1–5.4 the voltage bias is assumed to be perfect. In a
real situation the electromagnetic environment of the array will prohibit the po-
tential at the ends of the array to stay constant after tunneling of an electron. This
phenomenon will affect the conductance, and the conductance dip will be broad-
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V�G/G
T 1/2

FIGURE 5.1 Measured differential conductance as a function of bias voltage at 4.25
K for a CBT with 100 tunnel junctions in series and 25 arrays in parallel. Quantities
yielding the temperature information are drawn in the picture. Full width at half max-
imum V1/2 depends only on the temperature and know constants, enabling primary
thermometry. Depth of the conductance dip ∆G/GT is proportional to the charging
energy and depends inversely on the temperature, and can be used for secondary
thermometry.

ened. The effect of electromagnetic environment on tunneling in 1D and 2D tunnel
junction arrays will be discussed in more detail in section 5.2. Other sources of error
are variations in the tunnel junction resistances in the array [33], strong tunneling
(RT ≤ RK) [26] and background charges [24].

5.2 Effect of electromagnetic environment on tunnel-
ing

5.2.1 Theoretical background

The effect of the electromagnetic environment on tunneling in tunnel junction arrays
can be taken into account by using phase correlation theory [37,39,26]. Tunneling rate
through a tunnel junction can be calculated from

Γ±i (δF±
i ) =

1

e2RT

∫ +∞

−∞
dE

E

1− exp[−E/kBT ]
P (−δF±

i − E), (5.5)

where the variable δF±
i is the change of the free energy when an electron tunnels

through the tunnel junction (+ and - define the direction of the tunneling) [37, 25].
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Function P (E) is the probability density for an event, where the tunneling electron
exchanges energy E with the environment, and reads:

P (E) =
1

2π~

∫ +∞

−∞
dt exp

[
J(t) +

iEt

~

]
. (5.6)

The electromagnetic environment comes into play through phase-phase-correlation
function:

J(t) = 2

∫ +∞

0

dω

ω

Re[Zt(ω)]

RK

[
coth

(
~ω

2kBT

)
[cos(ωt)− 1]− i sin(ωt)

]
, (5.7)

where the real part of Zt, the impedance seen by the tunnel junction, is the essen-
tial parameter. Impedance Zt consists of the capacitance of the tunnel junction itself,
capacitance of the other tunnel junctions in the array and the impedance of the en-
vironment.

5.2.2 Geometry of the tunnel junction arrays

Tunnel junction arrays were fabricated using standard EBL as described in Section
2.1. Structures used in the measurements are shown in Fig. 5.2. The "aligned" 2D
structure can be perceived as a 1D structure with metal islands of the M adjacent
arrays connected with tunnel junctions. "Diagonal" structure has M ′ connections at
each busbar and N in this case is the smallest number of tunnel junctions through
which busbars are connected, as it is with the "aligned" structure. Smallest 1D struc-
ture studied with N, M=2 is denoted II and corresponding "aligned" structure H.
Three different geometries of structures H and II were fabricated to investigate the
influence of the internal structure of an array to the conductance curve. For exam-
ple, the island length was varied from 1 µm up to 10 µm. Size of the tunnel junctions
in all samples was nominally 0.2 × 0.6 µm2. Bias voltage was applied at the busbars
left and right from the arrays.

5.2.3 Results

Four II structures and seven H structures were measured at T = 4.25 K, where the
linear result for two tunnel junctions in series (Eq. 5.3) predicts V1/2,0 = 4.0 mV. Fig.
5.3 shows a typical example of the conductance of a II structure and an H structure
fabricated simultaneously on the same chip. In both cases ∆G/GT ' 0.01, which
implies very small corrections ∆V1/2/V1/2,0 < 0.4% to the linear result given by Eq.
5.3.

Small but noticeably differences can be seen between the curves in the Fig. 5.3.
At first, the dip of the H structure is wider than that of the II structure. Secondly, the
shapes of the dips are not the same; simple scaling of the two curves does not make
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FIGURE 5.2 (a) 1D structure with M parallel arrays each having N tunnel junctions
in series, (b) an "aligned" 2D structure, where arrays are connected through tunnel
junctions and (c) "diagonal" 2D structure. In "aligned" and "diagonal" structures N
is the smallest number of tunnel junctions through which the busbars are connected.
Bias voltage was applied to the busbars left and right from the array.
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FIGURE 5.3 Differential conductance of H (dashed line) and II structures as a function
of the bias voltage measured at 4.25 K.

them overlap. What is similar in H and II structures, is that the dips are nearly
equally high, when the junction size is the same in II and H. These facts are not
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consistent with the simple sequential tunneling result with zero external impedance.
The main result is that the measured half widths V1/2 of the II and H structures

cluster around different values, both higher than V1/2,0. For the II structure the result
was V1/2 = 4.53 ± 0.02 mV, and for the H V1/2 = 4.79 ± 0.05 mV. These results are
13% and 20% larger than the expected from Eq. 5.3. The internal geometry of the
arrays did not influence the outcome. This suggests that the corrections to the basic
results of Eqs. (5.1)-(5.4) are larger for 2D type structures and are accounted for the
electromagnetic environment of the arrays.
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FIGURE 5.4 Calculated half widths normalized to the value given by Eq. 5.3 in II
and H structures as a function of external impedance Re. Tunnel junction capacitances
used in the calculations were 3 pF and 6 pF. Continuous and dotted horizontal lines
are the averages of the measured V1/2 for II and H, respectively. Inset shows the circuit
model used in the calculations. Electromagnetic environment is modeled with external
resistors Re at the ends of each array.

In the calculation of the current-voltage characteristics II and H structures,
the environment for the arrays was modelled with pure resistive impedance Re as
shown in the inset of Fig. 5.4. Curves were obtained by Monte Carlo simulation
using an algorithm introduced in [34]. Deduced half widths as a function of external
impedance Re for tunnel junction capacitances C = 3 fF and C = 6 fF are shown in
Fig. 5.4. Capacitances of the measured tunnel junctions were estimated to be in the
range of values used in the calculations.

On-chip impedance is typically a fraction of free space impedance ∼ 377 Ω.
The value for external impedance in the samples is probably close to the value Re,
where the maximum of V1/2 in the calculations lies for both II and H. Measured
and theoretical values close to maximum values of calculated V1/2 agree quite well
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even quantitatively: maximum values for II and H are V1/2 = 4.6 mV and 4.9 mV,
respectively.
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FIGURE 5.5 Measured normalized conductance of an aligned 2D (dashed line) and a
1D array with N = 8 at 4.25 K.
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FIGURE 5.6 Histogram of the measured half widths V1/2 for the arrays with N = 8.
Black pillar represents result for 1D array, grey pillars are for 2D "diagonal" structure
and white pillars are for 2D "aligned" structure. Bin size is 0.3 mV.

Several samples with different geometries were measured for the case N = 8.
Parallel connections for 1D and aligned 2D had M = 9 and "diagonal" arrays had M ′
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=4. Fig. 5.5 shows examples of measured conductance curves for a 1D and "aligned"
2D arrays. For N = 8 simple theory predicts V1/2 = 16 mV. Histogram of the results
is shown in Fig. 5.6. Again, results for 1D arrays are closest to simple theory with
V1/2 = 16.68 ± 0.04 mV on the average. The "diagonal" 2D arrays have an average
half width of V1/2 = 18.20 ± 0.14 mV, i.e., it is 14 % wider than the theory would
predict. The "aligned" 2D arrays show V1/2 = 19.0 ± 0.27 mV, which exceeds V1/2,0

by 19 %.
In Fig. 5.7 the ratio of the measured halfwidth V1/2 to the simple theory V1/2,0 as

a function of number of junctions N is plotted. In all the measured sizes, 1D arrays
gave V1/2 closest to the expected value using Eq. 5.3. The measured half width is
approaching the theoretical expectation in both 1D and 2D structures as the number
of the tunnel junctions N in the arrays increases. In 1D case this happens faster.
Moreover, the scatter of V1/2 between similar samples was bigger in 2D structures.
This could be related to a stronger sensitivity of V1/2 to the value of Re around the
region, where V1/2 has maximum value. This is seen for the case N = 2 in Fig. 5.4. As a
conclusion, the influence of the external electromagnetic environment on tunneling
is stronger for the 2D tunnel junction arrays. This favors the use of 1D structures in
thermometry at least when moderate sized arrays are considered.
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FIGURE 5.7 Half widths V1/2 of the conductance curve for 1D (circles), and "aligned"
2D (triangles) structures measured at 4.25 K as a function of N . Result for "diagonal"
2D structure with N = 8 and M ′ = 4 is shown by a cross. Lines are guides for the eye.



6 Conclusions

Large part of this thesis deals with the electron-phonon interaction in thin metal
films. Measurements were based on hot electron effect and sensitive thermometry
using normal metal-insulator-superconductor tunnel junctions. Conclusions for no-
ble metal films of gold and copper are, that the power flow between conduction elec-
trons and phonons has a temperature dependence Pe−p ∝ T 6

e −T 6
p . This is consistent

with the theory for strongly disordered metals, as is the case in the studied films,
when electron-phonon scattering of vibrating impurities dominates over the static
impurities. This is equivalent with the electron-phonon scattering rate τ−1

e−p ∝ T 4
e .

However, the electron-phonon coupling constant does not follow the theoretical lin-
ear dependence on the electron mean free path l as it should in this case.

Electron-phonon energy relaxation rate in copper was also studied with a meth-
od based on ac-heating of the conduction electrons. Due to non-linearity of the
electron-phonon interaction, the average temperature of the electrons will increase
at heating frequencies larger than the electron-phonon energy relaxation rate. This
method was partly developed in this thesis and numerical calculations were per-
formed to verify applicability of the method. Results on energy relaxation rate are
partly consistent with the power flow measurements. Temperature dependence of
the scattering rate for the thinnest films was in agreement with the dc energy flow
measurements. Electron-phonon coupling constant deduced from these measure-
ments differ for two samples with almost same film thickness. This is probably due
to different level of disorder in the samples. For the 84 nm thick copper film the
temperature dependence of the electron-phonon energy relaxation rate was found
to be T 3

e , which is expected in the clean limit, in contrast to T 4
e dependence deduced

from the dc heating measurement.
Kondo condensate of Aluminum doped with Manganese was studied. Electron-

phonon interaction was found to follow the temperature dependence expected for
disordered metals. The electron-phonon coupling constant followed roughly lin-
early the electron mean free path. Resistivity of the films showed a minimum due to
the Kondo effect, expected for a metal with magnetic impurities. Low temperature
resistivity followed approximately linearly the atomic concentration of manganese
in aluminum.

One and two dimensional normal metal tunnel junction arrays were investi-
gated at 4.2 K. Experimental results on partial Coulomb blockade in smallest arrays
were compared to Monte Carlo simulations. The outcome was that the 1D arrays

57
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suffered less from the effect of electromagnetic environment on the tunneling than
their 2D counterparts. Increasing the number of tunnel junctions in both 1D and
2D arrays lead to a decrease in the deviation from the simple theory based on the
orthodox theory.
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